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Objectives

Be acquainted with the engineering sciences
thermodynamics, heat transfer, and fluid mechanics, and
understand the basic concepts of thermal-fluid sciences.

Be comfortable with the metric SI and English units.

Develop an intuitive systematic problem-solving
technique.

Learn the proper use of software packages in engineering.

Develop an understanding of accuracy and significant
digits in calculations.



1-1 INTRODUCTION TO THERMAL-FLUID
SCIENCES

Thermal-fluid sciences:
The physical sciences
that deal with energy and

the transfer, transport, —
and conversion of energy. Shower
Thermal-fluid sciences L
are studied under the coii—_ I ’
subcategories of water Het\
i 5 C: ATe: Pump
v thermodynamics FHEnE
v heat transfer PR )
_ _ The design of many engineering
v fluid mechanics systems, such as this solar hot water

system, involves thermal-fluid
sciences.



Application Areas of Thermal-Fluid Sciences

Refrigeration systems Boats Aircraft and spacecraft
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Power plants Human body Cars
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Wind turbines Air-conditioning systems Industrial applications
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1-2 THERMODYNAMICS

Potential
-Jenergy

; PE = 10 units

energy. \  KE=0

Thermodynamics: The science of \\

Energy: The ability to cause changes.

The name thermodynamics stems from
the Greek words therme (heat) and
dynamis (power).

I ||
o3 | Kinetic
PE=7units N . ..o

Conservation of energy principle:
During an interaction, energy can change
from one form to another but the total
amount of energy remains constant.

Energy cannot be created or destroyed.

The first law of thermodynamics: An
expression of the conservation of energy
principle.

FIGURE 1-3
The first law asserts that energy is a Energy cannot be created or
thermodynamic property. destroyed: it can only change

forms (the first law).



The second law of thermodynamics: Fi“ifi:; storage
It asserts that energy has quality as

well as quantity, and actual processes  Encrgy in

occur in the direction of decreasing (5 units)

guality of energy.

Classical thermodynamics: A Eneray out
macroscopic approach to the study of m‘"
thermodynamics that does not require

a knowledge of the behavior of
iIndividual particles.

Conservation of energy
principle for the human body.

It provides a direct and easy way to the Cool

solution of engineering problems and it s e el‘l‘-’igg;}é}lellt

IS used in this text. o
Hot

Statistical thermodynamics: A coffec P [1ou(

microscopic approach, based on the 08

average behavior of large groups of

Individual particles.

It Is used in this text only in the Heat flows in the direction of

supporting role. decreasing temperature.



1-3 HEAT TRANSFER

Heat: The form of energy that can be
transferred from one system to
another as a result of temperature
difference.

Heat Transfer: The science that
deals with the determination of the
rates of such energy transfers and
variation of temperature.

Thermodynamics is concerned with
the amount of heat transfer as a
system undergoes a process from
one equilibrium state to another, and
It gives no indication about how long
the process will take. But Iin
engineering, we are often interested
In the rate of heat transfer, which is
the topic of the science of heat
transfer.

Thermos
bottle

Hot
coffee
+—— Insulation

~
FIGURE 1-6

We are normally interested in how
long it takes for the hot coffee in a
thermos bottle to cool to a certain
temperature, which cannot be
determined from a thermodynamic
analysis alone.



1-4 FLUID MECHANICS

 Fluid mechanics: The science
that deals with the behavior of
fluids at rest (fluid statics) or in
motion (fluid dynamics), and the
Interaction of fluids with solids or
other fluids at the boundaries.

* Fluid: A substance in the liquid
or gas phase.

« A solid can resist an applied
shear stress by deforming,
whereas a fluid deforms
continuously under the influence
of shear stress, no matter how
small.

Fluid mechanics deals with liquids
and gases in motion or at rest.



Normal
to surface

T _____Force acting
F on area dA

Tangent
to surface

F

Normal stress: o = —
OFFal STréss. or {]H
Sh ki
€ fress. 7 = ——
ear Stresy (:H

Deformation of a rubber block placed
between two parallel plates under the
influence of a shear force. The shear
stress shown is that on the rubber—an

equal but opposite shear stress acts on

the upper plate.

Contact area. Shear stress

A \ T=FA Force, F

| N [ o S |

o

. Deformed
rubber

B/ R
Shear
strain, o

The normal stress and shear stress at
the surface of a fluid element. For fluids
at rest, the shear stress is zero and
pressure is the only normal stress.

Free surface

/

I

Unlike a liquid, a gas does not form a free surface,
and it expands to fill the entire available space?



1-5 IMPORTANCE OF 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.

Metric Sl system: A simple and logical
system based on a decimal relationship
between the various units.

English system: It has no apparent
systematic numerical base, and various
units in this system are related to each other
rather arbitrarily.

TABLE 1-1

The seven fundamental (or primary)
dimensions and their units in SI
Dimension Unit

Length meter (m)
Mass kilogram (kg)
Time second (s)
Temperature kelvin (K)
Electric current ampere (A)
Amount of light candela (cd)
Amount of matter mole (mol)

TABLE 1-2

Standard prefixes in S| units

Multiple Prefix
1012 tera, T
10° giga, G
106 mega, M
103 kilo, k
102 hecto, h
10! deka, da
10! deci, d
102 centi, ¢
10-3 milli, m
10-% micro, w
10—° nano, n
10-12 pico, p




Some Sl and
English Units

I Ibm = 0.45359 kg
I ft = 0.3048 m

Force = (Mass) (Acceleration)

F = ma

| N = 1 kg-m/s*
[ Ibf = 32.174 Ibm-ft/s?

Work = Force x Distance
1J=1Nm
1 cal =4.1868 J
1 Btu = 1.0551 kJ

FIGURE 1-12

1 MQ

(106 Q)

The SI unit prefixes are used in all branches of

engineering.

_ 2
m=1kg n—]mfs,}F:]N
=1 ft/s?
m=32.174 Ibm |+ Y s F=11bf
FIGURE 1-13

The definition of the force units.
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FIGURE 1-14

The relative magnitudes of the force
units newton (N), kilogram-force
(kgf), and pound-force (Ibf).

al S
‘ Ty -w*w%& - 4'7;77—;
|

A body weighing 60 kgf
(600 N) on earth will
weigh only slightly over
10 kgf (100 N) on the
moon.

W=mg (N)

W weight

m mass

g gravitational
acceleration




g =9.807 m/s? g =32.174 fus’

W=93807 kgm/s> W
=0.807 N
= | kef

32.174 1bm-ft/s?
I 1bf

FIGURE 1-16

The weight of a unit mass at sea level.

Specific weight y: The weight of
a unit volume of a substance.

”}! = F](q

A typical match yields about
one kJ of energy if completely
burned.

13



Dimensional homogeneity

All equations must be dimensionally
homogeneous.

SALAMI + LETTVCE +
OLIVES + MAYONNAISE
+ CHEESE #P\CKLES.. . _

“-.-Up&.é?w

Unity Conversion Ratios

All nonprimary units (secondary units) can be
formed by combinations of primary units.
Force units, for example, can be expressed as

m ‘ ft
N =kg— and Ibf = 32.174 Ibm —
S S

They can also be expressed more conveniently

as unity conversion ratios as _ _ FIGURE 1-18
To be dimensionally homogeneous,

N q Ibf all the terms in an equation must

S = dan — . . 1; I

p) ~ 2 dvVe = S = C11S ¥
kg-m/s” 32.174 Ibm - ft/s have the same dimensions

Unity conversion ratios are identically equal to 1 and are unitless,
and thus such ratios (or their inverses) can be inserted conveniently
into any calculation to properly convert units. 14



4
Wy

CAUTION!

32.174 |hm-fu:-;’-] E kg-mfsl}

1 Ibf 1N
EVERY TERM IN AN .
EQUATION MUST HAVE 1 ﬂ [ 1 kJ J [ | kPa J
THE SAME UNITS J Js 11000 N-m | [ 1000 N/m-~

03048 m | | 1 min 1 Ibm
FAN B 60 s 0.45359 kg

e

;HK FIGURE 1-22
| Every unity conversion ratio (as well

as its inverse) is exactly equal to one.
Shown here are a few commonly
used unity conversion ratios.

FIGURE 1-21
Always check the units in your
calculations.



Weight?
I thought gram
was a unit of mass!

FIGURE 1-23
A mass of 1 Ibm weighs 1 Ibf on earth.

IN I kg
W= mg = (453.6 g)(9.81 m/s* ( )( ) = 449N

FIGURE 1-24

A quirk in the metric system of units.



1-6 PROBLEM-SOLVING TECHNIQUE

« Step 1. Problem Statement

« Step 2: Schematic

« Step 3: Assumptions and Approximations

- Step 4: Physical Laws

- Step 5: Properties

« Step 6: Calculations

« Step 7: Reasoning, Verification, and Discussion

17



Solution

Hard way ——>

FIGURE 1-25
A step-by-step approach can greatly
simplify problem solving.

Given: Air temperature in Denver
To be found: Density of air

Missing information: Atmospheric
pressure

Assumption #1: Take P =1 atm
(Inappropriate. Ignores effect of
altitude. Will cause more than
15% error.)

Assumption #2: Take P = (.83 atm
(Appropriate. Ignores only minor
effects such as weather.)

FIGURE 1-26
The assumptions made while solving
an engineering problem must be

reasonable and justifiable.

18



Energy use: $80/yr

Energy saved

by insulation: $200/yr

IMPOSSIBLE!
i ———_ )|
FIGURE 1-28
FIGURE 1-27 © Neatness and organization are highly
The results obtained from an valued by employers.

engineering analysis must be checked
for reasonableness.

19



Engineering
Software
Packages

FIGURE 1-29

An excellent word-processing program
does not make a person a good writer;
it simply makes a good writer a more
efficient writer.

© Vol. 80/PhotoDisc/Getty RFE.




EES (Engineering Equation Solver)

(Pronounced as ease)

EES is a program that solves systems of linear or
nonlinear algebraic or differential equations
numerically.

It has a large library of built-in thermodynamic
property functions as well as mathematical functions.

Unlike some software packages, EES does not solve

engineering problems; it only solves the equations
supplied by the user.

21



A Remark on Significant Digits

In engineering calculations, the
information given is not known to
more than a certain number of
significant digits, usually three
digits.

Consequently, the results
obtained cannot possibly be
accurate to more significant
digits.

Reporting results in more
significant digits implies greater
accuracy than exists, and it
should be avoided.

Given:
Volume: V=3.75L

Density: p =0.845 kg/LL
(3 significant digits)
Also, 3.75 x 0.845 = 3.16875

Find:

Mass: m = pV = 3.16875 kg

Rounding to 3 significant digits:

m = 3.17 kg

FIGURE 1-30

A result with more significant digits
than that of given data falsely implies
more accuracy.



Summary

Introduction to Thermal-Fluid Sciences
v Application areas of thermal-fluid sciences

Thermodynamics
Heat Transfer
Fluid Mechanics

Importance of Dimensions and Units
v' Some Sl and English units

v" Dimensional homogeneity

v Unity conversion ratios

Problem-Solving Technique
v Engineering Software Packages

v Engineering Equation Solver (EES)
v" A Remark on Significant Digits
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Objectives

 ldentify the unique vocabulary associated with
thermodynamics through the precise definition of
basic concepts to form a sound foundation for the
development of the principles of thermodynamics.

« EXxplain the basic concepts of thermodynamics such
as system, state, state postulate, equilibrium,
process, and cycle.

* Review concepts of temperature, temperature scales,
pressure, and absolute and gage pressure.



2-1 SYSTEMS AND CONTROL VOLUMES

System: A quantity of matter or a region in space chosen for study.
Surroundings: The mass or region outside the system

Boundary: The real or imaginary surface that separates the system from
Its surroundings.

The boundary of a system can be fixed or movable.
Systems may be considered to be closed or open.

Closed system (Control mass): A fixed amount of mass, and no mass
can cross its boundary

Moving
boundary

Surroundings

Mass No

Closed
system

M = constant

s

4
s

Boundary

Energy Yes
§| boundary




Control —__|
surface

Water
heater

{Control
volume)

_r'-----------"---

FIGURE 2-5

An open system (a control volume)
with one inlet and one exit.

Open system (control volume): A properly
selected region in space.

It usually encloses a device that involves mass
flow such as a compressor, turbine, or nozzle.

Both mass and energy can cross the boundary of
a control volume.

Control surface: The boundaries of a control
volume. It can be real or imaginary.

CV

Imaginary Real boundary
boundary
\'- e
| T\_\ ________ 1
|
- CV
| (a nozzle)
|
|
|
|

=
i Moving boundary
|
|
|
|
|
|

——+» Fixe El[ boundary

. — R —— |

(a) A control volume with real and (b) A control volume with fixed and
imaginary boundaries moving boundaries
FIGURE 24

A control volume can involve fixed, moving, real, and imaginary
boundaries.



2-2 PROPERTIES OF A SYSTEM

* Property: Any characteristic of a
system.

- Some familiar properties are
pressure P, temperature T, volume
V, and mass m.

* Properties are considered to be
either intensive or extensive.

* Intensive properties: Those that
are independent of the mass of a | Extensive
system, such as temperature, | properties
pressure, and density.

« Extensive properties: Those
whose values depend on the size—
or extent—of the system.

Intensive
properties

« Specific properties: Extensive
properties per unit mass. FIGURE 2-6

‘ - ‘ Criterion to differentiate intensive

(v=Vim) (e = Em) and extensive properties.



Continuum

Matter is made up of atoms that are
widely spaced in the gas phase. Yet it is 0,
very convenient to disregard the atomic
nature of a substance and view it as a

COﬂtinUOUS, homogeneous matter with 3 x 10'% molecules/mm”
no holes, that is, a continuum.

1 atm, 20°C

The continuum idealization allows us to
treat properties as point functions and to

assume the properties vary continually voud

In space with no jump discontinuities.

This idealization is valid as long as the

size of the system we deal with is large

relative to the Space between the DCH]'}i[C the Illl‘g:.‘. gaps between

molecules. molecules, a substance can be treated
as a continuum because of the very

This is the case in practically all large number of molecules even in an

problems. extremely small volume.

In this text we will limit our consideration
to substances that can be modeled as a
continuum. 6



2-3 DENSITY AND SPECIFIC GRAVITY

Density Specific gravity: The ratio
m . of the density of a

p=— (kg/m”) substance to the density of g — P
% some standard substance PH.O

at a specified temperature

Ifi |
Specific volume (usually water at 4°C).

Vo
T p Specific weight: The ~ TABLE 2-1
weight of a unit volume Specific gravities of some
of a substance. substances at 0°
v, = pg (N/I’l’lB) Substance SG
Water 1.0
Blood 1.05
Density is Seawater 1.025
. Gasoline 0.7
m"’llss per unit Ethyl alcohol 0.79
v ur_n_e’ Mercury 13.6
SpeCIfIC volume Wood 0.3-0.9
IS volume per Gold 19.2
unit mass. Bones 1.7-2.0
Ice 0.92
Air (at 1 atm) 0.0013




2-4 STATE AND EQUILIBRIUM

«  Thermodynamics deals with equilibrium
states.

* Equilibrium: A state of balance.

* In an equilibrium state there are no
unbalanced potentials (or driving forces) |
within the SyStem- (a) State 1 (b) State 2

 Thermal equilibrium: If the temperature
Is the same throughout the entire system.

 Mechanical equilibrium: If there is no
change in pressure at any point of the

FIGURE 2-9

A system at two different states.

system with time. 20°C 23°C 32°C = 32°C
.y - . 30°C o
* Phase equilibrium: If a system involves 0C 32
two phases and when the mass of each 35°C  40°C 32°C 32°C
phase reaches an equilibrium level and 42°C 32°C

stays there.

: e ) (a) Before (b) After
 Chemical equilibrium: If the chemical
composition of a system does not change FIGURE 2-10
with time, that is, no chemical reactions A closed system reaching thermal

OCCur. equilibrium.



The State Postulate

The number of properties
required to fix the state of a
system is given by the state
postulate:

v The state of a simple
compressible system is
completely specified by
two independent,
Intensive properties.

Simple compressible
system: If a system involves
no electrical, magnetic,
gravitational, motion, and
surface tension effects.

Nitrogen
=250
v=0.9 m'/kg

The state of nitrogen is
fixed by two independent,
Intensive properties.



2-5 PROCESSES AND CYCLES

Process: Any change that a system undergoes from one equilibrium state to
another.

Path: The series of states through which a system passes during a process.

To describe a process completely, one should specify the initial and final states, as
well as the path it follows, and the interactions with the surroundings.

Quasistatic or quasi-equilibrium process: When a process proceeds in such a
manner that the system remains infinitesimally close to an equilibrium state at
all times.

Property A -—

A

State 2
(a) Slow compression

(quasi-equilibrium)

Process path

State 1

-

Property B

(b) Very fast compression
(nonquasi-equilibrium)

FIGURE 2-12 FIGURE 2-13

‘ocess between states | and 2 ¢ - P :
A process between states 1 and 2 and Quasi-equilibrium and nonquasi-

the process path. equilibrium compression processes.



Process diagrams plotted by employing
thermodynamic properties as
coordinates are very useful in visualizing
the processes.

Some common properties that are used
as coordinates are temperature T,
pressure P, and volume V (or specific
volume v).

The prefix iso- is often used to designate
a process for which a particular property
remains constant.

Isothermal process: A process during
which the temperature T remains
constant.

Isobaric process: A process during
which the pressure P remains constant.

Isochoric (or isometric) process: A
process during which the specific
volume v remains constant.

Cycle: A process during which the initial
and final states are identical.

P

I3

Final state

Process path

Initial
state

FIGURE 2-14
The P-V diagram of a compression
process.
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Mass __g={ 300°C  250°C
mn |

The Steady-Flow Process

« The term steady implies no
change with time. The
opposite of steady is 200°C  150°C out
unsteady, or transient.

* A large number of

Control volume
225°C

Mass
—

Time: 1 pM

During a steady-

engineering devices operate  flow process, fluid S ——
for long periods of time under properties within in =&
the same conditions, and they the control Control volume
are classified as steady-flow volume may 225°C
devices. change with —
-y 2000C  150°C
. Steady-flow process: A position but not —
process during which a fluid with time. fime: 3ev
flows through a control .
volume steadily. > Control
- Steady-flow conditions can be —
closely approximated by mey = const.
devices that are intended for Ey = const. . Mass
continuous operation such as ou
turbines, pumps, boilers,
condensers, and heat FIGURE 2-16

exchangers or power plants
or refrigeration systems.

Under steady-flow conditions, the
mass and energy contents of a control
volume remain constant.



2-6 TEMPERATURE AND THE ZEROTH
LAW OF THERMODYNAMICS

« The zeroth law of
thermodynamics: If two
bodies are in thermal
equilibrium with a third
body, they are also in
thermal equilibrium with
each other.
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* By replacing the third 20°C

body with a thermometer, :
the zeroth law can be

restated as two bodies are ~ FIGURE 217

In thermal equilibrium it Two bodies reaching thermal

both have the same equilibrium after being brought into
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Temperature Scales

All temperature scales are based on
some easily reproducible states such as
the freezing and boiling points of water:
the ice point and the steam point.

Ice point: A mixture of ice and water
that is in equilibrium with air saturated
with vapor at 1 atm pressure (0°C or
32°F).

Steam point: A mixture of liquid water
and water vapor (with no air) in
equilibrium at 1 atm pressure (100°C or
212°F).

Celsius scale: in Sl unit system

Fahrenheit scale: in English unit
system

Thermodynamic temperature scale: A
temperature scale that is independent of
the properties of any substance.

Kelvin scale (SI) Rankine scale (E)

A temperature scale nearly identical to
the Kelvin scale is the ideal-gas
temperature scale. The temperatures
on this scale are measured using a
constant-volume gas thermometer.

PA Measured

P versus T plots A PoInts  Gas A
of the
experimental

data obtained —_—
from a constant-

ML G Extrapolation ;
thermometer —~ \ Gas C
using four \/

different gases i Gas D

at different (but _ == ;

low) pressures. -273.15 0 T(C)

T (K)

T (°C)

Absolute
vacuum

\/ = constant

A constant-volume gas thermometer would
read -273.15°C at absolute zero pressure. 14



T(K) = T(°C) + 273.15
T(R) = T(°F) + 459.67
T(R) = 1.8T(K)
T(°F) = 1.8T(°C) + 32
AT(K) = AT(°C)
AT(R) = AT(°F)

Comparison of
temperature
scales.

Comparison of
magnitudes of
various
temperature
units.

0.01 11 273.16

—273.1510

®

Triple
491.69 point
of water

32.02 m

—-459.67 10 Absolute

@ Zero

The reference temperature in the original Kelvin scale was the ice point,
273.15 K, which is the temperature at which water freezes (or ice melts).

The reference point was changed to a much more precisely reproducible
point, the triple point of water (the state at which all three phases of water
coexist in equilibrium), which is assigned the value 273.16 K.



The International Temperature Scale of 1990 (ITS-90)

The International Temperature Scale of 1990 supersedes the International
Practical Temperature Scale of 1968 (IPTS-68), 1948 (ITPS-48), and 1927 (ITS-
27).

The ITS-90 is similar to its predecessors except that it is more refined with
updated values of fixed temperatures, has an extended range, and conforms
more closely to the thermodynamic temperature scale.

On this scale, the unit of thermodynamic temperature T is again the kelvin (K),
defined as the fraction 1/273.16 of the thermodynamic temperature of the triple
point of water, which is sole defining fixed point of both the ITS-90 and the
Kelvin scale and is the most important thermometric fixed point used in the
calibration of thermometers to ITS-90. The unit of Celsius temperature is the
degree Celsius (°C).

The ice point remains the same at 0°C (273.15 K) in both ITS-90 and ITPS-68,
but the steam point is 99.975°C in ITS-90 whereas it was 100.000°C in IPTS-68.

The change is due to precise measurements made by gas thermometry by
paying particular attention to the effect of sorption (the impurities in a gas
absorbed by the walls of the bulb at the reference temperature being desorbed
at higher temperatures, causing the measured gas pressure to increase).

16



2-1 PRESSURE

Pressure: A normal force exerted by a
fluid per unit area

1 Pa=1N/m’

| bar = 10° Pa = 0.1 MPa = 100 kPa
| atm = 101,325 Pa = 101.325 kPa = 1.01325 bars |
| kgf/em® = 9.807 N/em® = 9.807 X 10*N/m® = 9.807 X 10*Pa 111} tHH
— 0.9807 bar 0.23 kgf/cm? 0.46 kgf/cm?
P=68/300=0.23 kgf/cm?

= (0.9679 atm

The normal stress (or “pressure”) on the
feet of a chubby person is much greater
than on the feet of a slim person.

17




« Absolute pressure: The actual pressure at a given position. It is
measured relative to absolute vacuum (i.e., absolute zero pressure).

« Gage pressure: The difference between the absolute pressure and
the local atmospheric pressure. Most pressure-measuring devices are
calibrated to read zero in the atmosphere, and so they indicate gage
pressure.

« Vacuum pressures: Pressures below atmospheric pressure.

Throughout this P = —p
text, the pressure | “"°
vagl(ljllﬂte:()te P\-';.u: — P:llm o Puhs P yoge
pressure unless
specified A amoTEm '
otherwise. P,.. p

P atm

Absolute Absolute
vacuum vacuum




Variation of Pressure with Depth

When the variation of density
with elevation is known

AP =P, — P, = pg Az = y,Az
_ 2
P = Palm + pgh or Pgagc — pgh AP = P2 o Pl - = J P& dz
I
v A
P,
= Ax -
Az -
S lw P
FIGURE 2-25 &
The pressure of a fluid at rest 0 >4
increases with depth (as a result of FIGURE 2-26

added weight).

Free-body diagram of a rectangular
fluid element in equilibrium.

19



In a room filled with
a gas, the variation

of pressure with
height is negligible. Pygp=1atm
Adr

: . (A 5-m-high room)
Pressure in a liquid at

rest increases
linearly with distance
from the free surface.

Ppotom = 1.006 atm

B
2
<

Water

Py=Py=Pr=Pp=Pp=Pp=Pg="Pyy, +pgh
Py=P;

FIGURE 2-29

The pressure is the same at all points on a horizontal plane in a given fluid regardless of geometry, provided that
the points are interconnected by the same fluid.
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Pascal’s law: The pressure applied to a
confined fluid increases the pressure
throughout by the same amount.

F, F, F, A,
Pl — P-z —> - = _— _— = —

A, A, F, A,
The area ratio A,/A; Is
called the ideal mechanical
advantage of the hydraulic
lift.

Fy=PA

Lifting of a large weight by
a small force by the
application of Pascal’s law.




A low section

2-8 THE MANOMETER e

It is commonly used to measure small and
moderate pressure differences. A manometer
contains one or more fluids such as mercury,

water, alcohol, or oil.

h'}

i

h_‘;

12

FIGURE 2-33

In stacked-up fluid layers, the
pressure change across a fluid layer
of density p and height h is pgh.

Py + p1&hy + paghy + psghy

—T— pressure drop acCross

h, a flow section or a flow
* device by a differential
manometer.

:Pl

Measuring the

P, + pigla + h) — pgh — piga = P,
P, — Py = (py — p1)gh

LT ]

The basic b_ A
manometer. A

Gas




Other Pressure
Measurement Devices

Bourdon tube: Consists of a hollow metal
tube bent like a hook whose end is closed
and connected to a dial indicator needle.

Pressure transducers: Use various
techniques to convert the pressure effect to
an electrical effect such as a change in
voltage, resistance, or capacitance.

Pressure transducers are smaller and faster,
and they can be more sensitive, reliable, and
precise than their mechanical counterparts.

Strain-gage pressure transducers: Work by
having a diaphragm deflect between two
chambers open to the pressure inputs.

Piezoelectric transducers: Also called solid-
state pressure transducers, work on the
principle that an electric potential is generated
in a crystalline substance when it is subjected
to mechanical pressure.

<
C-type Spiral
<>
— Twisted tube [
Helical

Tube cross section

FIGURE 2-36

Various types of Bourdon tubes used
(O measure pressure.



2-9 THE BAROMETER AND ATMOSPHERIC PRESSURE

« Atmospheric pressure is measured by a device called a barometer; thus, the
atmospheric pressure is often referred to as the barometric pressure.

« Afrequently used pressure unit is the standard atmosphere, which is defined as
the pressure produced by a column of mercury 760 mm in height at 0°C (o4 =

13,595 kg/m?3) under standard gravitational acceleration (g = 9.807 m/s?).

= —

Paillll'l o pgh

¢ A Y

@z A 7
h h The length or the a
W = pghA [ cross-sectional area of

the tube has no effect

S ; on the helght of the Az Aep Az

Y . Yy y fluid column of a

y H b t ided

Merclly arometer, provide

P, that the tube diameter

is large enough to
FIGURE 2-37 avoid surface tension
The basic barometer. (capillary) effects.




Engine

FIGURE 2-39

At high altitudes, a car engine
generates less power and a person gets
less oxygen because of the lower
density of air.
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Summary

Systems and control volumes
Properties of a system
v Continuum
Density and specific gravity
State and equilibrium
v The state postulate
Processes and cycles
v The steady-flow process
Temperature and the zeroth law of thermodynamics
v' Temperature scales
v ITS-90
Pressure
v’ Variation of pressure with depth
The manometer
v Other pressure measurement devices

The barometer and atmospheric pressure
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Objectives

* Introduce the concept of energy and define its various forms.
» Discuss the nature of internal energy.

« Define the concept of heat and the terminology associated with energy
transfer by heat.

 Discuss the three mechanisms of heat transfer: conduction,
convection, and radiation.

« Define the concept of work, including electrical work and several forms
of mechanical work.

» Introduce the first law of thermodynamics, energy balances, and
mechanisms of energy transfer to or from a system.

« Determine that a fluid flowing across a control surface of a control
volume carries energy across the control surface in addition to any
energy transfer across the control surface that may be in the form of
heat and/or work.

« Define energy conversion efficiencies.



3-1 INTRODUC

ION

« If we take the entire room—including the air and the refrigerator (or fan)—as
the system, which is an adiabatic closed system since the room is well-sealed
and well-insulated, the only energy interaction involved is the electrical energy
crossing the system boundary and entering the room.

* As aresult of the conversion of electric energy consumed by the device to
heat, the room temperature will rise.

i

Well-sealed and
well-insulated room

I

JESE—

A fan running in a
well-sealed and
well-insulated room
will raise the
temperature of air in
the room.

A refrigerator
operating with its
door open in a well-
sealed and well-
insulated room

.

Well-sealed and
well-insulated




3-2 FORMS OF ENERGY

Energy can exist in numerous forms such as thermal, mechanical, kinetic,
potential, electric, magnetic, chemical, and nuclear, and their sum
constitutes the total energy, E of a system.

Thermodynamics deals only with the change of the total energy.

Macroscopic forms of energy: Those a system possesses as a whole
with respect to some outside reference frame, such as kinetic and potential
energies.

Microscopic forms of energy: Those related to the molecular structure of
a system and the degree of the molecular activity.

Internal energy, U: The sum of all the microscopic forms of energy.

Kinetic energy, KE: The energy that
a system possesses as a result of its
motion relative to some reference
frame.

Potential energy, PE: The energy _
that a system possesses as aresult ~ he macroscopic energy of

of its elevation in a gravitational field. ~ @n object changes with 4
velocity and elevation.



_ V2 Kinetic ener Ninic

KE = m (k) > Ve 1= PAY g
D —> .

B V-2 Kinetic energy e b
ke = By (kJ/kg) per unit mass
PE — ; _ Mass flow rate

= mgz (kJ) Potential energy .

Potential energy m = pV = PAcVavg (kg/s)
e = 97 k) /kg
p g ( / ‘V') per unit mass Energy flow rate
E = me (kJ/s or kW)
V? Total energy
E=U-+KE + PE =U + m 7 + mgz (kJ) of a system
V2

Energy of a system

e=u+ke+pe=u-+ B T 82 (kJ/kg) per unit mass

- E Total energy
©cT (ki/ke) per unit mass



Some Physical Insight to Internal Energy

o \Q/)\

Maolecular Molecular
translation rotation
Electron Molecular

translation vibration

Eleqr-;m Nuu_lear
spin spin
The various forms of
microscopic
energies that make
up sensible energy.

=iz
" ', Sensible
; and latent
t energy

(

o O

Chemical
energy

Nuclear
energy

The internal energy of a
system is the sum of all forms
of the microscopic energies.

Sensible energy: The portion
of the internal energy of a
system associated with the
kinetic energies of the
molecules.

Latent energy: The internal
energy associated with the
phase of a system.

Chemical energy: The internal
energy associated with the
atomic bonds in a molecule.

Nuclear energy: The
tremendous amount of energy
associated with the strong
bonds within the nucleus of the
atom itself.

Thermal = Sensible + Latent
Internal = Sensible + Latent + Chemical + Nuclear




The total energy of a system, can
be contained or stored in a system,
and thus can be viewed as the
static forms of energy.

The forms of energy not stored in a
system can be viewed as the
dynamic forms of energy or as
energy interactions.

The dynamic forms of energy are
recognized at the system boundary
as they cross it, and they represent
the energy gained or lost by a
system during a process.

The only two forms of energy
interactions associated with a
closed system are heat transfer
and work.

Microscopic Kinetic
energy of molecules
(does not turn the wheel)

" /
i)

Macroscopic kinetic energy ‘
(turns the wheel)

FIGURE 3-7

The macroscopic kinetic energy is an
organized form of energy and is much
more useful than the disorganized
microscopic Kinetic energies of the
molecules.

The difference between heat transfer and work: An energy interaction is
heat transfer if its driving force is a temperature difference. Otherwise it is

work.



More on Nuclear Energy

The best known fission reaction
involves the split of the uranium atom
(the U-235 isotope) into other elements
and is commonly used to generate
electricity in nuclear power plants (440
of them in 2004, generating 363,000
MW worldwide), to power nuclear
submarines and aircraft carriers, and
even to power spacecraft as well as
building nuclear bombs.

Nuclear energy by fusion is released
when two small nuclei combine into a
larger one.

The uncontrolled fusion reaction was
achieved in the early 1950s, but all the
efforts since then to achieve controlled
fusion by massive lasers, powerful
magnetic fields, and electric currents to
generate power have failed.

Uranium 32 % 107! ]

A

Wn 3 neutrons

neutron

(a) Fission of uranium

>0

‘ﬁt}\-@) neutron

5.1x10°13]

&5’

%f

(b) Fusion of hydrogen

FIGURE 3-8

The fission of uranium and the fusion
of hydrogen during nuclear reactions,
and the release of nuclear energy.



Mechanical Energy

Mechanical energy: The form of energy that can be converted to
mechanical work completely and directly by an ideal mechanical device such
as an ideal turbine.

Kinetic and potential energies: The familiar forms of mechanical energy.

)
0 _ £ 4 L Mechanical energy of a
mech =y 5 8% flowing fluid per unit mass

P V> ) Rate of mechanical

Emech — M€pyech — Wl(; + 7 + 8< energy of a flowing fluid

Mechanical energy change of a fluid during incompressible flow per unit mass

P,—P V3= Vi
Aemech — p + 9 + g(ZQ o Zl) (k‘]/kg)

Rate of mechanical energy change of a fluid during incompressible flow

. . . Pz_Pl V:%_V'lz
AEmech — H?Aemech — m P + 9 + g(ZZ o Zl) (kW)



FIGURE 3-10

Mechanical energy is a useful concept
for flows that do not involve
significant heat transfer or energy
conversion, such as the flow of
gasoline from an underground tank
into a car.

FIGURE 3-11

Mechanical energy is illustrated

by an ideal hydraulic turbine
coupled with an ideal generator.

In the absence of irreversible losses,
the maximum produced power is
proportional to (a) the change in
water surface elevation from the
upstream to the downstream reservoir
or (b) (close-up view) the drop in
water pressure from just upstream to
just downstream of the turbine.

Wnax = MAE ey = M2y — Z4) = migh
since Py =Py =P pand V, =V, =0
(a)

Generator Turbine

: . APy—Fq) AP
Winax = MAE gy, = M —p5 =M 5

since V= Viand 7, = 23

(&)



3-3 ENERGY TRANSFER BY HEAT

Heat: The form of energy that is

transferred between two Room air
systems (or a system and its 25°C
surroundings) by virtue of a No heat Lo DI

transfer

temperature difference.

System boundary

Closed Heat
system

(m = constant) Work

FIGURE 3-14
FIGURE 3-13 Temperature difference is the driving
Energy can cross the boundaries force for heat transfer. The larger the
of a closed system in the form temperature difference, the higher is

of heat and work. the rate of heat transfer.



0

qg=— (kJ/kg)

n
Q=0 At

t

Q dt

g

Surrounding air

—.,.—-------~

Heat transfer
per unit mass

Amount of heat transfer
(kJ ) when heat transfer rate
IS constant

Amount of heat transfer
(kJ) when heat transfer rate
changes with time

2 kJ
thermal
energy

f Heat

2kl
heat

Baked potato
System
\ 2kl
3} boundar -
‘\\ y thermal
NS energy

—~
e T it

-

I
I
i
!

Insulation

Energy is
recognized RIS
as heat 1

transfer only

0=0
as it crosses
the system

izSustis! & SESdu

e

system

o

boundary.

o]
AT

T
=

Salesis

|
|
|
| |
I Adiabatic I
| |
|
|
|
|
|

R R R R et

During an adiabatic process, a system
exchanges no heat with its surroundings.




Kinetic theory: Treats molecules as
tiny balls that are in motion and thus
possess kinetic energy.

Heat: The energy associated with the
random motion of atoms and
molecules.

Heat transfer mechanisms:

Conduction: 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.

Convection: 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.

Radiation: The transfer of energy due
to the emission of electromagnetic
waves (or photons).

Historical Background on Heat

Contact

surface

FIGURE 3-18

In the early nineteenth century, heat
was thought to be an invisible fluid
called the caloric that flowed from

warmer bodies to the cooler ones.
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3-4 ENERGY TRANSFER BY WORK

« Work: The energy transfer associated with a force acting through a distance.

v' A rising piston, a rotating shaft, and an electric wire crossing the
system boundaries are all associated with work interactions

« Formal sign convention: 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.

« Alternative to sign convention is to use the subscripts in and out to indicate
direction. This is the primary approach in this text.

W
w = — (kJ/kg) UbiErC GRS
m =/ per unit mass

Power is the
work done per
unit time (kW)

Surroundings

Specifying the directions
of heat and work.



Heat vs. Work

2
Jdvzvz—vlzm/
]

Both are recognized at the boundaries of
a system as they cross the boundaries.
That is, both heat and work are boundary

phenomena.

Systems possess energy, but not heat or
work.

Both are associated with a process, not a
state.

Unlike properties, heat or work has no

meaning at a state.
Both are path functions (i.e., their

magnitudes depend on the path followed
during a process as well as the end
states).

Properties are point functions
have exact differentials (d ).

Path functions
have inexact
differentials (o)

PA |
AV,=3m3%W,=8k]
] AVp=3 m3 Wp=12kJ
I
I
I
I
I
|
|
|
| 7
[ |
[ I
| I »
2m? 5 m?3 v
FIGURE 3-21

Properties are point functions;
but heat and work are path
functions (their magnitudes
depend on the path followed).

2
J SW = W, (not AW)
1



Electrical Work

Electrical work
W, = VN

Electrical power
W, = VI (W)

When potential difference
and current change with time

2
W, = J VI dt (kJ)
|

When potential difference
and current remain constant

W, = VI At (kJ)

I
W,=VI R %
= I’R !

= V%R
FIGURE 3-26

Electrical power in terms of resistance
R, current /, and potential difference V.

16



3-5 MECHANICAL FORMS OF WORK

« There are two requirements for a work interaction between a
system and its surroundings to exist:

v" there must be a force acting on the boundary.
v the boundary must move.

When force is not constant

Work = Force x Distance

2
W= | Fds kJ
W=Fs (k) | (kJ)
F AZAF
— , i .J,.. -
- A) b{

FIGURE 3-27 .
The work done is proportional to the FIGURE 3-28
force ”P[}“Cd (F) and the distance [f there is no movement. no work

traveled (s). is done.



Shaft
Work

Shaft W

work

A force F acting through
amomentarmr T =Fr — F =

generates a torque T

r

This force acts through a distance s s = (277)n

(T

)(2771%) = 2mnT (kJ)

The power transmitted through the shaft ;, _ .
IS the shaft work done per unit time Wa = 20T (kW)

Boat
Py

FIGURE 3-29

Energy transmission through
rotating shafts 1s commonly
encountered 1n practice.

W, =27iT

Torque = Fr

FIGURE 3-30

Shaft work 1s proportional to

the torque applied and the number
of revolutions of the shaft.



When the length of the spring changes by Sp rn g Work

a differential amount dx under the influence

of a force F, the work done is Substituting and integrating yield
OWpring = F dx Wipring = Tk(xs — x7) (kJ)
For linear elastic springs, the displacement  X; and x,: the initial and the final
X is proportional to the force applied displacements
F = kx (KN) «: spring constant (kN/m)
— Elongation __
= of a spring | -
under the
influence of
a force.
Rest
x; =1 mm position
— X, =2 mm The le —
position
l displacement dx
F, =300N \ of a linear 1
spring doubles
when the force x F

5 = 600 :
F, =600 N is doubled. 19



Work Done on Elastic Solid Bars

p >
Woastic = J Fdx = J o, A dx (kJ)
1 1

Work Associated with the Stretching of a Liquid Film

2
Wsurface — J O dA (kJ)
1

= ]

A

FIGURE 3-34

Solid bars behave as springs under the
influence of a force.

Rigid wire frame

Surface of film )
Il Movable
/ﬂ/wi[e
K —-‘J:'i"" F
1
b !
ol
Y },/’x —
FIGURE 3-35

Stretching a liquid film with a
movable wire.
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Work Done to Raise or to Accelerate a Body

1. The work transfer needed to raise a body is equal to
the change in the potential energy of the body.

2. The work transfer needed to accelerate a body is
equal to the change in the kinetic energy of the body.

Nonmechanical Forms of Work

Electrical work: The generalized force is
the voltage (the electrical potential) and the
generalized displacement is the electrical
charge

Magnetic work: The generalized force is
the magnetic field strength and the
generalized displacement is the total
magnetic dipole moment.

Electrical polarization work: The
generalized force is the electric field
strength and the generalized displacement
IS the polarization of the medium.

Motor

Elevator
car

FIGURE 3-36

The energy transferred to a

body while being raised 1s equal

to the change 1n 1ts potential energy.



3-6 THE FIRST LAW OF THERMODYNAMICS

 The first law of thermodynamics (the conservation of energy principle)
provides a sound basis for studying the relationships among the various forms
of energy and energy interactions.

« The first law states that energy can be neither created nor destroyed during
a process; it can only change forms.

« The First Law: For all adiabatic processes between two specified states of a
closed system, the net work done is the same regardless of the nature of the
closed system and the details of the process.

Oin=35kJ

PE, = 10kJ
KE, =0

Energy cannot

PE2=7K be created or FIGURE 3-40
KE, =3

N| ~

destroyed; it The increase in the energy of a
can only potato in an oven is equal to the
change forms. amount of heat transferred to it.




|
|
1
|
|
|
|
l

FIGURE 341

In the absence of any work
interactions, the energy change of a
system is equal to the net heat transfer.

(Adiabatic)

AE=8KJ

WSh,lITI:ng

(Adiabatic)
W.,=5Kk]

AE=5K]

FIGURE 3-42

The work (electrical) done on an
adiabatic system 1s equal to the
increase in the energy of the system.

FIGURE 3-43

The work (shaft) done on an adiabatic
system 1s equal to the increase in the
energy of the system.

23



En erg The net change (increase or decrease) in the total

y energy of the system during a process is equal to the
B | difference between the total energy entering and the total
alance energy leaving the system during that process.

( Total energy ) ( Total energy ) B ( Change in the total )

entering the system leaving the system energy of the system
Ey, — Egy = AE‘system

'chul:3 kJ

W,

b.in

=10kJ

AE=(15-3)+6
=18kl % Wen,in=06KkJ
L 6

Q.. =15kl
(Adiabatic)
FIGURE 3-45
FIGURE 3-44 The energy change of a system during
The work (boundary) done on an a process is equal to the nef work and
adiabatic system is equal to the heat transfer between the system and

increase in the energy of the system. its surroundings.



Energy Change of a System, AE

system

Energy change = Energy at final state — Energy at initial state

AEsyslcm = Efina — Einiia = E2 — E
AFE = AU + AKE + APE

5. &
- X *
Internal, kinetic, and
potential energy changes

AU = m(uy — uy)

Stationary Systems

21=2p—>APE=0
Vi=V,—> AKE=0
AE =AU

AKE = 3m (V3 — V3?)
APE = mg(z, — zy)

FIGURE 3-46

For stationary systems,

AKE = APE = 0; thus AE = AU.

25



Mechanisms of Energy Transfer, E,, and E

Ein - Euul = (Qin

* Heat transfer

Work transfer
« Mass flow

A closed mass
involves only
heat transfer

_Ein

- Qnul) +
— FE —

oul _

(VVin -
AE

system

,,—/

Net energy transfer
by heat, work, and mass

_r _

E n

potential, etc., energies

out dExyxlcm/dr

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

and work. €in — €ou — Aex\xtem (kJ/kg)
5E111 — 0Ly, = dEsystem Oey, — 0y =
Wietou Qnet in (fOI‘ a CyCle)
——
Mass — ] o 4 W The energy
in | content of a
Control -« ) control volume
volume T can be changed

Mass by mass flow as
out well as heat and

work interactions.

Change in internal, Kinetic,

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

(kW)

P

anul) + (Em:lss.in
(kJ)

= de

A

out

- Emass\nul) - ﬁEsyslcm

0 =0 At (kJ)
W=W At
AE = (dE/dt) At

system

For a cycle AE =0,
thus Q = W.

<Y



3-7 ENERGY CONVERSION EFFICIENCIES

Efficiency is one of the most frequently used terms in thermodynamics, and it
indicates how well an energy conversion or transfer process is accomplished.

Desired output

3 .
REMEMBER, Performance = —
PERFORMANCE 1S Required input

DESIRED QUTPUT
OVER REQUIRED

Efficiency of a water
heater: The ratio of the
energy delivered to the
house by hot water to
the energy supplied to
the water heater.

Type Efficiency
FIGURE 3-54 '
o ) ) Gas, conventional 55%
The definition of performance is not Gas, high-efficiency 62%
limited to thermodynamics only. Electric, conventional 90%

Electric, high-efficiency 94% Water heater




Q Amount of heat released during combustion

Tcombustion —
HV

Heating value of the fuel burned

Heating value of the fuel: The amount of heat released when a unit amount of
fuel at room temperature is completely burned and the combustion products are
cooled to the room temperature.

Lower heating value (LHV): When the water leaves as a vapor.

Higher heating value (HHV): When the water in the combustion gases is
completely condensed and thus the heat of vaporization is also recovered.

Combustion gases

25°C €O, HyO, ete. The efficiency of space heating
T systems of residential and
LHV = 44,000 kl/kg commercial buildings is usually
expressed in terms of the annual
| d | kg fuel utilization efficiency
,}?lr{j Combustion G;zmgu (AFUE), which accounts for the
— >g==|| chamber «— combustion efficiency as well as
other losses such as heat losses

to unheated areas and start-up
FIGURE 3-56 and cool-down losses.

The definition of the heating
value of gasoline. 28



- Generator: A device that converts mechanical energy to electrical energy.

« Generator efficiency: The ratio of the electrical power output to the mechanical
power input.

«  Thermal efficiency of a power plant: The ratio of the net electrical power output

to the rate of fuel energy input.
9y 1np Overall efficiency of a power plant

TABLE 31 '
W,

The efficacy of different lighting net.electric

systems MNoverall — Tlcombustion Tthermal ngcncrulor T HHV % H.?nu
Efficacy,
Type of lighting lumens/W
Combustion
Candle 0.3 ) ) _
Kerosene lamp 1-2 nghtlng efflcacy:
Incandescent The amount of |Ight
Ordinary 6-20 :
Halogen 15 35 output in Iumer_ls_
Fluorescent per W of electricity
Compact 40-87 consumed.
Tube 60-120

High-intensity discharge

Mercury vapor 40-60 g g

Metal halide B65-118
High-pressure sodium 85-140 ISW 60 W
Low-pressure sodium  70-200
Solid-State FIGURE 3-57
LED 20-160 A 15-W compact fluorescent lamp
OLED 1560 y 3 2
provides as much light as a 60-W
Theoretical limit 300"

incandescent lamp.




TABLE 3-2

Energy costs of cooking a casserole with different appliances®

[From J. T. Amann, A. Wilson, and K. Ackerly, Consumer Guide to Home Energy Savings, 9t ed.,
American Council for an Energy-Efficient Economy, Washington, D.C., 2007, p. 163.1

Cooking Cooking Energy Cost of
Cooking appliance temperature time used energy
Electric oven 350°F (177°C) 1h 2.0 kWh $0.19
Convection oven (elect.) 325°F (163°C) 45 min 1.39 kWh $0.13
Gas oven 350°F (177°C) 1h 0.112 therm  $0.13
Frying pan 420°F (216°C) 1h 0.9 kWh $0.09
Toaster oven 425°F (218°C) 50 min  0.95 kWh $0.09
Crockpot 200°F (93°C) 7 h 0.7 kWh $0.07
Microwave oven “High” 15min  0.36 kWh $0.03

*Assumes a unit cost of $0.095/kWh for electricity and $1.20/therm for gas.

» Using energy-efficient appliances conserve

energy.

» It helps the environment by reducing the

amount of pollutants emitted to the
atmosphere during the combustion of fuel.

*  The combustion of fuel produces
« carbon dioxide, causes global warming
* nitrogen oxides and hydrocarbons,

cause smog

e carbon monoxide, toxic
« sulfur dioxide, causes acid rain.

Energy utilized

EfﬁCleﬂCy = Energy Supplied to app]iance

_3kWh

WL 0.60

FIGURE 3-58

The efficiency of a cooking appliance
represents the fraction of the energy
supplied to the appliance that is
transferred to the food.
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Efficiencies of Mechanical and Electrical Devices

Mechanical efficiency

Mechanical energy output £ ech ou E echloss —
nmuch - I\1 l PR l T = E = o E »
lechanical energy input mech.in mech,in > i = 0.506 ka/s
~ "
«( —>(2)

—

The effectiveness of the conversion process between
the mechanical work supplied or extracted and the __
mechanical energy of the fluid is expressed by the e
pump efficiency and turbine efficiency, |

V,x 0, V,=12.1 m/s

. . =2
Mechanical energy increase of the fluid — AE ccnmuia Woumpa Py x Py and Py x Py,
Npump = : . = — = — o
prmp Mechanical energy input W.attin Woump n AEpeeh puia _ MV32
R ' mech, fan = : =
) ! n Wihat, in Wihatt, in
/ — — L a2
AEmech.ﬂl,lid - Emech.out Emech.in ={ﬂ.5ﬂ6 kg/s)(12.1 m/s)"/2
S0.0W
=0.741
Mechanical energy output Winattout Wiasbine FIGURE 3-60
Nwrbine = : - — = : = — - L
" Mechanical energy decrease of the fluid — |AE, . nuial  Winsbine.e The mechanical efficiency

of a fan is the ratio of the rate of

‘AE lnech.fluid‘ =L mech,in E mech,out II:IC]'EESE: of the I]]?Chﬂﬂltﬂl ﬂf]ﬂl'g}’
of air to the mechanical power input.
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Mechanical power output Waitont PUMP

T motor o . IR efficienc
Electric power input W.iectin y
Electric power output ~ Weeeou  Generator
N enerator — : : = — -
EeHOr Mechanical power input W, .. efficiency

Wpu mp,u AE mech.fluid  Pum p- Motor

M pump—motor n pu mpn motor

W, eetin W, Overall efficiency
W, W,.. |
‘ _ | _ elect,out _ elect,out Turblne-Generator
T rbine—gen Tturbine 7] generator : = -
‘/Vtu rbine.e |AEmech.ﬂuid| ove ra” efﬁC'enCy
Mturbine = 0.75 Ngenerator = 0.97

l /We]el:t, out

Turbine
(\ FIGURE 3-61
Generator The overall efficiency of a turbine—
U \ [ generator 1s the product of the

| efficiency of the turbine and the

efficiency of the generator, and
Nturbine-gen = Thurbine Meenerator represents the fraction of the
=0.75x0.97 mechanical power of the fluid 32

—0.73 converted to electrical power.



Summary

Forms of energy
v' Macroscopic = kinetic + potential
v Microscopic = Internal energy (sensible + latent + chemical + nuclear)
Energy transfer by heat
Energy transfer by work
Mechanical forms of work
The first law of thermodynamics
v' Energy balance
v' Energy change of a system

v' Mechanisms of energy transfer (heat, work, mass flow)
Energy conversion efficiencies

v’ Efficiencies of mechanical and electrical devices (turbines, pumps)
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Objectives

Introduce the concept of a pure substance.
Discuss the physics of phase-change processes.

lllustrate the P-v, T-v, and P-T property diagrams and P-v-T
surfaces of pure substances.

Demonstrate the procedures for determining thermodynamic
properties of pure substances from tables of property data.

Describe the hypothetical substance “ideal gas” and the
Ideal-gas equation of state.

Apply the ideal-gas equation of state in the solution of typical
problems.

Introduce the compressibility factor, which accounts for the
deviation of real gases from ideal-gas behavior.



4-1 PURE SUBSTANCE

« Pure substance: A substance that has a fixed chemical
composition throughout.

« Air is a mixture of several gases, but it is considered to be a
pure substance.

C_ =

FIGURE 4-1 (a) H,O (b) Air
Nitrogen and gaseous air are FIGURE 4-2

ure substances. ‘ e
1 ‘ A mixture of liquid and gaseous water

is a pure substance, but a mixture of
liquid and gaseous air 1s not.



4-2 PHASES OF A PURE SUBSTANCE

> gg The molecules
=~ in asolid are

{ g positions by the
00L& large springlike
=<  inter-molecular

forces.
In a solid, the
i I attractive and
(i: ; ) &JC | repulsive forces
O) O ° between the
KQ _"f;:; - molecules tend
W ) to maintain them
4 at relatively
- constant
(a) ©) distances from
FIGURE 4-5 each other.

The arrangement of atoms in different phases: (a) molecules are at relatively fixed positions
in a solid, (b) groups of molecules move about each other in the liquid phase, and 4
(c) molecules move about at random in the gas phase.



4-3 PHASE-CHANGE PROCESSES OF PURE
SUBSTANCES

« Compressed liquid (subcooled liquid): A substance that it is not
about to vaporize.

« Saturated liquid: A liquid that is about to vaporize.

At 1 atm and 20°C,
water exists in the
liquid phase

State | (compressed liquid).

At 1 atm pressure

P =1 atm
and 100°C, water T = 100°C

exists as a liquid
that is ready to

vaporize
W (saturated liquid). m




Saturated vapor: A vapor that is about to condense.
Saturated liquid—vapor mixture: The state at which the liquid and

vapor phases coexist in equilibrium.

Superheated vapor: A vapor that is not about to condense (i.e., not a

saturated vapor).

» P =1 atm
I Saturated T = 100°C
vapor ‘
P=latm | Saturated

T =100°C o
liquid

Heat
Heat ril
L

At 1 atm pressure, the

o temperature remains
part of the saturated liquid constant at 100°C until the

As more heat is transferred,

vaporizes (saturated liquid—

_ last drop of liquid is vaporized
vapor mixture).

(saturated vapor).

State 5

P =1 atm

1 =300°C

Heat
L

As more heat is
transferred, the
temperature of the
vapor starts to rise

(superheated vapor).
6



If the entire process between state 1 and 5 described in the figure is
reversed by cooling the water while maintaining the pressure at the
same value, the water will go back to state 1, retracing the same path,
and in so doing, the amount of heat released will exactly match the
amount of heat added during the heating process.

T, °CA

300

Saturated
100 - .
mixture

T-v diagram for the

heating process of

water at constant
Y pressure.

20~




Saturation Temperature and Saturation Pressure

The temperature at which water starts boiling depends on the pressure;
therefore, if the pressure is fixed, so is the boiling temperature.

Water boils at 100°C at 1 atm pressure.

Saturation temperature T_,.: The temperature at which a pure substance

changes phase at a given pressure.

Saturation pressure P, The pressure at which a pure substance changes

phase at a given temperature.

TABLE 4-1
Saturation (boiling) pressure of
. water at various temperatures

P""’m‘ kPa Saturation
A Temperature, pressure,

T, °C P, kPa

—10 0.26

-5 0.40

5 0.87

- - 10 1.23

400 L The Ilqyld—vapor 5 o
saturation curve 20 2.34

f 25 3.17

200 + Ol a pure 30 4.25
substance 40 7.39

. b0 12.35

0 | | | . (numerlcal 100 101.4

0 50 100 150 200 ~ values are for 190 1702

T oC 200 1555
sab - water). 250 3976
300 8588




Latent heat: The amount of energy
absorbed or released during a phase-
change process.

Latent heat of fusion: The amount of
energy absorbed during melting. Itis
equivalent to the amount of energy
released during freezing.

Latent heat of vaporization: The amount
of energy absorbed during vaporization
and it is equivalent to the energy released
during condensation.

The magnitudes of the latent heats
depend on the temperature or pressure at
which the phase change occurs.

At 1 atm pressure, the latent heat of
fusion of water is 333.7 kJ/kg and the
latent heat of vaporization is 2256.5 kJ/kg.

The atmospheric pressure, and thus the
boiling temperature of water, decreases
with elevation.

TABLE 4-2

Variation of the standard
atmospheric pressure and the
boiling (saturation) temperature
of water with altitude

Atmospheric  Boiling

Elevation pressure, tempera-
m kPa ture, °C
0 101.33 100.0
1,000 89.565 96.5
2,000 79.50 93.3
5,000 54.05 83.3
10,000 26.50 66.3
20,000 5.53 34.7




Some Consequences of
T, and P, Dependence

N, vapor The variation of
-196°C the temperature
of fruits and

vegetables with

pressure during

25°C vacuum cooling
from 25°C to 0°C.

™ Liquid N,

Insulation

FIGURE 4-13

The temperature of liquid nitrogen
exposed to the atmosphere remains
constant at —196°C, and thus it
maintains the test chamber at —196°C.

In 1775, ice was made
by evacuating the air
space in a water tank.

Temperature

Start of cooling
(25°C, 100 kPa)

End of cooling
(0°C, 0.61 kPa)

I I Ly
-

_196°C Insulation

061 1 317 10 100

Pressure, kPa

1

) — Air + Vapor

Vacuum

Evaporation

i’ﬁﬁi (% é@ é‘

% High vapor pressure

pump

Low vapor pressure

Ice

Water



4-4 PROPERTY DIAGRAMS FOR PHASE-
CHANGE PROCESSES

The variations of properties during phase-change processes are best studied
and understood with the help of property diagrams such as the T-v, P-v, and P-T
diagrams for pure substances.

T. “C A

37395

T-v diagram of
constant-pressure
phase-change

) processes of a pure

| Saturated suured substance at various

I liquid vapor

| pressures

| .

| (numerical values

are for water). 11

0.003106 v, mY/kg



cr

saturated liquid line
saturated vapor line
compressed liquid region
superheated vapor region

saturated liquid—vapor
mixture region (wet region)

h
%,
D
——————— &
Critical
point R

Phase
change

™~

Ver v

T4

Compressed
liquid
region

. Y
Critical ,.,q .
point & )
&/
L
A A
La T -4
R s c?é;-f
’ &
A
s
L Superheated
L vapor
- region

Saturated
liquid—apor
region

FIGURE 4-18

Property diagrams of a pure substance.

At supercritical

pressures (P > P,),

there is no distinct
» phase-change
(boiling) process.

(a) T-v diagram of a pure substance

Critical point: The point
at which the saturated
liquid and saturated vapor
states are identical.

12
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Superheated
Compressed | r;lzri}z:l
liquid '
region ~ o
- ~ ?1 _
Saturated =27 Congy e
liquid—vapor =
region
-
v

(b) P-v diagram of a pure substance

|_.' Heat

FIGURE 4-19

The pressure in a piston—cylinder
device can be reduced by reducing
the weight of the piston.

13



Extending the

For water,
Diagrams to Include PTt:p;gﬁgEPa
the Solid Phase e

P A
Critical At triple-point pressure
point

and temperature, a
substance exists in three

- phases in equilibrium. -.‘."" A
= Vapor
=3 EEN =
;:': + ;_ P A
= |4 . o,
= T Critical
-~ 1‘ ]
2 Liquid + vapor : point
]
L]
Triple line ' =
s =2
T
Solid + vapor ‘T )
po . - Vapor
v '3
(@) P-v diagram of a substance that contracts on freezing ' Liquid + vapor
=
7 ;- Triple line
Solid + vapor

(I) P-v diagram of a substance that expands on freezing (such as water)



Sublimation: Phase Diagram
Passing from the P A
SOlid phase direcﬂy Substances Substances

that expand that contract

into the vapor phase_ \ on freezing on freezing

Critical

Liquid point

Solid

Triple point

Vapor

At low pressures
(below the triple-point

value), solids
evaporate without
melting first
(sublimation).

P-T diagram of pure substances.

15
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The P-v-T surfaces present a great deal of information at once, but in a

thermodynamic analysis it is more convenient to work with two-dimensional
diagrams, such as the P-v and T-v diagrams.

Solid |«n

Pressure

Pressure

FIGURE 3-24 FIGURE 3-25
P-v-T surface of a substance that P-v-T surface of a substance that
contracts on freezing. expands on freezing (like water).

16



4-5 PROPERTY TABLES

For most substances, the relationships among thermodynamic properties are too
complex to be expressed by simple equations.

Therefore, properties are frequently presented in the form of tables.

Some thermodynamic properties can be measured easily, but others cannot and
are calculated by using the relations between them and measurable properties.

The results of these measurements and calculations are presented in tables in a
convenient format.

.‘I. l

Enthalpy—A Combination Property
h=u-+ Pv kJ/kg |
( / ‘“’) kPa-m>=kJ
D3 ko= Ll
H — U _|_ PV (kJ) kPa-m /ki— kJ/}\:
bar-m” = 100 kJ
The MPa-m* = 1000 kJ
iy combination psi-ft? = 0.18505 Btu
— .
Pv, u+Pvis
Control frequently 9 g
volume encountered -
u;  inthe analysis The product pressure x
p,v, Of control volume has energy units.
~ 7 volumes. 17




Saturated Liquid and Saturated Vapor States

- Table A—4: Saturation properties of water under temperature.
- Table A-5: Saturation properties of water under pressure.

A partial list of Table A—4.

Specific volume

Specific
temperature

Mo

Sat. m-~/kg
Temp. press. | Sat. Sat.
°C kPa liquid vapor
r Py Vr Ve
835 57.868 |0.001032  2.8261
90 70.183 |0.001036  2.3593
95 84.609 10.001040  1.9808

v

o

Specific
volume of
saturated
liquid

Corresponding Specific

saturation
pressure

volume of
saturated

vapor

Ve = specific volume of saturated liquid
v, = specific volume of saturated vapor

Vi, = difference between v, and v; (that is, v, = v, — V)

Enthalpy of vaporization, hg, (Latent
heat of vaporization): The amount of
energy needed to vaporize a unit mass
of saturated liquid at a given
temperature or pressure.

18



T.°C4

T=90°C

Sat. liquid

Examples:
Saturated liquid
and saturated
vapor states of
water on T-v and
P-v diagrams.

P.kPa

100

i 1

Sat. liquid
P =100 kPa

Sat. vapor
P =100 kPa

l:ru{ -

19
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Saturated Liquid—Vapor Mixture

Quality, x : The ratio of the mass of vapor to the total mass of the mixture.
Quality is between 0 and 1 = O0: sat. liquid, 1: sat. vapor.
The properties of the saturated liquid are the same whether it exists alone or in

a mixture with saturated vapor.

/ n\-";.].[')()l‘ Myioal — }'nliquid + ’nvapor — "nf + }ng

X —
H/ll(}l;.l.l

y

P or T4

Critical point

Sat. vapor

Sat. liquid

v

The relative
amounts of
liquid and
vapor phases
in a saturated
mixture are
specified by
the quality Xx.

Temperature and
pressure are dependent
properties for a mixture.

E}

ey
- ]

Saturated vapor

Ve

Vr

Saturated liquid

Vav o

Saturated

liquid—vapor

mixture

%

n
o o

o '}rf

A two-phase system can be
treated as a homogeneous
mixture for convenience.

20



Va\-"g - Vf + X\/fg (mg/ kg)

x = m,/m, Vave = V¥
x j—
Vig

Nave = Ny + Xhy,

PorTH

o

FIGURE 4-34

Quality 1s related to the horizontal
distances on P-v and T-v diagrams.

y — V,Uu,orh.

Yavg = V5 T XV

yfgyavg Eyg

PorTA
Sat. liquid
Ve
Sat. liquid
Y
______ _,_______
I | I
| | I
| | |
| | | R
Uf !.r"f <Vv< !.r"g l.r"g v
FIGURE 4-35

The v value of a saturated
liquid—vapor mixture lies between
the vy and v, values at the specified
TorP.



Examples: Saturated liquid-vapor
mixture states on T-v and P-v diagrams.

L “CA P. kPaA

R-134a

P =160 kPa
m=4kg

If}[] L T: - 156{]{![1
90
| | .
V= 0.0007437 v, =0.12348 v, m¥kg
he=31.21 hy=241.11  h, kl/kg

22



In the region to the right of the
saturated vapor line and at
temperatures above the critical
point temperature, a substance
exists as superheated vapor.

In this region, temperature and
pressure are independent
properties.

v u h
7.°C| m’kg kl/kg kl/kg

P =0.1 MPa (99.61°C)

Sat. | 1.6941 2505.6 2675.0
100 | 1.6959 2506.2 2675.8
150 1.9367 25829 2776.6

1300 | 7.2605 4687.2 5413.3

P=0.5MPa (151.83°C)

Sat. | 0.37483 2560.7 2748.1
200 | 0.42503 2643.3 2855.8

A partial
listing of
250 | 0.47443 2723.8 2961.0 Table A—6.

Superheated Vapor

Compared to saturated vapor,
superheated vapor is characterized by

Lower pressures (P < P_, at a given T)

Higher tempreatures (7' > T, at a given P)
Higher specific volumes (v > v, at a given P or 7)
Higher internal energies (« > u, at a given P or 1)
Higher enthalpies (2 > h, at a given P or T)

At a specified T4
P, superheated
vapor exists at
a higher h than

the saturated

vapor.

L
—
r oy

=y
J

=Y



The compressed liquid properties
depend on temperature much more
strongly than they do on pressure.

V=Yrer Yy—V,uo0rh

A more accurate relation for h
h = h_f@'r- r T Via r(P = Py ar)

Given: Pand T

A compressed liquid
may be approximated
as a saturated liquid at
the given temperature.

Compressed Liquid

Compressed liquid is characterized by
Higher pressures (P > P, at a given T)
Lower tempreatures (7" < T

sat

at a given P)
Lower specific volumes (v << v, at a given P or T)
Lower internal energies (u < u, at a given P or T)

Lower enthalpies (7 < h,at a given P or T)

T.°CA

T'=80°C
P=5MPa

= ”f @ R0°C i
24



Reference State and Reference Values

The values of u, h, and s cannot be measured directly, and they are calculated from
measurable properties using the relations between properties.

However, those relations give the changes in properties, not the values of properties at
specified states.

Therefore, we need to choose a convenient reference state and assign a value of zero for
a convenient property or properties at that state.

The referance state for water is 0.01°C and for R-134a is -40°C in tables.
Some properties may have negative values as a result of the reference state chosen.

Sometimes different tables list different values for some properties at the same state as a
result of using a different reference state.

However, In thermodynamics we are concerned with the changes in properties, and the
reference state chosen is of no consequence in calculations.

Saturated water—Temperature table

Specific volume, Internal energy, Enthalpy, Entropy,
m3/kg k)/kg kl/kg kl/kg - K
Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.
Temp., press., liquid, vapor, liquid, Evap., vapor, liquid, Evap., vapor, liquid, Evap., vapor,
T°C P, kPa v, Vg Us U, Ug h¢ hyg hg St Stg Sg
0.01 0.6117 0.001000 206.00 0.000 23749 23749 0.001 2500.9 2500.9 0.0000 9.1556 9.1556
5 0.8725 0.001000 147.03 21.019 2360.8 2381.8 21.020 2489.1 2510.1 0.0763 8.9487 9.0249

Saturated refrigerant-134a—Temperature table

Specific volume, Internal energy, Enthalpy, Entropy,
m3/kg kl/kg kJ/kg kllkg - K
Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.
Temp., press., liquid, vapor, liquid, Evap., wvapor, liquid, Evap., vapor, liquid, Evap., vapor,
r°c PFP_ kPa v, Vg Us Ug, Ug hy h, h, Ss St S

—40 51.25 0.0007054 0.36081 -0.036 207.40 207.37 0.000 225.86 225.86 0.00000 0.96866 0.96866 25



4-6 THE IDEAL-GAS EQUATION OF STATE

 Equation of state: Any equation that relates the pressure, temperature,
and specific volume of a substance.

« The simplest and best-known equation of state for substances in the gas
phase is the ideal-gas equation of state. This equation predicts the P-v-T
behavior of a gas quite accurately within some properly selected region.

p_ R(D py — p7 deal gas equation

of state
R = MH (kJ/kg - K or kPa - m’/kg - K)
M: molar mass (kg/kmol) Air 0.2870
R,: universal gas constant Helium 2.0769
8.31447 kJ/kmol - K Argon 0-3031
8.31447 kPa~ m’/kmol - K Nitrogen B2l
0.0831447 bar - m’/kmol - K
R,= )| 1.98588 Btu/lbmol - R —C
10.7316 psia - _ft'g/ Ibmol - R Different substances have different

26



Mass = Molar mass x Mole number 7V P,V |deal gas equation at two

m = MN (kg) Tl T states for a fixed mass

V=mv —> PV = mRT

of ideal gas equation

IDEAL 1/_/_,\
V=NU—> PU=RT GAS/

15 17

Various expressions
mR = (MN)R = NR, — PV = NR,T

REALLY?

Real gases behave as an ideal gas at low
densities (i.e., low pressure, high temperature).

{

i

Per unit mass  Per unit mole

v, mi/kg v, m*/kmol
u, kl'kg i, kJ/kmol
h, kl/kg i, kJ/kmol

A/_/—/j FIGURE 4-45

Properties per unit mole are The 1deal-gas relation often is not

: applicable to real gases; thus, care
denoted with a bar on the top. should be exercised when using it.




400

300

5 MPa
200
/ | MPa

IS

600

500

56.2

20 MPa
10 WMPa

1527

17.3

20.8

17.6

495

16.7

108 50 24

8.8 4l

74 13

257

|

100

0.5

-

|
1
1
1
1!
1
1
1!
1

4

0.8

0.2
i

0
0.001

0.0

0.1

Ideal Gas

0.1

0.0

0.0

0.0

0.0
i

0.0

Water Vapor an ldeal Gas?

, At pressures below 10 kPa, water
] vapor can be treated as an ideal

gas, regardless of its temperature,
with negligible error (less than 0.1
percent).

At higher pressures, however, the
iIdeal gas assumption yields

0.0

unacceptable errors, particularly in

the vicinity of the critical point and
the saturated vapor line.

In air-conditioning applications, the

]
\
1]
L
\'I.
100 kP
- 16 % 0.0 00
0.8 kPa \ 0.0
0.01 0.1 1 10

assuming steam to be an ideal gas, and the region where steam
can be treated as an ideal gas with less than 1 percent error.

100 v, m¥kg

water vapor in the air can be
treated as an ideal gas. Why?

In steam power plant applications,

however, the pressures involved

are usually very high; therefore,

ideal-gas relations should not be
used.
Percentage of error ([|Viapie = Vigeall/Viabie] X100) involved in
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4-7 COMPRESSIBILITY FACTOR—A MEASURE
OF DEVIATION FROM IDEAL-GAS BEHAVIOR

Compressibility factor Z
A factor that accounts for
the deviation of real gases
from ideal-gas behavior at
a given temperature and

pressure. Py = ZRT
7 = & 7 = Vactual
RT Videal

FIGURE 4-48

The compressibility factor 1s unity

for ideal gases.

The farther away Z is from unity, the more the
gas deviates from ideal-gas behavior.

Gases behave as an ideal gas at low densities
(i.e., low pressure, high temperature).

Question: What is the criteria for low pressure
and high temperature?

Answer: The pressure or temperature of a gas
Is high or low relative to its critical temperature
or pressure.

as
P—0

FIGURE 4-50
At very low pressures, all gases
approach ideal-gas behavior

(regardless of their temperature). g
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PR:P_CY TR:T_U

-|.'|

F-
PR= P 1
(4] §
FZ=...
Vg= ———n | {Fig. A-28)

RT, /Py

Z can also be determined from
a knowledge of P, and vg.

Reduced Reduced
pressure temperature
T Vacwal  Pseudo-reduced
R RT,, / P.. specific volume
1.1
10 u
Y . B Ty=2100
o \: 8 #ﬂ,..l-" %
TN sttt 2
o E &1\. _ Ty =[1.30 f
o u] a .:"H;
2z E i U
i 06 a 5 -
N ] :'z‘\i%ﬂ_ﬂ f’;f/ﬁ
0.5 e =k
A T=110
0.4 kw:’ﬁn Legend: -
Ty =100 ,/( > Bilene & nemane
0 1 & Ethane & Nitrogen ||
o Propane & Carbon dioxide
02 “ O n-Butane & Water ]
Average curve based on data on
hydrocarbaons
0']0 0.5 1.0 1.5 2.0 25 A0 35 4.0 45 5?0 5?5 6?':' 6?5

Reduced pressurs Py

Comparison of Z factors for various gases.

7.0

T4

k
Ideal-gas
Nonideal-gas behavior
behavior
Ideal-gas
behavior
v
FIGURE 4-51

Gases deviate from the 1deal-gas

behavior the most in the neighborhood

of the critical point.
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Summary

* Pure substance
* Phases of a pure substance
« Phase-change processes of pure substances
v' Compressed liquid, Saturated liquid, Saturated vapor, Superheated vapor
v/ Saturation temperature and Saturation pressure
* Property diagrams for phase change processes
v' The T-v diagram, The P-v diagram, The P-T diagram, The P-v-T surface
* Property tables
v' Enthalpy

v' Saturated liquid, saturated vapor, Saturated liquid vapor mixture,
Superheated vapor, compressed liquid

v" Reference state and reference values
« The ideal gas equation of state

v Is water vapor an ideal gas?
* Compressibility factor
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Objectives

Examine the moving boundary work or P dV work commonly
encountered in reciprocating devices such as automotive engines
and compressors.

Identify the first law of thermodynamics as simply a statement of
the conservation of energy principle for closed (fixed mass)
systems.

Develop the general energy balance applied to closed systems.

Define the specific heat at constant volume and the specific heat at
constant pressure.

Relate the specific heats to the calculation of the changes in
iInternal energy and enthalpy of ideal gases.

Describe incompressible substances and determine the changes in
their internal energy and enthalpy.

Solve energy balance problems for closed (fixed mass) systems
that involve heat and work interactions for general pure
substances, ideal gases, and incompressible substances.



5-1 MOVING BOUNDARY WORK

Moving boundary work (P dV work): Quasi-equilibrium process:

The expansion and compression work A process during which the system

In a piston-cylinder device. remains nearly in equilibrium at all
times.

oW, =Fds = PAds = P dV _ N _
W, is positive — for expansion

9] . c .
J W, is negative — for compression
1

Pdv (kJ)

The work associated
with a moving
boundary is called
boundary work.

The moving
boundary

A gas does a differential
amount of work 6W, as it
forces the piston to move
by a differential amount ds.




PA The boundary
work done

Process path during a Process
depends on the
path followed as
well as the end

states.

o

FIGURE 4 -3

The area under the process curve
on a P-V diagram represents the
boundary work.

2 2
Area = A = J dA = J PdV
1 1

The area under the process curve on a P-V
diagram is equal, in magnitude, to the work
done during a quasi-equilibrium expansion or
compression process of a closed system.

PA

T,
PA
3 A
|
|
. B
| 1
| |
I | .
v, v, v
FIGURE 5-5

The net work done during a cycle is
the difference between the work done
by the system and the work done on
the system.



Polytropic, Isothermal, and Isobaric processes

P = CV ™" Polytropic process: C, n (polytropic exponent) constants

2 2 —n+1 —n+1 _
V. -V P,V, — PV
W, = J Pd\V = J CU™d\/ = C—2 1 _ 12Vv2 1V1 Polytropic
[ ! —n + 1 1l —n process
mR(T, — Ty)
W, = Polytropic and for ideal gas

|l — n

2 2
V. _
W, = J PdV = J CUldy = Pvm<2) Whenn =1
1 1 1/ (isothermal process)

2 2
W, = J pPdV =P, J dV = Py(V» = V) Constant pressure process
| |

PA

What is the boundary
work for a constant- e 1s:
volume process?

PV = comst.

Schematic and
P-V diagram for
a polytropic
process.




5-2 ENERGY BALANCE FOR CLOSED SYSTEMS

E‘ o Euul - AE\\\ILII] (kl)
| Energy balance for any system
Net energy transfer Change in mteln;ll, Kinetic, :
by heat, work, and mass potential, etc., energies undergomg any prOCGSS
\E in _ E(Jlll/ — ) ({E\\NICIH/({{ (kW) Energy balance
Rate of net energy transfer Rate of change in internal, i
by heat, work, and mass Kinetic, potential, etc., energies In the rate form

The total quantities are related to the quantities per unit time is
O = QAT W=WAr, and AE = (dE/dt)At (kJ)

€in — €out — Aesvstem (kJ/kg) En.ergy balan(?e per
’ unit mass basis

Energy balance in

oF.
ylem differential form

in 5Eout = dE or de, — o€ = de

system in out

Energy balance

Whetout = Qretin - O Whetow = Qietin for a cycle



anl.in - [/Vncl.mul - AE»}-'xlcm or Q - W= AE Q Qnet,in . Qin B Qout

W = Wnet,out :Wout o Win
Energy balance when sign convention is used: (i.e., heat input and
work output are positive; heat output and work input are negative).
PA K| N v .

General Q-W=AE
Stationary systems Q —W=AU

Per unit mass g —w = Ae

Ditferential form 0¢q — ow = de

v \
Various forms of the first-law relation
FIGURE 5-11 for closed systems when sign
For a cycle AE = 0, thus Q = W. convention is used.

The first law cannot be proven mathematically, but no process in nature is known
to have violated the first law, and this should be taken as sufficient proof.

[




Energy balance for a constant-pressure
expansion or compression process

General analysis for a closed system
undergoing a quasi-equilibrium
constant-pressure process. Q is to the
system and W is from the system.

E,.— E = AE

out
\_V—/

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

0 0
QO — W= AU+ AKE + APE

Q= Woher — W, = U, — U,

system

Q olhn.r P()( V]) _ U2 UI

Q — Woher = (U:z"'P:sz)_ (Ul +PIV])

For a constant-pressure expansion
Or compression process:

AU +W, = AH

An example of constant-pressure process

<’11‘1 Qout o = AU
- Qout = AH = fﬂ-(}lz — k‘l)
P, kPa A

H=U+ PV
Q - Wnlhcr — H2 - Hl

300 = .

=



FIGURE 5-14

For a closed system undergoing a
quasi-equilibrium, P = constant
process, AU + W, = AH. Note that
this relation 1s NOT valid for closed
systems processes during which
pressure DOES NOT remain
constant.

AH

Q - wﬂlhﬂd

Q - wothar =AH

Heat

FIGURE 5-16

Expansion against a vacuum involves
no work and thus no energy transfer.



5-3 SPECIFIC HEATS

Specific heat at constant volume, c,: The Lke lkg
energy required to raise the temperature of fron Water
the unit mass of a substance by one degree 20 — 30°C 20 — 30°C
as the volume is maintained constant. - -

Specific heat at constant pressure, c,: The 151 -

energy required to raise the temperature of

the unit mass of a substance by one degree  FIGURE 5-17

as the pressure is maintained constant. [t takes different amounts of energy
to raise the temperature of different
substances by the same amount.

m=1kg
AT =1°C
Specific heat = 5 kl/kg-°C
e |
Constant-
5 k] VOIume and \/ = constant P = constant
FIGURE 5-18 constant- m=1kg m=1Kkg

pressure specific [far=1°c AT =1°C
heats c,and ¢, [ =312
(values are for

helium gas).

kJ
kg:°C

kJ
kg-°C

Specific heat i1s the energy required
to raise the temperature of a unit
mass of a substance by one degree
in a specified way.

cp=5.]9

5.19kJ




Air Air True or False?
o= = C, Is always greater than c,
300 — 301 K 1000 — 1001 K
- / -
0.718 kJ 0.855 kJ E = %)V
FIGURE 5-21 = the chage in internal energy
The specific heat of a substance with temperature at

- ~Ons VO
changes with temperature. constant volume

M'
The equations in the figure are valid for
any substance undergoing any process. ( Ih
c, and c, are properties. “p=\dT/p
c, is related to the changes in internal = the chage in enthalpy with
energy and Cp to the Changes in temperature at constant
enthalpy. ' pressurc
A common unit for specific heats is I

kJ/kg-°C or kd/kg-K. Are these units

dentical? Formal definitions of ¢, and c,.



5-4 INTERNAL ENERGY, ENTHALPY,
AND SPECIFIC HEATS OF IDEAL GASES

Thermometer h=u-+ Pv
h=u+ RT
Pv = RT
: Water u = Li(T) h — h(T)
|
| ) ) ) )
| du = c,(T)dT dh = c,(T) dT
|
i Air 2
| (high pressure) Evacuated
o e e— Au=u, —u = | c/T)dT
FIGURE 5-22 !
Schematic of the experimental 2
apparatus used by Joule. AL = h2 _ hl — J CP(T) dT
1

Joule showed
using this
experimental
apparatus that
u=u(T)

Internal energy and
enthalpy change of
an ideal gas

For ideal gases,
u, h, c,, and c,
vary with

temperature only. 15




At low pressures, all real gases approach
ideal-gas behavior, and therefore their

specific heats depend on temperature only.

The specific heats of real gases at low
pressures are called ideal-gas specific

heats, or zero-pressure specific heats, and

are often denoted c,, and c.

Cpo
kKl kmol-K

60

50

40

30

20

r

|deal-gas
constant-
pressure
specific heats

Ar. He, Ne, Kr, Xe, Rn for some gases

(see Table A—

1
1000

Y

. . 2¢ for o
2000 3000

Temperature, K equations).

u and h data for a number of
gases have been tabulated.

These tables are obtained by
choosing an arbitrary reference
point and performing the
Integrations by treating state 1
as the reference state.

Alr

T.K  uklke  h.klke
0 0 0

300 214.07 300.19
310 221.25 310.24

In the preparation of ideal-gas
tables, 0 K is chosen as the
reference temperature.

13



Internal energy and enthalpy change when
specific heat is taken constant at an
average value

U — uy = Cu.a\--'g(.TQ o Tl)

kJ/k
hy — hy = Cpae(lh — T)) (kJ/kg)

Ailr Ailr

\/ = constant P = constant
T, =20°C T, =20°C
T, =30°C p T, =30°C
Au=c, AT Au=c, AT
=7.18 kJ/kg =7.18 kl/kg
FIGURE 5-27

The relation Au = ¢, AT 1s valid for
any kind of process, constant-volume
or not.

'fplh

Approximation

L:J':'.ﬂvg

FIGURE 5-26

For small temperature intervals, the
specific heats may be assumed to vary
linearly with temperature.

14



Three ways of calculating Au and Ah

1. By using the tabulated u and h data.
This Is the easiest and most
accurate way when tables are readily 4
available. t

2. By using the c, or c, relations (Table
A-2c) as a function of temperature
and performing the integrations. This |
is very inconvenient for hand ARE -’1 Cytl el
calculations but quite desirable for
computerized calculations. The Au = ¢,y AT
results obtained are very accurate.

Au = u, — uy (table)

3. By using average specific heats. This o
IS very simple and certainly very _
convenient when property tables are | | 'f€€ ways of calculating Au.
not available. The results obtained are
reasonably accurate if the
temperature interval is not very large.

15



Specific Heat Relations of Ideal Gases

h=uy -+ RT * The relationship between c,, ¢, and R
dh = du + R dT | =— C, = C, TR (kJ/kg-K)

dh =c,dT and du=c,dT On a molar basis

J

c,=c,t+ R, (kJ/kmol - K)

/J

P _ “» specific
4 / k= —

¢ heatratio
“V

Air at 300 K g . . :
» The specific ratio varies with
{R_ ?} ;Li Ii‘\]]’;t I]i} ¢ =1.005 kl/kg-K temperature, but this variation is
N very mild.
or * For monatomic gases (helium,
argon, etc.), its value is essentially

c, = 20.80 kl/kmol-K

=26 constant at 1.667.
\ R _ 3314 KI/kmol. ]\} ).114 kJ/kmol-K

« Many diatomic gases, including air,
The c, of an ideal gas can be determined have a specific heat ratio of about
from a knowledge of c, and R. 1.4 at room temperature.

16



5-5 INTERNAL ENERGY, ENTHALPY, AND
SPECIFIC HEATS OF SOLIDS AND LIQUIDS

Incompressible substance: A substance whose specific volume (or
density) is constant. Solids and liquids are incompressible substances.

|

: Liquid Iron

| Uf = constant 250C

|

I c=cy=c,

: Solid =0.45 kl/kg-K

' V. = constant ™ '

| s BN 2
LN

FIGURE 5-33 FIGURE 5-34
The ¢, and ¢, values of incompressible
substances are identical and are
denoted by c.

The specific volumes of
incompressible substances remain
constant during a process.

17



Internal Energy Changes
du = ¢, dT = c¢(T)dT

2
Au=u, —u, = J c(T)dT (kJ/kg)
I

M=o —T)  (KI/ke)

Enthalpy Changes

0
h=u+ Pv
dh =du + vdP + Pdv =du + vdP
Ah = Au + VAP = ¢,,, AT + v AP (kJ/kg)
For solids, the term v AP is insignificant and thus A = Au = ¢, AT. For
liguids, two special cases are commonly encountered:

1. Constant-pressure processes, as in heaters (AP = 0): Ah = Au = ¢, AT
2. Constant-temperature processes, as in pumps (AT = 0): Ah = v AP

_ . The enthalpy of a
hepr = hfar + Yo r(P — Puar) compressed liquid

Usually a more accurate relation than 1@ pr = hy @ 1

18



Summary

Moving boundary work
v W, for an isothermal process
v W, for a constant-pressure process
v' W, for a polytropic process
Energy balance for closed systems

v' Energy balance for a constant-pressure expansion
Or compression process

Specific heats
v Constant-pressure specific heat, c,
v' Constant-volume specific heat, c,

Internal energy, enthalpy, and specific heats of
Ideal gases

v Specific heat relations of ideal gases

Internal energy, enthalpy, and specific heats of
Incompressible substances (solids and liquids)

19
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Objectives

« Develop the conservation of mass principle.

« Apply the conservation of mass principle to various systems
Including steady- and unsteady-flow control volumes.

* Apply the first law of thermodynamics as the statement of the
conservation of energy principle to control volumes.

 |dentify the energy carried by a fluid stream crossing a control
surface as the sum of internal energy, flow work, kinetic energy,
and potential energy of the fluid and to relate the combination of
the internal energy and the flow work to the property enthalpy.

« Solve energy balance problems for common steady-flow devices
such as nozzles, compressors, turbines, throttling valves, mixers,
heaters, and heat exchangers.

* Apply the energy balance to general unsteady-flow processes with
particular emphasis on the uniform-flow process as the model for
commonly encountered charging and discharging processes.



6-1 CONSERVATION OF MASS

Conservation of mass: Mass, like energy, is a conserved property, and it
cannot be created or destroyed during a process.

Closed systems: The mass of the system remain constant during a
process.

Control volumes: Mass can cross the boundaries, and so we must keep
track of the amount of mass entering and leaving the control volume.

Mass m and energy E can be
converted to each other

accordingto g — ;-2 2 kg 4| l6kg [o— | 18kg
H, O, H,O

where c is the speed of light in a
vacuum, which is ¢ = 2.9979 x 108

m/s. FIGURE 6-1

The mass change due to energy Mass is conserved even during
change is negligible. chemical reactions.




Mass and Volume Flow Rates

om = pV, dA,

m=J5m=Jp%Mc
A, A,
]’h — P‘/;\.--gAc (kg/\)

v Mass flow

m=pV = ., rate

V.

avg

|
|
>
;
T
I
|
I
!
I -

\..5
r

FIGURE 6-3

The average velocity V,,, is
defined as the average speed

through a cross section.

avg

V.o o= b [ V. dA. Definition of

Volume flow rate

V= J V, dA. = Vi, A, = VA,
A

c

1

. [

T Ve
l >
| It
L U= VaeAe |
L d

Cross section

FIGURE 64

The volume flow rate is the volume
of fluid flowing through a cross
section per unit time.

Acl, average velocity

(m/s)



Conservation of Mass Principle

Total mass entering Total mass leaving Net change of mass
the CV during At

the CV during Ar within the CV during Az

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

miy, — Myy — AI’nCV (kg)

Amicy = Mgy — Migitial

My, — Mgy = dmey/dt (kg/s)

These equations are often referred to

FIGURE 6-5 as the mass balance and are
Conservation of mass principle for an applicable to any control volume
ordinary bathtub. undergoing any kind of process.



Control
volume (CV) 5

N /
= ~’/\\\.—/

/_
/[

Control surface (CS)

Total mass within the CV: Moy = p dv
‘ov
L ~ d.'??cwr d [
Rate of change of mass within the CV: = — p dV
dt dt | ..
cv
Normal component of velocity: V,=Vcosf = Ven

Differential mass flow rate:  dim = pV,dA = p(Vcos#) dA = ;:(?-r_fj dA

FIGURE 6-6
The differential control volume dV and 1 r - [ -
the differential control surface dA used Net mass flow rate: Mpey = J om = J pV, dA = J p(V-n) dA
in the derivation of the conservation of "CS “CS “CS
mass relation.
. ) . d | 7 —

General conservation of mass. Tl P d\V + p(V-n)dA =0

ar |

‘o YOS

the time rate of change of mass within the control volume plus the
net mass flow rate through the control surface is equal to zero.

dt Jov

d

ar ey

{
< |' pdV + Ep‘ V.,

" pdV = Zm — Zm or

dA =0

dA — +E p‘ ILfri‘
out in
General
= > — > i conservation of
in out mass in rate form 6

dm cv
drf

1n ot



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 (m¢,, = 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.

my =2 kgls 1, = 3 kels
_______________ ="
i ]
| I
| 1k
| CV |
| |
| 1E
| | Py

iy = my + 1, =5 kgls

FIGURE 6-7

Conservation of mass principle
for a two-inlet—one-outlet
steady-flow system.

For steady-flow processes, we are
interested in the amount of mass flowing per
unit time, that is, the mass flow rate.

Em — 2;51 (kg/s) Multiple inlets

in out and exits

S - Single
H/ll - H/lz _> prlAl - szzAz Stream
Many engineering devices such as nozzles,
diffusers, turbines, compressors, and

pumps involve a single stream (only one

inlet and one outlet).



Special Case: Incompressible Flow

The conservation of mass relations can be simplified even further when
the fluid is incompressible, which is usually the case for liquids.

m
V.

L

o
L
o

compressor

my =2 kgls
Vy = 1.4 m¥s
FIGURE 6-8

During a steady-flow process,

volume flow rates are not necessarily

conserved although mass flow
rates are.

V=2V (m?/s) Steady,

- — iIncompressible

Steady,

\)1 -/, — V,A, = V,A, incompressible
) - flow (single stream)

There is no such thing as a “conservation of
volume” principle.

For steady flow of liquids, the volume flow
rates, as well as the mass flow rates,
remain constant since liquids are essentially
iIncompressible substances.



6-2 FLOW WORK AND THE
ENERGY OF A FLOWING FLUID

Flow work, or flow energy: The work (or energy)
required to push the mass into or out of the control
volume. This work is necessary for maintaining a
continuous flow through a control volume.

F=PA
Wi = FL = PAL = PV

Wilow — Pv (kJ/kg)

Imaginary
piston

(kT)

FIGURE 6-11

Schematic for flow work.

FIGURE 6-12

In the absence of acceleration, the
force applied on a fluid by a piston is
equal to the force applied on the piston
by the fluid.

Wiow —

[
|
1 o
(b)) After entering
FIGURE 6-13

Flow work is the energy needed to
push a fluid into or out of a control
volume, and it is equal to Pwv.



Total Energy of a Flowing Fluid

The flow energy is
automatically taken
care of by enthalpy.
§ =Pv+e=Pv+ (u+ke+pe) h=y+Py Infact thisis the

V;
e =u-+ ke +pe=u-+ Y T 82 (kJ/kg)

5 main reason for
) — y N v - T/ ko defining the property
O =h+ke +pe="hnh-+ 5 + g7 (kJ/kg) ity

Kinetic Flow Kmetlc
energy energy energy
2

Nonflowing e =u + v + Flowing @=Pv +u + L .|_ z
8% 4

2

Jluid
Internal .
Internal Potential T Potential
energy energy €nergy

The total energy consists of three parts for a nonflowing fluid and
four parts for a flowing fluid. 10

fluid




Energy Transport by Mass

Amount of energy transport: E

Rate of energy transport: E

mass

FIGURE 6-15

The product m #; 1s the energy
transported into control volume by
mass per unit time.

‘mass

-

| Vv
= mb = m(h +5+ g:) (kJ)

e

o V?
= mfl = 1}1(/"1 + -+ g:) (kW)

When the kinetic and potential energies
of a fluid stream are negligible

EII]EJ.SS — mh E — mh

mass

When the properties of the mass at
each inlet or exit change with time
as well as over the cross section

N . V:
Ein‘m:m — ‘ Hi 8-}”;‘ - ‘ (h; + TJ + gZ,-) (3.?”‘;

“m; “m;

11



6-3 ENERGY ANALYSIS OF
STEADY-FLOW SYSTEMS

FIGURE 6-17

Many engineering systems such
as power plants operate under
steady conditions.

Steady-flow process: A process
during which a fluid flows through
a control volume steadily.

N\
i
|
|
|
|
|
|

|

o)

Mass _}é ___________ :
in - Control

volume

Mcy = constant
Ey = constant

Mass
—
2 out

FIGURE 6-18

Under steady-flow conditions, the
mass and energy contents of a control
volume remain constant.

ol 7
1t |{""_""Tj ' iy
Yy |
| Control | .
I volume : : _
: | _}”-‘3
| : / hy
| _ o’
FIGURE 6-19

Under steady-flow conditions, the
fluid properties at an inlet or exit
remain constant (do not change
with time).



Electric

Mass and Energy balances Ooy  Dcating
Heat out  element
for a steady-flow process LAY VAL
”'.12 = ”'.1] ,_/ ________ _:’ |
. . [ |
— —
Em D (kg/s) —— é [
in out Awater water : | :
. . ' out | I
mp = m Mass heater in oo | P
bal steady | (Hot-water tank) 1|\ T
_ alance i 7/ Co
piViA = poVL Ay operation. e Y water
in
P 0 (steady)
Energy Ei, — Egu - dEsystem/d[ =0
Rate of net energy transfer Rate of change i;; internal, kinetic,
balance by heat, work, and mass potential, etc., energies
Ein - E()Lll (kW)
Rate of net m:g?lr;lnxl‘cr in Rate of net L;x;;;r;lnxl“cr out
by heat, work, and mass by heat, work, and mass
Qin + W;En + 2”?9 = Qﬂut + WDLLE + ng
in out
V2 V3
O + Wiy + Zm(h Tt gZ) = Qou + Wou + Erh(h Tyt gZ>
in out '

for each inlet

for each exit



Energy balance relations with sign
conventions (i.e., heat input and work
output are positive)

L V2
00— W= Zm<h+2+g3)

out

: Vv?
— Em(h + — + gz)
2 »

n

for each exit for each inlet
L Vi- Vi
Q—W=m|hy, — h -I-T"‘S(Zz - 7)
Vi—Vi
q—w=h,— h + T"‘ g(z — 71)
q—w=h—h g=Qm w= W

when kinetic and potential energy
changes are negligible

Under steady
operation, shaft work
and electrical work
are the only forms of
work a simple
compressible system
may involve.

J _Nm :(]\nﬂ)ﬂzﬁ?‘

kg” kg \oa)kg” &2
2

(A]sn. Btu _ 15 037 llj)
Ibm 8°

The units m?/s? and J/kg
are equivalent.

% V,  Ake
m/s m/s kl/kg
0 45 |
50 67 |
100 110 |
200 205 1
500 502 1

At very high velocities,
even small changes in
velocities can cause
significant changes in
the kinetic energy of the
fluid.




6-4 SOME STEADY-FLOW ENGINEERING DEVICES

Many engineering devices operate essentially under the same conditions

for long periods of time. The components of a steam power plant (turbines,
compressors, heat exchangers, and pumps), for example, operate nonstop for
months before the system is shut down for maintenance. Therefore, these devices
can be conveniently analyzed as steady-flow devices.

LPC bleed

. 2_Stage 5.
air collector 2-Stage 3-Stage

high pressure  low pressure
turbine turbine

Combustor
14-Stage  Fuel system

high pressure  panifolds
compressor

5-Stage
low pressure
compressor (LPC)

Hot end
drive flange

Cold end
drive flange

A modern land-based gas turbine used for electric power
production. This is a General Electric LM5000 turbine. It
has a length of 6.2 m, it weighs 12.5 tons, and produces
55.2 MW at 3600 rpm with steam injection. 15



Nozzles and Diffusers

FIGURE 6-25

Nozzles and diffusers are shaped so
that they cause large changes in fluid
velocities and thus kinetic energies.

balance for V2 V2
. | . 2
a nozzle or m(kl 9= ) = m(hz Sl )

Nozzles and diffusers are commonly
utilized in jet engines, rockets,
spacecraft, and even garden hoses.

Anozzle 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.

The cross-sectional area of a nozzle
decreases in the flow direction for
subsonic flows and increases for
supersonic flows. The reverse is true
for diffusers.

Energy Em — Eout

diffuser: - -
(since Q = 0, W = 0, and Ape = 0)

16



Turbines and

Compressors

Gour = 16 kl/kg
, P, =600 kPa

— T,=400 K

I

I

I

| Air A

. =0.02 kgls 7

: — H’;m

| =

= [ P, =100 kPa
T,=280K

Energy balance for the

compressor in this figure:

E in — Eout

in T I'I"‘Th'l — Qout T ?”/?2

(since Ake = Ape = 0)

Turbine drives the electric generator In
steam, gas, or hydroelectric power plants.

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 shatft.

A fan increases the pressure of a gas
slightly and is mainly used to mobilize a
gas.

A compressor is capable of compressing
the gas to very high pressures.

Pumps work very much like compressors
except that they handle liquids instead of
gases.

17



: Throttling valves are any kind of flow-restricting devices
Th I'Ott' N g vaIveS that cause a significant pressure drop in the fluid.

What is the difference between a turbine and a
throttling valve?

The pressure drop in the fluid is often accompanied by a

—

large drop in temperature, and for that reason throttling
T~ devices are commonly used in refrigeration and air-
(a) An adjustable valve conditioning applications.

m Energy /h, = h,

balance _
(b) A porous plug u, + P\, = u, + P,v,
Internal energy + Flow energy = Constant
(c) A capillary tube Throttling
Throtili valve
rottling
valve :?

u, = 88.79 kl/kg
P,u, = 6.68 kl/kg

FIGURE 6-32

During a throttling process, the
FIGURE 6-31 enthalpy (flow energy + internal
The temperature of an ideal gas does energy) of a fluid remains constant.
not change during a throttling (h = But internal and flow energies may be

constant) process since h = h(T). converted to each other. 18



Mixing chambers

In engineering applications, the section where
the mixing process takes place is commonly
referred to as a mixing chamber.

E"'-F
Cold
water
Hot T-elbow
water
FIGURE 6-33

The T-elbow of an ordinary shower
serves as the mixing chamber for the
hot- and the cold-water streams.

T, = 140°F

1y

—

—>

[

T, = 50°F
1y

Mixing

”i“i“l‘!-
.:: lﬂf‘.uf'.ul'uf'?
Faw ..-.-'l"ul."- 1." ke 1! Ky

e ot T
e :.

._._
T

R

e
e "-ﬂ

Energy balance for the
adiabatic mixing chamber in
the figure is:

Ein —

out

(since O =0, W=0,ke =

Ty=110°F
iy

pe = 0)
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Heat exchangers

Heat exchangers are devices
where two moving fluid
streams exchange heat
without mixing. Heat
exchangers are widely used in
various industries, and they
come in various designs.

Fluid B
70°C
7R 3T 7 7
T 1!
I Heat : |
I . |
& |
l o .
50("6 | : <— Fluid A
! 20°C
|
i IR
: Heat i
___________ J
35°C

A heat exchanger can

Fluid B Fluid B
l CV boundary l CV boundary

{a) System: Entire heat (b) System: Fluid A (Qpy = 0)
exchanger (O =0)

The heat transfer associated with a Water
heat exchanger may be zero or 15°C
nonzero depending on how the 300 kPa
control volume is selected.

Mass and energy balances
for the adiabatic heat
exchanger in the figure is:

m, = mp = m,,

m3:m4:mﬁ-

Ein — Eout

be as simple as two
concentric pipes.

I’hlh] + 7’;13]13 — 7’;12]12 + W.l4h4




Pipe and duct flow o)

The transport of liquids or gases in |———W“““—7
pipes and ducts is of great importance | |
In many engineering applications. Flow . Control volume |
through a pipe or a duct usually satisfies R e |
the steady-flow conditions. Wan |1
PR 0 Pipe or duct flow may involve more than
Surroundings 20°C Ly o one form of work at the same time.
e ====
| 70°C |
| Hot fluid | Oour=200W A
] alannis.
__________ =1 |
Heat losses from - N L=" 1
a hot fluid Er];llergy rI?alance fr(])r ::he pipe i | T—i—
flowmg through ow shown in the figure is T = 1700 ) | W, = 15 kW
=l UlsiElies E;, = Eoy P, = 100 kPa )| |
pipe or duct to . . | SR
the cooler We,in + mh, = Q. + mh, I 1%
environment T
may be very W.in QOut = mcp(Tz — 1)) V, = 150 m*/min

significant. »



6-5 ENERGY ANALYSIS OF —
UNSTEADY-FLOW PROCESSES

Many processes of interest, involve
changes within the control volume
with time. Such processes are
called unsteady-flow, or transient-
flow, processes.

Most unsteady-flow processes can
be represented reasonably well by
the uniform-flow process.

Uniform-flow process: The fluid
flow at any inlet or exit is uniform
and steady, and thus the fluid
properties do not change with time
or position over the cross section
of an inlet or exit. If they do, they
are averaged and treated as
constants for the entire process.

Supply line ——>

Charging of a rigid e

unsteady-flow

tank from a supply [ |
line is an unsteady- || &
flow process since it || control I
. I
involves changes || volume | |
within the control || |
volume. |l __ ﬁ )
CV boundary
CV boundary
The shape and r__‘L___-___ﬂ
size of a control |
I
volum_e =Ly Control :
change during an volume |
I
I
I
I

process. —>




Mass balance

My — Mgy — AHISYStem Am — Mgpa — My

system initial

m; —m, = (my, — m;)cy [ = inlet, ¢ = exit, | = initial state, and 2 = final state

E ner Ein Eout - AEsysten"n
ergy _" " -
Net energy transfer Change in internal, kinetic,
balan ce by heat, work, and mass potential, etc., energies

6 =h + ke + pe
(Qin + VVin + 2}?19) o (Qout + W, out T 2”19) - 1?126’ Iﬁ]'@l)system e = u + ke + pe

in out

J— F — J—
W= Emh th + mzuz mlu])si"smm Q = anl_in = Qin - an W= Wnet.mn = I‘I""Fc-m - an

out
Q W _
A/ A/ A uniform-flow
/ /.
Eadsiss. As system may i I B
____________ | . p -
T involve | [ Wy |
- — . | .
Closed T closed electrical, shaft, E“Im]rl]
system | and boundary  boundary
|
O-W=AU ' work all at
Ll ) once.

Closed - ' —_—
The energy equation of a uniform-flow
system reduces to that of a closed system
when all the inlets and exits are closed.



Summary

Conservation of mass
v' Mass and volume flow rates
v' Mass balance for a steady-flow process
v Mass balance for incompressible flow
Flow work and the energy of a flowing fluid
v' Energy transport by mass

Energy analysis of steady-flow systems

Some steady-flow engineering devices
v Nozzles and Diffusers
v Turbines and Compressors
v" Throttling valves
v' Mixing chambers and Heat exchangers
v" Pipe and Duct flow

Energy analysis of unsteady-flow processes
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Objectives

Introduce the second law of thermodynamics.

|dentify valid processes as those that satisfy both the first and second
laws of thermodynamics.

Discuss thermal energy reservoirs, reversible and irreversible
processes, heat engines, refrigerators, and heat pumps.

Describe the Kelvin—Planck and Clausius statements of the second law
of thermodynamics.

Apply the second law of thermodynamics to cycles and cyclic devices.

Apply the second law to develop the absolute thermodynamic
temperature scale.

Describe the Carnot cycle.

Examine the Carnot principles, idealized Carnot heat engines,
refrigerators, and heat pumps.

Determine the expressions for the thermal efficiencies and coefficients
of performance for reversible heat engines, heat pumps, and
refrigerators.



/-1 INTRODUCTION TO THE SECOND LAW

T .
%—E Transferring
Hot | P 1w v heat to a
coffee Heat
paddle wheel
will not cause
It to rotate.

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

Heat _
Transferring

| -0 heat to a wire

will not
generate

electricity.

These processes
cannot occur
even though they
are not in violation
of the first law.



Processes occur in a

ONE WAY certain direction, and not

In the reverse direction.

) JUPER it laxsr o PR I S .

N\ _/\ 4 ~ e the first and second laws of

T\J thermodynamics to proceed.

MAJOR USES OF THE SECOND LAW

. The second law may be used to identify the direction of processes.

2. The second law also asserts that energy has quality as well as quantity.
The first law is concerned with the quantity of energy and the
transformations of energy from one form to another with no regard to its
guality. The second law provides the necessary means to determine the
quality as well as the degree of degradation of energy during a process.

. The second law of thermodynamics is also used in determining the
theoretical limits for the performance of commonly used engineering
systems, such as heat engines and refrigerators, as well as predicting the
degree of completion of chemical reactions.




/-2 THERMAL ENERGY RESERVOIRS

Atmosphere -

—_—_\_\_—___‘-—_____&
A source

Ocean Heat supplies
energy in the
form of heat,
and a sink
absorbs it.

-— - T
Thermal energy
Source

e

River

¥ Heal

Thermal energy

Bodies with relatively large thermal Sink

masses can be modeled as 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 is called a thermal energy reservoir,
or just a reservoir.

In practice, large bodies of water such as oceans, lakes, and rivers as well as
the atmospheric air can be modeled accurately as thermal energy reservoirs
because of their large thermal energy storage capabilities or thermal masses.

5



< Work No work g

s /-3 HEAT ENGINES
H:" The devices that convert heat to
' work.
= Heat < = 1. They receive heat from a high-
Water

temperature source (solar energy,
oil furnace, nuclear reactor, etc.).

VORRERISES 2. They convert part of this heat to
High-temperature Ee Codn_vertled tOd work (usually in the form of a
Souree eat directly an rotating shaft.)
completely, but the _ .
revetetl Ry 3. They reject the remaining vv_aste
Cin heat to a low-temperature sink
(the atmosphere, rivers, etc.).
Heal . 4. They operate on a cycle.
engine e Heat engines and other cyclic
devices usually involve a fluid to
0 Part of the heat and from which heat is
. received by a heat transferred while undergoing a
engine is converted to cycle. This fluid is called the
work, while the rest is working fluid.

rejected to a sink.




—— a

Energy source
(=uch as a furnace)

Oin fS}-‘Stem boundary

A steam power plant

Wout Wllet,Olll

Heat
engine

A portion of the work output of
a heat engine is consumed
internally to maintain
continuous operation.

Wnet.out — out Win (k‘])

Wnet.out — Qin o Qout (kJ)

Energy sink
(such as the atmosphere)

(., = amount of heat supplied to steam in boiler from a high-temperature
source (furnace)
Q. = amount of heat rejected from steam in condenser to a low-
temperature sink (the atmosphere, a river, etc.)
W, = amount of work delivered by steam as it expands in turbine
W., = amount of work required to compress water to boiler pressure 7



Thermal efficiency

Heat input
100 kJ

100 KJ

Waste heat
20 kJ

M, = 20% M2 = 30%
Some heat engines perform better
than others (convert more of the

heat they receive to work).

Net work output

Schematic of
a heat engine.

Low-temperature reservoir
at Tp

Even the most
efficient heat
engines reject
almost one-half

Thermal efficiency =

Total heat input

Wnet.out
Qin

Q out

N — 1 o Qin

N —

net,out = Qin o Qout

of the energy
they receive as
waste heat.

The atmosphere

High-temperature reservoir Wnet-(’“t - QH B QL
at Ty

. Wnet,out

MNin —
On

_ Jr

N — o
Qy




Can we save Q7

In a steam power plant, the
condenser is the device
where large quantities of
waste heat is rejected to
rivers, lakes, or the
atmosphere.

Can we not just take the
condenser out of the plant
and save all that waste
energy?

The answer is, unfortunately,
a firm no for the simple

— (15K))

Heat in Heat out
(100 k]) (BSK)
3 = Reservoir at

= Reservoir at

100°C 20°C i
. reason that without a heat
A heat-engine cycle cannot be completed without rejection process in a
rejecting some heat to a low-temperature sink. condenser, the cycle

cannot be completed.

Every heat engine must waste some energy
by transferring it to a low-temperature
reservoir in order to complete the cycle, even
under idealized conditions.




The Second Law of
Thermodynamics:
Kelvin—=Planck Statement

Thermal energy reservoir

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. Heat
engine

Oy =100 kW

Wietout = 100 kKW

No heat engine can have a thermal
efficiency of 100 percent, or as for a
power plant to operate, the working fluid A heat engine that violates the
must exchange heat with the Kelvin—Planck statement of the

environment as well as the furnace. second law.

The impossibility of having a 100%
efficient heat engine is not due to
friction or other dissipative effects. It is a
limitation that applies to both the
idealized and the actual heat engines.

10



/-4 REFRIGERATORS AND HEAT PUMPS

R ,__,f"___"'\\ .

7 Surrounding medium

\Cuihﬁ kitchen air
Ox

200 kPa Condenser

3orC

valve

120 kPa
_25°C
—_—

Evaporator

Expansion Compressor

Ul

e

s \-
.-/ Refrigerated space

Basic components of a
refrigeration system and
typical operating conditions.

—_l

120 kPa

=25°C

net.in

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.

In a household refrigerator, the freezer
compartment where heat is absorbed by
the refrigerant serves as the evaporator,
and the coils usually behind the
refrigerator where heat is dissipated to the
kitchen air serve as the condenser.




Required
input

H’I]'jet,in

Desired
output

Coefficient of Performance

The efficiency of a refrigerator is expressed
in terms of the coefficient of performance
(COP).

The objective of a refrigerator is to remove
heat (Q,) from the refrigerated space.

Desired output )
COP; = put _ <,

Required input ; Wietin
Wnet.in = QH - QL‘ (kJ)
0 1

Cold refrigerated COPR = — — = — :
space at T, On — 0 QH/QL — 1
The objective of a refrigerator Is to Can the value of COPy be

remove Q, from the cooled space.

greater than unity?

12



o
/‘;v'm'm heated ;‘; The objective Heat Pu m pS
at Ty>Tp of a heat
pump is to

Desied SUPPIY heat
H A oumdy  Q into the
warmer
space.

Warm
indoors
at 20°C

2

Required
input

QL The work supplied
. to a heat pump is

y 4 _
Cold environment used to extract
at T
energy from the

cold outdoors and

/% d outdoor
L it into the old outdoors
y Desired output Qy tellyrin at 4°C
COPyp = = warm indoors.

Required input W,

COP... — On  _ l Can the value of COP,,,
S oy-0, 1-0,/04 be lower than unity?
COPyp = COPy + 1for fixed values of Q, and Q,, What does COP,p=1
represent?




HONEY
ARE YOU AIR-
CONDITIONING
THE OUTDOORS?

NO,

I'M HEATING
THE HOVSE/

When installed backward,
an air conditioner
functions as a heat pump.

Most heat pumps in operation today have a
seasonally averaged COP of 2 to 3.

Most existing heat pumps use the cold outside air
as the heat source in winter (air-source HP).

In cold climates their efficiency drops considerably
when temperatures are below the freezing point.

In such cases, geothermal (ground-source) HP
that use the ground as the heat source can be
used.

Such heat pumps are more expensive to install,
but they are also more efficient.

Air conditioners are basically refrigerators whose
refrigerated space is a room or a building instead
of the food compartment.

The COP of a refrigerator decreases with
decreasing refrigeration temperature.

Therefore, it is not economical to refrigerate to a
lower temperature than needed.

Energy efficiency rating (EER): The amount of _
heat removed from the cooled space in Btu's for1 EER = 3.412 COPy
Wh (watthour) of electricity consumed. 14



The Second Law of
Thermodynamics: Clasius Statement

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.

It states that a refrigerator cannot operate unless
its compressor is driven by an external power
source, such as an electric motor.

This way, the net effect on the surroundings
involves the consumption of some energy in the
form of work, in addition to the transfer of heat
from a colder body to a warmer one.

To date, no experiment has been conducted that
contradicts the second law, and this should be
taken as sufficient proof of its validity.

A refrigerator that violates
the Clausius statement of
the second law.

15



Equivalence of the Two Statements

7 N

High-temperature reservoir

s

/— Low-temperature reservoir

(@) A refrigerator that is powered by
a 100 percent efficient heat engine

o i

High-temperature reservoir
at TH

Proof that the
violation of the
Kelvin—Planck
statement leads
to the violation
of the Clausius
statement.

Low-temperature reservoir
at TL

(b) The equivalent refrigerator

The Kelvin—Planck and the Clausius statements are equivalent
In their consequences, and either statement can be used as
the expression of the second law of thermodynamics.

Any device that violates the Kelvin—Planck statement also
violates the Clausius statement, and vice versa.

16



/-5 REVERSIBLE AND IRREVERSIBLE PROCESSES

Reversible process: A process that can be reversed without leaving any trace
on the surroundings.

Irreversible process: A process that is not reversible.

» All the processes occurring in nature are irreversible.
Why are we interested in reversible processes?

* (1) they are easy to analyze and (2) they serve as
idealized models (theoretical limits) to which actual

Sy . processes can be compared.
==- ol * Some processes are more irreversible than others.
(a) Frictionless pendulum * We try to approximate reversible processes. \Why?
Expansion Compression Expansion Compression
Pressure > - = =

distribution
Y

{b) Quasi-equilibrium expansion
(D) Qu 1 o P Water Water Water
and compression of a gas Water

Two familiar | o — -
. {a) Slow (reversible) process
reversible processes.

(b) Fast (irreversible) process
Reversible processes deliver the most
and consume the least work. 17



Friction * The factors that cause a process to be
irreversible are called irreversibilities.

Friction « They include friction, unrestrained expansion,
renders a mixing of two f_des, heat tran_sfer across a finite
process _temper_ature dlffer_ence, ele_ctrlc re5|stanc¢,
irreversible. |nela§t|c deformation of solids, and chemical

— reactions.

=3

B> * The presence of any of these effects renders a
20°¢ Soda process irreversible.

Heat iy, 20°C

/

. —
B~ C

) Irreversibilities

(a) Fast compression

(a) An irreversible heat transfer process

o (a) Heat
=Ry transfer through 7
. | a temperature
20°C Sndd difference iS . (b) Fast expansion
Heat [§°C _ _ Irreversible
— %] irreversible, and compression
¢ 20 (b) the reverse and
eIz s expansion
ImpOSSIbIe' DI’OCGSSGS- {¢) Unrestrained expansion

{b) An impossible heat transfer process



Internally and Externally Reversible Processes

Internally reversible process: If no irreversibilities occur within the boundaries of
the system during the process.

Externally reversible: If no irreversibilities occur outside the system boundaries.

Totally reversible process: It involves no irreversibilities within the system or its
surroundings.

A totally reversible process involves no heat transfer through a finite temperature
difference, no nonquasi-equilibrium changes, and no friction or other dissipative
effects.

No Boundary
irreversibilities at 20°C
outside
the system
irreversibilities
inside
the system Heal Heat
Thermal energy Thermal energy
_ reservoir at 20.000...1°C reservoir at 30°C
Areversible process (a) Totally reversible (b) Internally reversible

involves no internal and _
external irreversibilities. Totally and internally reversible heat

transfer Processes. 19



/-6 THE CARNOT CYCLE

(1)—(2) (4) «<—(3)
Energy = Energy
source S sink
at Ty E.l.%: at Ty
QH QL
(a) Process 1-2 (¢) Process 3-4

(2)——>(3)

Insulation

(b) Process 2-3 (d) Process 4-1
Execution of the Carnot cycle in a closed system.

Reversible Isothermal Expansion (process 1-2, T, = constant)

Reversible Adiabatic Expansion (process 2-3, temperature drops from T, to T,)
Reversible Isothermal Compression (process 3-4, T, = constant)

Reversible Adiabatic Compression (process 4-1, temperature rises from T, to T,,)




P-V diagram of the Carnot cycle. P-V diagram of the reversed
Carnot cycle.
The Reversed Carnot Cycle

The Carnot heat-engine cycle is a totally reversible cycle.

Therefore, all the processes that comprise it can be reversed,
iIn which case it becomes the Carnot refrigeration cycle.

21



/-7 THE CARNOT PRINCIPLES

at Ty

High-temperature reservoir

QL.irrev < QL,re v
(assumed)

_—_f__

Low-temperature reservoir
at Ty

Low-temperature reservoir
at T;

Low-temperature reservoir {a) A reversible and an irreversible heat (&) The equivalent combined system
at TL engine operating between the same two

reservoirs (the reversible heat engine is

then reversed to run as a refrigerator)

The Carnot principles. Proof of the first Carnot principle.

1. The efficiency of an irreversible heat engine is always less than the efficiency
of a reversible one operating between the same two reservoirs.

2. The efficiencies of all reversible heat engines operating between the same
two reservoirs are the same.




High-temperature reservoir
at Ty = 1000 K

Mha = Mg = 70%

Low-temperature reservoir
at T; =300 K

FIGURE 740

All reversible heat engines operating
between the same two reservoirs have

the same efficiency (the second
Carnot principle).

23



/-8 THE THERMODYNAMIC TEMPERATURE
SCALE

A temperature scale that is 7 N
independent of the properties of (" Thermal encrey "‘5@”‘:‘*0
the substances that are used to |
measure temperature is called a
thermodynamic temperature
scale.

Such a temperature scale offers
great conveniences in
thermodynamic calculations.

The arrangement of
heat engines used to
develop the
thermodynamic
temperature scale.

Thermal energy reservoir
at Ty



High-temperature reservoir Heat reservoir

at TH

(@)
QL rev TL

This temperature scale is
called the Kelvin scale,
and the temperatures on
this scale are called
absolute temperatures.

T(°C) = T(K) — 273.15

>

heat engine or|, -
refrigerator /"~ ———~

273.16 K (assigned)

. Water at triple point
Low-temperature reservoir

at TL

For reversible cycles, the A conceptual experimental setup
heat transfer ratio Q,/Q.  to determine thermodynamic

can be replaced by the  temperatures on the Kelvin
absolute temperature ratio  gcgle by measuring heat
T, /T, transfers Q, and Q,.

25



/-9 THE CARNOT HEAT ENGINE

—

High-temperature reservoir
at Ty = 1000 K

High-temperature reservoir
at Ty = 1000 K

The Carnot
heat engine
IS the most
. efficient of
et all heat
engines
operating
between the _
same h|gh_ Low-temperature reservoir
and low- at T; =300 K
L““’"‘Z:‘?f;“;;‘;‘?”"“ :(;rsneprslz)?:lsjre Nq heat engine can ha\_/e a higher |
: efficiency than a reversible heat engine
operating between the same high- and
Any heat Carnot heat low-temperature reservoirs.
engine engine
0, T, < Muprey Irreversible heat engine
e =1 r ey = 1~ T—H Nw) = Ty Teversible heat engine

> Mgy 1Mpossible heat engine 26



The Quality of Energy

F N

High-temperature reservoir
at Ty

" _J'_“\\_

Low-temperature reservoir
at 7; =303 K

The fraction of heat that

can be converted to work

as a function of source
temperature.

ri'th* %o TL

672  Mhrev = 1 — T

62.1 H

56.7

f?-j Can we use

B °C unit for

temperature
here?

T KA

2000 Quality
1500
1000

500

The higher the temperature
of the thermal energy, the
higher its quality.

How do you increase the thermal
efficiency of a Carnot heat engine?

How about for actual heat engines?

27



7-10 THE CARNOT REFRIGERATOR

AND HEAT PUMP

Warm environment
at Ty =300 K

Reversible

refrigerator refrigerator
ROP, = 1 EOP, =

Cool refrigerated space
at 7; =275K

No refrigerator can have a higher COP
than a reversible refrigerator operating
between the same temperature limits.

Any refrigerator or heat pump

1

Qu/0Q — 1
1

| — Op/Qx

Carnot refrigerator
or heat pump

COP, =

COP,p =

" 1
C’(-)PHP,H':\-' - | — T /T
L/ tH

1
TH/TL — l

COPy.., =

How do you increase the
COP of a Carnot
refrigerator or heat pump?
How about for actual ones?




< COPg ey irreversible refrigerator
COPg § = COPyg oy reversible refrigerator
> COPg ey impossible refrigerator

The COP of a reversible refrigerator or heat pump is the
maximum theoretical value for the specified temperature
limits.

Actual refrigerators or heat pumps may approach these
values as their designs are improved, but they can never
reach them.

The COPs of both the refrigerators and the heat pumps
decrease as T, decreases.

That is, it requires more work to absorb heat from lower-
temperature media.

29



Summary

Introduction to the second law
Thermal energy reservoirs
Heat engines

v' Thermal efficiency

v' The 2" Jaw: Kelvin-Planck statement
Refrigerators and heat pumps

v’ Coefficient of performance (COP)

v" The 2" law: Clasius statement
Reversible and irreversible processes

v" Irreversibilities, Internally and externally reversible processes
The Carnot cycle

v' The reversed Carnot cycle
The Carnot principles
The thermodynamic temperature scale
The Carnot heat engine

v' The quality of energy
The Carnot refrigerator and heat pump
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Objectives

Understand the basic concepts of Fluid Mechanics.

Recognize the various types of fluid flow problems
encountered in practice.

Understand the vapor pressure and its role in the
occurrence of cavitation.

Have a working knowledge of the basic properties of
fluids and understand the continuum approximation.

Have a working knowledge of viscosity and the
consequences of the frictional effects it causes in fluid
flow.

Calculate the capillary rise (or drop) in tubes due to the
surface tension effect.



HE NO-SLIP CONDITION

- Relative
Uniform velocities
approach . of fluid layers
velocity, V .
N .
— - Zero
— —7 velocity
- -
- " I at the
— ___surface
[ i |
Plate

A fluid flowing over a stationary
surface comes to a complete stop at

The development of a velocity the surface because of the no-slip
profile due to the no-slip condition condition

as a fluid flows over a blunt nose.

. Boundary layer: The flow
Sl g | e | region adjacent to the wall in
' which the viscous effects
(and thus the velocity
gradients) are significant.

Flow separation during flow over a curved surface.



10-2 m CLASSIFICATION OF FLUID FLOWS

Viscous versus Inviscid Regions of Flow

Viscous flows: Flows in which the frictional effects are significant.

Inviscid flow regions: In many flows of practical interest, there are regions
(typically regions not close to solid surfaces) where viscous forces are
negligibly small compared to inertial or pressure forces.

Inviscid flow

region
l The flow of an originally
SRS R AT et 'l Uniform fluid stream
IS U T OV aﬂat plate_, and
sl (he regions of viscous
T flow (next to the plate
IGAURGL Bl on both sides) and
region inviscid flow (away from
l the plate).



Internal versus External Flow

External flow: The flow of an unbounded fluid over a surface such
as a plate, a wire, or a pipe.

Internal flow: The flow in a pipe or duct if the fluid is completely
bounded by solid surfaces.

- Water flow in a pipe is
internal flow, and
airflow over a ball is
external flow .

« The flow of liquids in a
duct is called open-
channel flow if the duct
Is only partially filled
with the liquid and
there is a free surface.

External flow over a tennis ball, and the
turbulent wake region behind.



Compressible versus Incompressible Flow

Incompressible flow: If the
density of flowing fluid remains
nearly constant throughout (e.g.,
liquid flow).

Compressible flow: If the density
of fluid changes during flow (e.g.,
high-speed gas flow)

When analyzing rockets, spacecratft,
and other systems that involve high-
speed gas flows, the flow speed is
often expressed by Mach number

VvV Speed of flow

c Speed of sound

d =

Ma =1 Sonic flow

Ma <1 Subsonic flow
Ma >1 Supersonic flow
Ma >> 1 Hypersonic flow

Schlieren image of a small model of
the space shuttle orbiter being tested at
Mach 3 in the supersonic wind tunnel
of the Penn State Gas Dynamics Lab.
Several obligue shocks are seen in the
air surrounding the spacecratt.



Laminar versus Turbulent Flow

Laminar flow: The highly
ordered fluid motion
characterized by smooth
layers of fluid. The flow of
high-viscosity fluids such as
oils at low velocities is
typically laminar.

Turbulent flow: The highly
disordered fluid motion that
typically occurs at high
velocities and is
characterized by velocity
fluctuations. The flow of low-
viscosity fluids such as air at
high velocities is typically
turbulent.

Transitional flow: A flow
that alternates between
being laminar and turbulent.

o ——— . —

LLaminar

‘

Transitional

B e e TR TR s a—————
Turbulent

Laminar, transitional, and turbulent flows.

v



Natural (or Unforced)
versus Forced Flow

Forced flow: Afluid is forced
to flow over a surface or in a

pipe by external means such

as a pump or a fan.

Natural flow: Fluid motion is
due to natural means such as
the buoyancy effect, which
manifests itself as the rise of
warmer (and thus lighter) fluid
and the fall of cooler (and thus
denser) fluid.

In this schlieren image of a girl in a
swimming suit, the rise of lighter, warmer air
adjacent to her body indicates that humans
and warm-blooded animals are surrounded
by thermal plumes of rising warm air.

8



Steady versus Unsteady Flow

 The term steady implies no change at
a point with time.

« The opposite of steady is unsteady.

* The term uniform implies no change
with location over a specified region.

 The term periodic refers to the kind of
unsteady flow in which the flow
oscillates about a steady mean. (a)

* Many devices such as turbines,
compressors, boilers, condensers,
and heat exchangers operate for long
periods of time under the same

conditions, and they are classified as 1
steady-flow devices. ’-

Oscillating wake of a blunt-based airfoil
at Mach number 0.6. Photo (a) is an
Instantaneous image, while photo (b) is
a long-exposure (time-averaged) image. (b)




One-, Two-, and Three-Dimensional Flows
« Aflow field is best characterized by its —3

velocity distribution. ———%

el

- Aflow is said to be one-, two-, or three-

|
dimensional if the flow velocity varies in
one, two, or three dimensions, respectively. U ot e T A

* However, the variation of velocity in certain Flow over a car antenna is
directions can be small relative to the approximately two-dimensional
variation in other directions and can be except near the top and bottom of
ignored. the antenna.

Developing velocity Fully developed
profile, Vir z) velocity profile, Vir)
r— Mt [/ [—
e ———» ' ————— - ——

H_,- i | - o

Fully developed

The development of the velocity profile in a circular pipe. V = V(r, z) and thus the
flow is two-dimensional in the entrance region, and becomes one-dimensional
downstream when the velocity profile fully develops and remains unchanged in 1
the flow direction, V = V(r).



10-3 m VAPOR PRESSURE AND CAVITATION

Saturation temperature T_,: The temperature at which
a pure substance changes phase at a given pressure.

Saturation pressure P_,: The pressure at which a
pure substance changes phase at a given temperature.

Vapor pressure (P,): The pressure exerted by its vapor
In phase equilibrium with its liquid at a given
temperature. It is identical to the saturation pressure
P, of the liquid (P, = Pg,).

Partial pressure: The pressure of a gas or vapor in a
mixture with other gases. For example, atmospheric air
IS a mixture of dry air and water vapor, and atmospheric
pressure iIs the sum of the partial pressure of dry air and
the partial pressure of water vapor.

11



Walter molecules—vapor phase

e B
N
v g > |

Vs

154 ¥
TR

Water molecules—Iliquid phase

Saturation (or vapor) pressure of
water at various temperatures

The vapor pressure (saturation
pressure) of a pure substance (e.g.,
water) is the pressure exerted by its
vapor molecules when the system is in
phase equilibrium with its liquid
molecules at a given temperature.

Saturation
Temperature Pressure
T, °C P..., kPa
—10 0.26
-5 0.40
0 0.61
5 0.87
10 1.23
15 1.71
20 2.34
25 3.17
30 4.25
40 /.39
50 12.35
100 101.4
150 476.2
200 15565
250 3976
300 8588

12



There is a possibility of the liquid
pressure in liquid-flow systems
dropping below the vapor
pressure at some locations, and
the resulting unplanned
vaporization.

The vapor bubbles (called
cavitation bubbles since they
form “cavities” in the liquid)
collapse as they are swept away
from the low-pressure regions,
generating highly destructive,
extremely high-pressure waves.

This phenomenon, which is a
common cause for drop in
performance and even the
erosion of impeller blades, is
called cavitation, and it is an
important consideration in the
design of hydraulic turbines and
pumps.

Cavitation damage on a 16-mm by
23-mm aluminum sample tested at
60 m/s for 2.5 h. The sample was

located at the cavity collapse
region downstream of a cavity

generator specifically designed to

produce high damage potential.

13



10—4 m VISCOSITY

Viscosity: A property that represents the internal resistance of a fluid to
motion or the “fluidity”.

Drag force: The force a flowing fluid exerts on a body in the flow
direction. The magnitude of this force depends, in part, on viscosity

% e The viscosity of a fluid is a
¢ measure of its “resistance to
deformation.”

Viscosity is due to the internal
frictional force that develops
between different layers of
fluids as they are forced to
move relative to each other.

A fluid moving relative to

a body exerts a drag

force on the body, partly
because of friction

caused by viscosity. 14




da
- Area A
N N u=V / Force F
Velocity V
."f"T ap ¢
" N
Y M =10 \

Velocity profile
1!'
uy)= =V
¢
The behavior of a fluid in laminar flow
between two parallel plates when the upper

plate moves with a constant velocity.

T = E ) = l V and ﬁ — E

A " o dy ¢
dﬁ = tan {'.",8 _ da _ V dt _ du it @ B dj
(& w

Newtonian fluids: Fluids for
which the rate of deformation is
proportional to the shear
stress.

d(dp) du
T or T o€ —
dt dy
di
o _i (N/m>) Shear
dy stress
Shear force
du
F=7A=uA— (N)
dy

u coefficient of viscosity
Dynamic (absolute) viscosity
kg/m-s or N-s/m? or Pa-s
1 poise=0.1Pa-s




Bingham
plastic

Oil Viscosity = Slope

Pseudoplastic
T a

M=——————=—
du / dy .

Newtonian

Shear stress, 7

Dilatant

Shear stress., 7

Air

Rate of deformation, du/dy

Variation of shear stress with the
Rate of deformation, du/dy rate of deformation for
Newtonian and non-Newtonian
fluids (the slope of a curve at a
point is the apparent viscosity of
the fluid at that point).

The rate of deformation (velocity gradient)
of a Newtonian fluid is proportional to
shear stress, and the constant of
proportionality is the viscosity.

16



Kinematic viscosity

7 N\

v = u/p m2s or stoke ®

1 stoke =1 cm?/s Air at 20°C and 1 atm:

p=1.83 = 10 : kg/m - s

For liguids, both the dynamic and b = 1.5 % 10 m/s
kinematic viscosities are practically
independent of pressure, and any small Air at 20°C and 4 atm:-
variation with pressure is usually = 1.83 x 1075 kg/m - s
disregarded, except at extremely high L —0.380 % 10 5;“::,.H
pressures.
For gases, this is also the case for
dynamic viscosity (at low to moderate \ ® J//
pressures), but not for kinematic |‘[8 H
viscosity since the density of a gas is O

proportional to its pressure.
1 Dynamic viscosity, in general,
"= _al™ For gases: does not depend on pressure,
L+ b/T but kinematic viscosity does.

p = al0”=9  For liquids



Viscosity
&

Liguids

Temperature

The viscosity of liquids decreases
and the viscosity of gases
Increases with temperature.

The viscosity of a fluid is directly related to
the pumping power needed to transport a
fluid in a pipe or to move a body through a
fluid.

Viscosity is caused by the cohesive forces
between the molecules in liquids and by
the molecular collisions in gases, and it
varies greatly with temperature.

In a liquid, the molecules possess more
energy at higher temperatures, and they
can oppose the large cohesive
intermolecular forces more strongly. As a
result, the energized liquid molecules can
move more freely.

In a gas, the intermolecular forces are
negligible, and the gas molecules at high
temperatures move randomly at higher
velocities. This results in more molecular
collisions per unit volume per unit time and
therefore in greater resistance to flow.

18



£l

Absolute viscosity g, N - s/m”

Castor oil

0.1 SAE 10 oil
0.06 Glycerin
0.04
0.03 SAE 30 oil
0.02

Crude o1l (SG 0.86)

i)
4 Ethvl alcoho
B ¥
; m Water
2 Gasoline (SG 0.68
110
6
4
3 ,
_~Helium _
2 e = —
"ﬁ_—mﬁmide
-5
1= 10 ,
- Hydrogen

5
=20 0 20 40 60 80

Temperature, °C

100 12

The variation of
dynamic
(absolute)
viscosity of
common fluids
with temperature
at 1 atm
(1 N-s/m?

= 1kg/m-s)

Dynamic viscosities of some fluids
at 1 atm and 20°C (unless
otherwise stated)

Dynamic Viscosity

Fluid u, kg/m - s
Glycerin:
—20°C 134.0
0°C 10.5
20°C 1.62
40°C 0.31
Engine oil:
SAE 10W 0.10
SAE 10W30 0.17
SAE 30 0.29
SAE 50 0.86
Mercury 0.0015
Ethyl alcohol 0.0012
Water:
0°C 0.0018
20°C 0.0010
100°C (liquid) 0.00028
100°C (vapor) 0.000012
Blood, 37°C 0.00040
Gasoline 0.00029
Ammonia 0.00015
Air 0.000018
Hydrogen, 0°C 0.0000088



-Stationary
cylinder

-
N
L length of the cylinder

~Fluid | 7 number of revolutions per unit time

[

n =300 rpm
Shaft

27R wl A7 °RnL

T=FR=pu = U
¢ €
This equation can be used to calculate the viscosity of a
fluid by measuring torque at a specified angular velocity.

Therefore, two concentric cylinders can be used as a
viscometer, a device that measures viscosity. 20




10-5 m SURFACE
TENSION AND
CAPILLARY EFFECT

Liquid droplets behave like small
balloons filled with the liquid on a solid
surface, and the surface of the liquid
acts like a stretched elastic membrane
under tension.

The pulling force that causes this
tension acts parallel to the surface and
Is due to the attractive forces between
the molecules of the liquid.

The magnitude of this force per unit
length is called surface tension (or
coefficient of surface tension) and is
usually expressed in the unit N/m.

This effect is also called surface
energy [per unit area] and is expressed

in the equivalent unit of N - m/m?2. Some consequences of
surface tension. 21




11— A molecule Rigid wire frame

- on the surface Surface of film 5
|| Movable
.._LI_I' wire
—T |
__..L{—-r F
!
— A molecule b I
/ inside the I Ax
liquid ] l
— L— IV---F- _...-]: -
O;
Attractive forces acting on a liquid P }; F
molecule at the surface and deep . o, .
Liquid film ' Wire

inside the liquid.

F Stretching a liquid film with a U-
o, = shaped wire, and the forces acting
2b on the movable wire of length b.

W = Force X Distance = F Ax = 2bo, Ax = o, AA

Surface tension: The work done per unit
Increase in the surface area of the liquid. 22



Surface tension of some fluids in (27R)0;

air at 1 atm and 20°C (unless
otherwise stated)

Surface Tension (TRYAP gropier
Fluid o, N/m*
"Water:
0°C 0.076
20°C 0.073 (@) Half a droplet or air bubble
100°C 0.059
300°C 0.014
Glycerin 0.063 227R)0
SAE 30 oil 0.035
Mercury 0.440
Ethyl alcohol 0.023 (TR*APy 01
Blood, 37°C 0.058 The free-body
Gasoline 0.022 diagram of half a
Ammonia 0.021 droplet or air
Soap solution 0.025 bubble and half
Kerosene 0.028 a soap bubble. (b) Half a soap bubble
Droplet or

i o

air bubble:  (27R)o, = (TrRz)ﬂPerP]E[ — APyopler = P — P, = RS

Soap dor
b”bbfe: Z(ZWR)U'S - (ﬂRz)ﬂPbuhh]E — ‘iPhubb]e - Pi - Pﬂ - R




Capillary effect: The rise or fall of a liquid in a small-diameter tube inserted into the

liquid.

Capillaries: Such narrow tubes or confined flow channels.
The capillary effect is partially responsible for the rise of water to the top of tall trees.
Meniscus: The curved free surface of a liquid in a capillary tube.

The strength of the capillary effect is

quantified by the contact (or wetting)

angle, defined as the angle that the

tangent to the liquid surface makes with
the solid surface at the point of contact.

Water

(@) Wetting
fluid

cy

Mercury

(b) Nonwelting

fluid

The contact angle for wetting and

nonwetting fluids.

Capillary Effect

The meniscus of colored water in a
4-mme-inner-diameter glass tube.
Note that the edge of the meniscus
meets the wall of the capillary tube
at a very small contact angle. 24



Meniscus—

2R,
' N Y
||
4 R
' , | | h
h=0 Meniscus | Yy __J'k_l
'\“L ' | h<o Liquid il
Water Mercury «—2R—

The capillary rise of water and the

capillary fall of mercury in a small- ;Lh? Lorce_s act_lng ct)nba ngwdt cct):]umn
diameter glass tube. at has risen in a tube due to the

capillary effect.

20

Capillary rise: h cos ¢ (R = constant)
pgR

» Caplllary rise is inversely proportional to the
radius of the tube and density of the liquid.

25




Summary

The No-Slip Condition

Classification of Fluid Flows
v" Viscous versus Inviscid Regions of Flow
v" Internal versus External Flow
v' Compressible versus Incompressible Flow
v Laminar versus Turbulent Flow
v Natural (or Unforced) versus Forced Flow
v' Steady versus Unsteady Flow
v' One-, Two-, and Three-Dimensional Flows

Vapor Pressure and Cavitation
Viscosity
Surface Tension and Capillary Effect

26
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Objectives
« Calculate the forces exerted by a fluid at rest on
plane or curved submerged surfaces.

* Analyze the stability of floating and submerged
bodies.



11-1 m INTRODUCTION TO FLUID STATICS

Fluid statics: Deals with problems associated with fluids at rest.
The fluid can be either gaseous or liquid.

Hydrostatics: When the fluid is a liquid.

Aerostatics: When the fluid is a gas.

In fluid statics, there is no relative motion between adjacent fluid
layers, and thus there are no shear (tangential) stresses in the fluid
trying to deform it.

The only stress we deal with in fluid statics is the normal stress, which
IS the pressure, and the variation of pressure is due only to the
weight of the fluid.

The topic of fluid statics has significance only in gravity fields.

The design of many engineering systems such as water dams and
liquid storage tanks requires the determination of the forces acting
on the surfaces using fluid statics.



11-2 m HYDROSTATIC
FORCES ON SUBMERGED
PLANE SURFACES

A plate, such as a gate valve in a dam,

the wall of a liquid storage tank, or the

hull of a ship at rest, is subjected to Hoover
fluid pressure distributed over its Dam.
surface when exposed to a liquid.

On a plane surface, the hydrostatic

forces form a system of parallel forces,

and we often need to determine the

magnitude of the force and its point of
application, which is called the center

of pressure. h

When analyzing hydrostatic forceson _; /

submerged surfaces, the atmospheric \
pressure can be subtracted for simplicity

when it acts on both sides of the structure. (@) Fum considered (b) Py sublracted

P

atm

+ pgh pgh



Pc'_':Pavg

P=Py+pgysinb

0 v

B
h=ysinfl__j-

Pressure

/ distribution

N - N \\ .- Pressure prism
— 5,
LR N\ W
\ L} \\ \\ ! \ p % ":'\. I
LW\ \OE \\ Hydrostatic force
\.\. -\'\ : "‘. .. .\'\ ! . .
P ' NN e \ \ on an inclined
5 \
P=Py+pgh \\ N\ 0\ %
0" P \ '«\\ \. —— Plane surface plane Surface
\ Centroid Q ‘& \ com p|ete|y
Center of pressure dA c
Plane surface Smeerged ina
of area A F,=[PdA . .
RN liquid.

Fr

/ Free surface

v

=P.=P

arm

+ peh c

Centroid
of surface

(Po + pgyesin A = (Py + pgho)A = PcA = P, A

The pressure at the
centroid of a surface is
equivalent to the average
pressure on the surface.



\(f Line of action

The resultant force acting on a NN\
plane surface is equal to the O\ \
product of the pressure at the
centroid of the surface and the
surface area, and its line of
action passes through the
center of pressure.

Center of
pressure

Centrond
of area

{n.['
Vp =Ye T N/ : :
[1" i + ‘EH"’”]-!‘-{ S H}]%

el

L c 5 second moment of area
Vp =Y T v A Iv.o = | ¥ dA (area moment of inertia)
— A about the x-axis.

4
I_u: a I ax, O + }'!C A



bi2
[
b < :-.-
bi2
al2 al2
A=ab. I o= ab3/12
(a) Rectangle
-"|_I I
1\
[
I\
P\ 2
|
A
¢
- :
/ ! \ b3
{ II\l _L
al? al2

A=abl2, I o= ah¥36

(¢l) Triangle

¥
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:I o I -
| X
R/
2
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ik Circle
¥
I.' < T
| |_L1\.|'1'
——R— 4R
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(£) Semicircle

The centroid and the centroidal moments of
inertia for some common geometries.

A=mab. I, = mabi4

X

() Ellipse

-l—ﬁ—i-‘ 4h

3o

A=abl2, 1, -=0.109757ab?
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Pressure acts normal to the surface, and
the hydrostatic forces acting on a flat
plate of any shape form a volume whose
base is the plate area and whose length
IS the linearly varying pressure.

This virtual pressure prism has an
interesting physical interpretation: its
volume is equal to the magnitude of the
resultant hydrostatic force acting on the
plate since F = | PdA, and the line of
action of this force passes through the
centroid of this homogeneous prism.

The projection of the centroid on the plate
IS the pressure center.

Therefore, with the concept of pressure
prism, the problem of describing the
resultant hydrostatic force on a plane
surface reduces to finding the volume
and the two coordinates of the centroid of
this pressure prism.

Surface

~
L

Pressure prism

-

The hydrostatic forces acting on a
plane surface form a pressure prism
whose base (left face) is the surface
and whose length is the pressure.



Special Case:
Submerged
Rectangular Plate

Hydrostatic force acting
on the top surface of a
submerged tilted
rectangular plate.

b ab’/12
:'L"P- = 5 —|_ - —|_ - . ]
2 s+ b2+ Py/(pgsinB)]ab
b b2
>t ore x m P
= l—'["‘ + b/2 + P{r f{f..]}{ SN HJ’] (a) Tilted plate

Fp =[Py + pgls + b/2) sin Blab

=5 +

Tilted rectangular plate: Fpo=P:A =[P, + pe(s + b/2) sin Hlab

Tilted rectangular plate (s = 0): Fp =[P, + pg(b sin 8)/2]ab



o Lo Hydrostatic force
T acting on the top
| surface of a
submerged vertical
rectangular plate.

Fp =[P, + pg(s +b/2)]ab

(b) Vertical plate
Vertical rectangular plate: Frp= 1Py + pg(s + b/2)]|ab

Vertical rectangular plate (s = 0): Fp= (P, + pgb/2)ab
10



Hydrostatic force acting
on the top surface of a
submerged horizontal
rectangular plate.

h _
Fp=(Py,+ pgh)ab
b "‘I"I""T'I'?"I"I'"T'I'?'If
- a -
(c) Horizontal plate
Horizontal rectangular plate:  Fyp = (Py + pgh)ab

11



11-3 m HYDROSTATIC FORCES ON
SUBMERGED CURVED SURFACES

Liquid

/ Horizontal projection

of the curved surface

e
I
I
I
I
I
I
I
I
I
I
I
I
_——
=
M

| Vertical projection

Curved of the curved surface

surface

Free-body diagram
of the enclosed
liquid block

FR_: \/F?]r + Fi a = Fylty
Determination of the hydrostatic force acting on a submerged curved surface.

Horizontal force component on curved surface: Fy=F,
. . H X

Vertical force component on curved surface: Fy,=F, + W12



Pressure

Curved .
e forces
surface \

Resultant

force
N\

F Circular /
surface ’

When a curved surface is above the liquid, = The hydrostatic force acting on a

the weight of the liquid and the vertical circular surface always passes
component of the hydrostatic force act in through the center of the circle since
the opposite directions. the pressure forces are normal to

the surface and they all pass

through the center. 13



iIn a multilayered fluid of different densities can be determined by
considering different parts of surfaces in different fluids as different
surfaces, finding the force on each part, and then adding them using
vector addition. For a plane surface, it can be expressed as

Plane surface in a multilayered fluid: Frp= E Fp; = E Pc i A,

Pc,f = Py + P;H’r?cf

T- Oil

The hydrostatic forceona
surface submerged in a
multilayered fluid can be "2
determined by considering parts
of the surface in different fluids ~}
as different surfaces.

>

T

L~

Water

f/.--‘"
m""f'fl
[

L~

W K
|~




11-4 m BUOYANCY AND STABILITY

Buoyant force: The upward force a fluid exerts on a body immersed in it.
The buoyant force is caused by the increase of pressure with depth in a fluid.

‘. k
The buoyant force acting on
s presA the plate is equal to the
weight of the liquid
3 displaced by the plate.
L _ For a fluid with constant

~
T g j density, the buoyant force is

independent of the distance of
the body from the free surface.

Prg(s + A It is also independent of the
density of the solid body.

A flat plate of uniform thickness h submerged
in a liquid parallel to the free surface.

Fp = Fiotom — f'i..p = p2(s + A — prgsA = pghA = ,r{,.-_[:U
15



The buoyant forces acting on a

Fluid solid body submerged in a fluid and
on a fluid body of the same shape
at the same depth are identical.

:'j-a- — ¢ The buoyant force F5 acts upward
o Fluid =, through the centroid C of the
' o B Fame displaced volume and is equal in
J W, magnitude to the weight W of the
‘;,_/“\ displaced fluid, but is opposite in
| AN direction. For a solid of uniform

density, its weight W, also acts
through the centroid, but its
magnitude is not necessarily equal
to that of the fluid it displaces.
(Here W, > W and thus W, > Fg;
this solid body would sink.)

Archimedes’ principle: The buoyant force acting
on a body immersed in a fluid is equal to the weight
of the fluid displaced by the body, and it acts upward

through the centroid of the displaced volume. "



For floating bodies, the weight of the entire body must be equal to the
buoyant force, which is the weight of the fluid whose volume is equal to the
volume of the submerged portion of the floating body:

: : U&ulx I":l't':__‘. body
'.L;'I:'r:' T 11 — |I|r'i||'r"'.'r U‘nl_”‘- T {}:I.".':-._‘, |"-\:||_|.‘-,-{"jl HHHH — _

lvlfh ital IJ.".
Floating
F- ,Of bi}d}’
\_/ Fluid

Suspended body
(neutrally buoyant)

-
|~
Fod

A solid body dropped

into a fluid will sink,

float, or remain at rest
Sinking  at any point in the

Py P =Pt | body fluid, depending on its

average density

relative to the density

of the fluid. 17




The altitude of a hot air
balloon is controlled by the
temperature difference
between the air inside and
outside the balloon, since
warm air is less dense than
cold air. When the balloon
IS neither rising nor falling,
the upward buoyant force
exactly balances the
downward weight.

18



Stability of Immersed and Floating Bodies

3

(a) Stable

O

(b) Neutrally stable

O

Stability is easily
understood by

: _ analyzing a ball
For floating bodies such as on the floor. (¢) Unstable

ships, stability is an important
consideration for safety.

19



A floating body possesses vertical stability, while an immersed
neutrally buoyant body is neutrally stable since it does not
return to its original position after a disturbance.

Weight
Bl cigh

fFB FB
B G¢B
w
14
Weight ——
(a) Stable (b) Neutrally stable (c) Unstable

An immersed neutrally buoyant body is (a) stable if the
center of gravity G is directly below the center of buoyancy
B of the body, (b) neutrally stable if G and B are
coincident, and (c) unstable if G is directly above B.

20



Restoring moment

7

Weight
A ball in a trough
When the center of gravity G of an immersed between two hills is
neutrally buoyant body is not vertically aligned stable for small
with the center of buoyancy B of the body, it is not disturbances, but
In an equilibrium state and would rotate to its unstable for large

stable state, even without any disturbance. disturbances.

21



/ \

1 | RN

IWir i 1

W[
FBfB
| l o / Overturning
. Restoring ; moment
‘ | moment /
(a) Stable (b) Stable (¢) Unstable

A floating body is stable if the body is bottom-heavy and thus the center of
gravity G is below the centroid B of the body, or if the metacenter M is above
point G. However, the body is unstable if point M is below point G.

Metacentric height GM: The distance between the center of gravity
G and the metacenter M—the intersection point of the lines of action
of the buoyant force through the body before and after rotation.

The length of the metacentric height GM above G is a measure of the
stability: the larger it is, the more stable is the floating body. 22



Summary

Introduction to Fluid Statics

Hydrostatic Forces on Submerged Plane
Surfaces

Hydrostatic Forces on Submerged Curved
Surfaces

Buoyancy and Stability

23
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Objectives

* Understand the use and limitations of the
Bernoulli equation, and apply it to solve a
variety of fluid flow problems.

« Work with the energy equation expressed In
terms of heads, and use it to determine turbine

power output and pumping power requirements.



12-1 m THE BERNOULLI EQUATION

Bernoulli equation: An approximate relation between pressure,
velocity, and elevation, and is valid in regions of steady,
Incompressible flow where net frictional forces are negligible.

Despite its simplicity, it has proven to be a very powerful tool in fluid
mechanics.

The Bernoulli approximation is typically useful in flow regions outside
of boundary layers and wakes, where the fluid motion is governed by
the combined effects of pressure and gravity forces.

Bernoulli equation valid The Bernoulli equation is an
H“*& approximate equation that is valid
\\\ only in inviscid regions of flow
_/& where net viscous forces are
— . negligibly small compared to

S N inertial, gravitational, or pressure
— T — -
B __.__\7& forces. Such regions occur

Vo —_ outside of boundary layers and
Bernoulli equation nof valid ~ \ygkes.

—



Acceleration of a Fluid Particle

In two-dimensional flow, the acceleration can be decomposed into two
components:

streamwise acceleration a. along the streamline and

normal acceleration a, in the direction normal to the streamline, which is
given as a, = V?/R.

Streamwise acceleration is due to a change in speed along a streamline,
and normal acceleration is due to a change in direction.

For particles that move along a straight path, a, = O since the radius of
curvature is infinity and thus there is no change in direction. The Bernoulli
equation results from a force balance along a streamline.

aVv aV dV  aVds oV ]
dV =—ds + —dt =——+ — - -
as ot dt  ds dr ot

Vior=0 V= Vs) f
dV aVds aV dV _ :
a, = =——=——V=V— During steady flow, a fluid may not
di  9s di 9s ds accelerate in time at a fixed point,
7o 1) Acceleration in steady but it may accelerate in space.
V = dsldt .
flow is due to the change

of velocity with position.



Derivation of the Bernoulli Equation

Z _ iV
f 2F=ma; pas —(p+aprydA — Wsinb = mv
Steady flow along a streamline ds
m=pV=pdAds W=mg = pg dA ds
P+ dP)dA inf = d- dz 1V
w1 Sin b= dzlds _yp s — pedd dsS = paads v
ds ds
—dP — pgdz = pVdV V4V = % d(V?)
dP ,
—+1dVH 4+ gdz=0
P Steady flow:
(dP  V? _ o
n — + - + gz = constant (along a streamline)
P -
. : : Bernoulli
_ _ ' Steady, incompressible flow: t'
The forces acting on a fluid p V2 equation
particle along a streamline. — + — + gz = constant (along a streamline)
P s
The sum of the kinetic, potential, and The Bernoulli equation between any
constant along a streamline during 2 2
. PJ ]r | Pg l|-' 2
steady flow when compressibility and — 4+ —+ o5 =—+ + 97,
9, o 2 s 5

frictional effects are negligible. P - P -



(Steady flow along a streamline)

General:
aP V- g7 = constant
p 2 °

Incompressible flow (p = constant):

&
FP + V— + gz = constant

2

-

The incompressible Bernoulli equation is
derived assuming incompressible flow,
and thus it should not be used for flows
with significant compressibility effects.




+ % + g7 = constant

Kinetic
energy

The Bernoulli equation
states that the sum of the
kinetic, potential, and flow
energies of a fluid particle is
constant along a streamline
during steady flow.

The Bernoulli equation can be viewed as the

This is equivalent to the general conservation
of energy principle for systems that do not
involve any conversion of mechanical energy
and thermal energy to each other, and thus
the mechanical energy and thermal energy are
conserved separately.

The Bernoulli equation states that during
steady, incompressible flow with negligible
friction, the various forms of mechanical
energy are converted to each other, but their
sum remains constant.

There is no dissipation of mechanical energy
during such flows since there is no friction that
converts mechanical energy to sensible
thermal (internal) energy.

The Bernoulli equation is commonly used in
practice since a variety of practical fluid flow
problems can be analyzed to reasonable
accuracy with it.



Force Balance across Streamlines

Force balance in the direction n normal to the streamline yields the following
relation applicable across the streamlines for steady, incompressible flow:

P V2

— + | —dn + gz = constant (across streamlines)

p R

For flow along a straight line, R — « and 7 A
this equation reduces to P/p + gz = constant Al l /B
or P = — pgz + constant, which is an .
expression for the variation of hydrostatic VA
pressure with vertical distance for a Py>Pp
stationary fluid body. . (a)

Pressure decreases towards the
center of curvature when

streamlines are curved (a), but .

the variation of pressure with B

elevation in steady, Stationary fluid
iIncompressible flow along a
straight line (b) is the same as
that in stationary fluid. (b)

]

D
Flowing tluid

Py—Py= Pp—Pc



Unsteady, Compressible Flow

The Bernoulli equation for unsteady, compressible flow:

ap  [av  V
— + | —ds + — + gz = constant
p _

Unsteady, compressible flow: [ ”
. C



Static, Dynamic, and Stagnation Pressures

The kinetic and potential energies of the fluid can be converted to flow
energy (and vice versa) during flow, causing the pressure to change.
Multiplying the Bernoulli equation by the density gives

V2 |

F+ p — + pgz = constant (along a streamline)

P is the static pressure: It does not incorporate any dynamic effects; it
represents the actual thermodynamic pressure of the fluid. This is the same
as the pressure used in thermodynamics and property tables.

pV?I2 is the dynamic pressure: It represents the pressure rise when the
fluid in motion is brought to a stop isentropically.

pgzis the hydrostatic pressure: It is not pressure in a real sense since its
value depends on the reference level selected; it accounts for the elevation
effects, i.e., fluid weight on pressure. (Be careful of the sign—unlike
hydrostatic pressure pgh which increases with fluid depth h, the hydrostatic
pressure term pgz decreases with fluid depth.)

Total pressure: The sum of the static, dynamic, and
hydrostatic pressures. Therefore, the Bernoulli equation
states that the total pressure along a streamline is constant.

10



Stagnation pressure: The sum of the static and dynamic pressures. It represents
the pressure at a point where the fluid is brought to a complete stop isentropically.

V2 | Proportional to dynamic
Py =P+ p Y (kPa) presstre
V4 Piezometer Proportional to
\ — stagnation
2(Py,y — P) Proportional L pressure, Prusg
V=.]| e to static 2 Pitot
\: p pressure, P T tube

Stagnation
point

V= ‘\/Q(Ps[ﬂg_P)
i

The static, dynamic, and
stagnation pressures measured
using piezometer tubes.

Close-up of a Pitot-static probe,
showing the stagnation pressure hole
and two of the five static circumferential
pressure holes.
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High Correct Low

Careless drilling of
the static pressure
tap may result in an
erroneous reading
- = of the static
pressure head.

\
'
4

\

Stagnation streamline
e e O(r€aklines produced by
i colored fluid introduced
Y A—————— L[DS{ream of an airfoil; since
m the flow is steady, the
- streaklines are the same as
streamlines and pathlines.

The stagnation streamline
IS marked.
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Limitations on the Use of the Bernoulli Equation

1. Steady flow The Bernoulli equation is applicable to steady flow.

2. Frictionless flow Every flow involves some friction, no matter how small,
and frictional effects may or may not be negligible.

3. No shaft work The Bernoulli equation is not applicable in a flow section that
Involves a pump, turbine, fan, or any other machine or impeller since such
devices destroy the streamlines and carry out energy interactions with the
fluid particles. When these devices exist, the energy equation should be
used instead.

4. Incompressible flow Density is taken constant in the derivation of the
Bernoulli equation. The flow is incompressible for liquids and also by gases
at Mach numbers less than about 0.3.

5. No heat transfer The density of a gas is inversely proportional to
temperature, and thus the Bernoulli equation should not be used for flow
sections that involve significant temperature change such as heating or
cooling sections.

6. Flow along a streamline Strictly speaking, the Bernoulli equation is
applicable along a streamline. However, when a region of the flow is
irrotational and there is negligibly small vorticity in the flow field, the
Bernoulli equation becomes applicable across streamlines as well. 13



A sudden A long narrow

expansion tube
SO
—
—_— "\15
Y
@ @ Flow I.hrnuffh
A f"fll"l I:I_.:C::\,_/—FI a \”
Ox -0 opwne ;\\
. | | __——-H____‘N Awak{:
A heating section _T_\—\\
—— ______‘———_.________-
I T
f ;’x /’ 2 Frictional effects, heat transfer, and components
A/ that disturb the streamlined structure of flow make
Streamlines the Bernoulli equation invalid. It should not be used
p vV P, V2 in any of the flows shown here.
—+ = +g0 = —+ 5 +Eh
P 2 P 2
When the flow is irrotational, the Bernoulli equation becomes applicable "

between any two points along the flow (not just on the same streamline).



Hydraulic Grade Line (HGL) and Energy Grade Line (EGL)

It is often convenient to represent the level of mechanical energy graphically using
heights to facilitate visualization of the various terms of the Bernoulli equation.
Dividing each term of the Bernoulli equation by g gives

P V-
_|_

pg 28

e

+ 7 = H = constant (along a streamline)

Plpg is the pressure head; it represents the height of a fluid column
that produces the static pressure P.

V?/2g is the velocity head; it represents the elevation needed for a
fluid to reach the velocity V during frictionless free fall.

z is the elevation head; it represents the potential energy of the fluid.

An alternative form of the

Bernoulli equation is expressed

in terms of heads as: The sum

of the pressure, velocity, and

elevation heads is constant

along a streamline. 15




Hydraulic grade line (HGL), P/pg + z The line that represents the sum of
the static pressure and the elevation heads.

Energy grade line (EGL), P/pg + V?/2g + z The line that represents the
total head of the fluid.

Dynamic head, V?/2g The difference between the heights of EGL and HGL.

Y
o [\ E“\
W flvane
V1748
x\l \\\—\
N ~~ | The hydraulic
1 N~ \\\H‘_‘ grade line (HGL)
HGL S~ hv'? 5 and the energy
EGL =" § [T~ grade line (EGL)
| L _ Tt for free discharge
= el = = | =2 o = from a reservoir
[ I — 5 a through a
| - horizontal pipe
oy yArbitrary reference plane (2 =0) = with a diffuser.
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Notes on HGL and EGL

For stationary bodies such as reservoirs or lakes, the EGL and HGL coincide with
the free surface of the liquid.

The EGL is always a distance V?/2g above the HGL. These two curves approach
each other as the velocity decreases, and they diverge as the velocity increases.

In an idealized Bernoulli-type flow, EGL is horizontal and its height remains
constant.

For open-channel flow, the HGL coincides with the free surface of the liquid, and
the EGL is a distance V?2/2g above the free surface.

At a pipe exit, the pressure head is zero (atmospheric pressure) and thus the
HGL coincides with the pipe outlet.

The mechanical energy loss due to frictional effects (conversion to thermal
energy) causes the EGL and HGL to slope downward in the direction of flow. The
slope is a measure of the head loss in the pipe. A component, such as a valve,
that generates significant frictional effects causes a sudden drop in both EGL and
HGL at that location.

A steep jump/drop occurs in EGL and HGL whenever mechanical energy is
added or removed to or from the fluid (pump, turbine).

The (gage) pressure of a fluid is zero at locations where the HGL intersects the
fluid. The pressure in a flow section that lies above the HGL is negative, and the
pressure in a section that lies below the HGL is positive. 17



In an idealized Bernoulli-type flow,
EGL is horizontal and its height
remains constant. But this is not
the case for HGL when the flow
velocity varies along the flow.

Negative P

o P=0
= /
Positive P -
Positive }B\\

r _/:HT“.L_ )
lo_ ]
/ E’“ I
f} I
———, I
— 1
|
== = —-
L _
Pump Turbine
-
7 b
a2
"
1I1.Ipump 1I1.‘IIF1L[T|.‘I.][1L"

A steep jump occurs in EGL and HGL
whenever mechanical energy is added to
the fluid by a pump, and a steep drop
occurs whenever mechanical energy is
removed from the fluid by a turbine.

The gage pressure of a fluid is zero at
locations where the HGL intersects the
fluid, and the pressure is negative
(vacuum) in a flow section that lies
above the HGL.
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Example: Water Discharge

from a Large Tank

Example: _':1'{:
Spraying Water X
Into the Air :

Water jet

Magnifyin
. ¢ @ ‘glﬂss ¢
Jm Water T
VQ
. RaN (Y
@
; FED § 0
P/ V3 P/ V3 Vi
—;'JL+—1/+-:,1: 2"‘_24‘21/'—3* =
ns 2g rg_§ 2g 2g
=() 0
p i/ B Vi 2 2.
— Tt 5 I =—+_ +tTz = = + 2
pg 2g Pg  2g Pg P8




Example: Siphoning Out Gasoline
_ siphoning
Gasoline from a Fuel Tank tube

l 2 m

0.75 m

Gas can

; _ b :
+F + 7 =—4+F+z. — =—+47
pg 28 A pg 18 ’ pg  pg 20




Example: Velocity Measurement
by a Pitot Tube

hy=12 cm
h, ="7cm
h =3cm‘ /
Water o 1 : / — V|
O O\
\
Stagnation
point
p, V¥ P W’O .
l+.]+31:_2+_2 + 75
pg 28 1 pg 28 |

P, = pg(hy + h,)

P, = pg(h, + hy + hy)

%

V%_PE_PI

i_

P8
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Example: The Rise of the
Ocean Due to a Hurricane

F Eye 2

Hurricane
A B
o)
Calm T ©
occan r
s ' ! > @Icvcl h, h
The eye of hurricane Linda (1997 in . l !
the Pacific Ocean near Baja Ocean
California) is clearly visible in this
satellite photo.
P. V: . P W) Py—P, V3
+ =+, =—+—= +7p = =—=

pg 2g pg 22 : pg 28



12-2 m GENERAL ENERGY EQUATION

" pg,=10k  En— E = AE

_‘—~—~—._.—-—'—'—-—r—"‘-N_C£ 4 =
KE, =0 o

S¥S

dt

Qnet in + IL';T"rmistirl -

. - i i
Qnetin + W netin T J pe dV
at “sWs

Qnel in - Qin o Qmu anel in = Hf’m o Wmul

Hy ‘! .
‘ ‘quz?kJ E=”+I{E+pe=”+?+g3

’”Q KE, =3 k]

The firstlaw of ——— ’__1 The energy

thermodynamics (the i | change of a
conservation of energy | AE=(15-3)+6 | system during a
principle): Energy =18k | process is equal to
cannot be created or | | Wanarin =0 K the net work and
destro ' |

yed during a | L [ heat transfer
process; it can only | | \s between the
change forms. lE=——o t— ————— - system and its

Q. =15kl surroundings. 23



12-3 m ENERGY ANALYSIS OF STEADY FLOWS
Oretin T Wittt netin = Em(h + % + g:',) - Em(h + % + g::)

ot in

The net rate of energy transfer to a control m(hl Vi +321)
volume by heat transfer and work during steady =" "\
flow is equal to the difference between the rates N '\_

f Ing and incoming energy flow m >
of outgoing and incoming energy flows by mass @ _ N
flow. / control \

. . U% — Flf \ volume /l
Qretin T Winast, netin = M2 iz — Iy +— T 85 — 1) \ -

2 — /
single-stream devices Out @‘
L‘% — 1”% Qﬂf[ in T H!rshaj'[. net in
et in + Wshaft, net in — h? — Ihl + + E{:; _ E]\JI ( V% )
mlh, + ——+8%

h=u+ Pv=u+ Plp A control volume with

N hAovi Bk Vs s —u —a_ - onlyoneinletand one
shaft, net in o 2 .-?i'&-] s ] .E«-.g 2 | ,r'net in Outlet and energy
Interactions.
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|deal flow (no mechanical energy loss):

Gretin = Uy — U, The lost mechanical
energy in a fluid flow
Real flow (with mechanical system results in an 15.2°C
energy loss): increase in the internal P Au=084KI/ke
. = — g energy of the fluid and AT = 0.2°C
meeh. loss T2 T Hetin thus in a rise of fluid
temperature.
€mech, in = €mech, out + €mech, loss p
W o+ — +E+ =E+E+ + e ‘f.
shaft, net in oy 8 0 9 ] mech, loss 2 ]\‘ﬂ.-"
R 1 Npumn = 0-70
Wehaft, netin — H"pump — Wiurbine 1 T PP
P, Vi P, T‘ o
fT M _ + E<] + 1'}"UIHP N JIT T + £iz Tw turbine +e mech, loss 150 C
= — Water
(P, Vi (P, V3 -
"’”(; + iy + gy )+ W pump IH'I(J!'—J + - + 82 ) + Wibine T Emech. toss
| 2 y B
E =E +E + E

mech, loss mech loss, pump

mech loss, turbine

mech loss, piping
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A typical power plant
has numerous pipes,
elbows, valves, pumps,
and turbines, all of
which have irreversible
losses.
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Energy equation in terms of heads

N + “ + “1 + J||"r]?u.nnp. w . + 3 + “2 + Jflrmrl*urur..z' + hL
F{'} ] li? '_-I%r lf] :'!i‘ ;tiﬁr
where
H’!pumn u H/pump. u npump Wpump . .
Msump. u = = — - : is the useful head delivered
g mg mg
to the fluid by the pump. Because of irreversible losses in the pump,
Noump, o 18 less than Wi, /mg by the factor n,, .
Wiurbine., e I/Vlurhinc. e H/lurhinc .
* Nyrbine. e = — : — — 1s the extracted head removed
8 mg Nturbine! 8

from the fluid by the turbine. Because of irreversible losses in the
turbine, /i 1s greater than W, .. /mg by the factor M, pipe-
(4

‘mech loss, piping Emcch loss, piping . . .
e iy = — : 1s the irreversible head loss between
g mg
I and 2 due to all components of the piping system other than the pump
or turbine.

turbine, ¢ urbine
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W Control volume Wl urbine

pump /
E E
j\ hpump. u

mech loss.
turbine

mech loss, pump

urbine. e

) Wpump, u Wl

A
hlurhinc. e
E B P V% l/ P2 V% Elncch fluid. out
mech fluid, in E + E + 2 —+ <47, |
| pg 28 |

Mechanical energy flow chart for a fluid flow system that involves a
pump and a turbine. Vertical dimensions show each energy term
expressed as an equivalent column height of fluid, i.e., head. 28



P Vi V3
P18 T Yo T J|rJIJ“"-””['“ “ = P8 T Do T T "r'r[urhmc. e T “'r'rf’, (5'74)
15 25

|-|.l

Special Case: Incompressible Flow with No
Mechanical Work Devices and Negligible Friction

When piping losses are negligible, there is negligible dissipation of
mechanical energy into thermal energy, and thus h_ = €. 10ss. piping /9
= 0. Also, hyymp u = Niurpine, e = 0 When there are no mechanical work
devices such as fans, pumps, or turbines. Then Eq. 5-74 reduces to

P, Vi P, V3 P V?

+— 47, =—+ + 7, or + — + 7 = constant
pg 28 pg 28 P8 28

L

This is the Bernoulli equation derived earlier using Newton’s
second law of motion.

Thus, the Bernoulli equation can be thought of as a degenerate
form of the energy equation.
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Kinetic Energy Correction Factor,

The kinetic energy of a fluid stream obtained
from V?/2 is not the same as the actual kinetic
energy of the fluid stream since the square of
a sum is not equal to the sum of the squares
of its components.

This error can be corrected by replacing the
kinetic energy terms V?/2 in the energy
equation by oV, ,°/2, where « is the kinetic
energy correction factor.

The correction factor is 2.0 for
fully developed laminar pipe
flow, and it ranges between 1.04
and 1.11 for fully developed
turbulent flow in a round pipe.

P Vi
m(— + o T 21
p 2

P, V

i“*l ii%
+ (4 | -

-+ 5

pg " 2g

.Ilr'il” ‘}r —|_ ] —|_ h["'.lmjﬁ. [T

[

NEES

m=pV_. A p = constant

avg

KE, :chﬁr}r = J_,j. l— [‘If{r_}l2 |pVir) dA
J IV{H] dA

V2= '

’?

KE:[-:.t ] J ( V(r) )3 A
= ——— = — @
KEy, AW \Vy

KE .= pAV e

The determination of the kinetic energy correction
factor using the actual velocity distribution V(r) and
the average velocity V,,

(P> Vs
+ 1;1--]%.”J1 = m( ; 55

. at a cross section.

mech, loss

T 8< ) T U'[ll[lmn + £

:_“’ T "Ii'rII_I['l‘-JHC.c' T "Ii'rf_ 30



Example: Hydroelectric Power Generation from a Dam

@
L —
\100 m/s 120 m
h; =35 m
Turbine ©)
Y o
Generator
1ri’turl:-im:—gen =80%
) .
Py W3 o P{ V3
E{;‘i—ﬂ‘lﬁl‘{‘zl—}"hpuﬁgﬂ_gg—}_ _'_+/ +hturhmef+h‘L
II!/"'tll.n"l:-ine,{? — "3] o hL

Wturbine,ﬁ' = mghtm‘hine,f Weler:tric — ri"]Ftlurhr'me—g,_lrr.anw"!turlzrine, e 31



Example: Fan Selection for Air Cooling of a Computer

;:M /S“L‘""I'"L Energy equation between 3 and 4
‘a: L O @ ot p P,
~—— _—— — — 17., . 3 . .
:...: _: | m F + W fan — M F + E mech loss, fan
o BE OV N
| | W famu M
_--Irl | I—l" p
i:l " \ : \
X,J d . Casing _
7 Energy equation between 1 and 2

Pl V3 . B, Vi A0
il (—5 + D.fl +/g/]) + Hf!fﬂn m (_:ﬂ_ + ﬂ’g? + g/) + H tmbme + Emech loss, fan

Wfan o Emech loss, fan - W}an, u
72 -
1W- . E vaan, i
fan,u — Mo 9 W e

nfau—mc-tm'




Summary

The Bernoulli Equation
v Acceleration of a Fluid Particle
Derivation of the Bernoulli Equation
Force Balance across Streamlines
Unsteady, compressible flow
Static, Dynamic, and Stagnation Pressures
Limitations on the Use of the Bernoulli Equation
Hydraulic Grade Line (HGL) and Energy Grade Line (EGL)
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Objectives

- Have a deeper understanding of laminar and
turbulent flow in pipes and the analysis of fully
developed flow

» Calculate the major and minor losses associated
with pipe flow in piping networks and determine
the pumping power reguirements



14-1 m INTRODUCTION

Liquid or gas flow through pipes or ducts is commonly used in heating and
cooling applications and fluid distribution networks.

The fluid in such applications is usually forced to flow by a fan or pump
through a flow section.

We pay particular attention to friction, which is directly related to the pressure
drop and head loss during flow through pipes and ducts.

The pressure drop is then used to determine the pumping power requirement.

Rectangular
Circular pipe duct

Water - Air~”

50 atm 1.2 atm
Circular pipes can withstand large pressure differences
between the inside and the outside without undergoing any
significant distortion, but noncircular pipes cannot.

ya




Theoretical solutions are obtained only for a few simple cases such as fully
developed laminar flow in a circular pipe.

Therefore, we must rely on experimental results and empirical relations for
most fluid flow problems rather than closed-form analytical solutions.

[ The value of the average velocity V,,, at
= pV A = | pu(r) (dA_ some streamwise cross-section is
determined from the requirement that the
conservation of mass principle be satisfied

K The average velocity

) pu(r) dA, pu(r)2mr dr (R for incompressible
Ve = — — . = — | w(r)rdr flowina circular pipe
: pA, pR” " I of radius R

Average velocity V,,, is defined
. as the average speed through a
cross section. For fully developed
laminar pipe flow, V,,, is half of
the maximum velocity. 4




14=2 m LAMINAR AND Laminar flow is encountered when

highly viscous fluids such as olils flow

TU R B U |_ E NT FL OWS in small pipes or narrow passages.

N\

Laminar: Smooth Dye trace
- Turbulent  Streamlines and highly
flow ordered motion. T
/ Turbulent: Velocity e

) fluctuations and highly

L aminar disordered motion. |
flow Transition: The flow 4 Dye injection
! fluctuates between
laminar and turbulent
flows.
Most flows encountered
in practice are turbulent.

(@) Laminar flow

Dwe trace

e—-
The behavior of Vi

colored fluid
L aminar and injected into the

turbulent flow flow in laminar
regimes of and turbulent Dye injection

candle smoke. flows in a pipe- (b)) Turbulent flow




Reynolds Number

The transition from laminar to turbulent
flow depends on the geometry, surface
roughness, flow velocity, surface
temperature, and type of fluid.

The flow regime depends mainly on the
ratio of inertial forces to viscous forces
(Reynolds number).

Inertial forces Vav

Re = = —

Viscous forces L L

avg

At large Reynolds numbers, the inertial
forces, which are proportional to the
fluid density and the square of the fluid
velocity, are large relative to the viscous
forces, and thus the viscous forces
cannot prevent the random and rapid
fluctuations of the fluid (turbulent).

At small or moderate Reynolds
numbers, the viscous forces are large
enough to suppress these fluctuations
and to keep the fluid “in line” (laminar).

Critical Reynolds number, Re,,:
The Reynolds number at which the
flow becomes turbulent.

The value of the critical Reynolds
number is different for different
geometries and flow conditions.

The Reynolds number can be
viewed as the ratio of inertial
forces to viscous forces



For flow through noncircular

pipes, the Reynolds number ~~ 4A,
is based on the hydraulic "op
dlameter Circular tube:
For flow in a circular pipe: A(mDY/4)
Re = 2300 laminar flow Dy, = D b
2300 = Re = 10,000 transitional flow /
Re = 10,000 turbulent flow
Square duct: a
Laminar Turbulent 442 a
N, | D, = =
| ' 4da
Dwe trace
V.
e Rectangular duct: ||@ ;
~ 4ab _ 2ab
I h=2a+b) a+b
} Dye injection The hydraulic diameter
In the transitional flow region of 2300 < Re D,, = 4A//p is defined such that
< 10,000, the flow switches between it reduces to ordinary diameter

: . . 7
laminar and turbulent seemingly randomly. for circular tubes.



14-3 m THE ENTRANCE REGION

Velocity boundary layer: The region of the flow in which the effects of the
viscous shearing forces caused by fluid viscosity are felt.

Boundary layer region: The viscous effects and the velocity changes are

significant.

Irrotational (core) flow region: The frictional effects are negligible and the
velocity remains essentially constant in the radial direction.

[rrotational (core) Velocity boundary Developing velocity Fully developed
flow region layer profile velocity profile
Vav g Vav g / Vav g Vav g
N—>1 | —i | —i —
1 —
o=
r T . ] | !
______ —h_ oo e mpE—— F..____
_..,If I 1 i
| = L [
X
-
- Hydrodynamic entrance region > 7 >

Hydrodynamically fully developed region

The development of the velocity boundary layer in a pipe. The developed
average velocity profile is parabolic in laminar flow, but somewhat flatter or 3
fuller in turbulent flow.



Hydrodynamic entrance region: The region from the pipe inlet to the point
at which the boundary layer merges at the centerline.

Hydrodynamic entry length L,: The length of this region.

Hydrodynamically developing flow: Flow in the entrance region. This is the
region where the velocity profile develops.

Hydrodynamically fully developed region: The region beyond the entrance
region in which the velocity profile is fully developed and remains unchanged.

Fully developed: When both the velocity profile the normalized temperature
profile remain unchanged.
Hydrodynamically fully developed
du(r, x) = ¢
dx

— U= ur

In the fully developed flow
region of a pipe, the velocity
profile does not change
downstream, and thus the
wall shear stress remains
constant as well.




The pressure drop is higher in the entrance regions of a pipe, and
A the effect of the entrance region is always to mcrease the average

friction factor for the entire pipe. ,

Entrance region <«——

|
1~ Fully

I developed
: region
I
i
I
1
| ) -
| .
Tw Tw Tw Tw Tw Tw Tw
I
Velocity boundary layer I
/ I "i’:vg
=" ——————————————————————————————————————————————__—h-l ———————————————————————
* : Fully developed
Entrance region | region
i
1
- L.;! L |
The variation of wall shear stress in the flow direction for flow in a pipe 10

from the entrance region into the fully developed region.



Entry Lengths

The hydrodynamic entry length is usually taken to be the distance from
the pipe entrance to where the wall shear stress (and thus the friction
factor) reaches within about 2 percent of the fully developed value.

[

“fr, laminar

L fi, turbulent

/

“fr. turbulent

D

~ 10

hydrodynamic

= ().05Re entry length for

laminar flow

hydrodynamic
= 1.359Re'* entry length for
turbulent flow

hydrodynamic entry
length for turbulent flow,
an approximation

The pipes used in practice are
usually several times the
length of the entrance region,
and thus the flow through the
pipes is often assumed to be
fully developed for the entire
length of the pipe.

This simplistic approach gives
reasonable results for long
pipes but sometimes poor
results for short ones since it
underpredicts the wall shear
stress and thus the friction
factor.

11



14-4 m LAMINAR FLOW IN PIPES

We consider steady, laminar, incompressible flow of a fluid with constant
properties in the fully developed region of a straight circular pipe.

In fully developed laminar flow, each fluid particle moves at a constant axial
velocity along a streamline and the velocity profile u(r) remains unchanged in
the flow direction. There is no motion in the radial direction, and thus the
velocity component in the direction normal to the pipe axis is everywhere zero.
There is no acceleration since the flow is steady and fully developed.

Tr+dr (2mrdr P),— QardrP), 4 + 2wrdx7), — Lardy 7). 4 = 0
l .
JD_'.E. PI'F{.!'.' rP.1'+-'.£T o Pl‘ + {rrj1'+{f1' o {rT}I' _
—-‘ ‘-— fl{l- “rr
= dP fl'r{!"?'} . \
T r— + =0 71 = —pulduldr)

r dx dr

M( f_) _dp
rdr d dr)  dx
Free-body diagram of a ring-shaped
differential fluid element of radius r,
thickness dr, and length dx oriented

coaxially with a horizontal pipe in fully
developed laminar flow.

12




2R dx 7, dP _ 27

W
~if— —_—
[ dx R
| |
TR2P e :-q— | 2 (P
L 4;_{ dx

u=0at r=R conditions

r ] «(7) R ("JP) ( -1 )
| i = — — - —
RL: ! e \ dx R-
A R I |

y i
| de Average velocity
‘_-‘ Vavg = i nRr..'{r‘_rr dr =— e (JP)(I - r_z)f dr = — g (ﬁ)
“E R Jo R? Jo 4 \dx R- 8\ dx

Force balance:

TR2P—wRYP + dP)—27R dx 7,,= 0 wn=2v [1-1 Velocity
T o = Vavg Rr2) profile
Simplifying: \ Lo
dp 27,
dx R Uy = 2V,  Maximim velocity
Free-body diagram of a fluid disk element at centerline

of radius R and length dx in fully developed

: : . : 13
laminar flow in a horizontal pipe.



Pressure Drop and Head Loss

A quantity of interest in the analysis of pipe flow is the pressure drop AP
since it is directly related to the power requirements of the fan or pump to
maintain flow. We note that dP/dx = constant, and integrating from x = Xx,
where the pressure 1s Py to x = x; + L where the pressure is P, gives

dP P>, — P, BuLlVyyy  32uLlVy,
=T Laminar flow: AP =P, = P, = R h

A pressure drop due to viscous effects represents an irreversible pressure
loss, and it is called pressure loss AP, .

;‘. > pressure loss for all 6411 o
AP, = ‘{_f - "~ types of fully developed [ = {')1:' _ > pipe,
D2 internal flows pDVyye e
pV?2 /2 dynamic 87, Darcy AP, E 2
- pressure - R TS friction h, = _ Lk
.”il avg faCtOr s Jr;g ]{ “11:1 IOSS

In laminar flow, the friction factor is a function of the Reynolds number
only and is independent of the roughness of the pipe surface.

The head loss represents the additional height that the fluid needs to be
raised by a pump in order to overcome the frictional losses in the pipe.



# F} . }, H: f_.r . JI[F ‘!r)_ . J: .
W pump. L = VAP, = Vpgh; = mgh; Vig = (£ JR™ 5 D' _API Horizontal

Sl 32l 2L pipe
Il) voa ( }F.'}l _ f-’*l }hl WH: _ ( J'”| _ f-*: }71”4 _ AP :J”-l Poiseui"e,s
e 8Ll 128l 128l law
. i . For a specified flow rate, the pressure drop and
| — . thus the required pumping power is proportional
y D to the length of the pipe and the viscosity of the
e fluid, but it is inversely proportional to the fourth
- I | power of the diameter of the pipe.
] 2 1r]'ﬂu mp =16 h[)
Pressure loss: AP, =f éﬂ—,}hﬁ rD > Vave
. ﬂ"PL L Ffjn'u
Head loss: h; = r; = f D2g j’pump = 1hp

The relation for pressure loss (and
head loss) is one of the most general
relations in fluid mechanics, and it is
valid for laminar or turbulent flows,
circular or noncircular pipes, and
pipes with smooth or rough surfaces.

The pumping power requirement for a laminar
flow piping system can be reduced by a factor
of 16 by doubling the pipe diameter.



The pressure drop AP equals the pressure loss AP, in the case of a
horizontal pipe, but this is not the case for inclined pipes or pipes with
variable cross-sectional area.

This can be demonstrated by writing the energy equation for steady,
incompressible one-dimensional flow in terms of heads as

P, Vi P, V3
E + cry E + <1 + I'Ea'rlzn.u'n[:l,u - E + cty 22’ + <2 + Ili"rtm'l:'iinna,f + hL
2 2
Py — Py = playVy — oy VW2 + pgl(za — 20) + hybine, e — flpump, o + F11]

Therefore, the pressure drop AP = P, — P, and pressure loss AP, = pgh;
tor a given flow section are equivalent if (1) the flow section is horizontal
so that there are no hydrostatic or gravity effects (z; = z,). (2) the flow sec-
tion does not involve any work devices such as a pump or a turbine since
they change the tluid pressure (Ryym, o = Aygbine. e = 0). (3) the cross-sectional
area of the flow section is constant and thus the average flow velocity is
constant (V;, = V5), and (4) the velocity profiles at sections 1 and 2 are the
same shape (a; = a,).

16



Effect of Gravity on W, = Wsin 0 = pgViiemen sin 0 = pg2ar dr dx) sin 6
Velocity and Flow Rate @#rdrP).—Q2urdrP),, s+ Q2wrdxr),

in Laminar Flow — 2mrdx 1), 4 — pg(2mrdr dx)sin § = 0
T d( nfu) dP o
——\|\r— | =—+pgsin#
rdr dr dx

1= (Lt pesine) (1 -5)
u(r) = 2 \dx pg sin 2

Voo (AP — pglL sin 6 \D?

e 32ul

- (AP — pgL sin #)mD*
a | 28 L

Free-body diagram of a ring-shaped
differential fluid element of radius r,
thickness dr, and length dx oriented
coaxially with an inclined pipe in fully

developed laminar flow. .



Laminar Flow in Circular Pipes

(Fully developed flow with no pump or

turbine in the flow section. and

ﬂP:P]—PQ_-}

AP D%

Horizontal pipe: V =T28ul

(AP — pgL sin O)wD*

Inclined pipe: V= 128wl

Uphill flow: 8 > 0 and sin 6 >0
Downhill flow: 8 <0 and sinf <0

The relations developed for fully

developed laminar flow through

horizontal pipes can also be used

for inclined pipes by replacing
AP with AP — pglL sin 6.



. . TABLE 14-1
Laminar Flow in et o

oy | | | = Hpo

Noncircular Pipes sections (L pand Re — VD

ash Friction Factor
Tube Geomeatry or §° f
The friction factor f relations Circle — 64.00/Re
are given in Table 8—1 for fully
developed laminar flow in @
pipes of various cross o
sections. The Reynolds Rectangle g
i I e 1 56.92/Re
_number for flow in these_ pipes T : iy
IS based on the hydraulic b 3 68.36/Re
diameter D, = 4A; /p, where A, | —.—. : i
IS the cross-sectional area of 8 82.32/Re
the pipe and p is its wetted - oo
p p p Ellipse ah
perimeter 1 64.00/Re
2 67.28/Re
b 4 72.96/Re
— 8 76.60/Re
P 16 78.16/Re
Isosceles triangle v
10° 50.80/Re
30° 5Z2.28/Re

60" 53.32/Re

/N
" 90° 52.60/Re
N\ 120° 50.96/Re




14-5m TURBULENT FLOW IN PIPES

Most flows encountered in engineering practice are turbulent, and thus it is
important to understand how turbulence affects wall shear stress.

Turbulent flow is a complex mechanism dominated by fluctuations, and it is still

not fully understood.

We must rely on experiments and the empirical or semi-empirical correlations

developed for various situations.

(a) Before (b) After
turbulence turbulence

The intense mixing in turbulent flow
brings fluid particles at different

momentums into close contact and
thus enhances momentum transfer.

Turbulent flow is characterized by
disorderly and rapid fluctuations of swirling
regions of fluid, called eddies, throughout
the flow.

These fluctuations provide an additional
mechanism for momentum and energy
transfer.

In turbulent flow, the swirling eddies
transport mass, momentum, and energy to
other regions of flow much more rapidly
than molecular diffusion, greatly enhancing
mass, momentum, and heat transfer.

As a result, turbulent flow is associated
with much higher values of friction, heat
transfer, and mass transfer coefficients



Turbulent VeIO(:lty Profile

: . /

Laminar flow

V., |

avg

b\
|
r} '?t u(r)

In._

i

~—
o

i
L

1 I Turbulent layer
i

A Overlplayar
\Bullu layer

Viscous sublayer

Turbulent flow

The very thin layer next to the wall where
viscous effects are dominant is the viscous
(or laminar or linear or wall) sublayer.

The velocity profile in this layer is very nearly
linear, and the flow is streamlined.

Next to the viscous sublayer is the buffer
layer, in which turbulent effects are becoming
significant, but the flow is still dominated by
viscous effects.

Above the buffer layer is the overlap (or
transition) layer, also called the inertial
sublayer, in which the turbulent effects are
much more significant, but still not dominant.

Above that is the outer (or turbulent) layer in
the remaining part of the flow in which
turbulent effects dominate over molecular
diffusion (viscous) effects.

The velocity profile in fully developed pipe flow is parabolic in laminar

flow, but much fuller in turbulent flow. Note that u(r) in the turbulent

case is the time-averaged velocity component in the axial direction 21
(the overbar on u has been dropped for simplicity).



| ‘e/D 2.5]
The MOOdy — = =20 Ing( — + _) (turbulent flow)

Chart and Vf 37 ReVf
the Colebrook equation (for smooth and rough pipes)

Colebrook The friction factor in fully developed turbulent pipe flow depends
Equation on the Reynolds number and the relative roughness ¢/D.

Equivalent roughness values for new

R gl [ﬁ N (@)Hl} Explicit Haaland commercial pipes*
x&}_ 0108 e 3.7 equation Roughness, ¢
Material ft mm
Relative Friction
Glass, plastic O (smooth)
Roui?gess' Facft“r’ Concrete 0.003-0.03 0.9-9
Wood stave 0.0016 0.5
0.0* 0.0119 Rubber,
0.00001 0.0119 smoothed 0.000033 0.01
0.0001 0.0134 Copper or
0.0005 0.0172 brass tubing 0.000005 0.0015
0.005 0.0305 - Galvanized
0.01 0.03gp  lactoris : iron 0.0005  0.15
0.05 0.0716 minimum-iora . oht iron  0.00015  0.046
smooth pipe Stainless steel 0.000007 0.002
* Smooth surface. All values are for Re = 106 and Iincreases Commercial

and are calculated from the Colebrook equation. with roughness. steel 0.00015 0.045



Drarcy friction factor, f

0.1
.09
0.8

0.03

-
=
h

0.02

0.015

0.
0.009
0.0038

O T T T T AT

Laminar Transitonal Turbulent
T fow = dow T flow .
n - s Fully rough mrbulent flow ( flevels off)
B ——
- ""--....\_\_ o == T i - - D.DS
i I it ALY
| ~ T 1‘\. 0004
X B
Y = 0.03
'|III S
[~ "—~—-..____
i \\\ - T e e
*'.?':': J "\\\\\H ) 0.02
% \t %\"‘\"‘\.‘““—-uh | I | == . 1! | il 1 1 1 | il | 0.015
= I \\ N
oAl R 3
=7 S H L] ~ 0.01 ]
T ot T x T e 1 1 1 1 1 1 1 - .
z ‘-El A N e 1 R I = — i Lt 0008 ®
— [ B e — ! [72]
W oS T Fs 0.006 %
z\ D= = 3 E
! .E'lll Eeny | R L 1 ! ] I Tt = 0.004 %IJ
| A | - . 1"-\‘-"‘%“&.__ == —— - et | | | | I[N | %
1] iy =1 :
: \mhﬁ‘ H + 0.002 =
SNNTN S . L =
L1 [l g [ =
- | e e
Foughness, & s el bl L L T] =L 1 1 1 1 1 -
I : S L T' 1] 0.0006
Material ft T et THH—1_1 [k 0.0004
L Glass, plastic 0 0 "‘x A - 1z ’
| Concrete 0L 00— 08 000 /ﬁ‘“ LT -— L \
| Wood stave 0001 6 05 ||| Smooth pipes Mt T | 00002
Fubber, smoathed 0.000033 0.01 Ty R U S
Copper o brass tubing 0, (00005 00015 elD =0 1 1 %hh""; T = Wl = 0.0001
L Castimn 000085 0.26 [ = . i S
Galvanized iron 0.0005 0ls Eau B o W 5 | 0.00005
[ Wrought iron 000015 .04 P ] el =0.000005 T
| Stainless steel 0L000007 0,002 i N -
| Commercial steel 0.00013 0,045 e/l =1 =kl L] 5 [
111 L1 0 bl L1 11 | 1 i = T LU 000001

[0 2105 3 456 8 jf 201003 456 8 g5 21093 4 56 8 ;g6 2007 3 456 8 ;7 21073 456 8 8

Revnolds number, Re

The Moody Chart

23



Observations from the Moody chart

For laminar flow, the friction factor decreases with increasing Reynolds
number, and it is independent of surface roughness.

The friction factor is a minimum for a smooth pipe and increases with
roughness. The Colebrook equation in this case (¢ = 0) reduces to the

Prandtl equation. . _
/N = 2.0log(ReVf) — 0.8

The transition region from the laminar to turbulent regime is indicated
by the shaded area in the Moody chart. At small relative roughnesses,
the friction factor increases in the transition region and approaches the
value for smooth pipes.

At very large Reynolds numbers (to the right of the dashed line on the
Moody chart) the friction factor curves corresponding to specified
relative roughness curves are nearly horizontal, and thus the friction
factors are independent of the Reynolds number. The flow in that
region is called fully rough turbulent flow or just fully rough flow
because the thickness of the viscous sublayer decreases with
increasing Reynolds number, and it becomes so thin that it is negligibly
small compared to the surface roughness height. The Colebrook
equation in the fully rough zone reduces to the von Karman equation.

/NF = —2.0log[(e/D)/3.7]

24



0.1 -
Y J,—El"”'“*”' ~~_  Fully rough turbulent flow (f levels off)
RS /D = 0.01
TN e/D = 0.001
Transitional T~<1 &D=00001
0.01 /D=0 "
L Smooth turbulent
0.001 _ _
103 10 105 106 107 10
Re

At very large Reynolds numbers, the friction factor
curves on the Moody chart are nearly horizontal, and
thus the friction factors are independent of the
Reynolds number. See Fig. A-12 for a full-page
moody chart.

In calculations, we should

make sure that we use the
actual internal diameter

of the pipe, which may be

different than the nominal

diameter.

Standard sizes for Schedule 40

Anl m s
LTl PSS

Nominal Actual Inside
Size, in Diameter, in
% 0.269
- 0.364
% 0.493
:5 0.622
2 0.824
1 1.049
13 1.610
2 2.067
Eér 2.469
3 3.068
B h.047

10 10.02




Types of Fluid Flow Problems

1. Determining the pressure drop (or head

loss) when the pipe length and diameter Problem

are given for a specified flow rate (or type  Given Find

velocity) 1 LD,V  AP(orhy)
2. Determining the flow rate when the pipe 2 LD, AP vV

length and diameter are given for a 3 LAP,V D

specified pressure drop (or head loss)

The three types of problems
encountered in pipe flow.

3. Determining the pipe diameter when the
pipe length and flow rate are given for a
specified pressure drop (or head loss)

JVIL[ | e (vD\™\7? 107 < e/D< 107

h; = 1.07T——=4In|——+ —L.ﬁ;( : ] ' . ) o .

) 2 l 3.7D A _j 3000 < Re < 3 % 10°%
. _ '.L{.ErJ".'f.'L.-'””' e 3170\

V= —0965=—E) In|—=+(==—) Re > 2000
. L 37D \ gDh, )

. - .’f_. |U.J":‘- 4.75 . /! f_. w 5.270.04 l“_n <= .-f.} < I.“_:
D= 0.66 ;-:l"( ) + .'"u"'u'(_) - . : 8
Ehy Lhy/ 5000 < Re << 3 x 10°

To avoid tedious
iterations in head
loss, flow rate, and
diameter calculations,
these explicit relations
that are accurate to
within 2 percent of the
Moody chart may be

used. -



14—6 m MINOR LOSSES

The fluid in a typical piping system passes
through various fittings, valves, bends,
elbows, tees, inlets, exits, enlargements,
and contractions in addition to the pipes.

These components interrupt the smooth
flow of the fluid and cause additional
losses because of the flow separation and
mixing they induce.

In a typical system with long pipes, these
losses are minor compared to the total
head loss in the pipes (the major losses)
and are called minor losses.

Minor losses are usually expressed in
terms of the loss coefficient K.

Pipe section with valve:

EXE

ey
— (BJ 2
.a""'f
“' (P - PE valve ..
Pipe section without valve:
[l [Tl
V e =
— I\D "x‘z.x'
LL L] ry
> (P, - PE] -

AP = (P = Py)yqye — (P _"D.'E.:'plpe

For a constant-diameter section of a pipe
with a minor loss component, the loss

coefficient of the component (such as the

. h; = AP;/pg gate valve shown) is determined by

K, = —— measuring the additional pressure loss it

V3(2¢) Head loss due
to component

causes and dividing it by the dynamic
pressure in the pipe.

27



When the inlet diameter equals outlet
diameter, the loss coefficient of a
component can also be determined by
measuring the pressure loss across the
component and dividing it by the dynamic
pressure:

K. = AP /(pV?/2).
When the loss coefficient for a component

IS available, the head loss for that
component is

V" Minor
h; = K-
' “ 20 |loss

™

Minor losses are also expressed in terms
of the equivalent length L

equiv*

] - K VE . fLequjv 1”2 I . Eﬁ:
I, = ng . D 2{{ — equiv. T f L

ry =
(2 e
E f’ 1
-|£|-
L
(1)
=
|
AP=P,-P,=P,-P,
5} Ji G:I
— Lp -

L
Td

The head loss caused by a
component (such as the angle
valve shown) is equivalent to the
head loss caused by a section of
the pipe whose length is the
equivalent length.

28



Total head loss (general)

I
ny, major + ”J’ Minor

- E T U T er + th

—

|
My, 1otal

i
I

|

Total head loss (D = constant)

”.!' total — (r_ + Eﬁ" )

The head loss at the inlet of a pipe
Is almost negligible for well-
rounded inlets (K, = 0.03 for r/D >
0.2) but increases to about 0.50 for
sharp-edged inlets.

[ | Sharp-edged inlet
\ K, = 0.50

/’!__ - “"h——:

‘ Recirculating flow

. Well-rounded inlet
L K ;= 0.03

s

—_— - ——— - — - — - — —— - —

Vena contracta



TABLE 14-4

Loss coefficients K, of various pipe components for turbulent flow (for use

average velocity in the pipe that contains the component)

n the relation h, = K, V2/(2g), where V is the

Pipe Inlet
Reentrant: K, = 0.80
(t<<Dand /= 0.1D)

Sharp-edged: K, = 0.50

Well-rounded (D = 0.2): K, = 0.03
Slightly rounded (D = 0.1): K, = 0.12
(see Fig. 14-36)

L
[

Pipe Exit

Reentrant: K, = «

Sharp-edged: K; = «

Rounded: K; = «

J

— |/

|

Mote: The kinetic energy correction factor is o« = 2 for fully developed laminar flow, and o = 1.05 for fully developed turbulent flow.




Sudden Expansion and Contraction (based on the velocity in the smaller-diameter pipe)

dE

Sudden expansion: K, = u(l — —)

DE

A

—

Sudden contraction: See chart.

\ L

D—

¢ — 1

K

0.6

0.4

0.2

— K, f

~K; for sudden
\Q:'ntl'ﬂctlon

]

T~

0.2

0.4

d*D?

0.6 0.8

1.0

Gradual Expansion and Contraction (based on the velocity in the smaller-diameter pipe)
Contraction:

Expansion (for 8 = 20°):
K, = 0.30 for d/D = 0.2
K, = 0.25 ford/D = 0.4
K, =0.15 fordiD = 0.6 =™V
K, = 0.10 for d/D = 0.8

K=
K. =

K.I’_=

0.02 for o = 30°
0.04 for o = 45°
0.07 for o = 60°




Bends and Branches
90" smooth bend:
Flanged: K, = 0.3
Threaded: K, = 0.9

— |

Vv

90" miter bend
(without vanes): K, = 1.1

V o

I

90° miter bend
(with vanes): K, = 0.2

45° threaded elbow:
K, =04

180° return bend:

Tee (bhranch flow):

Tee (line flow):

Threaded union:

Flanged: K, = 0.2 Flanged: K, = 1.0 Flanged: K, = 0.2 K, =0.08
Threaded: K, = 1.5 Threaded: K, = 2.0 Threaded: K, = 0.9

| A

J L J L |
) -) V i -
| F—— | . —
— e

il

Valves

Globe valve, fully open: K; = 10 Gate valve, fully open: K, = 0.2
Angle valve, fully open: K, = 5 ;lfclosed: K, =0.3

Ball valve, fully open: K, = 0.05 7closed: K, = 2.1

Swing check valve: K, = 2 gclosed: K, =17

¥ These are representative values for loss coefficients. Actual values strongly depend on the design and manufacture of the components and may differ from tr
given values considerably (especially for valves). Actual manufacturer's data should be used in the final design.



(sudden expansion)

Pressure head

Head 4 converted 1o Total
velocity head — head
f
|
K\. e Seedo oo JEVP8 o Lost velocity head
P g} Virze Remaining
] velocity head
P8 N K
P Pressure | p, _____—— Remaining L
e head pE pressure head

7

Scpamted
fMow

Graphical representation of flow
contraction and the associated head loss
at a sharp-edged pipe inlet.

0.5,
[ .

0.4 ; |

0.3 |

0.2

0.1

; S
0 005 010 015 020 025

/D
The effect of rounding of a pipe
inlet on the loss coefficient.
33



Submerg
outlet

Flanged elbow
—— K;=0.3

Entrained
ambient fluid

All the kinetic energy of the flow is “lost”
(turned into thermal energy) through friction
as the jet decelerates and mixes with ambient l
fluid downstream of a submerged outlet.

Sharp turn
— K;=1.1

The losses during changes of direction
can be minimized by making the turn

“easy” on the fluid by using circular l
arcs instead of sharp turns.




(a)

V]» g »V5

—

A globe
valve

Constriction
V,=V,

V >Vl

constriction

(b)

Q-

(a) The large head loss in a
partially closed valve is due
to irreversible deceleration,
flow separation, and mixing
of high-velocity fluid coming
from the narrow valve
passage.

(b) The head loss through a
fully-open ball valve, on the
other hand, is quite small.
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14—7 m PIPING NETWORKS AND PUMP SELECTION

7 ; ~'f 5 e A
L <ot !’L‘ l B
i - le — — a2
I fo Lp D
f,dﬁL_ai’D_ai B ~R B
V, = Vg

For pipes in series, the flow rate is the same
in each pipe, and the total head loss is the
sum of the head losses in individual pipes.

A piping network in an
industrial facility.

fis Ly Dy

|
P, """ \ Fp<PF,

- | o e} —

For pipes in parallel, the
head loss is the same in > 7L, Dy

each pipe, and the total flow “
rate is the sum of the flow o haEh,
rates in individual pipes. Va=Vi+Vy =4



The relative flow rates in parallel pipes are established from the
requirement that the head loss in each pipe be the same.

Lyvi LV
"D, 2¢ = b, 2g

=5

i"'fl . ( fﬂ LL‘ ﬂl)”2 | 'L;’l _ :flc._ [Ul - ﬂ_r (fj L_w. D]>l.-"1
LII_‘-‘ o Ifl Ll []: dlc \;x': — .rdl.:].’:f_‘) _ 1’5"% Ifl LJ D_q_,

The flow rate in one of the parallel branches is proportional
to its diameter to the power 5/2 and is inversely proportional
to the square root of its length and friction factor.

r'!ri"ré_] — IFL_: —

The analysis of piping networks is based on two simple principles:

1. Conservation of mass throughout the system must be satisfied.
This is done by requiring the total flow into a junction to be equal to the
total flow out of the junction for all junctions in the system.

2. Pressure drop (and thus head loss) between two junctions must be
the same for all paths between the two junctions. This is because
pressure is a point function and it cannot have two values at a specified
point. In practice this rule is used by requiring that the algebraic sum of
head losses in a loop (for all loops) be equal to zero.
37



Piping Systems with Pumps and Turbines

Motor

P, Vi P, V3 Mmator = 0-90
J”_I_: + ) 2’; “1 + ';'FJ."lIl'.ﬂj.". W E + “'"-'; T2 2 + htl]JL"lI]E e + "r!L
hpump,u = {:3 o :l} + hL
H"__, B P Uﬁ'hpump. i - B I]U._Ifhpump u
pump, shaft — elect
T pump 7] pump-motor
B
|
- #_ |
|
- - |
I B :Ill_ — I
Lo N
Control volume Liquid out
boundary
¢ Pump Liquid in Pump 070
n =0.
— pump
Iﬁpump, W= =)t '“L
Wpump. =PV Jr"pumpn. u Tlpump-motor = M pump motor

When a pump moves a fluid from one reservoir
to another, the useful pump head requirement
IS equal to the elevation difference between
the two reservoirs plus the head loss.

=0.70 X 0.90=0.63

The efficiency of the pump—motor
combination is the product of the
pump and the motor efficiencies.



40

Head. m

10

/"

Pump exit is closed to produce maximum head (shutoff head)

/ 100
i - flpump. i - ]}]Jllm[:l
A y 80
J"" 2
o“l ‘\. ;; ]
S
;F \ 1.‘ y -
y \ 7 60 %
_1+—Operating 2
b bt
’ point D
) e 40 =
I - =]
f b =
' P =¥
i | -
:' 1-!""1—.-' ‘\ Supply — 20
- = | . .
' System curve e _{——NMNo pipe is attached
' | / to the pump (no load
, = L
' to maximize flow rate)
2 3 4

Flow rate, m-/s

e,

Characteristic pump curves for centrifugal pumps, the
system curve for a piping system, and the operating point.

— Free delivery
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Summary

Introduction
Laminar and Turbulent Flows
v Reynolds Number
The Entrance Region
v' Entry Lengths
Laminar Flow in Pipes
v' Pressure Drop and Head Loss
v Effect of Gravity on Velocity and Flow Rate in Laminar Flow
v' Laminar Flow in Noncircular Pipes
Turbulent Flow in Pipes
v" Turbulent Shear Stress
v" Turbulent Velocity Profile
v' The Moody Chart and the Colebrook Equation
v' Types of Fluid Flow Problems
Minor Losses
Piping Networks and Pump Selection
v Serial and Parallel Pipes
v" Piping Systems with Pumps and Turbines
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Objectives

Understand the basic mechanisms of heat transfer, which
are conduction, convection, and radiation, and Fourier's
law of heat conduction, Newton's law of cooling, and the
Stefan—Boltzmann law of radiation

|dentify the mechanisms of heat transfer that occur
simultaneously in practice

Develop an awareness of the cost associated with heat
losses

Solve various heat transfer problems encountered in
practice



16-1 INTRODUCTION

- Heat: The form of energy that can be transferred from one system
to another as a result of temperature difference.

« Thermodynamics is concerned with the amount of heat transfer
as a system undergoes a process from one equilibrium state to
another.

- Heat Transfer deals with the determination of the rates of such
energy transfers as well as variation of temperature.

* The transfer of energy as heat is always from the higher-
temperature medium to the lower-temperature one.

« Heat transfer stops when the two mediums reach the same
temperature.

« Heat can be transferred in three different modes:
conduction, convection, radiation

All modes of heat transfer require the existence of a temperature
difference.



16-2 CONDUCTION

Conduction: The transfer of energy from the more
energetic particles of a substance to the adjacent less
energetic ones as a result of interactions between the
particles.

In gases and liquids, conduction is due to the
collisions and diffusion of the molecules during their
random moaotion.

In solids, it is due to the combination of vibrations of
the molecules in a lattice and the energy transport by
free electrons.

The rate of heat conduction through a plane layer is
proportional to the temperature difference across the
layer and the heat transfer area, but is inversely
proportional to the thickness of the layer.

(Area)(Temperature difference)

Rate of heat conduction o :
Thickness

T - TN. /
a2 o gl (W)

) — =
. Ax Ax

= cond

— Ax—
0OF——x

Heat conduction
through a large plane
wall of thickness Ax
and area A.



Whenx -0 ) — — kA A1 Fourier’s law of

= cond

Thermal conductivity, k: A measure of the ability of
a material to conduct heat.

Temperature gradient dT/dx: The slope of the
temperature curve on a T-x diagram.

Heat is conducted in the direction of decreasing
temperature, and the temperature gradient becomes
negative when temperature decreases with
increasing X. The negative sign in the equation
ensures that heat transfer in the positive x direction
IS a positive quantity.

In heat conduction
analysis, A represents
the area normal to the

direction of heat J/)\‘./W
transfer. L

(X heat conduction 30°C\
20°C

e O = 4010 W/m?

I m

(a) Copper (k =401 W/m-°C)

30°C \
20°C
e O = 1480 W/m?

I m

(b) Silicon (k = 148 W/m-°C)
The rate of heat conduction
through a solid is directly
proportional to its thermal
conductivity. S



Thermal
Conductivity

Thermal conductivity:
The rate of heat transfer
through a unit thickness
of the material per unit
area per unit
temperature difference.

The thermal conductivity
of a material is a
measure of the ability of
the material to conduct
heat.

A high value for thermal
conductivity indicates
that the material is a
good heat conductor,
and a low value indicates
that the material is a
poor heat conductor or
insulator.

Electric
heater

{Insulation

1>

4

- £
#hﬂ

Insulatidn\' Sy
i
I
=

A simple experimental setup

to determine the thermal

conductivity of a material.

Sample
4 material

The thermal conductivities of some
materials at room temperature

Material k, Wim . °C*
Diamond 2300
Silver 429
Copper 401

Gold 317
Aluminum 237

[ron 80.2
Mercury (I) 8.54
Glass 0.78
Brick 0.72
Water (1) 0.e07
Human skin 0.37
Wood (oak) 0.17
Helium (g) 0.152
Soft rubber 0.13
Glass fiber 0.043
Air (g) 0.026
Urethane, rigid foam 0.026



k Wim-K

1000

100

1o

0.1

0.01

MNonmetallic
crystals

MNonmetallic
solids

Gases
Hydrogen
Helinm

Adr
Carbon
dioxide

Insulators

Liguids
Mercury

Water

alloys

The range of
thermal
conductivity of
various
materials at
room
temperature.



/X Gas
V4 * Molecular
' collisions
7 ’\‘ \[ * Molecular
diffusion
=
Ty Liquid
7o ¢
oV, . * Molecular
> 3" S collisions
PR * Molecular
.l “< diffusion
Z electrons '
[ Solid

e Lattice vibrations
* Flow of free
electrons

The mechanisms of heat
conduction in different
phases of a substance.

The thermal conductivities of gases such
as air vary by a factor of 10% from those
of pure metals such as copper.

Pure crystals and metals have the
highest thermal conductivities, and gases
and insulating materials the lowest.

TABLE 16-2

The thermal conductivity of an
alloy is usually much lower than
the thermal conductivity of either
metal of which it is composed

Pure metal or k, W/m-K,
alloy at 300 K
Copper 401
Nickel 91
Constantan

(55% Cu, 45% Ni) 23
Copper 401
Aluminum 237

Commercial bronze
(90% Cu, 10% Al) 52




10,000

k.
W/m-°C

HMU::::::

Diamonds

Tvpe

Solids
Liquids
Gases

Type Ila
Type IIb
|

Si I"’i Copper

— . == !
TI\AHIIHH]UH] . GOlLl , "
1 0} ungsien
""'I-...____ — T — —— —— — ]

10

———
- —

Pyroceram glass

Aluminum oxide

TABLE 16-3

Thermal conductivities of materials
vary with temperature

k, W/m-K
I, K Copper Aluminum
100 482 302
200 413 237
300 401 237
400 383 240
600 379 231
800 366 218

Clear fused quartz

~ Helium

______
______
--- =
-
- ==

01 ==« -...*gilrhun tetrachloride Steam A i[ N
e -':_-_:— --------------- :ﬁ;}__:u-n“-
0.01 [
200 400 600 800 1000 1200
T K

The variation of
the thermal
conductivity of
various solids,
liquids, and gases
with temperature.



Thermal Diffusivity

Cp Specif_ic heat, J/kg - °C: Heat capacity
per unit mass

pc, Heat capacity, J/m3-°C: Heat capacity
per unit volume

a Thermal diffusivity, m?/s: Represents
how fast heat diffuses through a material

Heat conduction k o
o = = — (m=/s)
Heat storage pCp

A material that has a high thermal
conductivity or a low heat capacity will
obviously have a large thermal diffusivity.

The larger the thermal diffusivity, the faster
the propagation of heat into the medium.

A small value of thermal diffusivity means
that heat is mostly absorbed by the
material and a small amount of heat is
conducted further.

The thermal diffusivities of some
materials at room temperature

Material a, mé/s*

Silver 149 x 10-©
Gold 127 x 10-°
Copper 113 x 10-©
Aluminum 97.5 x 10-©
lron 22.8 x 10°©
Mercury (1) 4.7 x 10-©
Marble 1.2 x 10°©
lce 1.2 x 10°©
Concrete 0.75 x 10-°
Brick 0.52 x 10-°
Heavy soil (dry) 0.52 x 10-°
Glass 0.34 x 10-°
Glass wool 0.23 x 10-°
Water (I) 0.14 x 10-°
Beef 0.14 x 10-°
Wood (oak) 0.13 x 10-°

10



16-3 CONVECTION

Convection: The mode of Velocity

energy transfer between a variation

solid surface and the of air

adjacent liquid or gas that is V

In motion, and it involves _

the combined effects of Alr
flow

and

The faster the fluid motion, +

the greater the convection Q. ony

heat transfer.

Temperature
"~ variation
of air

.4€
- f
In the absence of any bulk
fluid motion, heat transfer ‘
between a solid surface and
the adjacent fluid is by pure

. by convection.
conduction. y

Hot Block
Heat transfer from a hot surface to air

11



Forced convection: If
the fluid is forced to flow Forced Natural

over the surface by convection convection
external means such as
a fan, pump, or the wind.

Natural (or free) e o> IR
convection: If the fluid %@ﬂ P> ﬂ\\@n v
motion is caused by
buoyancy forces that are
Induced by density
differences due to the
variation of temperature

In the fluid.

Air

The cooling of a boiled egg by
forced and natural convection.

Heat transfer processes that involve change of phase of a fluid are also
considered to be convection because of the fluid motion induced during
the process, such as the rise of the vapor bubbles during boiling or the

fall of the liquid droplets during condensation.
12



0 =hA (T, — T,) (W) Newton’s law of cooling

s COny

> =

— —
(72}

convection heat transfer coefficient, W/m? - °C

the surface area through which convection heat transfer takes place
the surface temperature

the temperature of the fluid sufficiently far from the surface.

The convection heat transfer Typical values of convection heat
coefficient h is not a property transfer coefficient

of the fluid. Type of

It is an experimentally convection h, Wim® - *C*
determined parameter Free convection of

whose value depends on all gases 2-25

the variables influencing Free convection of

convection such as liquids 10-1000

- the surface geometry Forced convection

- the nature of fluid motion of gases 25-250

_ _ Forced convection
- the propert!es of th.e fluid of liquids 50-20,000
- the bulk fluid velocity Boiling and

condensation 2500-100,000 13



16-4 RADIATION

Radiation: The energy emitted by matter in the form of electromagnetic
waves (or photons) as a result of the changes in the electronic
configurations of the atoms or molecules.

Unlike conduction and convection, the transfer of heat by radiation does
not require the presence of an intervening medium.

In fact, heat transfer by radiation is fastest (at the speed of light) and it
suffers no attenuation in a vacuum. This is how the energy of the sun
reaches the earth.

In heat transfer studies we are interested in thermal radiation, which is
the form of radiation emitted by bodies because of their temperature.

Radiation is a volumetric phenomenon, and all solids, liquids, and
gases emit, absorb, or transmit radiation to varying degrees.

However, radiation is usually considered to be a surface phenomenon

for solids.
14



O it max = CAT? (W) Stefan-Boltzmann law

o=5.670 x 108 W/m? - K# Stefan—Boltzmann constant

Blackbody: The idealized surface that emits radiation at the maximum rate.

Qm” — oA T (W) Radiation emitted

by real surfaces

Emissivity £: A measure of how closely
a surface approximates a blackbody for
which ¢ =1 of the surface. 0< ¢< 1.

_ 4
QcmiL max GTS
I,=400K = 1452 W/m’

\

Blackbody (¢ = 1)

Blackbody radiation represents the maximum
amount of radiation that can be emitted from
a surface at a specified temperature.

Emissivities of some materials

at 300 K

Material Emissivity
Aluminum foil 0.07
Anodized aluminum 0.82
Polished copper 0.03
Polished gold 0.03
Polished silver 0.02
Polished stainless steel 0.17
Black paint 0.98
White paint 0.90
White paper 0.92-0.97
Asphalt pavement 0.85-0.93
Red brick 0.93-0.96
Human skin 0.95
Wood 0.82-0.92
Soil 0.93-0.96
Water 0.96
Vegetation 0.92-0.96



Absorptivity a: The fraction of the radiation energy incident on a
surface that is absorbed by the surface. 0 o<1

A blackbody absorbs the entire radiation incidenton it (e = 1).

Kirchhoff’s law: The emissivity and the absorptivity of a surface at
a given temperature and wavelength are equal.

O = a0

=~ absorbed = incident

(W)

Qinciclent

* #

Qref =(l-0) Qincident

Q;]hs = Qincident

The absorption of radiation incident on
an opaqgue surface of absorptivity .

16



Net radiation heat transfer:
The difference between the
rates of radiation emitted by the
surface and the radiation
absorbed.

The determination of the net
rate of heat transfer by radiation
between two surfaces is a
complicated matter since it
depends on

* the properties of the surfaces
* their orientation relative to
each other

* the interaction of the medium
between the surfaces with
radiation

Radiation is usually
significant relative to
conduction or natural
convection, but
negligible relative to
forced convection.

When a surface is completely enclosed by a
much larger (or black) surface at temperature
T, Separated by a gas (such as air) that
does not intervene with radiation, the net rate
of radiation heat transfer between these

two surfaces is given by

0

ad = €0A (TV — T4, (W)
Surrounding
surfaces at

o

surr

Qincidcnt

Qrad - EGAS(T?— Tgurr

Radiation heat transfer between a
surface and the surfaces surrounding it.



When radiation and convection occur
simultaneously between a surface and a gas:

thul — hCD[ﬂb.H]EdAS (Ts o TGD) (“f}

Combined heat transfer coefficient h ;. pined
Includes the effects of both convection and radiation

Qlulul — me‘ + Qi';ul — ”cnm 4& (Tﬁ o T\lll'l') + HU_AA {Tﬁ o Tjun)
Qlulill — /"Culnhlﬂui ‘41 (Tﬁ o TI) {\)\I)
h — hmn’»‘ T hl'{ld — /"cun‘u T cUo {Tﬁ T T.\url'}{Tg T TS[II'I')

combined

18



16-5 SIMULTANEOUS HEAT T,
TRANSFER MECHANISMS

Heat transfer is only by conduction in opaque solids,
but by conduction and radiation in semitransparent
solids.

A solid may involve conduction and radiation but not
convection. A solid may involve convection and/or T
radiation on its surfaces exposed to a fluid or other
surfaces.

Heat transfer is by conduction and possibly by
radiation in a still fluid (no bulk fluid motion) and by
convection and radiation in a flowing fluid.

In the absence of radiation, heat transfer through a

fluid is either by conduction or convection, depending
on the presence of any bulk fluid motion. ‘

Convection = Conduction + Fluid motion

Heat transfer through a vacuum is by radiation.
Most gases between two solid surfaces
do not interfere with radiation.

Liquids are usually strong absorbers of
radiation.

OPAQUE
SOLID

>

Conduction

GAS

Radiation

Conduction or
convection

VACUUM

o>

Radiation

lo\a

| mode

2 modes

1 mode

Although there are three mechanisms of
heat transfer, a medium may involve
only two of them simultaneously.



Summary

Conduction

v" Fourier’s law of heat conduction
v" Thermal Conductivity

v" Thermal Diffusivity
Convection

v" Newton’s law of cooling
Radiation

v’ Stefan—Boltzmann law

Simultaneous Heat Transfer Mechanisms
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Objectives

Understand the concept of thermal resistance and its
limitations, and develop thermal resistance networks for
practical heat conduction problems

Solve steady conduction problems that involve multilayer
rectangular, cylindrical, or spherical geometries

Develop an intuitive understanding of thermal contact
resistance, and circumstances under which it may be
significant

Identify applications in which insulation may actually
Increase heat transfer

Analyze finned surfaces, and assess how efficiently and
effectively fins enhance heat transfer



17-1 STEADY HEAT CONDUCTION IN PLANE WALLS

11°C

y 3°C

3°C

3°C

FIGURE 17-1

Heat transfer through a wall is one-
dimensional when the temperature of
the wall varies in one direction only.

Heat transfer through the wall of a house can be
modeled as steady and one-dimensional.

The temperature of the wall in this case depends
on one direction only (say the x-direction) and
can be expressed as T(x).

Rate of
heat transfer | =
out of the wall

Rate of
heat transfer | —
into the wall

Rate of change
of the energy
of the wall

. . 'dE‘i.J-'E!_]l {;IEWEH f(fl‘ — {:}
Qin o an — dt

In steady operation, the rate of heat transfer
through the wall is constant.
dT

QCD[IdH wall = _kA E

for steady operation

(W) Fourier’s Iaw_of
heat conduction



Qcond

Under steady conditions, the
temperature distribution in a plane
wall is a straight line: dT/dx = const.

dT

QCD[ld.WLIH - = E
(L . i T,
Ql:n:m{l. wall dx = — kA dT
Jr=0 IT=T,
: Iy — T, s
Q-L‘I.:-[ld. wall kA T (W)

The rate of heat conduction through
a plane wall is proportional to the
average thermal conductivity, the
wall area, and the temperature
difference, but is inversely
proportional to the wall thickness.

Once the rate of heat conduction is
available, the temperature T(x) at
any location x can be determined by
replacing T, by T, and L by x.



Thermal Resistance Concept

. I -7,
T[ _ T_ﬁ 0= I 2
) T =kA — R
= cond, wall 1} o L
Le—oANNNNN—T,
QJ}L'-H]];_L \,1.-'“]] — R— {-\k } (ﬂr_]' HC“[ ”U"l..’lr'
wall
V-V,
) L O AT I= — -
‘F‘W;L]l - H (C /W ) R,
| Vie AN,
Conduction resistance of the R

wall: Thermal resistance of the
wall against heat conduction.
Thermal resistance of a medium Analogy between thermal and electrical
depends on the geometry and the resistance concepts.

thermal properties of the medium.

(b) Electric current flow

rate of heat transfer — electric current

V,—V, REJ = Uﬂ; A thermal resistance — electrical resistance
= temperature difference — voltage difference

/ L :
R, Electrical resistance



Newton'’s law of cooling A

- . r
Qmm—‘ - hAs {T‘ — 1) TY

. /] — . \\

- o § o \/ T-f.

Ceow = "R _— (W) Solid |/

R = L (°C/W)

COMy ."rfl i ' f
Convection resistance of the 0]
. g
surface: Thermal resistance of the T T
surface against heat convection. : A V]V "
cony /I_A
5

Schematic for convection resistance at a surface.

When the convection heat transfer coefficient is very large (h — ),
the convection resistance becomes zero and T, ~T.

That is, the surface offers no resistance to convection, and thus it
does not slow down the heat transfer process.

This situation is approached in practice at surfaces where boiling
and condensation occur. 6



T,— T

* SUIT
Qi';ui — &0 A T_L o T\_llln} - /IlLi 4 (T o T‘HLIIIJ o R
rad
I , Radiation resistance of the
R.g = nA (K/W) surface: Thermal resistance of the
Frad s surface against radiation.
Ql‘ﬂd . b 7 7
h]dd T T o &’(T(T.!i' + TSUI’]‘)(TS + su]]) (W/m ’ K)
.S'( HU[‘I‘)
Radiation heat transfer coefficient :
A me-'
AV T
When 7, = T,
'(I{:umhincd = '(-.,um T hl ad T gﬂ*
Combined heat transfer ’ Q
coefficient Solid rad
_/\/\/\/\/\/\/\—. rﬁlll‘l‘

Schematic for
convection and radiation
resistances at a surface.

rad

Q = Qmm‘ T Qrml



Rate of
heat convection | =
into the wall

Rate of
heat conduction
through the wall

Rate of
= | heat convection
from the wall

Thermal Resistance Network

T,
! '—\ Wall
T] Q Tml - o)
Tm] o T] T[ - Tg Tg - ng total
/h,A LKA [/, A
2
_Tm]_T]_Tl_TE_TQ_Tmz ~—T,
R{‘{}]]V. 1 Rwall Rc‘unv. 2
) R T R T
) = Loy = Ty T _Q" oo vl . _conv.2 T Thermal
Q - Rconv l + Rwa]] + Rconv B L'.(,-l [ 3 s “\‘.-"." V"a\ .,n‘ll \f‘l’\ \Ufﬂ'\ \.fl‘\ - .r"'\‘ll"a‘\. "f \_,-'ﬂ '\\vfﬂ'\ \-'rl\' f % . J\. rf",\."ﬁ\ J,\( fﬁ\‘lf"\ l‘f\ . CC-E "Cl“_rurk
. . R R , R

= Vi-V, v EN ! o @3 . Electrical
B R, tR ,+R, 5 l 2 analogy

The thermal resistance network for heat transfer through a plane wall subjected to
convection on both sides, and the electrical analogy.

I L I

Rioar = K com2 = AT kA T A

total —

+ R, +R (°C/W)

Conv,



Temperature drop

AT = QR (°C) mnmesssss————) O = 10 W
O = UA AT (W)
| _
UA =5 (°C/K)
Rlulill
U overall heat

transfer coefficient

Once Q is evaluated, the

R R R
surface temperature T, can conv, 1 T wall T, conv,2
' Ty e—AN——\WNNVW—¢—ANN—s To,
be determined from 2
2°C/W 15°C/W 3°C/W

. T.x.] _ T] T::o] _ T]
Q = = .
Rs.tnm-x ] [/h; A AT = QR

The temperature drop across a layer is
proportional to its thermal resistance.




Multilayer
— 0 Plane

T, o Wall 1 Wall 2 Wal | S

The thermal resistance
n,  network for heat transfer
through a two-layer plane
wall subjected to

h . :
' k, k convection on both sides.
T
e Ll g L2 =
T T, T,
Ty —ANNN—4— AN AN —4—ANANNN—s Ty
L L
R =_1 R . =_"1 R ., =_2 R =_1
conv, 1 }'IIA wall, 1 k]}'l wall, 2 1"\’:,;4 conv, 2 ;IQA
T — T Rlnlul - Rcmh—-‘. I T Ru—’ull. I T szlll. 2 T RL:UHV.Z
. el oo
Q - R l LI LE l
total —+ -+ -4 10

T A KA KA A

= =



T-1,

) =

Q/ RlnluL i—j

-) . T T’} . T.x.| — Tj

Q, a chm I T Ru. all, 1 | + Ll
[{£|A ;\]A

The evaluation of the surface and
interface temperatures when 7., and
T, are given and Q 1s calculated.

R

conv, |

-—m*-ﬁ,mw—T—w
T,

R

wall, 1

To find 7: Q=
To find 7’: O =

To find 75 O =

R

wall, 2

Ty —
Rumw.]

T -

R
MWW —— W ——VN—e

conv,2

T.,

I,

R

conv,2

conv, 1

T3 — T“—“DE

wall, 1



17-2 THERMAL CONTACT RESISTANCE

Layer 1 C) Layer 2 Layer 1 Layer 2

Temperature

Interface ~d drop

No
temperature
drop

Temperature
distribution
=T,
(a) Ideal (perfect) thermal contact (b) Actual (imperfect) thermal contact

Temperature distribution and heat flow lines along two solid plates

: ) 12
pressed against each other for the case of perfect and imperfect contact.



When two such surfaces are
pressed against each other, the
peaks form good material
contact but the valleys form
voids filled with air.

These numerous air gaps of
varying sizes act as insulation
because of the low thermal
conductivity of air.

Thus, an interface offers some
resistance to heat transfer, and
this resistance per unit interface
area is called the thermal
contact resistance, R..

A typical experimental
setup for the
determination of thermal
contact resistance

Applied load

Loading shaft ———__ 1
Alignment collar ———— "1 1
Top plate — JdL
Steel ball =1L

. B
Pencil heaters —=A=

Heaters block — | |

Upper test specimen —= ;-' Thermocouples
¥ i
_ = Interface
Lower test specimen —> 3
Lower heat flux meter — 3
Cold plate — == -
ates | ] i
‘old plate —— — Cold
Load cell fluid
Steel ball = :
Bottom plate —= T |

Bell jar —

base plate

13



Q — annlucl T QE—‘.‘“P

The value of thermal
contact resistance
depends on:

Q = heA ATjperce Eéntgjégilczomad « surface roughness,
. « material properties,
o= Q/A (W/m?2 - °C) * temperature and
“ AT erface | - pressure at the
Interface
l AT, oce o  type of fluid trapped
Ro=7-="= (m~ - °C/W) at the interface.
le Q/A
L 0.0l m o
Rc: insulation — I - 0.04 W/m - 0( 0.251 C/W
Re. comper = % =22 6{'}‘;2/11 ;"_ s = 0.000026 m? - °C/W

Thermal contact resistance is significant and can even dominate the
heat transfer for good heat conductors such as metals, but can be
disregarded for poor heat conductors such as insulations.

14



TABLE 17-1

Thermal contact conductance

for aluminum plates with different
fluids at the interface for a surface
roughness of 10 um and interface
pressure of 1 atm (from Fried, 1969).

Contact
Fluid at the conductance, A,
interface W/m2-K
Air 3640
Helium 9520
Hydrogen 13,900
Silicone oll 19,000
Glycerin 37,700

The thermal contact resistance can
be minimized by applying

« athermal grease such as silicon oll

» a better conducting gas such as
helium or hydrogen

« a soft metallic foil such as tin, silver,
copper, nickel, or aluminum

Contact pressure (psi)

107 10°
105:| T TTTI T T T TTT1T]
—  Coated with 10
R 1 =
-t Coated with] & T‘i
104 nickel alloy | -

Nickel
N

Bronze

=
.
|

Coated with

Thermal contact conductance {Wm]E*K}

=
]

|
S
[

102 10

Contact pressure (kN/m?)

[ Incoated
Coated

Effect of metallic coatings on
thermal contact conductance

L aluminum o |
— alloy Stainless :
Steel -
| _ | .
v _
e LIl

3

10%

Thermal contact conductance

15



TABLE 17-2

Thermal contact conductance of some metal surfaces in air (from various sources)

Surface Pressure, h.*
Material condition Roughness, um Temperature, °C MPa W/m2-K
Identical Metal Pairs
416 Stainless steel Ground 2.54 90-200 0.17-2.5 3800
304 Stainless steel Ground 1.14 20 4-7 1500
Aluminum Ground 2.54 150 1.2-2.5 11,400
Copper Ground 1.27 20 1.2-20 143,000
Copper Milled 3.81 20 1-5 55,500
Copper (vacuum) Milled 0.25 30 0.17-7 11,400
Dissimilar Metal Pairs
Stainless steel- 10 2900
Aluminum 20-30 20 20 3600
Stainless steel- 10 16,400
Aluminum 1.0-2.0 20 20 20,800
Steel Ct-30- 10 50,000
Aluminum Ground 1.4-2.0 20 15-35 59,000
Steel Ct-30- 10 4800
Aluminum Milled 45-7.2 20 30 8300
5 42,000
Aluminum-Copper Ground 1.17-1.4 20 15 56,000
10 12,000
Aluminum-Copper Milled 4.4-45 20 20-35H 22,000
*Divide the given values by 5.678 to convert to Btu/h-fi2-°F.
The thermal contact conductance is highest (and thus the contact
resistance is lowest) for soft metals with smooth surfaces at high pressure. 16



17-3 GENERALIZED THERMAL RESISTANCE
NETWORKS

1 2 R, R, : 2 f?1 1?2 Insulation

b
o=l=h
Q = A
Rlul;ll l ® ky
Tfi: LT,
L1 b RR Ok
Row RR, — T TR AR,
- L -
0,__,
ANAAAAA 0
N T,

e, R,
Thermal Tie 0.
resistance AAAAAAA

network for two 2
parallel layers. 0=0,+0,



'} . T[ - Tcx- RIRZ
C‘ B Rmn] Rtoml - RLE + RB + Rmm-‘ - Rl + R, + RB + Rm]w
L L, /Insulution
R, =—— R,=—— 7
ki Ay ° kA
A,
3 I ]/' © &
R?ﬁ - Rmnw =71 T] ® A,
f\g A, fTAg \ @ L
2
Ag | kg h Tjo
Two assumptions in solving complex
multidimensional heat transfer
problems by treating them as one-
dimensional using the thermal — L, =L, ~ Ly,
resistance network are ‘
(1) any plane wall normal to the x-axis is ‘ O
isothermal (i.e., to assume the Q| “*“’“‘;‘?V .0
temperature to vary in the x-direction 1 5 | W
only) ! IV Ry Reony
SVAVATAYAYAY L

(2) any plane parallel to the x-axis is

adiabatic (i.e., to assume heat transfer

to occur in the x-direction only)

Thermal resistance network for
combined series-parallel

18
arrangement.



17-4 HEAT CONDUCTION IN CYLINDERS AND

SPHERES

Heat is lost from a hot-water pipe to
the air outside in the radial direction,
and thus heat transfer from a long
pipe is one-dimensional.

Heat transfer through the pipe
can be modeled as steady
and one-dimensional.

The temperature of the pipe
depends on one direction only
(the radial r-direction) and can
be expressed as T = T(r).

The temperature Is
Independent of the azimuthal
angle or the axial distance.

This situation is approximated
In practice in long cylindrical
pipes and spherical
containers.

19



dT

Qcand, eyl — —kA E (W)
F Qcond, cyl B T, & dT
r=r, A .} T=T,
A = 2mrL
) ok W
_ = 27T
T, Q—*Lﬂﬂtl cyl / lﬂ(f’z /'r]) ( )
A long cylindrical pipe (or spherical | |
shell) with specified inner and outer (T) _ I — 1, (W
surface temperatures T, and T,. =cond, cyl R, W)
R — In(r, /;',) [n(Outer radius/Inner radius)
cy! 2Lk 27 X Length X Thermal conductivity

Conduction resistance of the cylinder layer 2



A spherical shell
with specified
Inner and outer

- T, surface
temperatures T,
and T,.
. I — 15
Qazumt sph qu*rli
R R Outer radius — Inner radius

sph dmrirok 4 (Outer radius)(Inner radius)(Thermal conductivity)

Conduction resistance of the spherical layer »



Q. Rtl_r[u]

for a cylindrical layer
+ R, + R
[ In(r,/ry) [

= + +
(2mrL)h, 2wLk (2mrr,L)h,

total ~— RL'(HH-‘. l conv, 2

R

total — Rcmn: s Rcyl + Rl:mn; 2

for a spherical layer

The thermal resigian_ce Rt = Reom1 T Ropn + Reony, 2
network for a cylindrical (or B o T
spherical) shell subjected S ST B S
to convection from both the dmrihy 4wk (dars)h,

iInner and the outer sides. ”



Multilayered Cylinders and Spheres

Rlc.‘l[nl - RC-;.‘I[I‘{.] + RE}-‘J.] + RC}-‘].E + RC}'].?I + Rc«'_‘lmxl
| In(ry/ry)  In(ry/ry)  In(ry/rs) ]
: = + = + +
The thermal resistance hi A, 2Lk, 2Lk, 2o Lks hy A,
network for heat transfer pr
through a three-layered ©) T T
composite cylinder , 0=-" -
subjected to convection 7~ ky R
on both sides.
hl
T.,
Fy
T, T, T, T,
Ty @ ANAAAN AN = AAAAN = AAAAA ANW—e T,
Rc-:rnv, 1 R-::}f], | RcyL 2 Rcy], 3 Rmm’, 2



T T, I, T T., Theratio AT/R across any layer is
equal to @, which remains constant in

Reonv, 1 R, R, Reonv, 2 one-dimensional steady conduction.
0 = T —T,
| RCGH‘-;
T T,
Rcmw.] + R]
T, -T
= R—I+ R* Once heat transfer rate Q has been
L2 calculated, the interface temperature
I, - T, T, can be determined from any of the
R, following two relations:
— TE_T@:‘E j_ TC'DI _T - T:,D] _TE
RE + Rmm’.ﬁ (’ - Rccrnv,l + Rul 1 1 N l['l(.rg )".Vl)
_ . hy(27r L) 2Lk,
* Tﬂ — T B Tj — T.-}:.j
Q= R, + R, + Rmm}g Cn(rs/ry)  In(ry/rs) [

dalk,  2mlk, | hQmrl)



17-5 CRI

Adding more insulation to a wall or
to the attic always decreases heat
transfer since the heat transfer area
IS constant, and adding insulation
always increases the thermal
resistance of the wall without
increasing the convection
resistance.

In a a cylindrical pipe or a spherical
shell, the additional insulation
Increases the conduction
resistance of the insulation layer
but decreases the convection
resistance of the surface because
of the increase in the outer surface
area for convection.

The heat transfer from the pipe
may increase or decrease,
depending on which effect
dominates.

ICAL RADIUS OF INSULA

Insulation
\

R

conv

W—e T,

An insulated cylindrical pipe exposed to
convection from the outer surface and
the thermal resistance network
associated with it.

i} T - T o T| — T.:c.
Q Rms + R, conv l”{rﬁh‘l} 1
2Lk J‘T?{_u L}




The critical radius of insulation
for a cylindrical body:

_k

Fer, cylinder ~— h

(m)

The critical radius of insulation
for a spherical shell:

%
‘{u'. sphere ~ h

The largest value of the critical
radius we are likely to
encounter is

[

'"".I'I'ILI.\.. imnsulation ) “”5 “ﬁr"’,‘;l]] * G{:1

Per,max — J,’. - .; \k&_.'f.r”_l_‘-' . c:-(:ﬂ

‘min

=00lm=1cm

We can insulate hot-water or
steam pipes freely without
worrying about the possibility of
increasing the heat transfer by
insulating the pipes.

h
Fa
|
|
|
| |
| |
| |
| |
| |
| |
| |
| | .
0 r e = kilh Iy
The variation of heat transfer
rate with the outer radius of the
insulation r, when r; <r,,.
26



17-6 HEAT TRANSFER FROM FINNED SURFACES

'  =hA(T. — T, Newton’s law of cooling: The rate of heat transfer
Ceony s U ) from a surface to the surrounding medium

When T, and T, are fixed, two ways to
increase the rate of heat transfer are

« To increase the convection heat transfer
coefficient h. This may require the
installation of a pump or fan, or replacing
the existing one with a larger one, but this
approach may or may not be practical.
Besides, it may not be adequate.

« To increase the surface area A by s
attaching to the surface extended surfaces 7
called fins made of highly conductive
materials such as aluminum.

=

FIGURE 17-35

Some innovative fin designs.
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FIGURE 17-33 The thin plate fins of a car
Presumed cooling fins on dinosaur radiator greatly increase the
SISBOSAUIES. rate of heat transfer to the air.




" i Rate of heat Rate of heat Rate of heat
FIn E lon e . .
q u at 0 conduction into | = | conduction from the |+ | convection from
the element at x element at x + Ax the element

Volume Qcond,x - Qt;Dlld,x + Ax + Qc-:mv
element

Ocony = h(p AX)(T — T,,)

Qcond x4+ Ax Qcond X

Ax
Ax— 0

dQ cond

+ hp(T—T,) = 0

Qeond, x + Ax + hp(T—T,) =0

dx
. dT
Ocona = _kAc‘a
A h,T.
Rhm e gAY et =T =0
I dx dx
\s . .
d*6 20 = 0 Differential ,  /ip
Volume element of a fin at location x dx? ~ " equation " KA.,
having a length of Ax, cross-sectional § = T — 1. Temperature

area of A_, and perimeter of p. e 29




The general solution of the

differential equation T, T

9(;{*) — CIE"M + qu?_"”x \ L

Bound dition at fin b 0 N

oundary conadition at 1in pase '

e S Specified )

00) =0, =1, — 1. temperature /
o _ (a) Specified temperature

1 Infinitely Long Fin (b) Negligible heat loss

= (¢) Convection
(Tf'n tip T°°) (d) Convection and radiation
Boundary condition at fin tip Boundary conditions at the fin

OL)y=TL) —T.=0 L — base and the fin tip.
The variation of temperature along the fin

) — 6=1T-—T
T“) I = o X = f:,—.r\'f,r;;r;k,—'tc -

S m = N/ hplkA,
The steady rate of heat transfer from the entire fin

0 = —KkA ﬂ = '\-f"f/!}’/\'fh- (1, — 1)

=long fin ¢ (dx 0
- =

30



—X |II 'r!f !

0 L,
| [ :
| [
| [
| [
| [

' |

|

| [
T, | h, T, |

= ¥ i

I )
L4 J |
O :
| - Af? = Au; :
|

(p=nD A, =

1 . . . .
wD-/4 for a cylindrical fin)

—T(x) =T+ (T, —T,)e VA,

[m

IIII
AV

[; base = (L fin

Under steady conditions, heat
transfer from the exposed surfaces
of the fin is equal to heat conduction
to the fin at the base.

The rate of heat transfer from the fin could also
be determined by considering heat transfer from
a differential volume element of the fin and
integrating it over the entire surface of the fin:

fin

f_:jﬁnzl MT) = Tl dAgy = | h6(x) dA,

J Hfin Slfin

A long circular fin of uniform
cross section and the variation
of temperature along it. 31



2 Negligible Heat Loss from the Fin Tip
(Adiabatic fin tip, Qg ip = 0)

Fins are not likely to be so long that their temperature approaches the
surrounding temperature at the tip. A more realistic assumption is for

heat transfer from the fin tip to be negligible since the surface area of
the fin tip is usually a negligible fraction of the total fin area.

Boundary condition at fin tip

T,
d6 — 0 \, +L_>
(!.I x=1L - 0 N ‘\-.,l X
~ Specified
The variation of temperature along the fin temperature V4
T(l) - TT. cosh HI{L — X) (u}-Spec@filed temperature
- = (D) Negligible heat loss
T;} — TI cosh mlL (¢) Convection

_ _ (d) Convection and radiation
Heat transfer from the entire fin

= g, 4L

Q;u_HLH'HIHL’ ll][‘ ¢ HI X 0
- X =

= \-f-"";/!/JA'A{. (1, — T,) tanh mL

32



3 Specified Temperature (Tg, 4, = T,)

In this case the temperature at the end of the fin (the fin tip) is
fixed at a specified temperature T, .

This case could be considered as a generalization of the case of
Infinitely Long Fin where the fin tip temperature was fixed at T

Boundary condition at fin tip: OL)=6,=T, — T,

Specified fin tip temperature.
Ix)—17T, [T,—T)I(T,— T,)]sinh mx + sinh m(L—x)
T, —T. B sinh mL

Specified fin tip temperature:

0, = — ﬂ'ﬂ{.—l

=2 specified temp.

coshmL — [(T, — T)AT, — T.)]

sinh mL

— \"h f} ﬁ%{{ T;, o Tx }

33



4 Convection from Fin Tip

The fin tips, in practice, are exposed to the surroundings, and thus the proper
boundary condition for the fin tip is convection that may also include the effects
of radiation. Consider the case of convection only at the tip. The condition

at the fin tip can be obtained from an energy balance at the fin tip.

([- cond — U mm}

dT

Boundary condition at fin tip: — kA, — = hA|I(L) — T,]
dx x=L
. . ~ Tx)—1T, coshm(L —x) + (h/mk) sinh m(L — x)
Convection from fin tip.; — — = .
= 1. cosh mL + (h/mk) sinh mL

Convection from fin tip.

dT
(.JJ convection ~ _'E‘ _1
R “dx

VhokAAT, — T sinhmL + (h/mk) coshmL
= f YK F l"[ B ) / :
/ cosh mL + (h/mk) sinh mL

34



A practical way of accounting for the Oy
heat loss from the fin tip is to replace ‘
the fin length L in the relation for the
insulated tip case by a corrected a
length defined as

Convection

|
= L ';-i
A . (a) Actual fin with :
L.=L+ convection at the tip |
{ | A
. | e
[ Qﬁn p
— — l—
Lr_'. rectangular fin L+ 2 ‘ | :
| | TInsulated
D | %
L. cylindrical fin — L+ 4 |
: : - L o
t the thickness of the rectangular fins c
D the diameter of the cylindrical fins (D) Equivalent fin with insulated tip

Corrected fin length L, is defined such
that heat transfer from a fin of length L,
with insulated tip is equal to heat transfer
from the actual fin of length L with
convection at the fin tip. 35



Fin Efficiency

j/

;—1b=w3<.!‘

Ql'in. max h*"j‘ﬁn (Tb o T’:ﬂ)

!

(a) Surface without fins

80

80
80°C

(a) Ideal

<€ L >|
(b) Surface with a fin
Aj,=2xwxL+wxt - 56°C
=2xwxL (b) Actual
FIGURE 341 FIGURE 342

Ideal and actual temperature
distribution along a fin.

Fins enhance heat transfer from
a surface by enhancing surface area.
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: Zero thermal resistance or infinite
) 1 — .I. ] _ . .
Qtin, max = 1A (T — 1) thermal conductivity (T, = T,)

B  fin ~Actual heat transfer rate from the fin
i Ot max [deal heat transfer rate from the fin

if the entire fin were at base temperature

Q fin nlm le max nl'in hAIin (Tf;r o Tm)

Qin V hpkA (1, — 1) _ 1 ka'f' |

Mong fin =~ 53 -

Q [in, max h"jilln (Tf;r Tx) L \ hi’) mL.

o _ VIpkA (T, — T.)tanh aL _ tanh mL

Q fin, max N hAl'iﬁ (Th B Tx) mL

Tadiabatic tip
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1
0.9 \

N\
0.8 &

= ’f -
& 0.7 \\_
g L = L+1/2 \
5 06 f——A, =Lt =
= /\_/\/_? ~
P
£ 05— - %
/ 4! %
04 |— - S~ —~—
W \ —~—
Vaull L-—p S —— ‘h'"""---.._"-—--
0.2
0 02 04 06 08 1 12 14 16 18 2 22 24 26 28 3

{5 — Lt_gﬂ{hﬁ(ﬂp}l'{z

Efficiency of straight fins of rectangular, triangular, and parabolic profiles.
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£, N

% 0:5 S& \L< = 1y /r

é 04 | + \\kl;\”l\

T 03 @j Tr—- ;L:: ;J;frf kia\*::‘ﬂ-—---—___
02| 4, =Ly ﬁ‘?b%;? —
U.(I]um 0‘4 06 08 1 12 14 16 I8 22 24 26 28 3

&=L (kA"

Efficiency of annular fins of constant thickness t.
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Efficiency and surface areas of common fin configurations

Straight rectangular fins

_ tanhmL,
m = \/2hlkt i = mi
L.=L+ 12
ﬂ'fln = EWLc
Straight triangular fins
1 h(Z2mL)

m = \/2hlkt —
Vet i mL 1(2mL)

Asn = 2w\ L2 + (t/2)

Straight parabolic fins

m = \/2hikt _ 8

Mfin = ——
Agn = WL[C, + (L/DIN(E/L + Cy)] "l vVemDE+1
C,= V1 + (t/LY
Circular fins of rectangular profile
_ € P L Ky(mr)(mre) — Lime K (mrs,)
m =\ 2hikt i = 2 () Ky(miag) + Kolmr)l(mra)
fop = Fa + 12
fﬂ-ﬁn — 2,‘.]_{{22': _ r12:| C. = Eflfrfﬁ
27 2 2
Foe — 17
Pin fins of rectangular profile
m = \/4hikD
tanh mL
Ao = DL, mke




Pin fins of triangular profile
m =\ 4h/kD

mD, S ——
."'J‘.ﬁn = —}\ L=+ {D.l'rg_:'_

Pin fins of parabolic profile

m = v 4h/kD
A —”—Lg[c Cs — L In@DCYL + Co)]
fin = apn gl oD ({ A 3)

Cy=1+2(DL2
Cy= 1+ (DL

Pin fins of parabolic profile
(blunt tip)

m = “4hlk

hikD
Gl {[16(4’_ DP + 172 — 1}

"qfin QELE

2 b(2mL)
i = mL L (2mL)

2

Ttin =

3 h(4mL/3)
i = o mL 1,(AmL/3)

1+ (2mLi3)* +

1

L ". (D2 il—x/L)
_J,r‘ y=(DW2)i{l— xL)?

o] ?*
k v

— .
y=i2y (- XLy

I:,f_—l

v

* Fins with triangular and parabolic profiles contain less material
and are more efficient than the ones with rectangular profiles.

« The fin efficiency decreases with increasing fin length. \Why?

* How to choose fin length? Increasing the length of the fin
beyond a certain value cannot be justified unless the added
benefits outweigh the added cost.

* Fin lengths that cause the fin efficiency to drop below 60 percent

usually cannot be justified economically.

.. : : . 41
« The efficiency of most fins used in practice is above 90 percent.



_ _ Heat transfer rate from
Qsin Qi the fin of base area A,

Ep. — = — _ . — - -
i Q o iin hA, (T, — T,) Heat transfer rate from
the surface of area A,
Qt‘m o Qi"m o 1 fin hA t”m{Th - T’f-} o ‘41‘111
é__‘ p— —

“fin Q”m s - ;"rhﬁlh {;Fh - T-:r} B hf,lj.-,. {Th - T:r}

O VhpkA (T, — T

B B ) kp T,
€long fin (i} o o hA, (T, — T,.) o \ hA, rd
b

« The thermal conductivity k of the fin
should be as high as possible. Use
aluminum, copper, iron.

 The ratio of the perimeter to the cross- T,

as high as possible. Use slender pin fins.

« Low convection heat transfer coefficient Ay
h. Place fins on gas (air) side.

sectional area of the fin p/A. should be /Q

Ah T?[“m

Fin
Effectiveness

The
effectiveness
of a fin

no fin

=no fin



The total rate of heat transfer from a
finned surface

thal, fin = Qunf'n Qfm
=hA, . (T, —T,) + 0. hA; (T, — T,) “

unfin

= ;I(Aunﬁn + nﬁnAﬁn](Tb — T )

oo

Overall effectiveness for a finned surface

Q“’“l fin ’f”‘ﬁ"umm + nim fin Th Tx}
fin. over: l[[ ? ‘ —
()[nl il, no fin ‘II,‘ no fin ( Th Tx}

o

The overall fin effectiveness depends
on the fin density (number of fins per

unit length) as well as the A =WXH
effectiveness of the individual fins. Aunfin = WX H =3 X (IXW)

_ _ Ap, = 2XLXWHIXW
The overall effectiveness is a better = 2 % L x w (one fin)
measure of the performance of a Various surface areas associated
finned surface than the effectiveness with a rectangular surface with, _

of the individual fins. three fins.



Proper Length of aFin| 0.,  VipkA (T, — T.) tanhmL B
: = — = tanh ¢

T anng fin V :"a’,l" ?ﬂ'ﬁi{_ (T, — T.,)
T T(x) The variation of heat transfer from
’ AT = high a fin relative to that from an
AT = low: AT =0 : infinitely long fl_n
- | | Qi _
| | mL , = tanh mL
Tw———l _________ | | I long fin
: : : 0.1 0.100
| | | 0.2 0.197
. | | L . 0.5 0.462
High | Low | No | - 1.0 0.762
heat : heat : heat : 1.5 0.905
transfer | transfer | transfer | 20 0.964
. ‘ ,I ‘I | 2.5 0.987
b 3.0 0.995
4.0 0.999
‘ ‘ ‘ ‘ 5.0 1.000

mL =5 — an infinitely long fin
Because of the gradual temperature drop mL = 1 offer a good compromise

along the fin, the region near the fin tip makes between heat transfer

little or no contribution to heat transfer. performance and the fin size.



A common approximation used in the analysis of fins is to assume the fin
temperature to vary in one direction only (along the fin length) and the
temperature variation along other directions is negligible.

Perhaps you are wondering if this one-dimensional approximation is a
reasonable one.

This is certainly the case for fins made of thin metal sheets such as the fins
on a car radiator, but we wouldn’t be so sure for fins made of thick
materials.

Studies have shown that the error involved in one-dimensional fin analysis
IS negligible (less than about 1 percent) when

ho .

— < 0.2

i .
where ¢ is the characteristic thickness of the fin, which is taken to
be the plate thickness t for rectangular fins and the diameter D for
cylindrical ones.
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fin

Heat sinks: Specially
designed finned surfaces
which are commonly used in
the cooling of electronic
equipment, and involve one-
of-a-kind complex
geometries.

The heat transfer
performance of heat sinks is
usually expressed in terms of
their thermal resistances R.

A small value of thermal
resistance indicates a small
temperature drop across the
heat sink, and thus a high fin
efficiency.
T,— T,

o T - h‘;“ﬁn

Ne (1, — T,)

Combined natural convection and radiation thermal resistance of various
heat sinks used in the cooling of electronic devices between the heat sink and
the surroundings. All fins are made of aluminum 6063T-5, are black anodized,

and are 76 mm (3 in) long.

HS 5030

R = 0.9°C/W (vertical)
R = 1.2°C/W (horizontal)

Dimensions: 76 mm X 105 mm x 44 mm
Surface area: 677 cm?

R = b°C/W

Dimensions: 76 mm > 38 mm x 24 mm
Surface area: 387 cm?2

HS €071

R = 1.4°C/W (vertical)
R = 1.8°C/W (horizontal)

Dimensions: 76 mm x 92 mm x 26 mm
Surface area: 968 cm?

HS 6105

R = 1.8°C/W (vertical)
R = 2.1°C/W (horizontal)

Dimensions: 76 mm X 127 mm > 91 mm
Surface area: 677 cm?@

HS 6115 )

R = 1.1°C/W (vertical)
R = 1.3°C/W (horizontal)

Dimensions: 76 mm x 102 mm x 25 mm
Surface area: 929 cm?
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Steady Heat Conduction in Plane Wallls
v' Thermal Resistance Concept
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Objectives

Assess when the spatial variation of temperature is
negligible, and temperature varies nearly uniformly with
time, making the simplified lumped system analysis
applicable

Obtain analytical solutions for transient one-dimensional
conduction problems in rectangular, cylindrical, and
spherical geometries using the method of separation of
variables, and understand why a one-term solution is
usually a reasonable approximation

Solve the transient conduction problem in large mediums
using the similarity variable, and predict the variation of
temperature with time and distance from the exposed
surface

Construct solutions for multi-dimensional transient
conduction problems using the product solution approach



18-1 LUMPED SYSTEM ANALYSIS

Interior temperature of some
bodies remains essentially
uniform at all times during a
heat transfer process.

70°C
70°C

70°0
70°C  70°C
The temperature of such
bodies can be taken to be a
function of time only, T(t).

(a) Copper ball

Heat transfer analysis that
utilizes this idealization is
known as lumped system
analysis.

A small copper ball
can be modeled as a
lumped system, but
a roast beef cannot. (P) Roast beef




. §
Heat transfer into the body \ The.mue‘ase in the /
. © | =| energy of the body 4
during drt . h
during dt
SOLID BODY T,

hA(T., — T) dt = mc, dT 0 = MAass

. _ S V/ = volume

= IT=4dT—-T,

m= pV « ( ) p = density

dT—-T.,)  hA;
T—T, pVc,

dt

Integrating with
T=T att=0
T=T(@) at t=t
1(t) — T, hA,

7 =" pVc,’

T, = initial temperature

I T=Tx)

Q =hA(T,, - T(n]
The geometry and
parameters involved in the
lumped system analysis.

time
constant

(1/s)



mn—-—1.  _, , = DA,
r.—T. ‘ pVc,
T(t)A
Ty

by>b,> b,

=
I

The temperature of a lumped system
approaches the environment
temperature as time gets larger.

This equation enables us to
determine the temperature
T(t) of a body at time t, or
alternatively, the time t
required for the temperature
to reach a specified value T(t).

The temperature of a body
approaches the ambient
temperature T_ exponentially.

The temperature of the body
changes rapidly at the
beginning, but rather slowly
later on. A large value of b
Indicates that the body
approaches the environment
temperature in a short time



(W) The rate of convection heat
transfer between the body
and its environment at time t

O(t) = hA[T(t) — T,]

Q = mc,[T(t) — T (kJ) The total amount of heat transfer
N between the body and the surrounding
medium over the time intervalt=0tot
O =mc(T. —T) (kJ)y The maximum heat transfer between
= max P X I - . .
the body and its surroundings

Heat transfer to or froma 1; 7, i

body reaches its T, T;

maximum value when the \
body reaches the

environment temperature. O = Quax =me, (T;-T,) 6



Criteria for Lumped System Analysis

Convection V' Characteristic
L.= A, length
\ h |
o Conduction v, T . L. Biot number
/\..
SOLID Lumped system analysis
BODY % s applicable if

ﬁ’ 2 \ Bi < 0.1

When Bi < 0.1, the temperatures

t within the body relative to the
surroundings (i.e., T -T_) remain
Bj — feat convection within 5 percent of each other.

" heat conduction

h AT Convection at the surface of the body
C kIL.AT Conduction within the body

Bi

L./k Conduction resistance within the body
[/h  Convection resistance at the surface of the body

Bi =



h=15W/m2.°C

T,=20°C

Spherical
copper
ball

k=401 W/m-°C

Small bodies with high
thermal conductivities
and low convection
coefficients are most
likely to satisfy the
criterion for lumped
system analysis.

85°C

[10°C
130°C

3

:-lE?:[lGQIH
6

hL, 15 x0.02

Bi = —0.00075 < 0.1 Convection

k 401

h = 2000 W/m2-°C
When the convection coefficient h is
high and k is low, large temperature
differences occur between the inner
and outer regions of a large solid.

Analogy between heat
transfer to a solid and 8
passenger traffic to an island.




18-2 TRANSIENT HEAT CONDUCTION IN LARGE
PLANE WALLS, LONG CYLINDERS, AND SPHERES

WITH SPATIAL EFFECTS

i | A }-1=0
We will consider the variation of temperature { = h\\
with time and position in one-dimensional “
. . r=t B oo
problems such as those associated with a large T, ; o
plane wall, a long cylinder, and a sphere. '
0 >
h Initially T,
T. Initially T, T,| Initially | 7 =1 h
h T=T, h h T =4 h .

(a) A large plane wall

(b) A long cylinder

Ob— r

Transient temperature profiles in a
plane wall exposed to convection
from its surfaces for T,>T_.
T,
h
Schematic of the
r, Simple geometries in

which heat transfer is
one-dimensional. 9



Nondimensionalized One-Dimensional Transient
Conduction Problem

T. Initially
T=T,

(a) A large plane wall

e . T 14T
Differential equation: —5 =——
dx- ot
Boundary conditions:
a7(0, 1) dT(L. 1)
: =0 and —k— = h|T(L, 1) — T.]
dx dx
Initial condition: Ix,0) =1,

a =klpc, x = x/L 6(x, t) =[T(x, 1) — T, V[T — T,]

Dimensionless differential equation: ——

Dimensionless BC's:

Dimensionless initial condition:

0% _ L* o6 901, 1) _ hL
P T = . -] == H ll. lr
X2 aar ° 0 k (1.7
90 _ a0
axX* o7
90(0, 1) a0(1, 7)
= e H T
X 0 and X Bif(1, 1)

H(X.0) =1 10



(X, 1) = Dimensionless temperature
Tx- - T_,'
X : : : :
X = 7 Dimensionless distance from the center
. _hL o . . .
Bi = T Dimensionless heat transfer coefficient (Biot number)
ol : : . .
T = 2 = Fo Dimensionless time (Fourier number)

(a) Original heat conduction problem:
PT_ 10T
a2 o« ot’

aT(0, ¢ dT(L, t

(0, 1) 0 —k (L, 1)
dx .
T=FxLtkaohT)

T(x,0) =T,

= h[T(L, 1) — T..]

(b) Nondimensionalized problem: Nondimensionalization
0 an reduces the number of
2 o X O=1 |n_deper_1dent varla_bles in one-
36(0. 7) 30(1. 7) dimensional transient
e ax _~ _Biwd.7)  conduction problems from 8 to
3, offering great convenience
0 =fiX,Bi, 7 in the presentation of results.

11



TABLE 18-1

Summary of the solutions for one-dimensional transient conduction in a plane wall of
thickness 2L, a cylinder of radius r,and a sphere of radius r, subjected to convention from
all surfaces.”

Geometry Solution A,'s are the roots of
= 4 sin A
Plane wall 6 = e N7 A x/L I,tan 1, = Bi
,; 2A, + sin(2A,) cos (A,x/L) otanl, = bl
| = 2 Ty (A,) . J1(A,)
Cylinder 0= ey (A1) N, =
i Jo (A) +J7(A,) Jo(A,)
Son = 4(sin A, — A, COS A,) . sin (A, x/L)
ere 0 = AT ————— 1—A,cot A, = Bi
P < oA, —sin(2h,) ¢ A x/L n COL A, = B

*Here 8 = (T — T.M(T, — T.) is the dimensionless temperature, Bi = hL/ or hr,/k is the Biot number, Fo = 7 = at/L?
or at/r? is the Fourier number, and J, and J, are the Bessel functions of the first kind whose values are given in Table 4-3.

12



9” — An E_AEIT CDS()’L” X)

A,

4sin A,

T2, + sin(2A)

A, tan A, = Bi

ForBi=5 X=1,andt=0.2:

n A, A, 6,

| 1.3138 1.2402 0.22321
2 4.0336 —0.3442 0.00835
3 6.9096 0.1588 0.00001
+ 9.8928 —0.876 0.00000

The analytical solutions of
transient conduction problems
typically involve infinite series,
and thus the evaluation of an
Infinite number of terms to
determine the temperature at a
specified location and time.

The term 1n the series solution of
transient conduction problems decline
rapidly as n and thus A, increases
because of the exponential decay
function with the exponent —A, 7.

13



Approximate Analytical and Graphical Solutions

The terms in the series solutions converge rapidly with increasing time,
and for t > 0.2, keeping the first term and neglecting all the remaining
terms in the series results in an error under 2 percent.

Solution with one-term approximation

T(x, 1 — T, |
Plane wall: kull = T —T = ;Lllf’_ﬂ]' COS {r.r)ll"./L). T >0.2

: I(r, 1) — 1. 2 |
Cylinder: 0y = T —T, = Aje M7 J (N, T>0.2
Sphere: Oson = T{.;_ i }:rx - A]f’_"ﬁ'_ Hi[ji]);';;{fﬁ“} , 7>0.2
Center of plane wall (x = 0): Oo. wall = % — Alf;—-ﬁ’r
Center of cylinder (r = 0): 00, ey = % = A, o=\t

o -Tn T T‘_ﬂ:

Tonter Y e (¥ = () = — = )_ﬂﬂl_
Center of sphere (r = 0): 0o, sph T —7T Aje™ M o
i s



TABLE 18-2

Coefficients used in the one-term approximate solution of transient one-
dimensional heat conduction in plane walls,

for a plane wall of thickness 2L, and Bi

-

fir,

cylinders, and spheres (Bi
fkfor a cylinder or sphere of

Ny K

radius r,)
Plana Wall Cylinder Sphere

Bi Ay A Ay A Ay A
0.01 0.0998 1.0017 0.1412 1.0025 0.1730 1.0030
0.02 0.1410 1.0033 0.1995 1.0050 0.2445 1.00&0
0.04 0.1987 1.0066 0.2814 1.0099 0.3450 1.0120
0.06 0.2425 1.0098 0.3438 1.0148 0.4217 1.0179
0.08 0.2791 1.0130 0.3960 1.0197 0.4860 1.0239
0.1 0.3111 1.0161 0.4417 1.0246 0.5423 1.0298
0.2 0.4328 1.0311 0.6170 1.0483 0.7593 1.0592
0.3 0.5218 1.0450 0.7465 1.0712 0.9208 1.0880
0.4 0.5932 1.0580 0.8516 1.0931 1.0528 1.1164
0.5 0.6533 1.0701 0.9408 1.1143 1.1656 1.1441
0.6 0.7051 1.0814 1.0184 1.1345 1.2644 1.1713
0.7 0.7506 1.0918 1.0873 1.1539 1.3525 1.1978
0.8 0.7910 1.101& 1.1430 1.1724 1.4320 1.2236
0.9 0.8274 1.1107 1.2048 1.1902 1.5044 1.2488
1.0 0.8603 1.1191 1.2558 1.2071 1.5708 1.2732
2.0 1.0769 1.1785 1.5995 1.3384 2.0288 1.4793
3.0 1.1925 1.2102 1.7887 1.4191 2.2889 1.6227
4.0 1.2646 1.2287 1.9081 1.4698 24556 1.7202
5.0 1.3138 1.2403 1.98398 1.5029 2.5704 1.7870
6.0 1.3496 1.2479 2.0490 1.5253 2.6537 1.8338
7.0 1.3766 1.2532 2.0937 1.5411 2.7165 1.8673
8.0 1.3978 1.2570 21286 1.5626 2.7654 1.8920
9.0 1.4149 1.2598 2.1566 1.5611 2.8044 1.9106
10.0 1.4289 1.2620 2.1795 1.5677 2.8363 1.9249
20.0 1.4961 1.2699 2.2880 1.5919 2.9857 1.9781
30.0 1.5202 1.2717 2.3261 1.5973 3.0372 1.9898
40.0 1.56325 1.2723 2.3455 1.5993 3.0632 1.9947
50.0 1.5400 1.2727 2.3572 1.6002 3.0788 1.9962
100.0 1.5552 1.2731 2.3809 1.6015 3.1102 1.9930
=3 1.5708 1.2732 2.4048 1.6021 3.1416 2.0000

TABLE 18-3

The zeroth- and first-order Bessel

functions of the first kind
0.0 1.0000 0.0000
0.1 0.9975 0.0499
0.2 0.9900 0.0995
0.3 0.9776 0.1483
0.4 0.9604 0.1960
0.5 0.9385 0.2423
0.6 0.9120 0.2867
0.7 0.8812 0.3290
0.8 0.8463 0.3688
0.9 0.8075 0.4059
1.0 0.7652 0.4400
1.1 0.7196 0.4709
1.2 0.6711 0.4983
1.3 0.6201 0.5220
1.4 0.5669 0.5419
1.5 0.5118 0.5579
1.6 0.4554 0.5699
1.7 0.3980 0.5778
1.8 0.3400 0.5815
1.9 0.2818 05812
2.0 0.2239 0.5767
2.1 0.1666 0.5683
2.2 0.1104 0.5560
2.3 0.0555 0.5399
2.4 0.0025 0.5202
2.6 —0.0968 —-0.4708
2.8 —0.1850 —0.4057
3.0 —0.2601 —0.3391
3.2 —0.3202 —0.2613
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(a) Midplane temperature
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The dimensionless temperatures anywhere in a plane wall,
cylinder, and sphere are related to the center temperature by

= cos|— ), =Jo| — ). and =
60, wall L / 6o, sph A1,

o

9{}, cyl

h T.#T, h T T T

(a) Finite convection coefficient (b) Infinite convection coefficient

The specified surface temperature corresponds to the case of convection
to an environment at T_ with with a convection coefficient h that is infinite.

h — o

19



Omax = me,(T, = T;) = pVe (T, — T))

)
Plane wall: ( L ) =] —
m X/ wall
Cvylinder: (Q[m) =1 —
Sphere: ( ) = | —
) max sph
Q]T.Iﬂx
t=10

h
T,

() Maximum heat transfer (t — =)

The fraction of total heat transfer
Q/Qax UP to a specified time tis
determined using the Grdber charts.

0 [polTen—Tlav 1|

K] _ 211 —hdVv
( ) J Qmax J'ri':tp{ Tx - T;}L—" Vv
- = W X Iy — £«
00, wall Y W
1
Y Ji(A)
=0, cyl
Cy .-')'l.]
0, sph 3
[ /EL]
0
r=0
h
T,
Bi= 0
ot _pir = Onmax
(Gréber chart)
20

(b) Actual heat transfer for time ¢t



The physical significance of the Fourier number

The rate at which heat 1s conducted
at KkL* (1/L)y AT across L of a body of volume L’
7 pc, L3t AT ~ The rate at which heat is stored
in a body of volume L’

T

* The Fourier number is a L
measure of heat L | I
conducted through a body :
relative to heat stored. :

e A Iarge value of the Q : anmluclccl

Fourier number indicates - -

faster propagation of heat
through a body. 1

’ D
/ *
- - f
Fourier number at time t - siored /

can be viewed as the +
ratio of the rate of heat + at  Peonducted
conducted to the rate of Tourier number: 7 = 72 ;
heat stored at that time. Ostored

21



18-3 TRANSIENT HEAT CONDUCTION IN
SEMI-INFINITE SOLIDS

-

Plane
surface

Schematic of a semi-infinite body.

For short periods of time, most bodies
can be modeled as semi-infinite solids
since heat does not have sufficient time
to penetrate deep into the body.

Semi-infinite solid: An idealized
body that has a single plane surface
and extends to infinity in all
directions.

The earth can be considered to be a
semi-infinite medium in determining

the variation of temperature near its

surface.

A thick wall can be modeled as a
semi-infinite medium if all we are
interested in is the variation of
temperature in the region near one
of the surfaces, and the other
surface is too far to have any impact
on the region of interest during the
time of observation.

22



Analytical solution for the case of constant temperature T, on the surface

e . T 10T
Differential equation: =
ox @ di
Boundary conditions: 10,1y =T, and T(x — oo, =T,
Initial condition: I(x,0)=T,
Similarity variabl a
Similarity variable: -
: T\ Gt 0T 14T X
— = and n=——
d°T dT wo Vdat
- -9
d? Ty T dTdm  x  dT

gt dn at  o\/aar AN

T0)=T, and T(n—*) =T, oT dTom 1 dT

Tr—T, 2 (", aIx  dnox /g d
o T =——=| ¢ "“du=erf(n) =1 — erfc(n) ? Wz i
i~ sV 3T d (EﬁT) om 1 dT
7 [n error ax*  dn\ox) ax 4dat dn?
erf(n) = Vo, et an e Transformation of variables
- in the derivatives of the
erfe(n) = 1 — 2 o~ g, complementary heat conduction equation

Vo error function by the use of chain rule. 23



1.0 | = TABLE 18-4
= 0.8 ,/ The complementary error function
E" i | 7 erfc () n erfc (n) n erfc (n)
- 0.6 0.00 1.00000 | 0.38 0.5910 |0.76 0.2825
o /\J erf(n) = 2 HE_”z I 0.02 09774 | 0.40 05716 |0.78 0.2700
ER Y S = Jﬂ @1 004 09549 | 042 05525 |0.80 0.2579
Z 04 0.06 09324 | 0.44 0.5338 |0.82 0.2462
= u / _ 0.08 09099 | 0.46 051563 |0.84 0.2349
= 00 0.10 0.8875 | 0.48 0.4973 |0.86 0.2239
m 0.12 0.8652 | 050 0.4795 |0.88 0.2133
/ . 0.14 08431 | 052 04621 |0.90 0.2031
0.0 L L | ! ' e 0.16 0.8210 | 0.54 0.4451 |0.92 0.1932
00 05 10 15 20 25 30 018 07991 | 056 04284 | 094 0.1837
n 020 0.7773 | 058 0.4121 | 096 0.1746
o 0.22 0.7557 | 0.60 0.3961 | 0.98 0.1658
Error function is a standard 024 07343 | 062 03806 | 1.00 0.1573
mathematical function, just like the 026 0.7131 | 0.64 03654 | 102 0.1492
sine and cosine functions, whose g'gg g'g?ﬂ g'gg g'gggg %'gg ggég
value varies between 0 and 1. 032 0.6509 | 0.70 0.3222 |1.08 0.1267
0.34 06306 | 0.72 03086 |1.10 0.1198
0.36 06107 | 074 02953 |1.12 0.1132
d 2 k(T, — T;)
g, = —k£ = — ﬁ__n = —kCie™" ,'_ =——"
ox r=1{ {h? ox n=0 \.rx '—1(1’1" n=10 \'\.rx T 24



Case 1: Specified Surface Temperature, 7. = constant Analytical
solutions for

Tx, t) — T, | d o k(T, —T) different
= erlc¢ — an [\I) = —
T.— T, N at 90 \rat boundary

conditions on

Case 2: Specified Surface Heat Flux, ¢s = constant. the surface

1| [dat X ‘ X
Tx,t) — T, = £l |—exp | ——— | — xerfc —
(| N7 | T e

Case 3: Convection on the Surface, {h(r} = h|T_— T(0,1)].

I(x,n —T,; \ X hx  hat| X /?\/;*
= erfc +

— exp + erfc
I.—T, 2V at koK NVat K

Case 4: Energy Pulse at Surface, ¢, = constant.

X

e, .
ERE
kN il dat 25

I'(x,t)— T, =



0.6

0.4

0.0

0.0

erfc(n)

Dimensionless
temperature distribution
for transient conduction
In a semi-infinite solid
whose surface Is
maintained at a constant
temperature T..
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(@) Specified surface temperature, T, = constant. (b) Specified surface heat flux, g, = constant.

Variations of temperature with position and time in a large cast iron block (a = 2.31 X 107> m?s,
k = 80.2 W/m - °C) initially at 0 °C under different thermal conditions on the surface.
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{cf) Energy pulse at the surface, ¢, = constant

Variations of temperature with position and time in a large cast iron block (a = 2.31 X 107> m?s,
k = 80.2 W/m - °C) initially at 0 °C under different thermal conditions on the surface.
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Contact of Two Semi-Infinite Solids

When two large bodies A and B, initially at
uniform temperatures T, ; and Ty ; are
brought into contact, they instantly achieve
temperature equality at the contact
surface.

If the two bodies are of the same material,
the contact surface temperature is the
arithmetic average, T, = (T, +Tg;)/2.

If the bodies are of different materials, the

surface temperature T, will be different Contact of two semi-infinite solids of
than the arithmetic average. different initial temperatures.
, , k(T — Tap)  kp(Ts — Tpy)  Ta;— 1 [(kpc,)p
4sA = 4sp — — — = — = Al
5 \V magyt \ mapt Iy — Tp; \ (R:ﬂ”‘ph

—

V (kpe,)aTa; + V (kpc,)pTp,; The interface temperature of two bodies
; o brought into contact is dominated by the
V(kpep)a + V (kpe,)p body with the larger kpc,,.

Ts -

EXAMPLE: When a person with a skin temperature of 35°C touches an aluminum
block and then a wood block both at 15°C, the contact surface temperature will be
15.9°C in the case of aluminum and 30°C in the case of wood.




18-4 TRANSIENT HEAT CONDUCTION IN

MULTIDIMENSIONAL SYSTEMS

Using a superposition approach called the product solution, the transient
temperature charts and solutions can be used to construct solutions for the two-
dimensional and three-dimensional transient heat conduction problems
encountered in geometries such as a short cylinder, a long rectangular bar, a
rectangular prism or a semi-infinite rectangular bar, provided that all surfaces of
the solid are subjected to convection to the same fluid at temperature T_, with the
same heat transfer coefficient h, and the body involves no heat generation.

The solution in such multidimensional geometries can be expressed as the
product of the solutions for the one-dimensional geometries whose intersection
IS the multidimensional geometry.

T:{. T}-’

h h T,

.. h
o T pemp Heat

(a) Long cylinder (b) Short cylinder (two-dimensional)

- Y

transter & T(r 1)

i

Heat

transfer

The temperature in a short
cylinder exposed to
convection from all surfaces
varies in both the radial and
axial directions, and thus
heat is transferred in both
directions. 31



The solution for a multidimensional geometry is the product of the solutions of the
one-dimensional geometries whose intersection is the multidimensional body.

The solution for the two-dimensional short cylinder of height a and radius r, is
equal to the product of the nondimensionalized solutions for the one-dimensional
plane wall of thickness a and the long cylinder of radius r,.

(T{r.,r. f) — TI) B (T(,r. r) — TI) (T{r. 1) — TI)
_ short o _ plane _ infinite
T“- TI cylinder Tf- TI wall Tf- Tf

cylinder

T,

; L Plane wall
1

ll..- _\-—-—M\
|

\

T A short cylinder of radius
r, and height a is the

L | intersection of a long
M—‘u r :l cylinder of radius r, and a
=~ o plane wall of thickness a.
ong

cylinder
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T(x,v,t)— T,
T. —T. rectangular — (")Wu“{."-.‘. I)H‘ﬁull(,“** 1)

I bar

- Plane wall 0 5 = I(x, 1) — T,
,/ wall('x* ) — Ta’ _ Tm plane

wall
Lo // T(r.1) =T,
h 903,](1". 1= T. — Tm infinite

cylinder

///W—/[ . D (T(I. ) — Tm)
semi-inf s - semi-infinite

_’) semi-inf Te’ _ Tm semt f
t |
b /
4

( " Plane wall

-a

A long solid bar of rectangular profile
a x b is the intersection of two plane
walls of thicknesses a and b.
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The transient heat transfer for a two-dimensional
geometry formed by the intersection of two one-
dimensional geometries 1 and 2 is

Q}Jl];l‘i total. 2D Qm;l.\; [ Q“N-‘ 2 Q}”Rﬁ | -

Transient heat transfer for a three-dimensional body
formed by the intersection of three one-dimensional

bodies 1, 2, and 3 is
+ — | —
QJH;I."«L 2 Qnm.\; | 2

Qm;ﬁ total. 3D Qmux ]
0 o\, _ ( Q ) “
" Qmux 3 T Qm:lx | Q”“" 2




Multidimensional solutions expressed as products of one-dimensional
solutions for bodies that are initially at a uniform temperature T, and
exposed to convection from all surfaces to a medium at T

Bir, )= B.y4ir. D
Infinite cylinder

=Y

Blx, 1, 1) = By (1 1) Bgemijns (X, 1)
Semi-infinite cylinder

B, roth = B (1. 1) By (X, 1)
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B(x, 1) = Bomijns (X, 1)
Semi-infinite medium

o1(x, y. 1) = H.-semj-mf (x, 1) '9e:eml-j|1f (¥, 1)
Quarter-infinite medinom

By, .0n=
'ienﬂ-inf (X, 1) H.-senu-lnf ':..""- f) 'Hr:emi-jnf (2. 1)
Corner region of a large medium
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Multidimensional solutions expressed as products of one-dimensional
solutions for bodies that are initially at a uniform temperature T, and exposed
to convection from all surfaces to a medium at T
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Infinite plate (or plane wall)
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