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Preface

When Jim Murdock first approached me about the idea for this book, | was
impressed. It secmed to me that a book covering the practical side of fAluid
mechanics would be ideal for the practicing engincer. Jim asked me to
become a coauthor of the project, but unfortunately he passcd away before
we began work. | inherited a partially completed manuscript that was based
on his earlicr introductory book on the subject, Fundamental Fluid
Mechanics for the Practicing Engineer.

I completed this “'stand-alone™ book, trying as much as possible to kcep
Jim's original ideas alive. What has resulted i1s a book that can be used by
engineers and technicians who have no memory of or no formal training in
the theoretical mathematics that provides a foundation for most of today’s
undergraduate fluid mechanics texts. The book 1s designed as both a refer-
cnce and a primer. Although intended for the practicing engineer, this book
can also be used to augment the material covered in an undergraduate fluid
mechanics class because it presents useful design procedures and many hard-
to-find fluid properties.

The book is organized into eight chapters. Chapters | 3 present intro-
ductory definitions, equations, and derivations that are useful for the mate-
rial that follows. The material can be used to refresh the reader’s knowledge
in a particular area or it may be skipped and referred to later as questions
arisc. Chapters 4-8, the heart of the book, cover subjects such as pipe flow

-



vi Preface

and system design, flow in open channels, flow mcasurement methods,
forces on immersed objects, and unsteady flow. Over 30 fully solved exam-
ples are given to illustrate each concept. The examples are solved in the U.S.
Customary System (USCS) of units. with conversions provided for use with
the System International (8I) units.

Appendixes are provided that give useful supplementary information for
this text and many other applications. Appendix A provides engineering
conversion factors. Appendix B supplies information on pipe schedules.
Appendix C is a compilation of properties of areas, pipes, and tubing.
Finally. Appendix D contains the saturated, critical, and gas properties of
49 Auids, and the viscosity and density of compressed water and saturated
steam.

Writing a book is an cnormous undertaking and it requircs the cfforts,
cooperation, and understanding of many. | wish to thank the cditorial staff
of Marcel Dekker, Inc., for their belief in this project and the encourage-
ment to finish. I also nced to thank my former mentors at Drexel University,
my current collcagues at Selas Corporation of America, and the estate of
James Murdock for their help at various points during this process. | am
most grateful for the support of my Mom and Dad. brothers and sisters,
Keenans, and friends (in fact. my Dad and brothers-in-law Ed and Steve are
my inspiration for all things practical involving pipe flow). Finally, my
heartfelt thanks to my wife, Regina, and my daughter, Mary Beth, for
their patience, love, and motivation through this and all my endeavors.

John J. Bloomer
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1

Basic Concepts of Fluid Mechanics

1.1 INTRODUCTION

The purpose of this chapter is to review the fundamental concepts of fluid
mechanics and to provide a sound foundation for the development of equa-
tions throughout this book. It is assumed that the reader has an under-
standing of basic undergraduate mathematics and engineering principles.
If further development of the principles outlined in this chapter is desired,
the reader is directed to any introductory fluid mechanics text (suggested
references are provided at the conclusion of this chapter).

This chapter outlines basic fluid characteristics, classifications. and prop-
ertics. A brief outline of the fundamental thermodynamic concepts required
in fluid mechanics 1s also provided. Chapter 2 follows with the development
of the cquations that describe fluids at rest, and Chapter 3 completes the
introductory material of the text with a description of the equations of fluids
in motion. Chapters 4 through 8 describe the practical applications of this
introductory material to engineering problems.

1.2 CHARACTERISTICS OF A FLUID

Substances may be classified by their response when at rest to the imposition
of a sheur force. Consider the two very large plates. one moving, the other

1
1



2 Chapter 1

stationary, separated by a small distance y shown in Figure 1.1. The space
between these plates is filled with a substance whose surfaces adhere in such
a manner that the upper surface of the substance moves at the same velocity
as the upper plate while the bottom surface is stationary. As a result of the
imposition of the shear force £, when the upper plate moves, the upper
surface of the substance attains a velocitqu, As v approaches dy. U
approaches dU and the rate of deformation of the substance becomes dUf
dy. The unit shear stress 7 = F,/A,, where A, is the shear area.

A plot of shear stress as a function of deformation rate (dU/dy) is illu-
strated 1n Figure 1.2 for several substances. An ideal solid, or elastic solid,
will resist an imposed shear force, and its rate of deformation will be zcro,
regardless of loading. Shcar stress for an elastic solid is therefore coincident
with the y-axis of Figure 1.2. A plastic will resist shear until its yield stress is
attained, and then the application of additional loading will causc it to
dcform continuously or flow. If the deformation rate ts directly proportional
to the applied shcar stress less that required to start flow, then 1t 1s called an
ideal plastic or Bingham plustic. If the substance i1s unable to resist even the
slightest amount of shear force without flowing, then it is called a fluid. An
ideal fluid has no internal friction, and hence its deformation rate coincides
with the x-axis of Figure 1.2. All real fluids have internal friction, so their
rate of deformation is a function of the applied shear stress. If the rate of
deformation is dircctly proportional to the applied shear stress, the fluid is
called a Newtonian fluid. Under normal conditions, fluids such as air and
water arc Newtonian fluids. The deformation rate of a non-Newtonian fluid
is not directly proportional to an applied shear stress. Examples of non-
Newtonian fluids are polymer solutions and blood.

Fs ___’I Moving plate W._.» U

>
N

fe—au—s|

A 4 - ,
Fixed Plate |

VOl Ll LR Ll Ll el el Ll L el L8l eld

Figure 1.1 Example of substance flow between paralicl plates.
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Shear stress, T *

Ideat solid

Ideal Plastic

/Nomtonian fluid

Newtonian flud

-

Ideal fluid

Rate of deformation (dU/dy)

Figure 1.2 Deformation rate characteristics of several substances.

The behavior of Newtonian fluids is of interest for most common engi-
neering problems and, thus, 1s the main focus of this book. The fact that the
rate of deformation is directly proportional to the applied shear stress for
Newtonian fluids is mathematically expressed as equation (1.1):

dU
T X — (1.1)
dy
The constant of proportionality required for equality of equation (1.1) is
known as the absolute or dyvnumic viscosity (u). Equation (1.1) can therefore
be rewritten as equation (1.2):
T=u ig (1.2)
dy
Equation 1.2 is known as Newton’s law of viscosity.

Absolute viscosity will be discussed further in Section 1.4, for now it can
be said that it is a measure of the internal friction. As will be seen through-
out this book, 1t is sometimes convenient to assume that a fluid behaves
ideally (i.e., no internal friction); such fluids arc commonly referred to as
inviscid fluids.



4 Chapter 1

1.3 KINDS OF FLUIDS

For the purposcs of the application of flutd mechanics to design it is con-
venient to consider two kinds of fluids: compressible and incompressible.
These characteristics are determined by the molecular spacing and arrange-
ment, or phase, of the substance. In general. changes in density are negligible
for incompressible flows but are not negligible for compressible flows.
Several statements can be made about the compressible/incompressible nat-
ure of fluids that depend on the phase:

Liguids arc considered to be incompressible except at very high pressures.
Unless otherwise qnemhod in this book. liamds are assumed to be incom-
pressible.

Vapors are gases at temperatures below their critical temperatures and are
compressible, but their temperature—pressure-volume relationships can-
not be expressed by simple mathematical equations like the ideal gas law.
Vapor properties are usually tabulated, as, for example, in steam and
refrigeration tables.

Gases are compressible fluids. Gases behave ideally (i.c.. the pressure
volume-temperature relation can be expressed by the ideal gas law, as

Aicrrricend | Cantinn ‘ SYiftha ratin f lho tarmimaratiirs afFtheo cithets 1nr\n o
QiSCUSSCa 1IN SECUon L LG T allv 1 e ARy Ry LU OrF UNC SUosStdance 1o

the critical temperature approaches mhmty and the ratio of the pressure
to the critical pressurc approaches zero. No real gas follows this law
exactly, and a simple nonidcal gas cquation of state is also presented in
Section 1.5,

1.4 FLUID PROPERTY DEFINITIONS

Basic fluid properties used throughout this book are defined in this section.
The units commonly used for each property arc provided in both the U.S,
Customary System (USCS) and the Systéme Internationale (SI) units,
Dimcnsions for each property arc also provided using the following nomen-
clature: M = mass, L = length, 7 = time, and ¥ = force.

Temperature

Symbol: T
Units: USCS: "F, 'R;SI: C, K

Temperature 1S a macroscopic property that is a measure of the average
molecular (microscopic) energy within a substance. The thermodynamic
temperature is called an absolute temperature because its datum is absolute
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zero (i.c., zero molecular encrgy). The thermodynamic temperature scale has
little practical value unless numbers can be assigned to the temperatures at
which real substances {reeze or boil so that temperature-sensing devices may
be calibrated. The following are the commonly used temperature scales in
enginecring applications:

Fahrenheir temperature scale: used in the United States for ordinary tem-
perature measurements. On this scale, walter freezes (ice point) at 32°F
and boils at 212 F (steam potnt) at standard atmospheric pressure.

Celsins temperature scale (formerly centigrade): the S.1. unit of temperature
measurcment. On the Celstus scale, water’s 1ce pomnt 1s 07 C and the stcam
point 1s 100°C.

Kelviv temperature scale: the absolute Celsius scale. The relationship of the
kelvin (K with no degrees sign) to the degree Celsius is shown in equation
1.3

Ty =T +273.15 (1.3)
For most engineering calculations. this can be simplified as follows:
Ty =Te+273 (1.4)

Rankine remperature scale: the absolute Fahrenheit scale. The degree
Rankine is related to the degree Fahrenheit as follows:

Tp = Tp +459.67 (1.5)
For most engineering calculations, this can be simplified as follows:

Tp=T;+460 (1.6)

Temperature scale relations are shown in Figure 1.3. On the Celsius scale,
there is 100" difference between the water ice and steam points, while on the

Fahrenheit scale the difference is 180 The conversions between the two
scales are expressed in equations (1.7) and (1.8):
T, = 1.8T¢ + 32 (1.7)
T, — 32
7, =—— 1.8
( 3 (1.8)

The conversion between the two absolute temperature scales s shown as
equation (1.9):

Unless otherwise specified in this text, all temperatures must be converted (o
absolute units for use in calculations.
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Kelvin Ceisius Fahrenheit Rankine
373.15 1 100 Water Steam Point 212 31 67167
273,15 1 __ 0 Water Ice Point 32 3 . 49167

o 1 27315 Absolute Zero A5967 1 0 0
100 Kelvin/°Celsius 180° Rankine/°Fahrenheit

Figure 1.3 Temperature scales.

Pressure

Definition:  Force per unit ared

Symbol: P

Dimensions: FL™> or M JL_'/T_2

Units: USCS: Ibf/in.? (psi). 1bf/ft”; SI: N/m? or Pa

Shear forces acting on a fluid have been previously discussed in the con-
text of viscosity. Fluids can also cxert compressive (normal) forces on a
boundary or surface. Fluid pressure 1s defined as the normal force per unit
area exerted by the flutd on a boundary.

Atmospheric Pressure

The actual atmospheric pressure is the weight per unit area of the air
above a datum, and it varies with weather conditions. Since this pressure is
usually measured with a barometer, it 1s commonly called barometric pres-
sure.

Standard Atmospheric Pressure

By international agreement the standard atmospheric pressure is defined
as 101.325 kN/m? (kPa). In USCS units this value is 14.696 Ibf/in.” (psi), or
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29.92 inches of mercury at 32' F. For most practical purposes 14,70 psi may
be used for atmospheric pressure.

Observed Pressures

Most pressure-sensing devices (the barometer is an exception) indicate
the difference between the pressure measured and atmospheric pressure. As
shown 1n Figure 1.4, pressures measured above atmospheric pressure are
called gage pressures, while pressures measured lower than atmosphere are
called vacuum (negative gage) pressures. The algebraic sum of the instru-
ment reading and the actual atmospheric pressure 1s the true, or absolute,
pressure, as shown in equation (1.10):

P=pptpi (1.10)

In equation (1.10), p is the absolute pressure, p, is the atmospheric (baro-
metric) pressure, and p; is the instrument reading (posttive for gage pressure,
negative for vacuum). AU instrument readings must be converted to absolute
pressure before they are used in calculations.

Conventional American cngineering practice is to use the psi unit for
pressure. Gage pressures are indicated by psig and absolute pressures by
psia. Vacuums are almost always reported in inches of mercury at 32°F.
There is no equivalent of gage pressure in SI, so all pressures are absolute
unless gage is specified.

P
4
4
e
+ Actual Atmosphenc Pressure
Absolute T (Negative Gage)
Vacuum
Atmospheric +
l Al‘?so[ute
\ 4 v .

Figure 1.4 Pressure relations.
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Mass, Force, and Weight

Mass is a quantity of matter. Its value is the same any placc in the universe.
Force and mass are related by Newton’s second law of motion. Weight is the
force exerted by a mass due to the acceleration of gravity.

Newton's second law of motion states that an unbalanced force acting on a
body causes the body to accclerate in the direction of the force. The accel-
eration 1s directly proportional to the unbalanced force and inversely pro-
portional to the mass of the body. This law may be expressed
mathematically as equation (1.11):

L oma o

F = (1.11)

8¢

In this equation, F is the unbalanced force, 2 1s the mass of the body, « is
the acceleration, and g, i1s a proportionality constant.

The numecrical value of g. depends upon the units used in equation (1.10).
For Sl, the newron 1s defined as the force produced by the acceleration of the
mass of 1 kg at a rate of 1 m/s”. Substituting these values into equation
(1.11) and solving for g_. vields the following:

(1.12)

In USCS units the pound-mass (Ibm) is defined by international agree-
ment to be equal to 0.45359237 kg. The pound-force (1bf) 15 defined as
the weight of | lbm when subjected to the standard acceleration of
gravity (32.174 ft/s7). Again, solving equation (1.11) for units of g, vyields
the following:

I Ibm - 32.174 ft/s* Ibm - ft
= = 32174 ———
& [ 1bf bf - 52

(1.13)

Density

Definition:  mass per unit volume
Svymbal: p

Dimensions: ML or FT°L?

Units: USCS: Ibm/ft™; SI: kg/m*

Density 1s the mass per unit volume of a substance and its numerical value
is the same any place in the universe because 1t represents a quantity of
malter.
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Specific Weight

Definition:  weight (force) per unit volume

Symbol: Y
Dimensions: FL™ or ML*T*
Units: USCS: Ibf/ft'; SI; N/m*

Specific weight is the weight or force exerted by mass of a substance per
unit volume due to the local acceleration of gravity. Unlike density, the
numerical value of specific weight varies with local gravity.

Using Newton’s second law of motion [equation (1.11)], the specific
weight 15 related to the density as follows:

ko omg pg
VoVe g

Y = (1.14)

In equations of fluid statics and dynamics, it is often convenicnt to repre-
sent specific weight in terms of density.

Specific Volume

Definition:  volume per unit mass
Symbol: v

Dimensions: L7M~" or F7'L T 2
Units: USCS: ft*/lbm; SI: m”/kg

Specific volume is defined as the volume of a substance divided by its
mass. Like density, specific volume has the same numerical value any
place in the universe, Since specific volume is the inverse of density, it
follows that:

Vo= — (1.15)

Substitution of equation (1.15) into equation {1.14) yields the following
expression for specific volume in terms of specific weight:

(1.16)
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Specific Gravity

Definition. fluid density/reference fluid density
Symbol: S

Dimensions: dimensionless ratio

Units: none

Reference fluids solids and liquids, water: gascs, air

Specific Gravity of Liguids

It 1s common practice to tabulate liquid densitics in terms of specific
gravity, the liquid density normalized by a reference density (usually
water). Since the density of liquids varies with pressure (especially at high
pressures) and temperature, the temperature and pressure of the liquid and
water should be stated when defining the specific gravity. In actual practice
(at low to moderate pressures), two temperatures are stated, for example,
60/60 F (15.56/15.56"C), where the upper temperature refers to the fluid and
the lower 1o water. The density of water at 60°F (15.567C) is 62.37 Ibm/ft°
(999.1 kg/m'). If no temperatures are stated it should be assumed that
reference is made to water at its maximum density, The maximum density
of water at atmospheric pressure i1s at 39.16 'F (3.98 C) and has a value of
62.43 Ibm/ft’ (1000.0 kg/m*). The specific gravity is calculated using the
cxpression shown in equation (1.17):

, P
S7oT, =L (1.17)

h

where oy is the density of the fluid at temperature 7, and p,, is the density of
water at temperature 7.

Specific Gravity of Gases

For gases it is common practice to use the ratio of molecular weight
(molar mass) of the gas to that of air (28.9644), thus eliminating the neces-
sity of stating the pressures and temperatures for ideal gases.

Hydrometer Scale Conversions

In certain fields of industry, hydrometer scales are used that have arbi-
trary graduations. In the petroleum and chemical industrics, the Baumé
(' Be) and the American Pctroleum institute ('API) scales are used.
Conversions are as follows:
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Baume Scale:
For liquids heavier than water:

145

Sﬁ(},b()‘:F(I5‘56/I5.56"(‘) = 145 — “Be (1.18)
For liquids lighter than water:
Sﬁﬂ;su" F(15.56/15.56' C) — "IEO_I%O_B; (1.19
American Petroleum Institute ( API) Scule:
141.5
S60/60"F(15.56/15.56°C) — 1315 + “API (1.20)

The Baumé scale for liquids lighter than water is nearly the same as the
Amenican Petroleum Institute (API) scale. The use of the API scale is recom-
mended by the American National Standards Institute (ANSI).
Standardized hydrometers are available in various ranges, from —1 API
to 101°API. for specific gravity ranges of 1.0843 to 0.6068 at 60/60'F
(15.56/15.56°C).

Viscosity

Dynamic Viscosity

Definition:  shearing stress/rate of shearing strain

Symbol- 7]
Dimensions; FL>Tor ML™'T!
Units- USCS: Ibf s/ft*; SI: N -s/m? or Pa s

The concept of viscosity was introduced in Section 1.2. Viscosity is the
resistance of a fluid to motion, a measure of 1ts internal friction. As dis-
cussed 1n Section 1.2, a fluid in a static state is by definition unable to resist
even the slightest amount of shear stress. Application of shear force results
in the continual and permanent distortion known as flow.

In Section 1.2, consideration of Figure 1.1 led to the development of the
unit shear stress v == F,/A4,, where F| is the shear force and A4, is the shear
area. Also developed from consideration of Figure 1.1 was the relationship
between shear stress, rate of deformation (shearing strain, dUjdy), and a
proportionality constant known as the absolute viscosity (u). This relation-
ship was mathematically expressed as equation (1.2), Newton’s law of
VISCOSIty:
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dU

— 1.2
0 (1.2)

T=U

Rearrangement of cquation 1.2 leads to the following definition of viscosity:

shearing stress F/A, tdy

= (1.21)

~rate of shearing strain — dU/dv— dU

In various publications, s is known as (a) coefficient of viscosity, (b) abso-
lute viscosity, and (¢) dynamic viscosity (used in this book).

Kinematic Viscosity

Definition:  dynamic viscosity/density
Symbol: v

Dimensions: LT

Units: USCS: 1t°/s; SI: m/s

The ratio of dynamic viscosity to density, defined as the Linematic visc-
osity, often arises in fluid mechanics equations. Because the dynamic visc-
osity is in force units and the density in mass units in both USCS and S1, it is
necessary to introduce the proportionality constant (g,.) to relate dynamic
and absolute viscosities. Therefore, kinemutic viscosity is written as follows:

b= 8t (1.22)
r
In USCS units;
gu  (Ibmft/Ibf-s))(Ibfs/fth) 1
=2 = . =— (1.23)
i) (Ibm/{t") S
In SI Units:
U:g,,u:kg-m/w-snn")_nt (1.24)

p (kg/m*)y s

Characteristics

In a flowing fluid. tangential (shear) stresses arise from two different
molecular phenomena. The first is the cohesive (attractive) forces of the
molccules, which resist motion. The second is the molecular activity,
which causes resistance to flow due to molecular momentum transfer.
These phenomena help explain the variation of viscosity in liquids and
gases.
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Liquid Viscosities

In liquids. cohesive forces are dominant. Since cohesive forces decrease
with increasing temperatures, so do the liquid viscosities. An empirical
equation that relates hquid viscosity to temperature is given in equation
(1.23).

= AP (1.25)

The constants 4 and B depend upon the individual flutd and can be found in
many references.

At moderate pressures, liquid viscosities change only a small amount as
pressure varics. However, at high pressures, cohesive forces and. thercfore,
viscosity increase with pressure. The change in liquid viscosity with pressure
1s complicated, and a simple empirical expression, such as equation (1.25),
has not becn developed.

Gas Viscosities

Cohesive forces are absent in ideal gases. Molecular activity and viscosity
increase with temperature, The variation of gas viscosity with temperature is

1

well represented by the empirical Sutheriand ¢quation, as follows:

hT-

(1.26)

The following values of the constants 5 and S have been determined for
air;

h=1458 x 10 °kg/m-s-K">
S = 110.4K

Values of the Sutherland constants for other gases can be found in most
standard handbooks.

At moderate pressures. gas viscosities change only a small amount as
pressure varies. However, at high pressures, molecular activity and, there-
fore, viscosity increase with pressure. As with liquids. the change in gas
viscosity with pressure 1s complicated, and a simple empirical expression,
such as cquation (1.26), has not been developed.

Other Units of Viscosity

The poise, a unit of dynamic viscosity named after French scientist Jean
Louis Poiscuille, 1s defined as one dyne-second per square centimeter. In Sl
this is equal to 0.1 N-s/m- or 0.1 Pa-s. The viscosity of water at 20 C is 1002
uPa-s or 1.002 x 10— poiscs. Because of the magnitude of the poise. the
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centipoise (1/00 poise) is often used. The viscosity of water at 20 °C is thus
approximately | centipoise. The conversion factor for USCS units is 2.089 x
1077 [bf- s/f’tz/centipoise.

The stoke, a unit of kinematic viscosity named after English scientist
George Gabriel Stokes, is defined as | square centimeter per second. In SI
units, the stoke is equal to 1 x 10" m?/s. In USCS units, the stoke is equal to
1.076 x 107 ft*/s. Like the poise, the centistoke is often used because of the
magnitude.

The standard viscometer for industrial work in the United States 1s the

Saybolt universal viscometer. Essentially it consists of a metal tube and an
orifice huilt to rlmd spec ifications and calibrated with ﬂnldc of known visc-

Aid Swiiia AT LW )

osity. The time requlred for a gravity flow of 60 cm’ is a measure of the
kinematic viscosity of the fluid and is called SSU (Saybolt seconds univer-
sal). Approximate conversions of SSU to centistokes may be made using the
following equations:

9
centistokes = 0.226(SSU) — SIS—ISJ 32 < SSU < 100 (1.27)
centistokes = 0.220(SSU) — % SSU = 100 (1.28)

For very viscous oils a larger orifice is used in the Saybolt viscometer, and
the time, in seconds, is called SSF (Saybolt seconds furol). The term furo/ is
a contraction of fuel and road oils. Approximate conversions of SSF to
centistokes may be made using the following equations:

centistokes = 2.24(SSF) — %?; 25 < SSF < 40 (1.29)
60
centistokes = 2.16(SSF) — SSF SSF > 40 (1.30)

Exact SSU and SSF conversions depend upon specific viscometer calibra-
tion data.

1.5 THERMODYNAMIC CONCEPTS
Thermodynamic Processes

The state of a substance is the condition of its existence, and it is deter-
mined by any two independent properties. Consider the pv diagram shown
in Figure 1.5. In this case, state point 1 1s determined by p, and v,. If one or
more properties are changed, the fluid is said to have undergone a process.
For example, if the pressure tn Figure 1.5 is changed from p, to p,, the
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Pa

P1

pvi=c

P2 2

—»
v] v ’

Figure 1.5 Generalized thermodynamic process diagram.

resulting specific volume is v,. The manner in which this change takes place
determincs the path of the process. If the fluid can be made to return to its
original state by retracing exactly the onginal path, the process is said to be
reversible. A reversible process s frictionless and in reality does not occur in
naturc. However, a reversible process 1s a useful concept, since it serves as an
ideal case.

Polytropic Process

All 1deal gas processes are polytropic processes, and the processes dis-
cussed next (isentropic, isothermal, isobaric, and 1sometric) are all special
cases of the polytropic process. For an ideal gas the relation between pres-
sure and specific volume is given by equation (1.31):

= (1.31)

The value # can be expressed if equation (1.31) is written in logarithmic form
(log. p+nlog. v = log, ¢) and differentiated, yielding the following:

@erzo or n:-—vdp

P v p dv

(1.32)

Equation (1.32) indicates that n is the slope of the p v curve and establishes
the pressure-specific volume relationship for the process. The value of # for a
polytropic process ranges from +oc to —oc, depending upon the nature of
the process.
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Isentropic Process

If a process takes place without heat transfer and is reversible (friction-
less), it follows a path of constant entropy (s), and, hence, is called isen-
tropic. This same process Is also called a reversible adiabatic process. The
path of this process is given by:

(s =¢) m=pf = (1.33)

where A is the isentropic exponent (k = ¢,/c.), ¢, is the specific heat at
constant pressure, and ¢, is the specific heat at constant volume,

Isothermal Process

If a process takes place at constant temperature it i1s called an isothermal
process. From the equation of state for an ideal gas, pv = RT [equation
(1.37)]. Differentiating equation (1.37) for 7 =¢, yields di{pv) =10,
or vdp = —p dv. Substituting this relation into equation (1.32) gives the
following for n:

z ]
(T=¢) n=—-P_ TH _| (1.34)
P av —v ap

Isobaric Process

If a process takes place at constant pressure it is called an isobaric pro-
cess. For a constant-pressure process, dp = 0. Substituting into equation
(1.32) yields the following:

vdp  u0)

pdv  pdp

(p = (‘) H = 0 (l '35)
I[sometric Process

If a process takes place at constant volume (or constant specific volume)
it 1s called an isometric process. The value of n for this process is as follows:

_udp:_vdp:oo
pdv p (0}

(v=¢ n= (1.36)

Equations of State

An equation of state is onc that defines the relationships of pressure-tem-
perature and volume. The ideal gas law 1s the equation of state that is valid
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for ideal gases. Real gas behavior can be described by modifying the ideal
gas law.

Equation of State for an Ideal Gas

An 1deal gas 1s one that obeys the equation of state (1.37) and whose
internal energy 1s a function of temperature. The equation of state for an
ideal gas is shown as follows:

pv=RT (1.37)
where

p = pressure, Ibf/t*(Pa)

v = specific volume. ft*/lbm (m?/kg)

R = gas constant, ft- Ibf/lbm - R (J/kg K)
T = temperature, R (K)

The gas constant R 1s computed using the molecular weight (molar mass)
from the following:

“'l{

R=
M

{1.38)

where
R, = universal gas constant, 1545 ft Ibf/(1b- mol)("R} = 8314 J/(kg -mol}(K)

M = molecular weight (molar mass), Ibm/ib - mol (kg/kg -mol)

For computation of density, substitution of equation (1.15) for v in equa-
tion (1.37) yields the following after some rearrangement:

p
- 1.39
P=rT (1.39)

Other p—v—T relations for ideal gases may be obtained by combining the
equation of state pv = RT (1.37) with the polytropic relation pv” = ¢ (1.31).
Thesc equations are as follows:

For pressure:

n nin—1)
-
m ) Ty

For specific volume:

1/ 1/(r—1}
V5 " T]
—= = p— ey —— ].41
v (172) (Tz) ( )
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For temperature:

n—1 (n—1)/n
T _ (”_1) _ (';_) (1.42)
T U2 1

Equation of State for a Real Gus

Generally, the tdeal gas law 18 an adequate model of gas behavior for

pressures below the critical state pressure and temperatures above the cri-
tical state temperature. The ideal gas law may be modified for a real gas as
follows:
e
~RT
In this equation, Z is the compressibility factor. Note that Z 1s unity when
the substance is in the ideal gas state. Thus the deviation of the compressi-
bility factor from unity 1s a measure of nonidealness of the state of the
substance. The value of Z can be determined using the critical properties
of a substance and the compressibility charts found in any thermodynamics
text.

pv=7ZRT or Z (1.43)

1.6 OTHER FLUID PROPERTIES
Bulk Modulus of Elasticity

Definition: stress/volumetric strain

Symbol: E

Dimensions. FL? or ML'T?

Units: USCS: Ibf7in.%. Ibf/ft*; SI: kN/m? or Pa

Derivation of Basic Equations

Consider the piston and cylinder of Figure 1.6. A fluid originally under a
pressure p had a volume . When an additional pressure dp is imposed, the
result is a decrease of volume, V. The normal stress acting on the fluid is
the imposed pressure, dp. The definition of strain from fundamental cngi-
ncering mechanics is the ratio of the deformation length to the original
length, which in terms of volume can be cxpressed as )/ V. Therefore,
the following ¢quation can be developed from the basic definition of bulk
modulus of elasticity:
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p+dp

'

\Y
Y
Figure 1.6 Notation for bulk modulus of elasticity
stress d, d,
E=>0_ P (LR (1.44)
strain  —dV/V dV

The negative sign ts used to represent the fact that the volume is decreased
by d1’. Substitution of the definition of specific volume (v = ¥V /m) in equa-
tion (1.44) yields the following:

{ d
E= —v””( = ) = *U(Yp) (1.45)
m dv dv

Equation (1.45) cannot be evaluated unless the process is known so that
the pressure-specific volume relationship can be established. Equation (1.45)
1s therefore more correctly written as equation (1.46):

E, = uv(al) (1.46)

av

E, in this equation is the bulk modulus of elasticity for process n. and
(dp/9v), indicates the differential pressure-specific volume ratio for that
process (the partial derivative of p with respect to v with # constant),
Although any number of processes are possible, conventional practice is
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to use only the isothermal bulk modulus (E) and the isentropic bulk modulus
(£,).

ldeal Gases

If equation {1.32) 1s written as np = —w(dp/dv),, and substituted into
equation (1.46). the following expression is valid for the bulk modulus of
ideal gases:

ap
E, = —U(E);)”_~ Hp (1.47)

For an isothermal process, » = | and equation (1.47) reduces to the
following:

Er=np=np (1.48)

For an isentropic process, # = k and cquation (1.47) reduces to the follow-
ing:
E.=np=kp (1.49)

The relationship between E, and Ky 1s established by dividing equation
(1.49) by equation (1.48). resulting in the following:
E‘- A l)
=l =2 (1.50)
ET P ¢,
It may be demonstrated that the relationship expressed by equation (1.50)
can be applied to all fluids, not just idcal gases.

Liguids

At constant pressure, the bulk modulus of most liguids decreases with
temperature. Water is one exception: the bulk modulus of water increases to
a maximum value at 120 F (49 C) and decreases in value above that tem-
perature at atmospheric pressure. At constant temperature, the bulk mod-
ulus increases with pressure for all liquids. No simple relationship similar to
pv" = ¢ tor ideal gases exists or liquids. For liquids, equation (1.46) may be
approximated over small intervals as follows:

ap A S
E,,:—”(.—’ :—w(—p =y (22D (1.51)
/s, Av), = f,

Some handbooks and other sources use equation (1.51) as a definition of
liquid bulk modulus.
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Acoustic Velocity

Definition:  speed of a sound wave in a fluid

Svmbol: ¢
Dimensions: LT
Unity: USCS: ft/s: SI: m/s

Derivation of Basic Equations

Figure 1.7. The p]pe has a uniform cross-sectional area. 4 As the result of
the application of a differential force. F. the piston is suddenly advanced
with a velocity v for a time «r. The fluid pressure p is increased by the
amount of dp. which travels as a wave front with a velocity of ¢. During
the application time «f, the piston moves a distance of v ¢ and the wave
front advances a distance of ¢ di. The result ol this piston movement
decreases the volume ¢ dr 4 by the amount of the volume v o1 A.
From equation (1.44), the bulk moduius of the fluid is the following:
dp dp ¢ dp

£ :F—(!V/V:—((J dt Ay/ e dt A): o (1.52)

or

¢ = ———t—g (1.53)
dp

From a force balance, dF can be written as {(p+ dp)4d — pA =dp A. The
mass of fluid accelerated 1n time df 1s pe dt A, so the mass flow rate is

e et —— ]

“\\\\‘\\ \\\\\m\\\\\\\\ N\

dF

_’i vdt I‘— Wave front

Figure 1.7 Notation for acoustic velocity,
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m=m/dt = (pc dt A)/dt = pcA. Newton’s second law of motion (equation
(1.11) can be rewrttten as follows:

ma  m(v, — v
g me mvy — )
g, 8¢

(1.11)

For the example shown in Figure 1.7, the velocity change is from v to 0.
Therefore, the imposed force can be expressed as follows:

.A 0_
dF = dpA :w (1.54)

cm W8 (1.55)

o

A simphfied expression for ¢ can be obtained by multiplying equations
(1.53) and (1.55) as follows:

2 d, . E Eg
2 (_ Pé’f)(,L) _ Ee (1.56)
pu dp e

c— B (1.57)
Je

The numerical value of E depends upon the process, as discussed earlier
in Section 1.6. It 1s assumed that a small pressure (sound) wave will travel
through the fluid without either heat transfer or friction. With these assump-
tions, the process becomes isentropic and equation (1.57) is written as fol-

lows:

c= |]—

P

or

Py
—
h
o

—

Equation (1.58) may be used for any fluid, provided E, and p are known,

Ideal Gases

From equation (1.49) Es=4kp, and from equation (1.39) = p/RT.
Substituting these expressions into equation (1.58) vields the following:

E.g, (kp)g, Ji
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Fluid Statics

2.1 INTRODUCTION

This chapter is concerned wi
This chapter is concerne
tics. Included are the basic cquation of fluid statics, pressure height rela-
tions for incompressible fluids and 1dcal gases, pressure-sensing devices, and
buoyancy and flotation.

This chapter may be used as a text for tutorial or for refresher purposes.
Each concept is explained and derived mathematically as needed. The basic
purpose of this introductory chapter is to provide a foundation for the
equations developed in the remainder of the book. If the reader is already

familiar with this subject matter, this chapter can be skipped.

2.2 FLUID STATICS

Fluid statics is the branch of fluid mechanics that deals with fluids that are at
rest with respect to the surfaces that bound them. The entire fluid mass may
be in motion. but all fluid particles are at rest relative to one another,
There are two kinds of forces to consider: (1) surface forces, forces due to
direct contact with other fluid particles or solid walls (forces due to pressure
and tangential or shear stress), and (2) body forces, forces acting on the fluid
particles at a distance (¢.g.. gravity, magnetic field). Since there 1s no motion
of a fluid layer relative to another fluid layer, the shear stress everywhere in
the fluid must be zero and the only surface force that can act on a fluid

24
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particte i1s normal pressure force. Because the entire fluid mass may be
accelerated, body forces other than gravity may act in any direction on a
fluid particle.

2.3 BASIC EQUATION OF FLUID STATICS
Body Forces

The infinitesimal fluid cube shown in Figure 2.1 has a mass of p dx dy d=.
This cube 1s a particle in a large container of fluid where all the particles are
at rest with respect to one another, The entire fluid mass is subjcct to body
force accelerations of «,, o, and «., opposite the directions of x. v, and =,
respectively. In addition. the acceleration due to gravity, g, acts opposite
to the direction of -. For clarity, only the z-direction forces are shown in
Figure 2.1, but forces also act in the x- and p-directions. From cquation
(1.11), F =ma/g,.. The body forces are: F,, =(pdv dy d2)e /g, Fp =
(pdvdvdia,/g.. F.=(pdvdyd)a./g. The gravity force is F, =

-------

Fy = (@ +doix dy
Z
! 2
]
T
p dx dy dz o
Fbl =I gC| dz
}
pdxdydzg
g = gc I __J ______ —_—
*,/’—* b X
1 f,/ . &
dx a
Y
Fu =pdx oy

Figure 2.1 Notation for basic equation of flutd statics.
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Vertical Forces

By the definition of pressure, £ = pA. the upward pressure force is F, =
pdxdy and the downward pressure force 15 F; = (p+dp)dx dv.
Considering the cube of Figure 2.1 to be a frec body and only vertical
components acting, the following force balance can be written:

> F.=F,-Fj-F.-F,=0
or
(pdxdy dzye.) pdxdydzg

pdx dy — (p+ dpydx dv — 0
g e
which reduces to the following:
. d=
dp = M (x. » constant) (2.1

¢

Combined Forces

In a like manner, it may be shown that with only y-direction forces acting,
dp equals the following:
dp = — pety dy (x. z constant) (2.2)
‘
With only x-direction forces acting, dp equals the following:
dp = -1 @ (4 2 constant) 2.3)
-

Forces may he combined by considering the pressure difference between
points 2 and | of Figure 2.1. In path | — «, x is varied and y and z are held
constant, so equation (2.3) applies to the difference between ¢ and 1. In a like
manner, equation (2.2) may bc used for path « — # and equation (2.1) for
path » — 2. The total difference is the sum of each component, or the
following:

oy Py dy _ plo. + g)dz=
g 8¢ 8

dp = —

or

dp = — ploy dx + o, dy + (o + g)dz] (2.4)
8

Equation (2.4) is the basic equation of fluid statics.
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2.4 PRESSURE-HEIGHT RELATIONS FOR INCOMPRESSIBLE
FLUIDS

For a fluid at rest and subject only to gravitational force, ¢, «,, and «. are
zero, so equation (2.4) reduces to the following:
dz
dp = - % (2.5)
8¢

Integrating equation (2.5) for an incompressible fluid in a field of constant
gravity and substituting y = pg/g. from equation (1.14), yields the follow-
Ing:

A )
i rg [° pg(zy —2))
[ dp = ——[ dz=py—pr=—"E2 T sy~ 2 = vk
| ge J1 g

{

which reduces to
(P1 —p2)=Ap=vyh (2.6)

where 1 = z; — zy, or the height of a liquid column. The relationships of
equation {2.6) arc shown in Figure 2.2

2.5 PRESSURE-SENSING DEVICES

Bourdon tube gages are used for measuring pressure differences. The essen-
tial features are shown in Figurc 2.3, The Bourdon tube is made of metal
and has an clliptical cross section. The tube 1s fixed at B and free to move at
C. As the difference between the internal and the external pressures
increases, the elliptical cross section tends to become circular, and the free
end of the tube (point ) moves outward, moving the pointer D through a
suitable linkage. It shoutd be noted that when the outside pressure is atmo-
spheric, the Bourdon tube indicates guge pressure, and when the internal
pressure is less than the atmospheric, a negative gage pressure, or vacuum, is
sensed. Refer to Figure 1.4 for these relationships.

Credit for the discovery of the barometer is given to Evangelista Torricelli
(1608 1647). an ltalian mathematician and scientist who related barometric
hcight to the weight of the atmosphere. Figure 2.4 shows the cssential fea-
tures of an elementary barometer. In its most primitive form, the barometer
is made by filling a long glass tube with mercury and inverting it in a pan of
mercury. If the height of the mercury column is less than that of the tube,
mercury vapor will form at the top of the tube. Application of equation (2.6)
yields the following relationship:

Pr=yh+p, (2.7
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/'_\
i

Figure 2.4 Baromecter.

The vapor pressure of mercury is very small: from Table D1 (sce
Appendix D), the vapor pressurc of mercury at 32 F (0 C) is 3.957 x 10"
psia (2.728 x 107 Pa). For all practical purposes, p, = vh (for a mercury-
filled baromecter). However. when a baromcter-type arrangement 1s filled
with a fluid other than mercury, the vapor pressure must be taken into
account in equation (2.7).

Muanometers arc one of the oldest means of measuring pressure. They
were used as early as 1662 by Robert Boyle to muake precise measurements
of steady Hluid pressures. Because of its inherent simplicity. the manometer
serves as a pressure standard in the range of 1710 in. of water to 100 psig ( 2.5
Pa to 790 kPa).

The arrangement of the U-rube manomerer is shown in Figure 2.5, The
manometer 1s acted upon by a pressure p; on the left and p> on the right. If
py = ps, the fluid i the left leg of the manometer will be displaced to the
right by a volume of z; A, resulting in an increase of volume of 2545 in the
right leg. Apphcation of cquation (2.6) for cquilibrium in the U-tube
manometer results in the following:

P v+ ) =t plsy +22)

which reduces to
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f ....... - Fill line
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Figure 2,5 U-tube manometer.

(J’JL _ ,"-‘2] = (ym - VI }{:l + :JJ = lym — ¥ )‘h "\28}

In these cquations. y,, is the specific weight of the manometer fluid and y; 1s
the specific weight of the fluid whose differential is being sensed.

Onc of the disadvantages of the U-tube manometer is that unless 4, = 4,
exactly. both legs must be observed simultancously. For this rcuson, the
well, or eistern, type shown in Figure 2.6 is sometimes used. In the well or
cistern type of manometer, the areas 4, and 4, are controlled to give u
maximum deflection for =5 and a minimum for ;. From consideration of
volumetric displacement of the liquid from one leg to the other, the follow-
ing can be written:

:|A[ = :j;"l"‘_r
ar

:3-43

A,

=

Substitution in equation (2.8) vields the following:
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z
2
Area A
-2_ I - ¥ Filine
Figure 2.6 Well or cistern type of manometer.
:'!A'u ’ Aﬁ
mM = (}’ru: — ¥ )(T + :2) = {]—’m - }’j)(l + A;):: [29]

Note that as A; — oc. 4>/4, — 0. By making the area 4, very large, the
designer of a well type of manometer can create a condition where =y — /.
The difference in arca ratios is usually accounted for with scale graduations.

Commercial manufacturers of the well type of manometer correct for the
arca ratios so that py — ps = (y, — ¥)S,. where S, 1s the scale reading.
which is cqual to =»(1 + A>/4,). For this reason. scales should not be inter-
changed between U-tube and well type or among well types without con-
sulting the manufacturer.

The inclined manometer, as shown i Figure 2.7, is a special form of the
well type. It is designed to enhance the readability of small pressure differ-
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:I
Fill line

Figure 2.7 Inchned manometer.

entials. From consideration of the gcometry of this device for displacement,
the following can be written:

A, = R, As
or

R A,

T4,
and

Sy = RFSin 4

Substitution 1n equation (2.8) yields the following:

As i
M= {}"m - YI)(A_- —+ s51n H)R; fl]“]
|
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In this equation, R; is the distance along the inclined tube. Commercial
inclined manometers also have special scales so that the following can be
used to determine pressure differential:

P1—P2= (Vm - ¥ )S!

Here, S, is the inclined manometer scale, equal to (4,/4, + sin AR,

In actual practice, inclined manometers are used for measurement of
small air pressures. Their scales are usuvally graduated to read in inches of
water, bul many other fluids can be used. Care must be taken to “level”
these instruments and to ensure that the correct liquid is used as specified by
the manufacturer. Scales should never be interchanged.

Application

The cquations just derived are simple, but actual installations may require
more complex ones. Since there i1s almost an infinite number of combina-
tions and arrangements that can be used, equations for cach actual case
must sometimes be derived individually.

2.6 PRESSURE-HEIGHT RELATIONS FOR IDEAL GASES

The equation for a static flnd in a gravitational field may be written as
equation (2.5):
_pgds

dp = (2.5)
2.

To integrate the left-hand term of this equation, the functional relationship
betwcen pressure and density must be established for a compressible fluid.
The right-hand term requires that the relationship between the acceleration
due 10 gravity and altitude be established.

To establish these relationships, first note the following from ¢quation
(115

0 =- (1.15)

v

Specific volume can be cxpressed in the {form shown in equation (1.41):

I/n
v = u,(%) (1.41)

Specific volume is also a function of temperaturc and pressure, from the
equation of state of an 1deal gas:
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v =— (1.39)
P

Substituting this in the left-hand side of equation (2.5) yields the following:

dp - tn AP am-1 9P &
_? = —V (!p _lel 1 ]/” - __RTIP pl/)I - ,;;;‘!‘
or
, d,
__RT”'(I/r) lnll;’” %di (2.11)
' &y

Gravity at elevations other than sea level can be estimated as follows:

_ go’”g _ g0
(ro +27 (1 +2/r)

In the above equation, gy is the gravity at sea level, - is the clevation above
sca level, and r, is the mean radius of the Earth = 20.86 x 10° ft (6,357 km).

Substituting this expression in equation (2.11) yields the following:

 dp g dz

_RT (l/H — =
pI/H (Ep’(' ([ _}_:/rﬁ)h

(2.12)
[ntegration of the right-hand term of equation (2.12) leads to the following:

—+ 30 2.13
I I/" s (L+z/r, ) g:-(l + 220 M1 + 2 /7,) ( )

“RTIP(II/”) I d]’ Lo dz go(zy — 2))

It is apparent from equation (2.13) that mathematically there are only
two values of 1/n that need be considered, when n = 1 and when v # 1. Since
the value of n for an isothermal process of an ideal gas = | (Section 1.5),
there are two equations to consider, one for isothermal processes and
another for nonisothermal processes.

Isothermal Processes
[ntegrating the left-hand term of equation (2.13) for n = | yields the follow-
ing:

Py go(zy — 1) _
RT log, (n) AT R 14
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Nonisothermal Processes

For all other processes, the left-hand term of equation (2.13) integrates as
follows:

ﬁ[_{]__'l_ _{n (n—1}/n - g()(;'z_-_-l) |
(m~l)[1 (m) T ge(l 4 oa/r )+ 2 /r) (T#c¢)y (2.15)

Temperature relations may be established from equation (1.42).

Tg (pj)(nl)/n
it ] .42
T, » (1.42)

g

/

Substituting equation (1.42) in equation (2.15) yields the following:

GEl - (B = et
H — I Tl. g((l + :2/"4’)(] + Zl/rt’)

Solving for temperature gradient leads to equation (2.16):
AT _Th-T, _ golz2 — 2y)
Az 24 g('nR(l + :2/"(')(1 + Zl/rt')

(2.16)

2.7 ATMOSPHERE

The atmosphere 1s a gaseous envelope that surrounds the Earth, extending
from sea level to an altitude of several hundred miles. The altitude for near
space has been set arbitrarily at 50 miles (80 km).

The Earth’s atmosphere is divided into five levels based on temperature
variation. The troposphere extends from sea level 1o 54,000 ft (16.5 km) at
the equator, decreasing to 28,000 ft (8.5 km) at the poles; it 1s composed of
approximately 79% nitrogen and 21% oxygen. With increasing altitude
from sca level, the temperaturce decrcases from S9°F (15°C) to —69.7 F
(—56.5°C). Above the troposphere is the stratosphere, which extends to
approximately 65,000 ft (19.8 km) and exists at a relatively constant tem-
perature of —69.7 F (—=59.5 C). The mesosphere extends from nearly 65,000
ft (10.8 km}) to 300,000 ft (91.4 km), its temperature increases from —69.7° F
(—56.5°C) to +28.67°F (1.5 C) and then decreases to —134 ' F (—92"C). The
mesosphere is characterized by an ozone layer that absorbs ultraviolet radia-
tion from the sun. Above the mesosphere 1s the thermaosphere, also called the
ionosphere, which extends from approximately 300,000 ft (91.4 km) to
1,000,000 ft (305 km). The temperature in this layer increases from
—134 F (=927°C) to nearly 2,200°F (1,200°C). The composition is primartly
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ionized atoms of the lighter gases. The last level is the evosphere, which
extends to the spacc environment.

U.S. Standard Atmosphere

Because of wide variations in the atmosphere, a standard atmosphere is used
for design purposes. The United States standard atmosphere, formulated in
1976, extends from sca level to 3,280,840 ft (1,000 km). For altitudes above
282,152 1t (86 km), however, the hydrostatic equilibrium of the atmosphere
gradually breaks down duc to diffusion and vertical transport of the indi-

vidual gas spec 1ies. For this reason the nressure hm(rhi relations gnmn in this

et Bt Sl S [ T LV | 34 P aradavanys

section are valid only for altitudes below 282,152 fl (86 km).

The standard assumes that gravity is constant at all sca level locations, or
go = 32.1740 ft/s (9.80665 mys). Using relationships previously established
for the variation in temperature, gravity, and pressure with height, the U.S,
standard atmosphere can be calculated. The results of such a calculation are
shown in Tables 2.1 and 2.2.

2.8 BUOYANCY AND FLOTATION
Principles

The elementary principles of buoyancy and flotation were established by
Archimedes (287-212 B.C.). These principles are usually stated as follows:
(1) a body immersed in a fluid 1s buoyed up for a force equal to the weight of
fluid displaced by the body. and (2) a floating body displaces its own weight
of the fluid in which it floats.

Buoyant Force

Y S A D ™ 1 1 DI oL

kUIl\lUCl ine UUUV D( L7 SNNOWI1 1 ll F]gUIC /. 0 UdeLU llIICS /'IF anag or arc
vertical projections. The force F.; exerted by the fluid vertically on the body
1s the weight of the fluid above ABC. This weight 1s expressed as follows:

F.o=vViacar (2.17)

In a like manner, the upward vertical force is the wetght above ABD, or the
following:

Fo = vVianpr (2.18)
The net upward force is the buoyant force Fpg, defined as follows:

Fp=F., —F.y=vViigr — YVescsr = VYVanen (2.19)
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Table 2.1. U.S. Standard Atmosphere S Units
Some Dynuanmic
Altitude [Temperature  Pressure Density Gravity  velocity VISCOsIty
(m) (K) {(Pa) (kg m') (ms?)  Amsee)  (Pasee x 107)
0 288.15 LOI3E+ 05 1225E 00 9.807 340.29 1 7.89
1,000 281.66 SYUR9E+ 04 1.012E 1 (00 Y.804 33644 17.58
2.000 275.17 7.953E 4104 1.007E t 00 v.800 33254 17.26
3.000 16%.68 T.O015E4 04 9.096E — 01 v.797 328.60 16.94
4.000 262.19 G 170E + 04 R.197E - 01 0.794 32461 16.61
5.000 155.17 SA0RE 4 04 7.368E — 01 v.791 320036 16.28
6,000 24922 4.725E + 04 6.605E — 01 9. 788 3647 1595
7.000 24273 41136+ 04 3.903E - 0l Y 785 312.32 15.61
8.004) 236.24 3.567E + 04 5.260E — 0} 9.782 30%.12 15.27
9.000 22975 JO08LE- 04 4.672E - 01 9.779 303.86 14.93
10,000 22326 2.650E - 04 4.136F - 01 9.776 299.54 14 58
12,000 216.65 1.940E - 04 3.119E -0} 9.770 295.07 14.22
14.000 216.65 14171+ 04 227951 - (] 0.764 29507 14.22
16,000 206.65 1033 - 04 1.665F — 01 9.757 295.07 14.22
20.000 216.65 55296+ 03 REYIE - 02 9745 295.07 i$.22
22,060 218.57 4.049E + 03 6454E—-02 973 296,38 14.32
24.000 220.55 297414 03 4.697E 02 9733 297.72 14.43
26,100 22254 2190 +03 34291 -02 9727 299.05 14.54
28,000 224.52 1.617E 4+ 03 2510E—-02 9.72] 300.38 14.65
30,000 226.51 LI9BE+ 03 1.842E—-02 9715 301.71 14.75
32,000 228.49 BEILE + 02 [.356E—-02 9709 303.02 i4.80
35.040 236.50 STS0E +02 8471E =03 9.700 308.29 15.29
40,000 250.32 287SEL02 4.001E -03 9684 31717 16.01
45.000 26415 1.4921:+ 02 1.968E — 03 9.66Y 32582 16.71
30.000 270,65 7978E - 01 1.027E - 03 9.654 329,80 17.04
55.000 260.80 4258 + 01 5687 — 04  9.639 32374 16.54
H0.000 247.06 2201E +01 3.103E -04 9.624 Jlslo 15,84
80.000 198.61 1.OME+00 1.848E — 05 9.364 28252 13.21
86 000 186.87 IT732FE 01 QYSTE -6 9.547 274.04 12.53
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Table 2.2. U.S. Standard Atmosphere- USCS Units
Sonic Diynamic
Altitude |Temperature  Pressure Density Gravity  velocity VISCOsily

(1) ( R) {psia) (Ibyi Tt (f1:57) (frs) by - s/t x 10
0 518.67 1470F +01 7.647E — 02 3217 1116.0 (.3737
{1,000 515.11 1417E ¢+ 01 7426E-—02 3217 1113.0 (.3717
2.000 511.55 1.367E + 01 7.210E — 02 2.7 1109.0 (0.3687
3.000 507.99 L3I7E ¢ 01 6999E - 02 32.16 1105.0 0.3677
4,000 504.43 1.276E + (11 6.793E - 02 32.16 1101.0 0.3657
5,000 S00.87 1.223Et 01 6.591E-02 3216 1097.0 0.3637
6.000 497.31 LITRE+QO1 6.394E — 02 12.16 1093.0 0.3616
§.000 490.19 TLO92E+01 6.014E -02 32015 1085.0 (.3576
10,000 483.07 1LOTIE+ 01 5.650L — 02 3214 1077.0 0.3534
20,000 447 47 6.763E+ 00 40791 -02 3211 1037.0 0.3325
30,000 411.87 4375E+00 2867E —02  32.08 994.9 0.3107
35,000 394.07 J468E * 0 2.37SE - 02 32.07 973.2 0.2995
40,000 389.97 2.730E+00  |.8Y9LE — 02 32.05 968.1 0.2969
45,000 389.97 2049E+ 00 1487E—-02 32.04 9681 0.2969
50,000 389.97 1.692E+00 1.171E —02  32.02 968. 0.2969
55,000 389.97 1.33ZE 1 00 9.219E — 03 32.01 96341 0.2969
60,000 389.97 1LO49E+ 00 7.259E — 03 31.99 96%8.1 0.2969
70.000 392.24 6.511E —01 4480E—-03 3196 970.9 (0.2984
80,000 397.68 4.067E — 01 2.760F — 03 31.93 977.6 0.30138
90,000 403.13 2556E 01 LL7LIE-03 3190 984.3 0.3052
100,040 408.57 1.617E — 01 1.068E — 03 31.87 990.9 0.3086
120,000 433.54 6.675E - 02 4.155E-04 318l 1021.0 0.3240
130,000 448.71 4387E — 02 2.0639E —-04  31.78 1038.0 0.3332
140,000 463.88 2924E - 02 1.70lE-04  31.75 1056.6 .3422
150,000 479.06 1.974E — 02 |.112E - 04 31.72 1073.0 0.3511
175.000 477.64 7.629E - 03 4311E - 05 31.64 1071.0 (.3503
200,000 43997 2800E - 03 1L.718E-05  31.57 1028.0 (.3279
250,000 370.88 2.858E — 04 2.080E — 06 31.42 9441 0.2846
282,152 336.37 5413E — 05 4.343E - 07 31.32 899 1 0.2617
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Figure 2.8 Notauon for submerged bodies.

Thus. the buoyant force s the weight ot the fluid displaced and always acts
upward.

When an object floats as shown in Figure 2.9, the buoyant force Fy
becomes the following:

Fg=yVairp (2.20)

The weight of the body F, acts downward, so for vertical equilibrium the
following can be written:

Y Fo=0=F,—Fy (2.21)
or

Fy=F, (2.22)

Free-Body Analysis

The equation developed for flotation is a special case where the body is
lighter than the fluid it can displace. A more gencral approach is that of
the free-body diagram. If an object immersed in a liquid is heavier than the
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A VRSN e Surlace

I 5oy

Fo

Figure 2.9 Notation for floating bodies.

fluid it can displace. it will sink to the bottom unless an upward force 1s
applied to prevent it. A lighter-than-air ship or balloon will continue to rise
unless 4 downward force is applicd or unless it reaches an altitude where its
density 1s the same as that of the atmosphere.

Figure 2.10 is a free-body diagram of an object immersed in a fluid. For
vertical equilibrium. the following expression applies:

Free body

Fg

Figure 2.10 Free-body diagram.
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Y F.=0=Fg—F,—F, (2.23)

In equation (2.23), Fy 1s the buoyant force. F, 1s the weight of the body. £,
1s the force required to prevent the body from rising, and (~F, ) is the force
required to raise the object.
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Equations of Fluid Motion

3.1 INTRODUCTION

This chapter concludes the introductory material of this book by examin-
ing the basic cquations for velocity and encrgy in flow systems. Topics
include fluid kinematics, fluid dynamics, and gas dynamics. This chapter
may be skipped by those famihiar with the material. The topics covered

here provide a foundation for the derivation of cquations in the remainder
of the book.

3.2 FLUID KINEMATICS

Fluid kinematics is that branch of flutd mechanics that deals with the geometry
of fluid motion without consideration of forces causing motion. It will be
assumed that any fluid particle 1s very large in size with respect to a molecule
and is, hence, continuous. A quantity such as velocity or fluid particle dis-
placement must be measured relative to some convenicnt coordinate system.
Two methods have been devised for representing fAluid motion. One describes
the behavior of a single fluid particle. the other is concerned with several fluid
particles passing by certain points or sections of a flutd. The description of the
behavior of individual fluid particles is called the Lagrangian method, after
Joseph Louis Lagrange (1736-1813). This method of analysis involves

42
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establishing a coordinate system relative to a moving fluid particle as it moves
through the continuum and measuring all quantities relative to the moving
particle. The behavior of the individual fluid particle is of no practical impor-
tance in fluid mechanics, and this method is seldom used.

The establishment of a fixed coordinate system and the observation of the
fluid passing through this system 1is called the Fwlerian method, after
Leonard Euler (1707- 1783). The Eulerian method will be used for the most
part throughout this book.

Velocity Profile

Volumerric Flow Rate
Figure 3.1 shows the steady flow of a fluid in a circular pipe. The velocity
profile 1s obtained by plotting the velocity U of each streamline as it passes

section A-A. The volume rate of flow Q past section A-A is given by the
following:

Q= | U dd4 (3.1)

Average Velocity

In many engineering applications. the veloctty profile 1s nearly a straight
line or can be reduced to one, so the average velocity » may be used. The
average velocity ¢ s defined as follows:

A
|
|
P U—' et
|
-1
— Unax | Velocity profile dA
— U
|
1
N
|
A

Figure 3.1 Velocity profile.
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1*=Q=l]UrlA (3.
A A

[P ]
I~
o

Continuity Equation
Muass Flow Raite

Consider the volume of fluid dy ¢4 moving i a streamtube with a velo-
city of U/ as shown in Figure 3.2. By definition, m = pV or dm = pds dA.
Dividing by the time df for this volume to move the distance s and noting
that. by definition, U = ds/dt yields the following:

dm = (—/ﬂ = M = plU dA (3.3)
ot dt

Conrinuity Equalion

The continuity equation 1s a special casc of the general physical law of the
conscrvation of mass. It may be stated simply that the mass flow rate enter-
ing a system is equal to the mass rate of storage in the system plus the mass
flow rate leaving the system. Consider the low system shown in Figure 3.3.
Fiuid is being supplied to the tank by mecans of the pipe at the rate s, =
o1 Ay and leaves the system at the rate of i = p-A>e> . If the amount
supplied is greater than that leaving, the tank level, =, will rise and fluid will

Figure 3.2 Mass flow rate.
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Q
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my =

m = pAV z

Figure 3.3 Continuity equation.

be stored in the tank at the rate of i, = pA(dz/dr). Mathematically, this all
can be stated as follows:

mass rate entering = mass rate of storage + mass rate leaving

o= i+ i
V4P N
(o

piA v = pA ("—) + Ao
di

o
~
-

Steady Stuate

If the amount supplied is equal to the amount removed. then dz is zero or
there is no storage. Equation (3.4) becomes the following:

m= A, = prAtn = ... = p A0, = pAv (3.5)

The relationship of density to specific volume [p = 1/v (Equation (1.15)]
allows the equation of continuity to be written as the following:
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B Aun

m= pAv = (3.6)

v

The mass flow rate is constant any place in a steady-state system. For
compressible fluids, it is sometimes convenient to use a differential form
of equation (3.6), which may be obtained by writing it in logarithmic
form and differentiating. noting that m1 is a constant.

log, v +log, A—log,.v=Ilog.m (3.7}
do dido_ o
v A v

Using the relationship v = 1/p [Equation (1.15)] again, equation (3.8)
may be written as follows:

dv dA d

dv dA dp_

— 0 (3.9)

3.3 FLUID DYNAMICS

Fluid dynamics is that branch of fluid mechanics that deals with energy and
force. This topic includes the equation of motion, the energy equation, and
the impulse-momentum equation. The continuity equation was developed in
the previous section as a special case of the principle of the conservation of
mass. The equation of motion is an application of Newton’s second law to
fluid flow in a streamtube. The energy equation is a special casc of the
principle of the conservation of energy. The impulse-momentum equution
was developed in Chapter | as a special case of the equation of motion,

Equation of Motion

Derivation

Consider the fluid element flowing steadily tn a streamtube shown in
Figure 3.4. This element has a length of 4L, an area normal to the motion
of dA, and a perimeter of 4P. The elemental mass is p dA dL. The increase

in elevation of this mass is dz, and the motion of the element is upward.
Forces tending to change the velocity, U, of this fluid mass are:

Pressure forces on the ends of the element;
dF, =p dA — (p+ dp)dA = —dp dA (3.10)

Gravity force due to the component of weight in the direction of motion:
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/'1 P*dp
oL / vV

dP

Figure 3.4 Elements of a streamtubc.

r dA dL [ dz dA d:
dr, = e db (dzy A« 3.11)
) g dL g
Friction force on the outer surface of the clement:
dF, = —1 dP dL (3.12)
The combined force becomes the following:
- dA d=
S dF = dF, + dF, +dF, = ~dP dA — pdAddz b ar
| Be (3.13)
ZfF il +pg dz 1dPdL T
¢ = —{ ¢ —
p (g(’ dA

Application of Newton’s second law [equation (1.11)] yields the following:

Z - ma  pdAdL (dU pdA dU (dL pdAa U dU
( == = _ = —— — - —_—
gc' },’(» d[ gc ‘:” gf'

(3.14)

Substituting from equation (3.13) for ) dF, equation (3.14) may be written
as follows:

d= T dPdL (4 U dU
Z(IF:*(IA(dp+pg AL ):’”AU‘ (3.15)
£, dA g,

Simplifying equation (3.15) and setting it equal to zero results in the
following:



48 Chapter 3

iU dL (dP
B U @ T (‘) 0 (3.16)
g g P p \dA
Substituting v = 1/p from equation (1.15) results in the following:
1 dP
i{a’:+U( +vdp+nrdL(/ ) 0 (3.17)
g(' g(' dA

One-Dimensional Steady-Flow Equation of Motion

qu nhtv termed

the hydraulic radius (R,). For one- dlmensmnal ﬁow. v="U. Substltutmg
this value of U and the definition of hydraulic radius into equation (3.17)
yields the following:

[t will be shown later (Section 4. 13) that 44 /dP1s eque altoa

Vo
—d_+—L—£+u dp—{-de 0 (3.18)
ge g R;’r

Intcgrating equation (3.18) between sections | and 2 leads to the following

eXpPression:

2 2 I 3
3=y - 1 -

Eloy—z)+ 2 “+/u@+—fvw&:0 (3.19)

& 2gr 1 ‘Rh 1

Let
] 2
H; = —] vt dL (3.20)
! Rh ]

where f; is the encrgy lost due to friction. Substituting this into equation
(3.19) results in the following:

-&@—m+”; +/u@+m:0 (3.21)

I3 “&¢ 1

For an incompressible fluid (vy = vy), equation (3.21) becomes the follow-
ing:

')
12—

g—(-—"*~|)+ +V(/)2—P|)+H/ =0 (3.22)

For frictionless flow of an incompressible fluid (H, = 0), cquation (3.22)
reduces to the following;

l:*l-’
Sz =)+ vy — ) =0 (3.23)
g 28,
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Multiplying equation (3.23) by g./g and noting from equation (1.14) that
v = g/yg. results in the following:

v — vj P
2g 1%

(22 -2+ =0 (3.24)
This 1s the equation proposed by Danicl Bernoullt in his Hyvdrodynamica
published in 1738; thus, it is named the Bernoulli equation.

Specific Energy

Before developing the energy equation, a general discussion of energy is in
order. Two types of energy will be considered. The first is the energy of the
fluid at a section. and the second is the energy added to or taken from the
fluid between sections. The total energy possessed by a fluid at a section is
dependent upon the net energy added to or taken from the fluid between it
and a prior section, but the individual energics are independent of their
counterparts at the prior scction. For this reason, fluid energies are called
point functions. The energies added to or taken from the fluid between
sections depend upon the manner or process, and these transitional encrgies
are called parh functions because of their dependence upon the process
undergone. The total amount of energy in a system cannot be measured
but must be referenced to some arbitrary datum. In fiuid mechanics, we
are interested 1n energy change, and any convenient datum may be used.

Specific Potential Energy

The potential energy of a fluud mass is the energy possessed by it due to its
elevation relative to some arbitrary datum. 1t is equivalent to the work that
would be required to lift it from the datum to its elevation in the absence of

{riction.
I'he change in specific potential energy (APE) may be computed for a
field of constant gravity as follows
g [
APE = = dz = = (2 — 7)) (3.25)
g( g gr'

Note that equation (3.25) is the same as the first term of equation (3.19).

Specific Kinetic Energy

The kinetic energy of a fluid mass is the energy possessed by it due to its
motion. It is equivalent to the work required to impart the motion from rest
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in the absence of friction. The change 1n specific kinetic energy (AKE) may
be computed as follows:

2

2
vy — ]

2g,

AKE = lf 2 v dv = (3.26)

LY

Note that equation (3.26) is the same as the second term of equation (3.19).

Specific Internal Energy

The internal energy of a body is the sum total of the Ainetic and potential
energies of its molecules, apart from any Kinetic or potential energy of the
body as a whole. The total kinetic internal energy is due primarily to the
translation. rotation, and vibration of its molecules. The potential internal
energy is due to the bonding or attractive forces that hold the molecules in a
phase.

The potential internal energy decreases as a substance changes from solid
to liquid to gaseous phases as the bonding forces decrcase. In the gas phase,
the internal energy is mainly kinetic. As the ideal gas state is approached and
molecular activity increases with temperature, the internal energy becomes
all Kinetic; thus, the internal energy of an ideal gas is a pure temperature
function.

The symbol for specific internal cnergy is «, and the change in specific
internal energy 1s given by the following:

5

Au = [_ du = 1, — u (3.27)
|

In Si, the units for internal energy are the joule per kilogram or newton-
meter per kilogram. For USCS units, conventional practice is to use the
British thermal unit per pound-mass (Btu/lbm). For flutd mechanics, it will
be necessary to convert the Btu to ft-1bf (778.2 ft- Ibf = | Btu).

Specific Flow Work

Flow work is the amount of mechanical encrgy required to force a flowing
fluid across a scction boundary. Consider the stcady-flow system shown in
Figure 3.5. Fluid enters the system at section 1. where the flow area is 4| and
the pressure is p;. and leaves at section 2, where the flow arca is 4> and the
pressure is p,. The force acting to prevent the fluid from crossing a section
boundary is

F=pA (3.27)
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System boundaries

PaAz

Saction boundaries

Flow direction
> pA

N |

—ly

Figure 3.5 Flow work.

where p is the pressure at the section boundary and A is the flow arca. The
thermodynamic definition of specific work 1s given as equation (3.28):

W = l F dx (3.28)
m

P e B

FW = - Fdx=f’ﬁ dx (3.29)

g4 n

FW 1n equation (3.29) is the specific flow work. Noting that 4 dx is the
volume } of fluid being “pushed™ across a section boundary and that by
definition ¥ = mv, equation (3.29) may be written as follows:

2 2 2
FW = [ de) = f d(pmv) f a’(pu) = Uy — P11y (330)
1 1 1

hn i

AFW is the change in specific flow work.
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Specific Enthalpy

It is sometimes desirable to combine certain fluid propertics to obtain a new
one. Enthalpy is a property combining internal energy, pressure, and specific
volume.

The symbol for specific enthalpy is /; specific enthalpy 1s defined by the
following equation:

h=u+pu (3.31)
The change in specific enthalpy becomes
Ah=Hh—h =1t —uy + pro— pyy (3.32)

Specific enthalpy units in SI are the joule per kilogram or newton-meter
per kilogram. For the USCS units. conventional practice is to use the British
thermal unit per pound-mass (Btu/lbm). For fluid mechanics, it will be
necessary to convert the Btu to ft-lbf (778.2 ft.Ibf = I Btu).

Shaft Work
Definition

Shaft work is that form of mechanical energy that crosses the boundaries
of a system, transmitted through the shaft of a machine. The result of this
transmission is to increase or decrease the total amount of energy stored in a
fuid.

Shaft work 1s mechanical energy in transition and cannot be stored as
such in a fluid. For example, consider a pump that is pumping water from a
lower level to a higher one. While the pump is in operation, shaft work is
transmitted to the water; this increase in energy causes the water to rise to a
higher elevation. After the pump has stopped. the amount of energy added
to the fluid less losses is now stored in the water in the form of increased
mechanical potential energy.

Because the first engines built by man were made to extract work from
the Auid energy. conventional practice ts to call shaft work done Ay a fluid
positive work, and work done on a fluid regative work. Shaft work may aiso
be classified as steady flow or nonflow according to the type of machine and
process.

Nonflow Shaft Work

Consider the cylinder and piston arrangement shown in Figure 3.6. As
the piston advances from the state point | to point 2. the fluid in the cylinder
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Figure 3.6 Nonflow shaft work.

expands and work is done hy the fluid. 1t the piston were made to retract,
then the fluid would be compressed and work would be done on the fluid.

The torce exerted by the fluid on the piston of Figure 3.6 is given by the
following:

F=pA (3.33)

Substituting equation (3.33) in equation (3.28) and noting that the area of
the piston, 4, is a constant such that 4 dv = JV and that by definition V' =
mv results in the following:

| A pdvo (7
Wy = —fl" dv= [ P2 av = [ e :f p dv (3.34)
m m [ m [

W+ in this equation is the specific shaft work.

Steadv-Flow Shaft Work

The specific steady-flow shaft work may be expressed as follows:

”/\f = f‘IW\f # W\IZ - H/s'll (335)
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W,r is the steady-flow shaft work per unit mass. Because the differential of
shaft work is incxact, the Greek letter 8 is used instead of d. Equation (3.35)
may be correctly written as follows:

Wy = [ 5w, (3.36)

Heat and Entropy

Heat is the form of thermal energy that crosses the boundaries of a system

. - . .
withant the tranefer of mace a¢e a reenlt af a differance n temmnerats
YYILILIV/ WL L% 3 LW Llu.lh%l\..l L L1113 D i [#8 Lvuie L (4§ LI LL T vl Ll l\.«lll},}\.lul—dre

between the system and its surroundings. The effect of this transfer is to
increase or decrease the total amount of energy stored in a fluid. Heat is
thermal energy in transition, and like shaft work it cannot be stored as such
in a flutd. Becausc the first devices made by humans were to produce shaft
work by adding heat, heat added to a substance is positive, and heat rejected
1s negative. Entropy is the fluid property required by the second law of
thermodynamics to describe the path of a reversible process. Entropy is
defined by the following equation:

= f T ds (3.37)

In equation (3.37), g is the heat transferred per unit mass and s is the entropy
per unit mass.
Heat may also be expressed as the following:

g = fB dy # 4> — g, (3.38)

Note that the symbol & is used in place of d, because the ditferential of heat
transfer is inexact.
Equations (3.38) and (3.37) may be combined as follows:

q:[ﬁ dy = fT ds (3.39)

Equation (3.39) is a mathematical statement; heat is the area under the
temperature—entropy curve of Figure 3.7.

In SI, the joule per kilogram or newton-meter per kilogram is used for
heat and the joule/kilogram Kelvin is used for entropy. In USCS units, the
British thermal unit per pound mass 1s used for heat, and the British thermal
unit/pound mass degree Rankine is used for entropy. For fluid mechanics, it
will be necessary to convert the Btu to ft -Ibf and the Btu/lbm-"R to ft-bf/
Ibm-“F (778.2 ft -1bf = 1 Btu).
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]

Figure 3.7 Temperature-cntropy plane.

Steady-Flow Energy Equation

The steady-flow energy equation is readily derived by the application of the
principles of conservation of energy to a thermodynamic system. The fol-
lowing forms of cnergy are considered.

Stored in Fluid:

Potential energy APE = E-(:3 — 1) (3.25)
E

Kinetic energy AKE = '222 ! (3.26)

Internal encrgy A= uy — 1 (3.27)

Flow work FW = Pals — g (330)
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In Transition:

Shaft work W, = f SW,, (3.36)

Heat transfer y = f& dyg (3.38)

The basic requirement for the satisfaction of the principle of conservation
of energy may be stated as follows:

Zenergy entering system — chcrgy stored in system
(3.40)
= Zenergy lcaving system

In a steady-flow system, the energy stored in the system does not change
with time. so for any given period of time equation (3.40) reduces to equa-
tion (3.41)

Zencrgy n = Zenergy out (3.41)

Equation (3.4[) may be modified to show the types of energy as follows:

energy stored in entering fluid + energy in transition added to system
system = {cnergy in transition removed from system + energy stored in
fluid leaving (3.42)

Consider the block diagram of Figure 3.8. The flmid enters the system
through section 1, transporting with it its stored energy expressed as follows:

q
“

g _ U
Ezl 2—3;:4’ Uy +pvy

The fluid leaves the system at section 2, removing its stored encrgy expressed
as follows:

g ot
— oy - Ty
g 28

Since heat (¢) added to a system is constdered positive, the arrow shows
heat being added between scctions | and 2. In a like manner, the steady-flow
shaft work (W,,) is shown to be leaving between sections 1 and 2, because
work done by the fluid is considered positive.

Application of cquation (3.42) to Figure 3.8 results in the following:
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Figure 3.8 Stcady-flow c¢cnergy diagram,

7

7 “2 '
i:,+—'—~+—u, +pv ) +g=W, + —g—:_,+—;-+llz +pava] (3.43)
tq( 2(2( (,j’(' 2(2(

Equation (3.43) may be written as follows:

' — 1

g
=W, ,+—(z -2+
g ’+q.(2 1) 7%

e X4 ¢

rJta
-—rd

+ oty — Uy pavs — (3.44)

Equation (3.44) may be written as follows:

g =W, + APE + AKE + Au+ AFW (3.45)
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Relation of Motion Equations and Energy Equations

The equation of motion was derived carlier in Scction 3.3 without consid-
eration of steady-state shaft work. Had shaft work been considered. the
resulting one-dimensional equation of motion (3.21) would have been the
following:

2_ .2 2
Wy =S (20— o)+ '~2g . +] vdp+ H, =0 (3.46)
4 ¢ {

I

Noting that

Pava — vy =[ a’(pv):f ua’p+[ pdv (3.47)
| | L

the energy equation (3.44) may be written as follows:

3 2 o)

2 2 2 2
1]22 i + ur — u +f v dp—l—] p dv (3.4%)
e l |

__Hf i’__..
q = .\-/+g (2 — )+

As the equations are now written, the equation of motion (3.46) contains
no thermal energy terms and the cnergy equation (3.48) contains no term for
friction. If equation (3.46) 1s subtracted from equation (3.48) and solved for
H,, the following is obtained:

o

Hy = u; — +f_p dv—yg (3.49)
!

For an incompressible fluid, vy = v,, or dv = 0, s0 equation (3.49) reduces to
the following:

H/‘:Hz — U —qg (350)

Equation (3.49) indicates that energy i1s not “‘lost™ due to friction but is
ssmply converted into some other form that is either removed from the
system as heat transfer or/and increases the internal energy of the fluid.

Nonflow vs. Steady-Flow Energy Equations

Consider the horizontal piston and cylinder arrangement shown in Figure
3.6. Fluid does not cross the system boundarics, so no flow work is per-
formed; nor can there be any change in kinetic energy. Because the cylinder
is horizontal, there 15 no change in potential energy. Of the six forms of
energy considered earlier in Section 3.3 for the stcady-flow equation, only
three- -internal encrgy, shaft work, and heat transfer - need to be consid-
ered for a nonflow system.
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From Figure 3.9, application of the principle of conservation of energy
lcads to the following:

g = Au+ W, (3.51)
Noting from cquation (3.27) that

Au = U, — u, (3.27)
and from equation (3.34) that

W, = ]f “pdv (3.34)

the nonflow equation may be written as follows:

-

g =1y — U + f pdv (3.52)
!

If equation (3.52) is subtracted from equation (3.48), the following is
obtained:

Transitional

Wt

c 2
9 =
g <
€ c
5 £
z 3
3 S
a [77]

Path functions

Figure 3.9 Nonflow energy diagram.
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22 2
0= W, +5 () 4+ "+f v dp (3.53)
g 28, !
or
2 R
— f vdp =W+ fg(zg — o+ = ! (3.54)
| £, 2g,
Equation (3.54) may also be written in the following form:
~f vdp = W, + APE + AKE (3.55)
i

From cquation (1.32) n=—(vdp/pdv), and from equation (3.34)
W, = [pdv. Using these relations and equation (3.55) results in the
following:

R

— /‘h v dp
_ W p
; v dp | + + APE + AKE (3.56)

pdv 2 Wy
f pdv
I

Note that in the absence of potential and kinetic cnergy changes. the
process path # 1s the ratio between the stcady-flow work and the nonflow
work for a reversible process. If — [ v dp from equation (3.54), Al from
equation (3.32), and f 1" ds from cquation (3.37) arc substituted in equation
(3.44), the following results:

) 2
Uy — 1
qg= [Ws/ + 5(22 - )+ -2g l} + (ur — 1y + pavs = pyvy)
o ‘ (3.57)
2 2
q:~[ v dp + Ah:/ T ds
[ 1
Equation (3.57) may be written in differential form as follows:
bg =T ds = —vdp+ dh (3.58)
Equation (3.52) can be written in differential form as follows:
8¢ =T ds = p dv + du (3.59)

Equation (3.58) was developed from the steady-flow energy equation and
equation (3.59) from the nonflow equation. Noting that by definition dh =
du + d(pv) = u+ p dv + v dp and substituting in equation (3.58) yields the
following:

Tds=—-vdp+Ah=—vdp+du+pdv+vdp =pdoi du (3.60)
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Ideal Gas Specific Heat and Energy Relations
Specific Heats

The specitic heat of any substance is defined by the following cquation:

(%
o () son

where ¢, is the specific heat for process x.

In SI, the joule per kilogram per Kelvin (J/(kg- 'K)) or the Newton-meter
per kilogram per Kelvin is used for specific heat. For USCS units, conven-
tional practice is to use the British thermal unit per pound-mass per degrec
Rankine (Btu/(lbm-"R). For fllid mechanics, it will be necessary to convert
the Btu to ft-Ibf (778.2 ft Ibf = { Btu).

Constant-Volume Specific Heat

Note that if equation (3.59) is solved for a constant-volume process
(dv = 0), the following results:

8¢, = p(0) + du = du (3.62)

From equation (3.61), the following can be written:

aq au
"N—=) =¢. = = 3.6
(-\ (()T) v “ (()T) I ( 3)

Since the internal energy of an ideal gas is a function of temperature only,
the partial notation may be dropped; equation (3.63) may be then be written
as follows:

du =c,.dT (3.64)
Equation (3.64) may be used for any ideal gas process.

Constant-Pressure Specific Heat

Note that if equation (3.59) is solved for a constant-pressure process
(dp == 0), the following results:

8y, = —w0) + dh = dh (3.65)

From equation (3.61), the following can be written:

dy o
(8N _ . _ (9 3.66
“ (ar)l\ “r (a?r),, (3.66)
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Since the enthalpy of an ideal gas i1s a function of temperature only, the
partial notation may be dropped; equation (3.66) may be then be written as
follows:

dh = ¢, dT (3.67)

Equation (3.67) may be used for any ideal gas process.

Ratio of Specific Heats

If the relation of equation (3.67) is substituted in equation (3.58), the
following results:

T ds = —vdp + ¢, dT (3.68)
For an isentropic process (ds = (), equation (3.68) reduces to the following:

vdp =c, dT (s = ¢) (3.69)
If the refation of equation (3.64) 1s substituted in cquation (3.59), the follow-
Ing equation results:

T ds=pdv+c,.dT (3.70)

For an 1sentropic process (ds = 0), equation (3.70) reduces to the following:
—pdv=c.dl (s =) (3.71)

Substituting cquations (3.69) and (3.71) in equation (1.32) vields the follow-
ing:

—vdp c, dT cp
= = — = - = k 3.
" pdv ((',, dT . (3.72)

In equation (3.72), 4, the ratio of specific heats, is the exponent for an
isentropic process.

If the definition of enthalpy is written in differential form and from
equation (1.37) py = RT. equation (3.64) du = ¢, dT. and equation (3.67)
dh = ¢, dT, the following can be written:

dh =du+dpv)y=c,dT = ¢, dT + R dT
or
—¢,. =R (3.73)

Cp

Dividing equation (3.73) by ¢, yields the following:
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R

¢, == m (374)
In a like manner, the following can be written:
kR
9=y (3.75)

Polvtropic Specific Heat

Integrating equation (3.34) for a polytropic process using po” = ¢ |equa-
tion (1.31)] gives the following:

2 2 b—n 2
- (-!’ APy —
fpdv:c' (—,',’-:(-(” ):M (n# 1) (3.76)
1 |

% a — it l | -

If the ideal gas equation of state (1.37) pv = RT is substituted in equation
(3.76), the following results:

-

‘ povo—pwvy RI—-RT, R(T,-T))
[)dl}: = =
| 1 —n | —»n I —

(3.77)

Writing equation (3.77) in differential form and substituting ¢, —¢. = R
from equation (3.73) results in the following:

RdAT (¢, — ¢ )dT

1l —n { —n

pdv= (3.78)

Substituting ¢, dT for T ds and p dv from equation (3.78) in equation (3.70),
noting that ¢,/c¢, = k. and solving for ¢, yiclds the following:

Tds=pdv+c, dT =c, dT = ('!l) —%dT + ¢, dT

or

/S N

¢, = = ne, + (',‘(T : :) (3.79)

l —n

Equation (3.79) may be used only for polytropic 1deal gas processes where

n#£l.

Isentropic Energy Relations

The path of frictionless adiabatic flow of an ideal gas. 1s from equation
(1.33), " = a constant. If the friction term (vt DL/R;) of the equation of
motion (3.18) is dropped, and the equation integrated between sections |
and 2, the following equation can be written for frictionless flow:
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2 2
£y o+ 2 ”'+f vdp =0 (3.80)
g 28 1

Iz

The third term of equation (3.80) may be integrated by noting from equa-
tion (1.42) that v = v,(p,/p)""*, so the following results:

2

2 2 [p k u hE
in — 7k aP 1/ (k—1)/k
fr var = i Vi k—1 r |
) (h—1/k
!\' Po
d, —= —1
f.” - ”'”’(A—t)[(p) ]

Substituting equation (3.81) in equation (3.80) vields the following:

s — o k py\ A
Sy )+ 2 B (2 “1l=0 3.2
R +”‘”'(k~l) Q.) (382

Substituting from the equation of state (1.37) pyv; = RT| and from equation
(1.42) Ty/T, = (p/p))* =" in equation (3.82) results in the following:

g, . +e2—u rr (K N\
PR AV VAV A

2 7
g - - Vy — 1 Rk _
—(zz—z2)+ o, +(k_l)(T2—Tl)—0

(3.81)

(3.33)

8 =& ¢

Substituting from equation (3.75), ¢, = Rk/(k — 1), and from equation
(3.67). dh = ¢,dT, in equation (3.83) results in the following:

f2 ij g lz :

"~ : vz 0y

+(/J[T"' ]:—(22—21)+
b4

¢ &S ¢ ' [aXe

+ ]b_ — Il| =1
(3.84)

The same result can be obtained from the energy equation. For an isen-
tropic process, ¢ =0, for no shaft work, W, =0, and by definition
Uy — uy + pavy = pyvy = hy — Ay, Substituting these expressions in ¢quation
(3.44) yields the following:

Lty ~ uy + Pty — iV (3.44)

=
r3ta

g
q = W\f +—'(:2—31)+
g(' Oy e
5 — o
0=0+(H—2)+ '

4

thy — b (3.85)
2g

(38

The general energy equation (3.44) may be written in the following form by
substituting for A, — Ay the value of [kR/(k — DT, — T):
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o3 — ]
g= Wy + 20+ 2Dy —uy 4 pvs — pivy (3.44)
& 28,
g 03— v kR
g== Wy +—(z—2))+—= + (T, - 1)) (3.86)
g th k—1

Impulse-Momentum Equation

The impulse-momentum equation 1s used to calculate the forces exerted on a

solid boundary by a moving stream. It was derived 1n Section 1.6 as an

applhication of Newton’s second law. This resulted in the following equation:
ma Hi(e, — )

F = = — (1.11)
Be g

Substituting X F (the summation of all forces acting) for F and from equa-
tion (3.6). m = pAur, yields the following:

: _ Av
Sﬁ F m(nzn vy) _ ,o“ t (s — 1) (3.87)
S

o
il

&e

In the apphcation of equation (3.87), it must be remembered that velocity
is a vector and as such has both magnitude and direction. The impulse-
momentum equation is often used in conjunction with the continuity and
energy equations to solve engincering problems,

In general, the ““free-body™ method is used to compute the forces involved
on the boundaries on a control volume. The symbol F is used for the force
exerted by the boundaries on the fluid. There 1s an cqual but opposite force
exerted by the fluid on the boundaries.

3.4 GAS DYNAMICS

Gas dynamics is the branch of fluid dynamics concerned with the motion of
gases and consequent cffects. Gas dynamics combines the principles of fluid
mechanics and thermodynamics. This subject 1s based on the application of
the following four fundamentals:

Newton's second law of motion
The law of conservation of mass
The first law of thermodynamics
The second law of thermodynamics



66 Chapter 3

Because the potential energy changes in ideal gas systems are usually
small compared with other energy changes, all systems in this section arc
assumed to be horizontal, and thus z, — =y = 0. [tis further assumed that the
fow is one-dimensional and that all fluids are in the ideal gas state.

Area—Velocity Relations

In this section, the differences between incompressible and compressible
flow arca—velocity relations are developed.

Incompressible Fluids
Repeating the continuity equation in differential form from Section 3.2:

v dA d
L2 Py (3.9)
U A P
For an incompressible fluid, dp = 0, so equation (3.9) reduces to the follow-
Ing:
dv o A

= (3.89)

Inspection of equation (3.89) indicates the following:

1. If area increases, velocity decreases.

2. If area decreases, velocity increases.

3. If area 1s constant, velocity is constant.
4. There are no critical values.

Compressible Fluids

The equation of motion (3.18) for a horizontal system (dz = 0) and for
frictionless flow (r = 0) becomes the following:

v dv
S i vdp=0 (3.90)

C

Substituting equation (1.15), v = 1/p, in equation (3.90), yields the follow-
ing:
vde  dp
—_— ==
g P

0 (3.91)

Substituting equation (1.57), p = Eg./¢*. and equation (1.45), dp =
—FE dv/v, in equation (3.91) and dividing by »* yields the following:
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v dn+ dp _dv  (—E dvjv)y

_ Y9
Ve, pvt g vi(Eg./ct)
or
dv 2 du
av _ (_) av (3.92)
v ¢/ v

Equation (3.8), the differential form of the continuity equation, can be

written as follows:
dv  dA dv (3.8)
t A v

Substituting the relationship for dv/v from equation (3.92) in equation (3.8)

and solving for dA results in the following:

O e (51

The ratio of actual velocity, v, to the speed of sound ¢ is known as the
Mach number, M, named in honor of Ernst Mach. an Austrian physicist. For
. - . I ~ .
an ideal gas from equation (1.59), ¢ = (kg RT)"/~. so the following can be
written:

M="=__1 (3.94)
¢ kg RT

Substituting cquation (3.94) in equation (3.93) and rearranging terms yields
the following:

"_"‘:ﬂ[(i_)_l] LTS (3.95)

ads to the following conclusions:

AL I 2 RIS I% 7203,

l.v<e M < 1 dA/A varies as Velocity subsonic:

—duvjuv If area increases, velocity
decreases. Same as for
incompressible flow.

2v=c, M =1 dAjA Velocity sonic:

equals zero Sonic velocity can exist only
where the change in area 1s
Zero, 1.e., at the end of a
convergent passage.
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r>c.M>1  dA/A varies as Velocity supersonic:

dv/v If arca increases, velocity
increases  reverse of
incompressible flow. Also,
supersonic velocity can exist
onlty in the expanding portion
of a passage after o
constriction where sonic
(acoustic) velocity existed.

Frictionless Adiabatic (Isentropic) Flow of Ideal Gases in
Horizontal Passages

General Considerations

Frictionless adiabatic (isentropic) compressible flow of an ideal gas must

satisfy the following requirements:

1.

The ideal gas law. The equation of state for an ideal gas is the follow-
ing:

pv = RT (1.37)
The process relationship. For an ideal gas undergoing an isentropic
process:

o = pvh = pyud (1.33)

Conservation of mass. The continuity equation may be expressed as
follows:
A Ayv Ay

v V) Vs

(3.3)

I’h:

Conservation of energy. The sum of all the energy at a section is the
same for all sections. Equation (3.84) for a horizontal passage may be
written as follows:

o o "
h+—=h +— =+ == 3.96
T T T T T g, 20

Derivation of equations

For an ideal gas, equation (3.83) may be written as:
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RKT oo RKT, v RkT» 3

- = = 3.
k—l+2g(. /\‘—l+2g( k—l+2g( (3.97)

Substituting for Mach number from equation (3.94) (M = v/(kg, RT)"*] in
equation (3.97) and simplifying resulits in the following:

RKT, M;(kg.RT\)  RkT, N M3(kg, RT5)
k— 1 2g, T k-1 2g,

which reduces to:

k—1 5
o1+ ()

T, ]+(k;l)M§

Stugnation Condition

(3.98)

The stagnation state exists when the velocity is zero and hence the Mach
number is also zero (see Figure 3.10). Let 7|, represent the temperature when
M =0 (v =0). Ty 1s known as the sragnation temperature. Substituting in
equation (3.98) T, for 7, T for 75, and M for M, results in the following:

k= 1\ o
T l+(”_2_)0‘ k—1\ .1 (
- = y— =14 — M (3.99)
QS

e

Let py represent the pressure when M =0 (0 = 0). pgy is the stagnation
pressure. Substituting the isentropic 7—p relationship of equation (1.42)
(p/po =(T/ T(,)"‘V’“"”) in equation (3.99) results in the following:

kjik-1)

e (%)A.M”: [[' T (k; ])Mz]l } . [1 ¥ ("' . i)MZTMM

(3.100)

Let p, represent the density when M =0 (v = 0). py 15 the stagnation
density. The p/p, relationship may be established by noting that the isen-
tropic process of equation (1.33). pv* = ¢, may be written as a density func-
tion, since, from cquation (1.15) p = I/v. or ,0/,0A = ¢. Substituting these
values in equation (3.100) results in the following:
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Ta / T f ¥ Stagnation M=0

RK Subsonic Flow

yd I _Virl‘_'l]
. 2g.L Rk
LR S, /—- ----- +— ------ ¢ “"'X"“ Sonic Flow M =1

/ Supersonic Flow
T boeeee 2 y M > 1

Figure 3.10 Notation for isentropic flow.

174 o kil—ky) VA o L1 —h)
il YAt | KR e L R B IR G U
o 0 2 2

(3.101)

Critical Conditions

Critical conditions exist when the Mach number is unity. Let 77 repre-
sent the temperature when M = 1, where T is the critical temperature.
Substituting in ecquation (3.99) 7" for 7" and M~ for M results in the follow-
ing:

T k—1\, .1 k—1y,,17" 2
nel ()] = ()] = 102
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Let p* represent the pressure when M = 1, where p* is the critical pres-
sure. Substituting in equation (3.100) p* for p and 1 for M results in the
following:

. k— 1 k0 -h) _ k/(1—k) 7 \Kh-D
R M P LSEATE iy
Po 2 2 k+l

(3.103)

Let o™ represent the density when M = 1, where p* is the critical density.
Substituting in equation (3.101) p* for p and 1 for M results in the following:

* flr— 1N B LYY r b 1N AU =k) N Kk -1}

P«):[ 3 )MJ = '] kk—H

Let »" represent the velocity when M = |, where " is the critical velocity.
. 2 . .
From equation (3.94), v = M(kg(.RT)”‘, 50 the following can be written:

kg .RT Ty Tu
: M,/ 3.105
kg RT* \ﬁ[, T[,\/ T (3.105)

Substituting from equation (3.99) for T/7, and from equation (3.102) for
T,/T* into (3.105) yields the following:
k—1
2{1+——M
( R )

. -k +1
Mu‘:;w\/[ ]\/(+) y
vk
(3.106)

The critical urea A is obtained by writing the continuity equation,
pA?) = p"A*v", as follows:

-5 -G)®)E) -E)N™)(E) (3.107

l!/

(3.104)

K+ 1

Substituting from equation (3.104) for p*/p,, equation (3.101) for py/p, and
equation (3.106) for v* /v into equation (3.107) results in the following:

k—1
y 2 [/k=1) k—1 . 1/(k=1) 1 2(1 +——"‘2 M- )
—_—= | ——— { — M- I

=) () e

. (k+1)/2k—1)
ﬂ — _[_ _2__ 1 + A—i_M
A M| \k+ 1 2

(3.108)
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Note that 4/A4" is always greater than | and that equation (3.108) has two
solutions. For every arca ratio except unity, there are two Mach numbers.
one subsonic and one supersonic, that will satisfy equation (3.108).

Writing the continuity cquation for an ideal gas [#1 = Aep/RT] and sub-
stituting for 7" from cquation (3.102). p* from equation (3.103), and ©*
from equation (3.106) results in the following:

A* kg R{ =0\ po{ -
A v p” \/ £ (k + 1 Po\k + 1

.k

H1

« T 27,
RT R(k +“l) (3.109)
* . (h-+ 1A= 1)
i A'py [hg. [ 2
JToY R AL+ 1

In equation (3.109), m* is the maximum mass flow rate.

Tabulated Values of Isentropic Flow Functions

It has been found useful to compute and tabulate certain standard isen-
tropic functions. These Tunctions are all dimensionless ratios and are func-
tions of thec Mach number. Table 3.1 contains the following ratios:

Function Fquation
M* == 3.106
i

A

r 3.108
A*

T

— 3.99
Ty

i 3.100
o

£ 3.101
Po

In applying this table it should be noted that all data are based on the
assumption that the gas is ideal and that the molecular weight, specific
heats, and ratios of specific heats are constant. Table D.2 (sce Appendix
D) gives values of & for ideal gases as a function of temperature. When the
temperature range 1s known before calculations, the average value of &
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Table 3.1 Isentropic Flow Functions
k=1

M M* = v¥/v A/A¥* Ty p/Po P/po
0.00 0.000E+00 oo 1.000E+00 1.000E+00  1.000E+00
0.01 1.000E-02 6.066E+01 1.000E+00 1.000E+00 1.000E+00
0.02 2.000E-02  3.033E+01 1.000E+00 9.998E-01 9.998E-01
0.03 3.000E-02 2.023E+01 1.000E+00 9.996E-01 9.996E-01
0.04 4.000E-02 1.518E+01 1.000E+00  9.992E-01 9.992E-01
0.05 5.000E-02 1.215E+01 1.000E+00  9.988E-0O1 9.988E-01
0.06 6.000E-02 1.013E+01 1.000E+00  9.982E-01 9.982E-01
0.07 7.000E-02 8.686E+00 1.000E+00 9.976E-Ol1 5.976E-01
0.08 8.000E-02  7.606E+00 1.000E+00  9.968E-0l 9.968E-01
0.09 9.000E-02 6.767E+00 1.000E+00  9.960E-01 9.960E-01
0.10 1.000E-01 6.096E+00 1.000E+00  9.950E-01 9.950E-01
0.15 1.500E-01 4.089E+00 1.000E+00  9.888E-01 9.888E-01
0.20 2.000E-01 3.094E+00 1.000E+00 9.802E-0O1 9.802E-01
0.25 2.500E-01 2.503E+00 1.000E+00  9.692E-01 9.692E-01
0.30 3.000E-01 2.115E+00 1.000E+00  9.560E-Ol 9.560E-01
0.35 3.500E-01 1.842E+00 1.000E+00  9.406E-01 9.406E-01
0.40 4.000E-01 1.643E+00 1.000E+00  9.231E-01 9.231E-01
0.45 4.500E-01 1.491E+00 1.000E+00 9.037E-0O1 9.037E-01
0.50 5.000E-01 1375E+00 1.000E+00 8.825E-01 8.825E-01
0.60 6.000E-01 1.210E+00 1.000E+00  8.353E-01l 8.353E-01
0.70 7.000E-01 1.107E+00 1.000E+00  7.827E-01 7.827E-01
0.80 8.000E-01 1.044E+00 1.000E+00  7.261E-01 7.261E-01
0.90 9.000E-01 1.010E+00 1.000E+00 6.670E-01 6.670E-01
1.00 1.000E+00 1.000E+00 1.000E+00  6.065E-01 6.065E-01
1.10 1.100E+00 1.010E+00 1.000E+00 5.461E-01 5.461E-01
1.20 1.200E+00 1.038E+00 1.000E+00  4.868E-01 4.868E-01
1.30 1.300E+00 1.086E+00 1.000E+00  4.296E-01 4.296E-01
1.40 1.400E+00 1.154E+00 1.000E+00 3.753E-01 3.753E-01
1.50 1.500E+00 1.245E+00 1.000E+00  3.247E-01 3.247E-01
1.60 1.600E+00 1.363E+00 1.000E+00  2.780E-01 2.780E-01
1.70 1.700E+00 1.513E+00 1.000E+00 2.357E-0O1 2.357E-01
1.80 1.800E+00 1.703E+00 1.000E+00  1.979E-01 1.979E-01
1.90 1.900E+00 1.941E+00 1.000E+00  1.645E-01 1.645E-01
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Table 3.1 (continued) Isentropic Flow Functions
k=1

M M* = v¥/y AIA* TiT, P'Po pipo
2.00 2.000E+00 2.241E+00 1.000E+00 1.353E-01 1.353E-01
2.10 2.100E+00 2.620E+00 1.000E+00 1.103E-01 1.103E-01
2.20 2.200E4+00 3.100E+00 1.000E+00  8.892E-02 8.892E-02
2.30 2.300E+00 3.714E+00 1.000E+00  7.101E-02  7.101E-02
2.40 2.400E+00 4.502E+00 1.000E+00 5.613E-02  5.613E-02
2.50 2.500E+00 5.522E400 1.000E+00 4394E-02  4394E-02
2.60 2.600E+00 6.852E+00 1.000E+00 3.405E-02  3.405E-02
2.70 2.700E+00 8.600E+00 1.000E+00 2.612E-02  2.6i2E-02
2.80 2.800E+00 1.092E+01 1.000E+00  1.984E-Q2 1.984E-02
2.90 2.900E+00  1.402E+01 1.000E+00 1.492E-02 1.492E-02
3.00 3.000E+00 1.820E+01 1.000E+Q0 LL111E-Q2 1.111E-02
3.10 3.100E+00 2.389E+01 1.000E+00  8.189E-03 8.189E-03
3.20 3.200E+00 3.172E+01 1.000E+00 5.976E-03 5.976E-(03
3.30 3.300E+00 4.257E+01 1.000E+00 4318E-03  4.318E-03
3.40 3.400E+00 5.776E+01 1.000E+00 3.0B9E-03  3.089E-03
3.50 3.500E+00 7.922E+01 1.000E+00 2.187E-03  2.187E-03
3.60 3.600E+00 1.098E+02 1.000E+00  1.534E-03 1.534E-03
3.70 3.700E+00 1.540E+02 1.000E+0O 1.065E-G3 1.065E-03
3.80 3.800E+00 2.181E+02 1.000E+00 7.318E-04  7.318E-04
3.90 3.900E+00 3.123E+02 1.000E+00 4.980E-04  4.980E-04
4.00 4.000E+00 4.520E+02 1.000E+00 3.355E-04  3.355E-04
4.50 4.500E+00 3.364E+03 1.000E+00 4.007E-05  4.007E-05
5.00 5.000E+00 3.255E+04 1.000E+00 3.727E-06  3.727E-06
5.50 5.500E+00 4.085E+05 1.000E+00 2. 700E-07  2.700E-07
6.00 6.000E+00 6.637E+06 1.000E+00  1.523E-08  1.523E-08
6.50 6.500E+00 1.394E+08 1.000E+00 6.692E-10  6.692E-10
7.00 7.000E+00 3.784E+09 1.000E+00 2.290E-11 2.290E-11
7.50 7.500E+00  1.325E+11 1.000E+00 6.102E-13  6.102E-13
8.00 8.000E+00 5987E+12 1.000E+Q0 1.266E-14 1.266E-14
9.00 9.000E+00 2.615E+16 1.000E+00 2.577E-18 2.577E-18

10 1.000E+01  3.145E+20 1.000E+00  1.929E-22 1.929E-22

20 2.000E+01 2.191E+85 1.000E+00 1.384E-87 1.384E-87

30 3.000E+01 5.473E+193 1.000E+00 3.694E-196 3.694E-196
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k=1.1
M M* = v¥/y Al/A* TTe P'Po p/po
0.00 0.000E+00 0 1.000E+00  1.000E+00  1.000E+00
0.01 1.025E-02  5.991E+01 1.000E+00 9.999E-01  1.000E+00
0.02 2.049E-02  2.996E+01 1.000E+00 9.998E-01  9.998E-01
0.03 3.074E-02  1.998E+01 1.000E+00 9.995E-01  9.996E-01
0.04 4.099E-02 1.499E+01 9.999E-01 9.991E-01 9.992E-01
0.05 5.123E-02 1.200E+01 9.999E-01 9.986E-01 9.988E-01
0.06 6.148E-02 1.000E+01 9.998E-01 9.980E-01 9.982E-01
0.07 T172E-02  85BIE+00  9.998E-01 9.973E-01 9.976E-01
0.08 8.196E-02  7.514E+00 9.997E-01  9.965E-01  9.968E-01
0.09 9.220E-02  6.685E+00  9.996E-01 9.956E-01 9.960E-01
0.10 1.024E-01 6.023E+00  9.995E-01 9.945E-01 9.950E-01
0.15 1.536E-01  4.042E+00 9989E-01 9.877E-01  9.888E-0l
0.20 2.047E-01 3.059E+00  9.980E-01 9.783E-01 9.802E-01
0.25 2.558E-01 2.476E+00  9.969E-01 9.663E-01 9.693E-01
0.30 3.067E-01 2.093E+00 9.955E-01 9.518E-01 9.561E-01
0.35 3.575E-01 1.825E+00  9.939E-01 9.350E-01 9.408E-01
0.40 4.082E-01 1.629E+00 9.921E-0l 9.161E-01 9.234E-01
0.45 4.588E-01 1.4B0E+00  9.900E-01 8.951E-01 9.042E-01
0.50 5.092E-01 1.365E+00  9.877E-01 8.723E-01 8.832E-01
0.60 6.094E-01 1.204E+00  9.823E-01 8.218E-01 8.366E-01
0.70 7.087E-01 1.104E+00  9.761E-01 7.662E-01 7.850E-01
0.80 8.069E-01  1.042E+00 9.690E-01  7.072E-01  7.298E-0l
0.90 9.041E-01 1.O10E+00  9.611E-01 6.462E-01 6.723E-01
1.00 1.000E+00 1.000E+00  9.524E-01 5.847E-01 6.139E-01
1.10 1.095E+00 1.009E+00 9.430E-01 S241E-01  5.558E-01
1.20 1.188E+00 1.036E+00 9328E-01 4.654E-01  4.989E-01
1.30 1.279E+00 1.080E+00 9.221E-01 4.097E-01 4.443E-01
1.40 1.369E+00  1.142E+00  9.107E-01 3.576E-01 3.926E-01
1.50 1.457E+00 1.223E+00 8989E-01  3.095E-01  3.443E-01l
1.60 1.544E+00 1.326E+00 8.865E-01 2.658E-01 2.99GE-01
1.70 1.628E+00 1.454E+00 B.737E-01  2.266E-01  2.593E-0l
1.80 - L..711E+00 1.610E+00  8.606E-01 1.917E-01 2.228E-01
1.90 1.792E+00 1.801E+00 8471E-0i 1.612E-01 1.903E-01
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Table 3.1 (continued) Isentropic Flow Functions
k=1.1

M M* = v¥/y AlA¥* Ty P Po P/po
2.00 1.R71E+00 2.032E+00  8.333E-01 1.346E-01 1.615E-01
2.10 1.948E+00 2.312E+00 8.193E-0Ol 1.117E-01 1.363E-01
2.20 2.023E+00 2.651E+00  8.052E-01 9.219E-02 1.145E-01
230 2.096E+00 3.061E+00  7.908E-01 7.566E-02  9.568E-(02
2.40 2.167E+00 3.560E+00  7.764E-01 6.179E-02  7.959E-O02
2.50 2.236E+00 4.165E+00  7.619E-01 5.022E-02  6.592E-02
2.60 2.303E+00 4.901E+00  7.474E-01 4.064E-02 5.438E-02
2.70 2.368E+00 S5.799E+00  7.329E-01 3.276E-02 4,470E-02
2.80 2.432E+00 6.896E+00  7.184E-01 2.630E-02  3.661E-Q2
2.90 2.493E+00 8.237E+00  7.040E-01 2.104E-02  2.989E-02
3.00 2.553E+00 9.880E+00 6.897E-0Ol 1.679E-02  2.434E-02
3.10 2.611E+00 1.190E+01  6.754E-01 1.335E-02 1.977E-02
3.20 2.667E+00 1.438BE+01  6.614E-0l1 1.059E-02 1.601E-02
3.30 2721E+00 1.743E+01 6.475E-01 8.382E-03 1.295E-02
3.40 2.773E+00 2.119E+01  6.337E-01 6.619E-03 1.045E-02
3.50 2.824E+00 2.583E+01  6.202E-01 5.218E-03 8.414E-03
3.60 2.874E+00 3.157E+01 6.068E-01 4.106E-03 6.767E-03
3.70 2.921E+00 3.B66E+01  5.936E-01 3227E-03  5436E-G3
3.80 2.967E+00 4.743E+01  5.807E-Ol 2.533E-03  4362E-03
3.90 3.012E+00 5.829E+01  5.680E-01 1.986E-03  3.497E-03
4.00 3.055E+00 7.175E+01  5.556E-01 1.556E-03  2.801E-03
4.50 3.250E+00 2.058E+02 4960E-01  4.559E-04  9.176E-04
5.00 3.416E+00 5.977E+02  4.444E-01 1.337E-04  3.007E-04
5.50 3.556E+00 1.731E+03 3980E-01 3.970E-05 9.976E-05
6.00 3.674E+00 4.949E+03  3.571E-01 1.206E-05  3376E-05
6.50 3.775E+00 1.388E+04 3.213E-01 3.765E-06 1.172E-05
7.00 3.862E+00 3.798E+04  2.899E-0l 1.213E-06  4.186E-06
7.50 3.936E+00 1.012E+05 2.623E-0t 4.043E-07 1.541E-06
8.00 4.000E+00 2.621E+05  238lE-01I 1.394E-07  5.855E-07
9.00 4.104E+00 1.614E+06  1.980E-01 1.836E-08  9.270E-08

10 4.183E+00 B.B74E+06  1.667E-01 2.756E-09 1.654E-08

20 4.472E+00 2.290E+12 4762E-02  2.855E-15  5.995E-14

30 4.532E+00 5.746E+15  2.174E-02  5.125E-19  2.357E-17
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k=12
M M#* = v¥/y A/A* TiTo P'Po plpo
0.00 0.000E+00 oo 1.000E+00  1.000E+00  1.000E+00
0.01 1.049E-02  5.921E+01 1.000E4+00 9.999E-01  1.000E+00
0.02 2.098E-02  2.961E+01 1.000E+00 9.998E-01  9.998E-0O1
0.03 3.146E-02  1.974E+01  9.999E-01  9.995E-01  9.996E-O1
0.04 4.195E-02 1.481E+01 9.998E-01  9.990E-01 9.992E-01
0.05 5243E-02 1.186E+01 9.998E-01 9.985E-01  9.988E-01l
0.06 6.292E-02 9.887E+00 9.996E-01 9978E-01  9.982E-01
0.07 7340E-02 8.480E+00 9.995E-01  9.971E-01 9.976E-01
0.08 B388E-02  7.426E+00 9.994E-01  9.962E-01 9.968E-01
0.09 9435E-02 6.607E+00 9992E-01 9952E-01  9.960E-0l
0.10 1.048E-01  5.953E+00 9990E-01 9940E-01  9.950E-01
0.15 1.571E-01  3.996E+00 9978E-01  9.866E-0l 9.888E-01
0.20 2.093E-01 3.026E+00 9.960E-01  9.763E-01 9.802E-01
0.25 2614E-01  2.451E+00 9.938E-01 9.633E-01  9.693E-01
0.30 3.132E-01 2.073E+00 9911E-01 9477E-01  9.562E-01l
0.35 3.649E-01 1.B09E+00 9.879E-01 9.296E-01  9.409E-0l
0.40 4.162E-01  1.615E+00 9.843E-01  9.092E-01 9.237E-01
0.45 4.673E-01 1.469E+00 9.802E-01  8.867E-01 9.046E-01
0.50 5.180E-01  1.356E+00 9.756E-01  8.623E-01 8.839E-01
0.60 6.183E-01  1.199E+00 9.653E-01  8.088E-01 8379E-01
0.70 7.168E-01  1.100E+00 9.533E-01  7.505E-01  7.873E-0l
0.80 8.134E-01  1.041E+00 9398E-01  6.892E-01  7.333E-01
0.90 9.079E-01  1.010E+00 9.251E-01  6.267E-01 6.774E-01
1.00 1.000E+00 1.000E+00 9.091E-01  5.645E-01 6.209E-01
1.10 1.090E+00  1.009E+00 8921E-01 5.039E-01  5.649E-01
1.20 1.177E+00 1.034E+00 8741E-01  4.461E-01 5.104E-01
1.30 1.261E+00 1.075E+00  8.554E-01 3.918E-01 4.581E-01
1.40 1.343E+00 1.132E+00 8361E-01 3417E-01 4.086E-0l
1.50 1.421E+00 1.20SE+00  8.163E-0l 2.959E-01 3.625E-01
1.60 1.497E+00  1.296E+00 7.962E-01  2.547E-Ol 3.199E-01
1.70 1.570E+00 1.407E+00  7.758E-01  2.180E-O1 2.810E-01
1.80 1.641E+00 1.540E+00  7.553E-01 1.856E-01 2.458E-01
1.90 1.7J08E+00 1.657E+00  7.348E-0l 1.573E-01  2.141E-01
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Table 3.1 (continued) Isentropic Flow Functions
k=12

M M* = v¥/y AlA* T/To P'Po Ity
2.00 1.773E+00  1.884E+00  7.143E-01 1.328E-01 1.859E-01
2.10 1.835E+00 2.103E+00  6.940E-0Ol 1.117E-01 1.609E-01
2.20 1.894E+00 2.359E+00  6.739E-01 9.363E-02 1.389E-01
2.30 1.9S1E+00 2.660E+00  6.540E-0O1 7.826E-02 1.197E-01
2.40 2.005E+00 3.011E+00 6.345E-01 6.526E-02 1.029E-01
2.50 2.057E+00 3.421E+00 6.154E-01 5.431E-02 8.825E-02
2.60 2.106E+00 3.898E+00 5.967E-01 4.512E-02 7.562E-02
2.70 2.154E+00 4.455E+00 5.784E-01 3.743E-02 6.472E-02
2.80 2.199E+00 5.103E4+00  5.605E-01 3.102E-02 5.534E-(2
2.90 2242E+00 5.858E+00 5.432E-01  2568E-02  4.729E-02
3.00 2.283E+00 6.735E+00  5.263E-01 2.126E-02 4.039E-02
3.10 2.322E+00 7.755E+00  5.099E-01 1.758E-02  3.448E-02
3.20 2.359E+00 8.940E+00 4.941E-0l 1.455E-02 2.944E-02
3.30 2.395E+00 1.032E+01  4.787E-01 1.203E-02 2.514E-02
3.40 2429E+00 1.191E+01  4.638E-0Ol 9.957E-03 2.147E-02
3.50 2.461E+00 1.376E+01 4.494E-01 8.242E-03 1.834E-02
3.60 2.492E+00 1.S90E+01  4.355E-01  6.826E-03 1.567E-02
3.70 2.521E+00  L838E+01  4.221E-0l 5.657E-03 1.340E-(2
3.80 2.549E+00 2.124E+01  4.092E-01 4.692E-03 1.147E-02
3.90 2.576E+00 2.454E+01  3.967E-01 3.895E-03 9.821E-03
4.00 2.602E+00 2.836E+01  3.846E-01 3.237E-03 8.417E-03
4.50 2.714E+00 5.796E+01  3.306E-01 1.305E-03  3.948E-03
5.00 2.803E+00 1.163E+02 2.857E-01 5.440E-04 1.904E-03
5.50 2.875E+00 2.281E+02 2.484E-0l 2352E-04 9.466E-04
6.00 2.934E+00 4.359E+02  2.174E-01 1.055E-04  4.855E-04
6.50 2.982E+00 8.108E+02 1.914E-01 4.915E-05 2.568E-04
7.00 3.023E4+00 1.469E+03 1.695E-01 2371E-05 1.399E-04
7.50 3.056E+00 2.593E+03  1.509E-01 1.183E-05  7.836E-05
8.00 3.084E+00 4.467E+03 1.351E-01 6.09E-06 4.507E-05
5.00 3.129E+00 1.238E+04  1.099E-01 1.761E-06 1.602E-05

10 3.162E+00 3.162E+04 9.091E-02 5645BE-07 6.205E-06

20 3.276E+00 2.196E+07  2.439E-02 2.105E-10 8.631E-09

30 3.298E+00 1.175E+09  1.099E-02 1.761E-12 1.602E-10
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k=13
M M* = v¥/y A/A* TTe PPo plpo

0.00 0.000E+00 co 1.000E+00  1.000E+00  1.000E+00
0.01 1.072E-02  5.853E+01 1.000E+00  9.999E-01 1.000E+00
0.02 2.145E-02  2.927E+01  9.999E-01 9.997E-01 9.998E-01
0.03 3.217E-02 1.952E+01  9.999E-01 9.994E-01 0.996E-01
0.04 4289E-02  1.464E+01  9.998E-01 9.990E-01  9.992E-01
0.05 5.361E-02 1.172E+01  9.996E-01 9.984E-01 9.988E-01
0.06 6.433E-02  9.774E+00 9.995E-01 9977E-01  9.982E-0l
0.07 7.504E-02  8384E+00  9993E-0O1 ©.968E-01 9.976E-01
0.08 8.575E-02  7.342E+00  9.990E-01 9.959E-01 9.968E-01
0.09 9.646E-02  6.533E+00 9983E-01 9948E-01  9.960E-01
0.10 1.072E-01 5.886E+00  9.985E-01 9.935E-01 9.950E-01
0.15 1.606E-01 3.952E+00  9.966E-01 G.855E-01 9.888E-01
0.20 2.138E-01 2.994E+00  9.940E-01 9.744E-01 9.803E-01
0.25 2.668E-01 2.426E+00  9907E-01 9.604E-01 9.694E-01
0.30 3.196E-01 2.054E+00 9.867E-01 9.435E-01 9.563E-01
0.35 3.719E-01  1.793E+00 9.820E-01 9.241E-01  $411E-01
0.40 4.239E-01 1.602E+00  9766E-01 9.023E-01 9.240E-01
0.45 4754E-01  1.459E+00 9705E-01  8784E-01  9.051E-0l
0.50 5.264E-01 1.348E+00  9.639E-0O1 8.525E-01 8.845E-01
0.60 6.267E-01  1.193E+00 9.488E-01  7.962E-01  8392E-01
0.70 7.245E-01 1.O97E+00  9.315E-01 7.354E-01 7.805E-01
0.80 8.195E-01  1.040E+00 9.124E-01  6.722E-01  7.367E-0l
0.90 9.114E-01 1.009E+00  8.917E-01 6.084E-01 6.823E-01
1.00 1.OOOE+00 1.000E+00  8.696E-01 5.457E-01 6.2'716E-01
1.10 1.O85E+00 1.00BE+00  8.464E-01 4.854E-01 5.735E-01
1.20 1.167E+00 1.032E+00 8224E-01 4.285E-01 5.211E-01
1.30 1.245E+00 1.070E+00  7.978E-01 3.757E-01 4.709E-01
1.40 1.320E+00 1.123E+00  7.728E-01  3.273E-01  4.235E-01
1.50 1.391E+00 1.189E+00 7477E-01  2836E-01  3.793E-0l
1.60 1.458E+00  1.271E+00  7.225E-01 2.446E-01 3.385E-01
1.70 1.523E+00 1.369E+00 6976E-0f  2.100E-01  3.011E-01
1.80 1.583E+00 1.484E+00  6.729E-01 1.797E-01 2.671E-01
1.90 1.641E+00 1.618E+00 6.487E-01 1.533E-01 2.363E-01
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Table 3.1 (continued) Iscentropic Flow Functions
k=13

M M* = v¥/y AlA¥* TTo P’Po p/po
2.00 1.666E+00 1.773E+00  6.250E-01 1.305E-01 2.087E-01
2.10 1.747E+00 1.951E+00 6.019E-01 1.108E-01 1.841E-01
2.20 1.796E+00 2.156E+00 5.794E-01 9.393E-02 1.621E-01
2.30 1.842E+00 2388E+00 5.576E-01  7.955E-02 1.427E-01
2.40 1.885E+00 2.654E+00 5365E-01 6.731E-O02 1.255E-01
2.50 LO26E+00 2.954E+00 5.161E-01  5.692E-02 1.103E-01
2.60 L.96SE+00 3.295E+00 4.965E-01  4813E-02  9.693E-02
2.70 2.001E+00 3.681E+00 4777E-01  4.070E-02  8.520E-02
2.80 2.036E+00 4.116E+00 4.596E-01  3.442E-02  7.490E-02
2.90 2.068E+00 4.607E+00 4.422E-01 2913E-02  6.587E-02
3.00 2.099E+00 5.160E+00  4.255E-01  2466E-02  5796E-02
3.10 2.128E+00 5.781E+00 4.096E-01 2.09E-02  5.103E-02
3.20 2.155E+00 6.478E+00 3.943E-01 1.773E-02  4.496E-02
3.30 2.181E+00 7.259E+00  3.797E-01 1.506E-02  3.965E-02
3.40 2.205E+00 8.133E+00  3.658E-01 1.280E-02  3.499E-02
3.50 2.228E+00 9.110E+00  3.524E-01 1.090E-02 3.092E-02
3.60 2.250E+00 1.020E+01  3397E-01  9.288E-03  2.734E-02
3.70 2.271E+00 1.142E+01 3275E01  7.929E-03  2.421E-02
3.80 2.290E+00 1.277E+01  3.159E-01 6.778E-03  2.146E-02
3.90 2.309E+00 1.427E+01  3.047E-01 5.803E-03 1.904E-(02
4.00 2.326E+00 1.594E+01 2.941E-01 4.977E-03 1.692E-02
4.50 2.402E+00 2.739E+01  2477E-01  2363E-03  9.542E-03
5.00 2.460E+00 4.596E+01  2.105E-01 1.L169E-03  5.551E-03
5.50 2.506E+00 7.522E+01  1.806E-01 6.011E-04  3.329E-03
6.00 2.543E+00 1.201E+02  1.563E-01 3.210E-04  2.055E-03
6.50 2.573E+00 1.872E+02  1.363E-0l L775E-04  1303E-03
7.00 2.598E+00 2.853E+02  1.198E-01 1.014E-04  8467E-04
7.50 2.618E+00 4.258E+02  1.060E-01  5.965E-05  5.630E-04
8.00 2.635E+00 6.231E+02 9.434E-02  3.606E-05  3.822E-04
9.00 2.662E+00 1.266E+03  7.605E-02 1.417TE-05 1.863E-04

10 2.681E+00 2.416E+03 6.250E-02  6.055E-06  9.689E-05

20 2.746E+00 2.042E+05  1.639E-02 1.835E-08 1.119E-06

30 2.759E+00 2.943E+06  7.3S53E-03  5.684E-10  7.730E-08
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k=14
M M* = y*/y AlA* TTo P'Po P/po
0.00 0.000E+00 00 1.OOOE+00  1.000E+00  1.000E+00
0.01 1.0O9SE-02  S5.787E+01 1.000E+00 9.999E-01  1.000E+00
0.02 2.191E-02  2.894E+01 9.999E-01 9.997E-01 9.998E-01
0.03 3286E-02 1.930E+01 9.998E-01 9994E-01  9.996E-01
0.04 4381E-02 1.448E+01  9.997E-0O1 9.689E-01 9.992E-01
0.05 5.476E-02 1.159E+01  9.995E-01 9.983E-01 9.988E-01
0.06 6.570E-02  9.666E+00 9.993E-0O1 9.975E-01 9.982E-01
0.07 TO64E-02 B8.292E+(00 S.9%0E-01  99G66E-0l  9.976E-0l
0.08 8758E-02  7.262E+00 9.987E-01 9.955E-01 9.968E-01
0.05 9851E-02 6.461E+00 9.984E-01 9.944E-01 9.960E-01
0.10 1.094E-01 5.822E+00 9.980E-01 G.930E-01 9.950E-01
0.15 1.639E-01 3.910E+00  9.955E-01 9.844E-01 0.888E-01
0.20 2.182E-01  2.964E+00 9921E-01 9.725E-01  9.803E-01
0.25 2.722E-01 2.403E+00 9877E-01 9.575E-01 9.694E-01
0.30 3.257E-01 2.035E+00  9.823E-01 9.395E-01 9.564E-01
0.35 3.788E-01 1.778E+00  9.761E-01 9.188E-01 9.413E-01
0.40 4313E-01 1.590E+00  9.690E-01 8.956E-01 9.243E-01
0.45 4.833E-01 1.449E+00 9.611E-01 8.703E-01 9.055E-01
0.50 5345E-01  1.340E+00 9.524E-01  8430E-01  8.852E-01
0.60 6.348E-01  1.188E+00 9328E-01  7.840E-01  8405E-01
0.70 7.318E-01 1.OS4E+00  9.107E-01 7.209E-01 7.916E-01
0.80 8.251E-0! 1.038E+00  8.865E-01 6.560E-01 7.400E-01
0.90 9.146E-01 1.OOSE+00  8.606E-01 5.913E-01 6.870E-01
1.00 1.000E+00 1.000E+00  8.333E-01 5.283E-01 6.339E-01
1.10 1.0B1E+00 1.008E+00 8.052E-01 4.684E-01  5.817E-01
1.20 1.158E+00 1.030E+00 7.764E-01  4.124E-01  5311E-01
1.30 1.231E+00 1.066E+00  7.474E-01 3.609E-01 4.829E-01
1.40 1.300E+00 1.115E+00  7.184E-01  3.142E-01  4.374E-01
1.50 1.365E+00 1.176E+00  6.897E-01  2.724E-01  3.950E-01
1.60 1.425E+00 1.250E4+00 6.614E-01 2.353E-01 3.557E-01
1.70 1.482E+00 1.338E+00 6.337E-0l 2.026E-01 3.197E-01
1.80 1.536E+00 1.439E+00  6.068E-0O1 1.740E-01  2.868E-01
1.90 1.586E+00 1.555E+00  S5.807E-01 1.492E-01  2.570E-01
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Table 3.1 (continued) lsentropic Flow Functions
k=14

M M* = v¥/y AJA* T, PPo p/po
2.00 1.633E+00 1.688E+00  5.556E-01 1.278E-01  2.300E-01
2.10 1.677E+00 1.837E+00  5.313E-Ol 1.094E-01 2.058E-01
2.20 1.718E+00 2.005E+00  5.081E-01 9.352E-02 1.841E-01
230 1.7S6E+00  2.193E+00 4.859E-01  7.997E-02  1.646E-01
2.40 1.792E+00 2.403E+00  4.647E-01 6.840E-02 1.472E-01
2.50 1.826E+00 2.637E+00  4.444E-0Ol 5.853E-02 1.317E-01
2.60 1.857E+00 2.896E+00  4.252E-01 5.012E-02 1.179E-01
2.70 1.887E+00  3.I8E+00 4.068E-01  4.295E-02  1.056E-O1
2.80 1.914E+00 3.500E+00  3.894E-0Ol 3.685E-02 9.463E-02
2.90 1.940E+00 3.850E+00  3.729E-01 3.165E-02 8.489E-02
3.00 1.964E+00 4.235E+00 3.571E-01 2.722E-02 7.623E-02
3.10 1.987E+00 4.657E+00  3.422E-01 2.345E-02 6.852E-02
3.20 2.008E+00 5.121E+00 3281E-01  2023E-02  6.165E-02
3.30 2.028E+00 S5.629E+00  3.147E-01 1.748E-02  S5.554E-02
3.40 2.047E+00 6.184E+00 3.019E-01 1.512E-02  5.00SE-02
3.50 2.064E+00 6. 790E+00 2.899E-01 1311E-02 4.523E-(02
3.60 2.0B1E+00 7450E+00  2.784E-01 1.138E-02 4.089E-02
3.70 2.096E+00 8.169E+00 2.675E-01 9903E-03  3.702E-02
3.80 2.111E+00 8.951E+00 2.572E-01 = 8.629E-03 3.355E-02
3.90 2.125E+00 9.799E+00  2.474E-01 7.532E-03 3.044E-02
4.00 2.138E+00 1.072E+01 238I1E-01 6.586GE-(3 2.766E-02
4.50 2.194E+00 © 1.656E+01 1.980E-01 3.455E-03 1.745E-02
5.00 2236E4+00 2.500E+01  1.667E-01 1.890E-03 1.134E-02
5.50 2.269E+00 3.687E+01 1.418E-01 1.075E-03 7.578E-03
6.00 2.205E+00 5.318E+01 1.220E-01 6.334E-04 5.194E-03
6.50 2.316E+00  7.513E+01 1.058E-01 3.855E-04 3.643E-03
7.00 2.333E400 1.041E+02  9.259E-02 2.416E-04 2.609E-03
7.50 2.347E+00 1.418E+02 8.163E-02 1.554E-04 1.904E-03
8.00 2.359E+00 1.901E+02  7.246E-02 1.024E-04 1.414E-03
9.00 2377E4+00 3.272E+02  5814E-02 4.739E-05 8.150E-04

10 2.390E+00 5.359E+02  4.762E-02 2.356E-05 4 948E-(4

20 2.434E4+00 1.538E+04  1.235E-02  2.091E-07  1.694E-05

30 2.443E+00 1.144E+05  5.525E-03 1.254E-08 2.269E-06
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k=15
M* = v¥/v AIA* TiT, PPo Plpo
0.000E+00 00 1.000E+00  1.000E+00  1.000E+00
1.118E-02  5.725E+01 1.000E+00 9.999E-01 1.000E+00
2236E-02  2.863E+01  9.999E-0} 9.997E-01 9.998E-01
3.354E-02 1.909E+01  9.998E-01 9.993E-01 9.9956E-01
4.471E-02 1.433E+01  9.996E-01 9.988E-01 9.992E-01
5.588E-02 1.147E+01  9.994E-01 9.981E-01 9.988E-01
6.705E-02  9.562E+00 9.991E-01 9973E-01  9.982E-01
7.821E-02  8.203E4+00 9.988E-01 9.963E-01 9.976E-01
8937E-02  7.184E+00 9.984E-01 9.952E-01 9.968E-01
1.005E-01  6.3G63E+00  9.980E-O1 9.939E-01 9.960E-01
1.117E-01  5.760E+00 9.975E-01 9.925E-01 9.950E-01
1.672E-01 3.870E+00 9.944E-01 9.833E-01  9.888E-0l
2.225E-01 2.934E+00 9.901E-01 9.706E-01 9.803E-01
2.774E-01  2.3B0E+00  9.846E-01 9.546E-01 9.695E-01
3317E-01 2.017E+00  9.780E-01 9.354E-01 9.565E-01
3.855E-01  1.764E+00 9.703E-01  9.135E-01  9.415E-0l
4.385E-01 1.579E+00  9.615E-01 8.890E-01 9.246E-01
4 908E-01 1.L439E+00  9.518E-01 8.623E-01 9.060E-01
5.423E-01 1.332E+00  9.412E-01 8.337E-01 8.858E-01
6.425E-01 1.183E+00  9.174E-01 7.722E-01 8.417E-01
7387E-01  1.092E+00 8909E-01  7.070E-01  7.936E-O1
8.305E-01 1.037E+00 8.621E-01 6.407E-01 7.432E-01
9.176E-01  1.009E+00 8316E-01 5751E-01 6.916E-0l
1.00 1.000E+00  1.000E+00 8.000E-01  5.120E-01  6.400E-01
1.10 1.078E+00  1.008E+00 7.678E-01  4.526E-01  5.894E-0l
1.20 1.150E+00 1.029E+00 7353E-01 3.975E-01  5.407E-0Ol
1.30 1.219E+00 1.063E+00  7.030E-01 3.474E-01 4.942E-01
1.40 1.282E+00 1.108E+00 6.711E-01  3.023E-01  4.504E-01
1.50 1.342E+00  1.165E+00  6.400E-01 2.621E-01 4.096E-01
1.60 1.397E+00 1.232E+00  6.098E-01 2.267E-01 3.718E-01
1.70 1.448E+00 1.311E+00  S5.806E-01 1.957E-01  3.370E-01
1.80 1.496E+00  1.402E+00  5.525E-01 1.686E-01 3.052E-01
1.90 1.540E+00 1.504E+00  5.256E-01 1.452E-01 2.763E-01
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Table 3.1 (continued) lIsentropic Flow Functions
k=1.5

M M#* = vy A/A* T, P'Po p/po
2.00 1.581E+00 1.619E+00 5.000E-01 1.250E-01 2.500E-01
2.10 1.619E+00 1.74TE+00 4,7756E-01 1.076E-01 2.262E-01
2.20 1.655E+00 1.889E+00 4.525E-01 9.265E-02 2.047E-01
2.30 1.687E+00  2.046E+00 4.306E-01 7.982E-02 1.854E-01
2.40 1.718E+00 2.218E+00 4.098E-0l 6.884E-02 1.680E-01
2.50 1.746E+00  2.407E+00 3.902E-01 5.943E-02 1.523E-01
2.60 1.772E+00  2.613E+00 3. 717E-01 5.137E-02 1.382E-01
2.70 1.797E+00  2.838E+00 3.543E-01 4 44TE- (2 1.255E-01
2.80 1.820E+00 3.082E+00 3.378E-01 3.856E-02 1.141E-01
2.90 1.841E+00 3.347E+00 3.223E-01 3.340E-(2 1.039E-01
3.00 1.861E+00 3.633E+00 3.077E-01 2.913E-02 9.467E-02
3.10 1.879E+00 3.943E+00 2.930E-01 2.539E-02 8.638E-02
3.20 1.896E+00 4.278E+00 2.809E-01 2.216E-02 7.890E-02
3.30 1.912E+00 4.63BE+00 2.686E-01 1.939E-02 T217E-02
3.40 1.927E+00  5.025E+00 2.571E-01 1.699E-02 6.608E-02
3.50 1.941E+00 5.441E+00 2.462E-01 1.491E-02 6.059E-02
3.60 [.955E+00 5.886E+00 2.358E-0l 1.312E-02 5.562E-02
3.70 1.967E+00 6.363E+00 2.261E-01 1.156E-02 S.113E-02
3.80 1.979E+00 6.874E+00 2.169E-01 1.021E-02 4.TO05E-02
3.90 1.990E+00 7419E+00 2.082E-01 9.028E-03 4336E-02
4.00 2.000E+00 8.000E+00 2.000E-01 8.000E-03 4.000E-02
4.50 2.043E+00 1.151E+01 1.649E-01 4.488E-03 2.721E-02
5.00 2.076E+00 1.620E+01 1.379E-01 2.624E-03 1.902E-02
5.50 2.101E+00 2.233E+01 1.168E-01 1.593E-03 1.364E-02
6.00 2.121E+00  3.017E+01 1.000E-01 1.000E-03 1.000E-02
6.50 2.137E+00 4.004E+01 8.649E-02 6.469E-04 7.480E-03
7.00 2.150E+00 5.226E+01 T.547E-02 4.299E-04 5.696E-03
7.50 2.161E+00 6.721E+01 6.639E-02 2.926E-04 4.408E-03
8.00 2.169E+00 8.526E+01 5.882E-02 2.035E-04 3.460E-03
Q.00 2.183E+00 1.324E+02 4.706E-02 1.042E-04 2.215E-03

10 2.193E+00 1.973E+02 3.846E-02 5.690E-05 1.479E-03

20 2.225E+00 2.934E+03 9.901E-03 9.706E-07 9.803E-05

30 2.231E+00 1.465E+04 4.425E-03 8.663E-08 1.958E-05
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k=513
M M* = v¥/v A/A¥* TiTo P'Po plpo

0.00 0.000E+00 co 1.000E+00 1.000E+00  1.000E+00
0.01 1.155E-02  5.625E+01 1.000E+00 9.999E-01  1.000E+00
0.02 2309E-02 2.813E+01 9999E-01  9997E-01  9.998E-01
0.03 3.464E-02  1.876E+01 9997E-01  9.993E-01  9.996E-01
0.04 4618E-02  1.408E+01 9.995E-01 9987E-01  9.992E-01
0.05 S5771E-02  1.127E+01  9.992E-0l 9979E-01  9.988E-01l
0.06 6.924E-02 9.398E+00 9.988E-01 9970E-01  9.982E-01
0.07 8.076E-02 8.062E+00 9.584E-01  9.959E-01  9.976E-O1
0.08 9.228E-02  7.061E4+00 9979E-01 9947E-01  9.968E-0l
0.09 1.038E-01  6.284E+00 9.973E-01  9933E-01 9.960E-0l
0.10 1.153E-01  S5.663E+00 9.967E-01 9917E-01  9.950E-01
0.15 1L726E-01  3.806E+00 9.926E-01  98I15E-01  9.889E-0l
0.20 2.294E-01 2.888E+00  9.868E-01 9.674E-01 9.803E-01
0.25 2857E-01 2.345E+00 9.796E-01  9.498E-01  9.695E-01
0.30 3413E-01 1.989E+00 9.709E-01  9.288E-01  9.566E-01
0.35 3961E-01 1.741E+00 9.608E-01 S.048E-01 9417E-01
0.40 4.500E-01 1.560E+00 9.494E-01 8782E-01  9.250E-01
0.45 5.029E-01  1.424E+00 9.368E-01 8493E-01 9.067E-0l
0.50 5.547E-01  1.320E+00 9.231E-01  8.186E-01  8.869E-01
0.60 6.547E-01  1.176E+00 8929E-01  7.533E-01  8.437E-01
0.70 7494E-01 1.088E+00 8596E-01  6.851E-01  7.970E-0O1
0.80 8386E-01 1.03SE+00 8242E-01  6.167E-01  7.482E-0l
0.90 9222E-01 1.OOBE+00 7874E-01 S5.502E-01 6.987E-0l
1.00 1.LOOOE+00  1.000E+00  7.500E-01 4.871E-01 6.495E-01
1.10 1.O72E+00 1.007E+00  7.126E-01  4.286E-01  6.015E-01
1.20 1.L139E+00 1.027E+00 6.757E-01  3.753E-01  5.554E-01
1.30 1.201E+00  1.058E+00 6397E-01  3.272E-01  5.116E-01
1.40 1.257E+00 1.098E+00  6.048E-01 2.845E-01  4.704E-01
1.50 1.309E+00 1.148E+00 S.714E-Ot  2468E-01  4.320E-01
1.60 1.357E+00  1.208E+00 5396E-01  2.139E-01  3.963E-0l
1.70 1.401E+00 1.275E+00  3.093E-0i 1.851E-01  3.635E-01
1.80 1.441E+00 1.352E+00  4.808E-01 1.603E-01  3334E-01
1.90 1.478E+00 1.437E+00  4.539E-01] 1388E-01  3.058E-01
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Table 3.1 (continued) lIsentropic Flow Functions
k=513

M M* = v¥/y A/A¥* T/Ty P'Po pP/po
2.00 1.512E+00 1.531E+00  4.286E-01 1.202E-01  2.806E-01
2.10 1.543E+00 1.634E+00  4.049E-01 1.043E-01 2.576E-01
2.20 1.571E+00 1.746E+00 3.827E-01 9.058E-02 2.367E-01
2.30 1.598E+00 1.868E+00 3.619E-0l 7.878E-02 2.177E-01
2.40 1.622E+00 1.998E+00 342S5E-01 6.863E-02  2.004E-01
2.50 1.644E+00 2.139E+00  3.243E-01 5.990E-02 1.847E-01
2.60 1.664E+00 2.290E+00  3.074E-0l 5.238E-02 1.704E-01
2.70 1.683E+00 2.451E+00  2.915E-0i 4.589E-02 1.574E-01
2.80 1.701E+00 2.623E+00  2.768E-01 4.029E-02 1.456E-01
2.90 1.717E+00 2.806E+00  2.629E-0l 3.545E-02 1.348E-01
3.00 1.732E+00 3.000E+00  2.500E-01 3.125E-02 1.250E-01
3.10 1.746E+00 3.206E+00 2.379E-01 2.761E-02 1.160E-01
3.20 [.759E+00 3.424dE+00  2.266E-01 2.444E-(2 1.079E-01
3.30 LL7T7TIE+00  3.654E+00  2.160E-01 2.168E-02 1.004E-01
3.40 1.782E+00 3.897E+00  2.060E-01 1.927E-02  9.353E-02
3.50 1.793E+00  4.153E+00 1.967E-01 1.716E-02 8.725E-02
3.60 1.802E+00  4.422E+00 1.880E-01 1.532E-02 8.150E-02
3.70 1.B11E+00 4.705E+00 1.797E-01 1.370E-02 7.621E-02
3.80 1.B20E+00  5.003E+00 1.720E-01 1.227E-02 7.134E-02
3.90 1.828E+00  5.314E+00 1.647E-01 1.102E-02 6.687E-02
4.00 1.835E+00 S5.641E+00 1.579E-01 0.906E-03 6.274E-02
4.50 1.867E+00  7.508E+00 1.260E-01 5.981E-03 4.635E-02
5.00 1.890E+00 9.800E+00 1.071E-01  3.758E-03  3.507E-02
5.50 1.90BE+00  1.256E+01  9.023E-02 2.445E-03 2.710E-02
6.00 1.922E+00  1.584E+01  7.692E-02 1.641E-03 2.133E-02
6.50 1.933E+00 1.969E+01  6.630E-02 1.132E-03 1.707E-02
7.00 1L.941E+00 2.414E+01  5.769E-02 7.99SE-04 1.386E-02
7.50 1.949E+00 2.925E+01  5.063E-02 5.769E-04 1.13%E-02
8.00 1.955E+00 3.507E+01 4.478E-(2 4.242E-04 0.475E-03
3.00 1.964E+00 4.900E+01 3.571E-02 2.410E-04 6.749E-03

10 1.971E+00 6.631E+01  2.913E-02 1.448E-04 4971E-03

20 1.993E+00 5.075E+02  7.444E-03 4.781E-06 6.423E-04

30 1.997E+00  1.699E+03  3.322E-03 6.362E-07 1.915E-04
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should be used. If one of the temperatures is not known, use the & value for
the known temperature. and check for variation after the other is computed.

Adiabatic Expansion Factor Y

The adiabatic cxpansion factor, Y, is the ratio of the mass flow rate of a
compressible fluid to that of an incompressible flutd under the same condi-
tions. This factor is important in the flow of compressible fluids in some
metering devices. such as the flow nozzle and the Venturi meter. For appli-
cations of this factor, refer to Chapter 6.

-

1

f-

Consider conditions at the nozzle inlet scction 1 of Figure 3.11.

t
8

—

section both the area 4, and the velocity v are finite. Equation (3.97) can be
written in terms of the kinetic energy change between sections |1 and 2 as
follows:

Fi

o

N

Ry _R(T - T3)
20 20 k—1

(3.110)

Combining the continuity equation with the isentropic pressure relations
derived in Chapter t results in the following:

A2\ (p\
vy =ml—=H= (3.111)
! (Al)ol)

Substituting for ©; from equation (3.111) in equation (3.110) and solving for
2 results in the following:

3 (f_z e\ RKT = T)
2‘g(- 2‘2( Al )l - k - I

‘/ 20 kRT (Y — To/T})
(k = DI = (A2/ A4 Y (pa/p)™]

(3.112)

i =

r
Suppty Tank 0 l\j 4 Receiving Tank
m— o —_— ) ' .
Po ' b 1 Nozzle ! Pos
To : T| : -] 2| : T“
- N Pa 2Pz — b Pos
Po i P ! VoA, oy Vou = 0
v, 1 2T 1
o ®0 1V, ' 2 AT g
> - ' 1 ‘
A o Al I 4
Leeomecmmce———————

Figure 3.11 Notation for convergent nozzle study.
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Substituting the value of v» from equation (3.112) in the equation of con-
tinuity and noting from the equation of state (1.37) that RT| = p v, results
in the following:

. AQ’UE
n =

(k — DI = (Ay/ AV (p2/py A

From equation (1.41) w/v; = (p,/p2)"* and from equation (1.40)
Ty/T, = (p-/p))" "% Substituting these relations in equation (3.113) yields
the following:

Vo

_, J ckponl) = (To/T)] G113

4 B by ? 172
| = )(,,) G2/ 0 = 2/~ "]
=\E-n - 3.114
m L\/((/\ — ]) vy [] — (AZ/AI)E(pz/PI)ZM] ( )

Figure 3.12 shows a plot of mass flow rate vs. pressure ratio for a con-
vergent nozzle. As the pressure ratio p,/p; is decrecased, the mass flow rate
from equation (3.114) increases until the pressure ratio p3/p, is attained.
The other mathematical solution of equation (3.114) 1s shown as a dotted
line. The maximum flow rate 1s given by cquation (3.113) and is known as
choked flow.

-
- - - —

Mass FLow Rate M

Y
e m e e ————

o) P2*/py 1

Pressure ratio p./p,

Figure 3.12 Mass flow rate vs. pressure ratio for a convergent nozzle.
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Dilferentiating equation (3.114) with respect to p./p, and setting
dm/jd(p,/pm) = 0 yields the following:

ey (1=K)/& ) 2 * o/k
I4 Z AN (P k+ 1
. V5] == 3.
(I'I) +(k*1)(f41) (l’l) 2 G.113)

For the special case of A,/A4; = 0, equation (3.115) reduces to the following:

* * 2 K/th=1) A,
p_r _ for 22 =0 (3.116)
P })l k‘l" l Al

When an incompressible fluid flows without friction through a horizontal
nozzle, the mass flow rate, m, may be obtained by writing the Bernoulli
equation (3.23) for a horizontal passage as follows:
2 2

S
——— = - P 3.117

% 2% 11— F3) { )
From the continuity equation (3.6) m =uv,A,/v; = vaA4>v» . Since for
incompressible flow vy, = v, the incompressible mass flow s m; =
A/ v, = 2450, Substituting these expressions in equation (3.117) results
in the following:

(v A2) — (i /A))
28,

=vi{p(—p2)

which reduces to:

i, :Az/ 28Apy = p2) (3.118)
vill = (A2/A))

The udiabatic expansion factor, Y, 1s defined as follows:

y m mass flow rate of a compressible fluid (3.119)
~m; mass flow rate of an incompressible MNuid .

Substituting equation (3.114) for s and equation (3.118) for #, In equation
(3.119) and simplifying results in the following:

i _ f(m/m AL = (pa/p) T = (Az] AY]
(k — DX = pa/p)I1 = (A2/ A1) (2 /1)

Values of the adiabatic expansion factor Y are given in Table 3.2. In this
table, the diameter ratio (B) is used, which is defined as follows:

Y_.

1

(3.120)

5

D, . 934_ A\
ﬁ#DV P ”(Dl) —(Al) (3.121)
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Table 3.2 Adiabatic Expansion Factor Y

Beta [Specific Critical Adiabatic Expansion Factor Y
Ratio élae:; Values p2/p1 p2/p1 p2/p1 p2/py P2/p1
B k P*Ip1 Y* 0.60 0.70 0.80 0.90 1.00
100 | 0.6065 0.6837 - 0.7633 0.8450 09238

1.10 0.5847 0.6895 0.7021 0.7821 0.8580 0.9305
1.20 0.5645 0.6949 0.7229 0.7981 0.8689 0.9361
0.00 1.30 0.5457 0.7000 0.7409 0.8120 0.8783 0.9408
140 0.5283 0.7050 0.7568 0.8241 0.8865 0.9449
1.50 0.5120 0.7097 0.7709 0.8347 0.8936 0.9485
1.67 0.4871 0.7170 0.7910 0.8498 0.9037 0.9535
1.00 0.6065 0.6837 - 0.7632 0.8450 0.9238
1.10 0.5847 0.6894 0.7021 0.7820 0.8580 0.9305
1.20 0.5645 0.6949 0.7228 0.7981 0.8689 0.9361
0.10 1.30 0.5457 0.7000 0.7409 0.8120 0.8783 0.9408
1.40 0.5283 0.7050 0.7568 0.8240 0.8865 0.9449

1.50 0.5120 0.7096 0.7709 0.8347 0.8936 0.9485
1.67 0.4872 0.7170 0.7910 0.8498 0.9037 0.9535
1.00 0.6067 0.6835 - 0.7630 0.8448 0.9237
1.10 0.5849 0.6893 0.7018 0.7818 0.8578 0.9303
1.20 0.5647 0.6%47 0.7225 0.7978 0.8687 0.9359
0.20 1.30 0.5459 0.6998 0.7406 0.8117 0.8781 0.9407 1.0000
1.40 0.5285 0.7048 0.7565 0.8238 0.8863 0.9448
1.50 0.5122 0.7095 0.7706 0.8344 0.8934 0.9484
_ 167 | 04873 | 0.7168 0.7907 0.8496 0.9035 0.9534
1.00 0.6070 0.6833 - 0.7625 0.8444 0.9235
1.10 0.5851 0.6890 0.7013 0.7813 0.8574 0.9302
1.20 0.5649 0.6544 0.7220 0.7974 0.8684 0.9358
025 1.30 0.5462 0.6996 0.7401 0.8113 0.8778 0.5405
1.40 0.5288 0.7045 0.7560 0.8234 0.8860 0.9447
1.50 0.5125 0.7092 "0.7701 0.8341 0.8932 0.9482
1.67 0.4876 0.7165 0.7903 0.8492 0.9033 0.9533
1.00 0.6074 0.6827 - 0.7617 0.8438 0.9231
1.10 0.5856 0.6885 0.7004 0.7805 0.8568 0.9298
1.20 0.5654 0.6939 0.7212 0.7967 0.8678 0.9354
0.30 1.30 0.5467 0.6991 0.7393 0.8106 0.8773 0.9402
1.40 0.5293 0.7040 0.7552 0.8227 0.8855 0.9444
1.50 0.5130 0.7087 0.7653 0.8334 0.8927 0.9480
1.67 0.4882 0.7161 0.7895 0.8486 0.9028 0.9530




Equations of Fluid Motion 91
Beta |Specific Cntcal Adiabatic Expansion Factor Y
Ratio l]{{aeat Values p2/p1 P2/p1 P2/p1 P21 P2p1
tio
B k P*p1 Y* 0.60 0.70 0.80 090 1.00
1.00 0.60%4 0.6806 - 0.7582 0.8411 09215
1.10 0.5877 0.6864 0.6966 0.7772 0.8542 0.9283
1.20 0.5676 0.6918 0.7175 0.7935 0.8654 0.9341
040 | 130 | 0.5489 0.6970 0.7357 0.8075 0.8750 0.9390
1.40 0.5315 0.7019 0.7517 0.8198 0.8833 0.9432
1.50 0.513 0.7066 0.7659 0.8306 0.8906 0.9469
1.67 0.4905 0.7140 0.7863 0.8460 0.9009 0.9520
1.00 0.6137 0.6760 - 0.7506 0.8351 0.9180
1.10 0.5921 0.6818 0.68384 0.7699 0.8486 0.9251
1.20 0.5721 0.6872 0.7094 0.7865 0.8601 0.9311
0.50 1.30 0.5536 0.6924 0.7278 0.8008 0.8700 0.9362
1.40 0.5363 0.6974 0.7441 0.8133 0.8785 0.9405
1.50 0.5201 0.7020 0.7585 08244 0.8860 09444
1.67 0.4954 0.7094 0.7792 0.8401 0.8967 0.9498
1.00 0.6219 0.6672 - 0.7358 0.8232 09110
1.10 0.6006 0.6730 0.7557 08374 0.9186
120 | 0.5809 0.6785 0.6939 0.7728 0.8495 0.9250
0.60 130 0.5625 0.6836 0.7126 0.7876 0.8599 0.9305 1.0000
140 | 05454 0.6886 0.7292 0.8006 0.8690 0.9352
1.50 0.5294 0.6933 0.7440 0.8121 0.8770 0934
1.67 0.5050 0.7008 0.7653 0.8286 0.8883 0.9452
1.00 | 0.6249 0.6631 - 0.7305 0.3189 0.90%4
1.10 0.6037 0.6699 - 0.7505 0.8333 0.9162
[.20 0.5840 0.6753 (.6882 0.7677 0.8456 0.9228
0.625 130 0.5658 0.6805 0.7071 0.7828 0.8562 0.9284
1.40 0.5487 0.6854 0.7238 0.7960 0.8655 0.5333
1.50 0.5328 0.6902 0.7387 0.8076 0.8736 0.9375
1.67 0.5084 0.6976 0.7603 0.8244 0.8851 0.9435
1.00 0.6368 0.6513 - 0.7083 0.8007 0.8973
1.10 0.6160 0.6570 0.7290 0.8161 0.9059
120 | 0.5968 0.6625 0.6651 0.7470 0.8292 09131
070 | 130 | 05789 0.6677 0.6844 0.7627 0.8406 0.9193
140 | 0.5621 0.6727 0.7016 0.7765 0.8506 0.9247
150 | 0.5464 0.6774 0.7170 0.7889 0.8593 0.9294
167 | 0.5224 0.6849 0.7393 0.8066 0.8719 0.9361
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Table 3.2 (continued) Adiabatic Expansion Factor Y
Beta |Specific Cntical Adiabatic Expansion Factor Y
Ratio lilﬂeat Values p2/p1 p2/p1 P2p1 P2/m P2/p1
tio
B k P*Ip) ‘& 0.60 0.70 0.80 0.90 1.00
1.00 0.6482 0.6389 - 0.6865 0.7824 0.8857
1.10 | 06279 0.6447 . 0.7078 0.7986 0.8951
1.20 0.6091 0.6502 - 0.7263 0.8125 0.9030
075 | 130 | 05915 0.6554 0.6622 0.7426 0.8246 0.9098
140 0.5750 0.6603 0.6797 0.7571 0.8353 0.9158
150 0.5596 0.6651 0.6955 0.7700 0.8447 0.9210
1.67 0.5359 0.6726 0.7185 0.7886 0.8582 0.9283
100 | 06638 0.6220 - 0.6560 0.7559 0.8653
1.10 0.6441 0.6277 - 0.6779 0.7732 0.8788
120 | 06258 0.6332 - 0.6971 0.7882 0.8878
0.80 1.30 0.6087 0.6384 0.7141 0.8013 0.8955
1.40 0.5927 0.6433 0.6491 0.7292 0.8129 0.9022
1.50 0.5776 0.6481 0.6653 0.7428 0.8231 0.9081
1.67 0.5544 (.6556 0.6890 0.7627 0,8380 0.9165
1.00 0.6857 0.5980 - 0.6117 0.7159 0.8407
1.10 | 0.6670 0.6037 . 0.6341 0.7346 0.8528
1.20 0.6495 0.6090 - 0.6540 0.7509 0.8632
0.85 130 0.6331 0.6142 - 0.6717 0.7653 08722 1.0000
1.40 0.6177 0.6191 - 0.6877 0.7781 0.8801
1.50 0.6033 0.6239 - 0.7021 0.7895 0.8871
1.67 0.5809 0.6313 0.6458 0.7234 0.8062 0.8971
1.00 0.7184 0.5614 - - 0.6506 0.7914
1.10 07012 0.5670 - - 0.6707 0.8060
120 | 06850 0.5722 - 0.5860 0.6886 0.8187
090 130 0.6699 0.57713 - 0.6043 0.7045 0.8298
1.40 0.6556 0.5822 - 0.6209 0.7189 0.8396
1.50 0.6421 0.5868 - 0.6361 0.7318 0.8483
1.67 06211 | 0.5%2 - 0.6587 0.7509 (.8609
1.00 0.7743 | 04963 - - 0.5260 0.6821
1.10 0.7599 0.5015 - - 0.5465 0.7003
120 | 07463 0.5065 . - 0.5652 0.7164
095 | 130 | 07335 0.5113 . - 0.5822 0.7309
1.40 0.7213 0.5158 - - 0.5979 0.7439
1.5 | 07097 0.5202 - - 0.6123 0.7557
1.67 0.6917 0.5272 - 0.5344 0.6340 0.7730
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The use of the expansion factor from Table 3.2 facilitates computation. An
expression for compressible flow may be obtained by substituting equation
(3.118) for m; in equation (3.119) and solving for s, resulting in the follow-
ing:

= Az\[ 2 =r) oy, /-2”—(&-;’4’—) (3.122)
vi[l — (42/4,)7] vi(l =B

Convergent-Divergent Nozzles

Arca Pressuve Relations

The mass flow rate through any section of the convergent-divergent
nozzle shown in Figure 3.13 may be determined by modifying equation
(3.114) for stagnation conditions (4, = A, A, = 4. 4,/ 4,0, and p; = p,.

V) = Ty, th = lf\} :

, 2k " i
" A\/ ufi m(?) (/oY [V = P/ po) ™) (3.123)
V! LAY

The area -pressure relations may be established by squaring equation
(3.123) and equating for sections 2 and 3 as follows:

172 _ A%[zgr(k/k - ])](!’n/l’())(!’z/l)u)zlk[] - (pz/p(,)]“"_”/"
it A2g (k/k - DYl vo) 3/ o) 1V = (p3/po)) "

which reduces to

T
Iy
E 4 Receiving Tank
3 Tw
1
VA, (I Voo = 0
- LY
1 [ 8

Figure 3.13 Notation for convergent-divergent nozzle study.
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A po/po)™ = (pa/po)* (3.124)
Ay (p3/poY ™ = (pa/po) T '

If the velocity in the throat is sonic, then from equation (3.103) the
following can be written:

PR * 3 kitk—1)
Pr_ P and A, — A (3.125)
Po po \k+1

Substituting equation (3.103) in equation (3.124) yields the following:

( 2 )2}'("\'“” ( ) K+ 1)/ h-1)
¢ \k l)
Ay _ Nkt k + (3.126)

A (p/po)"t — (pa/po)FHOA

Note that equation (3.126) has two solutions, one for isentropic compres-
sion (subsonic flow) and the other for isentropic cxpansion (supersonic
flow).

Flow Through a Convergeni-Divergent Nozzle

Consider the arrangement shown in Figure 3.14. The supply tank pres-
sure p, 1s maintained constant and the receiving tank pressure pgy may be
lowercd from pg to zero. As soon as py, is below p;, flow begins.

Path A represents the flow for any p; higher than p;. Since the flow in
the throat for path A is subsonic (p,A > p*). the flow throughout the nozzle
must be subsonic. In the convergent section the process is an isentropic
expansion; in the divergent section the process is an isentropic compression.
Path A, for example, represents compressible flow through an ideal Venturi
meter (Chapter 6).

Path B represents an isentropic expansion in the convergent portion and
an iscntropic compression in the divergent section after sonic flow in the
throat. Except for the throat, the flow in both portions of the nozzle is
subsonic. Pressure pyg is the pressure calculated from the subsonic solution
of equation (3.126).

Path C represcnts an isentropic expansion in the both the convergent and
divergent sections of the nozzle. The flow in the convergent section is sub-
sonic: in the divergent section it i1s supersonic. Pressure pse 18 the pressure
calculated from the supersonic solution of equation (3.126). Note that any
receiving tank pressure (pg4) lower than ps. will have no effect on this
process.
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Shock
Wave
[
Tpply—_!\_____.—-— ; Receiving
Tank : ——’ : X y : Tﬂ,nk

P3a
P2p> p°

xL 3

Figure 3.14 Pressures in a convergent-divergent nozzle.

-
n

Path D represents any pressure between pyp and pye. The gas expands
along an 1sentropic path to the throat and continues along path C until the
distance x in the divergent portion of the nozzle is reached. At this point a
shock wave is formed and the pressure (and other properties) essentially
jump to point y. From point y to the exit path D is one of isentropic
compression. The flow in the divergent portion is supersonic to point v
and subsonic from point y.
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Equation (3.114) or (3.122) may be used to calculate the mass rate of flow
through the nozzle for path A. For all other paths, equation (3.109) should
be used.

Normal Shock Functions
Compression Shock Wave

The discussion in this scction continues with path D (Figure 3.14). When
sonic flow exists in the throat and supersonic flow begins in the diverging
section of a convergent-divergent nozzlc, and the cxit pressure p; is between
that required for isentropic compression (Path B) pi and that for isentropic
expansion (Path B) p;.. a compression shock wave will be formed. This
wave satisfies the requirements for the conservation of mass and energy.
This type of wave is associated with large and sudden rises in pressure.
density. temperature, and entropy. Figure 3.15 shows this phenomenon on
the T—s plot. The shock wave is so thin that for computation purposes it
may be considered as a single line, as shown in Figure 3.14.

Tempcrature Mach number velocity relations for a normal shock are
also shown in Figure 3.15.

/ Pod
/'.1 [8) Stagnat 1on

2
Vy -
ﬁc. [ Rk | Subsonic Flow

U \ A c /K T M Sonic Flow
Shock

Supersonic Flow

wave i~
T g T l Mx 1
P, i _kR a1 I
PoR-T 0 T.]
i Byl i
i - Rlog, [E]
. H - 5
S. s’

Figure 3.15 Notation for shock wave study.
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Conservation of Energy

The formation of a shock wave does not change the total energy of the
system, so energy relations may be established by writing equation (3.97) in
terms of temperatures before the shock wave (T,) and after the shock wave
(7,):.

3

Rr\.+£§_ RT,

T = e it e, Thic1 3, =

Substituting the value of acoustic velocity from equation (1.59) and that for
Mach number from equation (3.94), as was done in the development of

equation (3,98), results in the following:

2
! +( )M‘
T. -
= = kol (3.128)

\'_ 2 2
1+ (5 NG

Conservation of Mass

i-..i

The continuity cquation for an ideal gas 2 = Avp/RT may be written in
terms of Mach number by noting that the definition of Mach number from
equation (3.94) is M = v/(kg, RT)"/*. Substituting these values into the ideal
gas continuity equation for before and after the shock wave yields the
following:

[_}“‘l Up M\//:g(—)[) Mp ﬁ— M - _\'g( — M /\gt

A~ RT RT RT, RT,
(3.129)
Solving for M, leads to the following:
T,
M, o=m Dy (3.130)
T

Impulse- Momentum Concept

The impulse-momentum equation (3.87), when applied to the shock wave
of Figure 3.14, yiclds the following:

\'AT'\' [)IA
(p\‘ —pl)A == £ g (Ur - v,\') - _'—“"(” - U\-) (387)

r r
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which reduces to:

2 ki

oo Pt
pA1-+ [ SR :[)\_ _'_ VL
g L

(3.131)

Substituting in this equation the definition of Mach number [equalion
(3.94)] M = ¢/(kg, RT)"? and from the equation of state (1.37) p = p/RT
results in the following:

(L2 )[M ke RT)) (20 )[MlGhe,RT,)]
P+ \RT, =p, ST S
g g,

which reduces to:

P LA kM (3.132)
TR .

Equations (3.128). (3.130), and (3.132) involve threc unknowns, 7, p., and
M. and may bc combined to yield a relationship between M and M as

follows:
If equation (3.130) is solved for T,./T,, the following results:

I CANEAY (3.133)
7. \p) \M, ‘

Equating equation (3.128) and equation (1.33) resuits in the following:

wy oy )

1 v \"‘\/ ] + (/‘- I)M_

;T:Mr l+( 5 )M_ (3.134)

k— 1

Equating equation (3.132) and cquation (3.134) yields the following:
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2 )
pe M, l+(k— )M‘ | 4+ kM?

pe M., 2 2 1+ kM
|+ (A 2 I)M

which reduces to:

2 2
\ . 1 — =M
Mw/l +(/\_1)M M,\/ +(A__1)M\

L+ kM3 - |+ kM

(3.135)

Equation (3.135) may be arranged in quadratic form and solved directly
for M;. When this is done. the two solutions are as follows:

M. =M,

and
.2
. Mi+—
M} = — k=1 (3.136)
% .,
— M -1
k—17"

The first solution is trivial because the Mach number must decrease after a
shock wave. Therefore, equation (3.136) represents the physical solution.
Solving cquation (3.136) for M, results in the following:

(k— H)M? +2
UM —k + 1

Temperature ratios arc obtained by substituting Mf from equation (3.136) in
equation (3.128):

2 p)
C (e ()

M, = (3.137)

T, 2 1
1+(A )M" 2 | M+ 2/k 1)
- 1+ :
k—1 2k 5
Z“:—I“M\-—'l (3.138)
k—l 2 2[\
(52 )
T, k+ 17
2k -1) 7

Pressure ratios are obtained by substituting M; from cquation (3.136) in
equation (3.132):
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Ll kM? | 4+ kM2 2%k A+ 1
p. L+ kM YE 2 k+ 1 k—1
RE e
| + 4 5% k=1
M-
k—1

Density ratios may be obtained using the equation of state (1.37):
Dy
. RT, 2N\ (T,
o BN CL) (_) (3.140)
Py X ?x T,
RT,

Stagnation pressure ratios may be obtained by first expressing py,/po.
in terms of equations (3.100) and (3.139) and substituting for M, from
equation (3.137):

, p) kftk—-1)
p(;{r _ (p()r) (ﬁl) (f\) ] k—1 Mr +/\' -1
Pos P W/ \Pox 2 2k M
| M-
2% L5 k-1 k=1, \10
— M, —— )| | M
><(/‘-+1 ‘ k+l)( T3 )

a Kfk—1) B
por [ [k + 1)/2IM3 ( 2Ue Mz_k_])l/u k)
Pox | +[(k — 1)/2]M? F+1 % k41

The ratio of the stagnation pressure after the shock wave to the pressure just
before pyy/pox may be obtained following the method just used to obtain
equation (3.141);

(3.141)

kfth=1)

. 2
Eﬂ:(@)(%)_ k= M % o k-l
Poc \ P /\ps 2 2k 4 k1% k41

k—1

[)0}. N k + | M2 kith=1) 2 M2 k . l LAT=h)
poo\V 2 K+ k4]

The velocity ratio across a shock wave may be determined from the con-
tinuity equation (3.6) as follows:

(3.142)
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m= p\'Al”r - prA“_r
Uy _ Py (3.143)

v Py

Entropy Increase Across a Nornial Shock Wave

The entropy change of an ideal gas was derived in Section 3.3 by equation
(3.68). We can write this cquation in differential form:
¢, dT  vdp

T T

dy =

(3.68)

Substituting from equation (3.75) ¢, = kR/(k — 1) and from the equation
of state of an ideal gas (1.37) v/T = R/p in equation (3.68) results in the
following:

Jr‘__('pdT vdp (kR \dT R o !\'R)dT R@
CETT T k1) 7 \Q)" =T T,

(3.144)

Integrating equation (3.144) for constant specific heat ratios between the
limits of x and y results in the following:

g R (T dT P d
f Jgs — <R ;_Rf dp
. ]\—l T, T . P

)

kR T, .
e log,. (?'\) — Rlog, (/'_1)

Equation (3.145) may be expressed in dimensionless form by dividing
both sides by R and substituting for 7,./7, from equation (3.138) and for
p./p. from equation (3.139), with the following result:

(3.145)

({1 +L7I,m2\{ 2k M I\\
e ko |\ 2 k-1 )
R k- LRaPYE (3.146)
2k = 1)
- o8 (m w1 )

Tahulated Values of Normal Shock Functions

As in the case of isentropic flow functions, it has been found useful to
compute and tabulate certain standard normal shock functions. These func-
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tions arc all dimensionless ratios and are functions of the Mach number,
M . just upstream of the shock wave. Table 3.3 contains the following
ratios:

Function Equation(s)
M, 3.137

Or 3.139

Py

I 3138

T,

Ar_ Vv 3.140, 3.143
pe 0

Pov 3.141

Pon

Lo 3.142

2y

In using Table 3.3 it should again be noted. as in Table 3.1, that all data
are based on the assumption that the gas is ideal and that the molecular
weight, specific heats, and ratios of specific heats are constant, Table D.2
gives values of k for ideal gases as a function of temperature. When the
temperature range is known before calculations, the average value of &
should be used. If one of the temperatures is not known, use the & value
for the known temperature, and check for variation after the other is
computed.

Adiabatic Flow in Constant-Area Ducts with Friction—Fanno
Line

The flow of fluids in most industrial and power piping applications may be
assumed to be adiabatic. The primary reasons for this assumption are;

. The piping lengths are relatively short (and hence heat transfer areas
small) with respect to large mass flow rates, so the heat transfer is
neghgible.

2. The pipes are insulated.

In adiabatic flow with friction, the gas may enter the pipe cither with
subsonic or supersonic velocity, as shown in Figure 3.16. In case (a) the gas
enters the pipe with a subsonic velocity, The second law of thermodynamics
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Table 3.3 Normal Shock Functions
k=1
My My PyPx Tyfr X Pylpx = PoyPox PoyPx
vxivy
1.00 1.000E+00 1.000E+00 1.000E+00 1.000E+00 1.000E+00 1.649E+00
1.05 9.524E-01 1.13E+00 1.000E+00 1.13E+00 9.998E-01 1.735E+00
1.10 9.091E-01 1.210E+00 1.000E+00 1.210E+00 9988E-01 1.829E+00
1.15 B.696E-01 1323E+00 1.000E+00 1323E+00 9.964E-01 1.930E+00
1.20 8.333E-01 1.440E+00 1.000E+00 1.440E+00 9.919E-01 2.038E+0
1.25 8.000E-01 1.563E+00 1.000E+00 1.563E+00 9.851E-01 2.152E+00
130 T7.692E-01 1.690E+00 1.000E+00 1.690E+00 9.759E-01 2.272E+00
135 7.407E-01 1.823E+00 1.000E+00 1.823E+00 9.640E-01 2.398E+00
1.40 7.143E-01 1.960E+00 1.000E+00 1. 960E+00 9.494E-01 2.530E+00
145 6.897E-01 2.103E+00 1.000E+00  2.103E+00 9.321E-01 2.667E+00
1.50 6.667E-01 2.250E+00 1.000E+00 2.250E+00 9.122E-01 2.810E+00
1.60 6.250E-01 2.560E+00 1.000E+00 2.560E+00 8.653E-01 3.112E+00
1.70 5.882E-01 2.890E+00 1.000E+00 2.800E+00 8.100E-01 3. 436E+00
1.80 5.556E-01 3.240E+00 1.000E+00 3.240E+00 7.482E-01 3.781E+00
190 5.263E-01 3.610E+00 1.000E+00 3.610E+00 6.820E-01 4.146E+00
2.00 5.000E-01 4 .000E+00 1.000E+00 4.000E+00 6.134E-01 4.533E+00
2.10 4.762E-01 4.410E+00 1.000E+00 4 410E+00 5.446E-01 4.939E+00
220 4.545E-01 4 840E+00 1.000E+00 4.840E+00 4. TRE-01 5.367E+00
2.30 4.348E-01 5.290E+00 1.000E+00 5,290E+00 4,129E-01 5814E+00
2.40 4.167E-01 5.760E+00 1.000E+00 5.760E+00 3527601 6.282E+00
2.50 4.000E-01 6.250E+00 1.000E+00 6.250E+00 2.975E-01 6. 771E+00
3.00 3.333E-01 9.000E+00 1.000E+00 9.000E+00 1.057E-01 9 514E+00
3.50 2.857E-01 1.225E+01 1.000E+00 1.225E+01 2. 191E-02 1.276 E+01
4.00 2.500E-01 1.600E+01 1.000E+00 1.600E+01 5.538E-03 1.651E+01
4.50 2222E-01 2.025E+01 1.000E+00  2.025E+01 8.316E-04 2.076E+01
5.00 2.000E-01 2.500E+01 1.000E+00 2.500E+01 9.505E-05 2.551E+01
6.00 1.667E-01 3.600E+01 1.000E+00 3.600E+01 5.559E-07 3.650E+01
700 1.429E-01 4.900E+01 1.000E+00  4.900E+01 1.133E-09 4.950E+01
8.00 1.250E-01 6.400E+01 1.000E+00 6.400E+01 8.169E-13 ~ 6.450E+01
9.00 1.111E-01 8.100E+01 1.000E+00 8.100E+01 2.100E-16 8.150E+01
10.00 1.000E-01 1.000E+(02 1.000E+00 1.000E+02 1.938E-20 1.00SE+02
20.00 5.000E-02 4.000E+02 1.000E+00 4.000E+02 5.543E-85 4.00SE+02
30.00 3333E02 9.000E+02 1.000E+00 9.000E+02 3.326E-193 9.005E+02
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Table 3.3 (continued) Normal Shock Functions

Chapter 3

k=11
My My PyPx TyTx PylPx = Poy/Pox Poy/Px
fo\’y
1.00 1.000E+00 1.O0OE+00  1.000E+00  1.000E+00  1.000E+00  1.710E+00
1.05 9.526E-01 L107E+00  1.009E+00 1.097E+00 1.OBE+00  1.810E+00
1.10 9.099E-01 1.220E+00 1.018E+00  1.198E+00  9.989E-Cl 1.506E+00
115 8712E-01 1.338E+00  1.027E+00 13BE+00  9.93E01 2. 013E+00
1.20 8.360E-01 1.461E+00  1.036E+00 1410E+00  9918E-01 2.131E+00
1.25 8.038E-01 1.589E+00  1.044E+00 1.522E+00  9.874E-01 2.259E+00
1.30 7.743E-01 1.723E+00  1.053E+00 1.636E+00  9.760E-01 2.382E+00
135 TA471E-01 1.862E+00 1.061E+00  1.755E+00  9.638E-01 2.516E+00
1.40 7.221E-01 2.006E+00  1.070E+00 1875E+00  9.505E-01 2.658E+00
145 6.989E-01 2.155E+00  1.079E+00  1997E+00  9338E-01 2 810E+00
1.50 6.773E-01 2310E+00 1.088E+00  2.123E+00  9.155E-0I 2.958E+00
1.60 6386E-01 2634E+00  1.105E+00  2384E+00  8.753E-01 3.293E+00
1.70 6.048E-01 2.980E+00 1.124E+00  2.651E+00  8.242E-01 3.637E+00
1.80 5.750E-01 3347E+00 1.143E+00  2928E+00  7.678E-01 4 004E+00
1.90 5487E-01 3.734E+00 1.163E+00 3.211E+00  7.099E-01 4.405E+00
2.00 5.252E-01 4.143E+00 1.184E+00 3499E+00  6.480E-01 4.815E+00
2.10 5.042E-01 4.5712E+00  1.205E+00 3.794E+00  5874E-01 5.25BE+00
2.20 4.853E-01 S5023E+00 1228FE+00  4.090E+00 5.265E-01 5. 711E+00
230 4.682E-01 S49E+00  1.251E+00 4392E+00  4.689E-01 6.197E+00
2.40 4.527E-01 5987E+00  1.275E+00  4.69%6E+00  4.136E-01 0.693E+G0
2.50 4.385E-01 6.500E+00  1300E+00 5000E+00  3.627E-0l 7.222E+00
3.00 3.837E-01 9381E+00 1439E+00 6.519E+00 1.707E-01 1.017E+01
3.50 3.466E-01 1.279E+01 1.603E+00  7979E+00  7.102E-02 1.361E+01
4.00 3.2E-01 1.671E+01 1.791E+00  9330E+00  2.758E-02 1.773E+01
4.50 3.009E-01 2.117E+01 2.003E+00 1.057E+01 1.013E-02 2.221E+01
500 2.863E-01 2614E+01  2.241E+00 1.166E+01 3.659E(3 2.738E+01
6.00 2.661E-01 3767E+01  2790E+00  1350E+01 4718E-04  3.912E+01
7.00 2.531E-01 5129E+01  3439E+00  1.491E+01 6.440E-05 5308E+01
8.00 2 443E-01 6.7T00E+01  4.188E+00 1.600E+01 9.651E-06  6.923E+01
9.00 2.381E-01 8481E+01  5.036E+00  1.684E+01 1.606E-06  8.749E+01
10.00 2336E-01 1.047E+02  5984E+00  1.750E+01 2.978E-07 1.080E+02
20.00 2.185E-01 4.190E+02  2.095E+01 2.000E+01 1.228E-12  4.301E+02
30.00 2.156E-01 9428E+02  4.589E+01 2.04E+01 4957E-16 9.6T3E+02
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k=12
My My Py/Px Ty/Tx PylPx = Poy/Pox PoyPx
vxivy
1.00 1.000E+00 1.000E+00  1.000E+00 1.000E+00 1.000E+00  1.772E+00
1.05 9.528E-01 1L.112E+00  1.018E+00 1.O2E+00  9.990E-01 1.871E+00
1.10 9.106E-01 1.229E+00  1.035E+00 L187E+00  9.993E-01 1.983E+00
115 8.726E-01 1.352E+00  1.052E+00 1.285E+00  9.958E-01 2.098E+00
120 8.383E-01 1. 480E+00 1.069E+00 1.384E+00 3924E-C1 2.224E+00
1.25 8.071E-01 1.614E+00  1.086E+00 1.486E+00  9.850E-01 2354E+00
130 7.787E-01 1.753E+00 1.102E+00 1.591E+00 9.770E-01 2493E+00
135 7.527E-01 1.897E+00 1.119E+00 1.695E+00 9.67T8E-01 2.643E+00
1.40 7.288E-01 2.047E+00 1.136E+00 1.802E+00 9.548E-01 2.794E+00
1.45 7.067E-01 2.203E+00 1.153E+00 1.911E+00 9.385E-01 2.949E+00
1.50 6.864E-01 2.364E+00 L170E+00  2.021E+00 9.213E-01 3.113E+00
1.60 6.501E-01 2.702E+00 1.205E+00  2.242E+00 8.819E-01 3 462E+00
170 6.186E-01 3.062E+00 1.241E+00 2467E+00 8.360E-C1 3 835E+00
1.80 5.912E-01 3444E+00 1.279E+00  2.693E+00 7.852E-(01 4.230E+00
1.90 5.671E-01 3.847E+00 L319E+00  2.917E+00 7322E-01 4.654E+00
200 5.458E-01 4.273E+00  1360E+00  3.142E+00  6.765E-01 5.094E+00
2.10 5.268E-01 4.720E+00  1402E+00 3.367E+00  6.213E-0] 5.563E+00
220 5.099E-01 5.189E+00  1.446E+00  3.589E+00 5.668E-01 6.054E+00
230 4.947E-01 S.680E+00  1492E+00  3.807E+00 5.139E-01 6.567E+00
240 4.810E-01 6.193E+00  1.540E+00 4.021E+00 4.635E-01 7.102E+00
2.50 4.686E-01 6.727E+00  1.5%0E+00  4.231E+00 4.163E-01 7.665E+00
3.00 4.214E-01 9.727E+00  1867E+00  5.210E+00 2.298E-01 1.081E+01
3.50 3.94E-N 1.327E+01 2.192E+00 6.054E+00 1.199E-01 1.455E+01
4.00 3.690E-01 1.736E+01 2.565E+00 6.768E+00 6.102E-02 1.885E+01
4.50 3.536E-01 2200E+01  298BE+00  7.363E+00  3.093E-02 2.370E+01
5.00 3421E-01 2.718E+01 3.460E+00 7.855E+00 1.586E-02 2916E+01
6.00 3.267E-01 3918E+01  4.551E+00 8.609E+00  4.409E-03 4.177E+01
7.00 3.170E-01 5336E+01 S5841E+00  9.135E+00 134E-08 5.668E+01
8.00 3.106E-01 6.973E+(1 7329E+00  9.514E+00 4.497E-04 7.385E+01
2.00 3.061E-01 8.827E+01 9016E+00  9.790E+00 1.644E-04 9.337E+01
10.00 3.029E-01 109E+02  1.090E+0] 1.000E+01 6.499E-05 1.151E+02
20.00 2.923E01 4363E+02 4.065E+01 1.073E+01 9.662E-08 4.590E+02
30.00 2.908E-01 9817E+02  9.024E+01 1.088E+01 1.818E-09 1.033E+03
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Table 3.3 (continued) Normal Shock Functions
k=13
Mx My Py/Px TyTx Pylpx = PoyPox PoyPx
Vx’\’y
1.00 1.000E+00 1.000E+00 1.000E+00 1.000E+00 1.000E+00 1.832E+00
1.05 9.530E-01 1.116E+00 1.026E+00 1.088E+00 9.995E-01 1.940E+00
1.10 9.112E-01 1.237E+00 1.051E+00 1.177E+00 1.000E+00  2.060E+00
1.15 8.739E-01 1.365E+00 1.075E+00 1.270E+00 9.955E-01 2.181E+00
1.20 8.403E-01 1.497E+00 1.100E+00 1.361E+00 9.934E-01 2.318E+00
1.25 8.100E-01 1.636E+00 1.124E+00 1. 456E+00 9.863E-01 2.456E+00
1.30 7.825E-01 1.780E+00 1.148E+00 1.551E+00 9.786E-01 2.605E+00
1.35 7.575E-01 1.930E+00 1.172E+00 1.647E+00 9.681E-01 2.759E+00
1.40 7.346E-01 2.085E+00 1.197E+00 1.742E+00 9.566E-01 2.923E+00
1.45 7.136E-01 2.246E+00 1.222E+00 1.838E+00 9.425E-01 3.092E+00
1.50 6.942E-01 2.413E+00 1.247E+00 1.935E+00 9.262E-01 3.266E+00
1.60 6.599E-01 2.763E+00 1.299E+00 2.127E+00 8.896E-01 3.637TE+00
1.70 6.304E-01 3.137E+00 1.353E+00 2.319E+00 8.462E-01 4.029E+00
1.80 6.048E-01 3.532E+00 1.409E+00 2.507E+00 8.003E-01 4 453E+00
1.90 5.825E-01 3.950E+00 1 467E+00 2.693E+00 7.513E-01 4.900E+00
200 5.629E-01 4.391E+00 1.527E+00 2.876E+00 7.007E-01 5371E+00
2.10 5.455E-01 4 855E+00 1.591E+00 3.052E+00 6.498E-01 5.865E+00
220 5301E-01 5341E+00 1.656E+00 3.225E+00 5.099E01 6.387E+00
230 5.163E-01 5.850E+00 1.725E+00 3.391E+00 5.514E-01 6.931E+00
240 5.040E-01 6.381E+00 1.796E+00 3.553E+00 5.050E-01 7.5BE+00
2.50 4.929E-01 6.935E+00 1.869E+00 3 71E+00 4.609E-01 8.097E+00
3.00 4511E-01 1.004E+01 2.280E+00 4 404E+00 2.825E-01 1.145E+01
350 4.241E-01 1.372E+01 2.763E+00 4 966E+00 1.676E-01 1.539E+01
4.00 4.058E-01 1.796E+01  3318BE+00 5.413E+00 9.926E-02 1.995E+01
4.50 3927E-01 2.276E+01 3.946E+00 5.768E+00 5940E-02 2.514E+01
5.00 3.832E-01 2.813E+01 4648E+00  6.052E+00 3.613E02 3.092E+C1
6.00 3.704E-01 4 057E+01 6.271E+00 6.469E+00 1422E-02 4 429E+01
7.00 3.625E-01 5.526E+01 8.189E+00 6.748E+00 6.098E-(3 6.014F+01
8.00 3.573E-01 7.222E+01 1.040E+01 6.944E+00 2.827E-(3 7.839E+01
9.00 3.536E-01 9.143E+01 1.291E+01 7.082E+00 1.404E-03 9.912E+01
10.00 3.510E-01 1.129E+02 1.571E+01 7.187E+00 7.405E-04 1.223E+02
20.00 3.426E-01 4.520E+02 5.994E+01 7.541E+00 8.948E-06 4 87TE+02
30.00 3.410E-01 1.017E+03 1.337E+02 7.607E+00 6.237E-07 1.097E+Q3



Equations of Fluid Motion 107
k=14
Mx My Py/Px TyTx Pylpx = PoyfPox PoyPx
VX"V}'
1.00 1.000E+00 1.000E+00 1.000E+00 1.000E+00 1.000E+00 1.893E+00
1.05 9.531E-01 1.120E+00 1.033E+00 1.084E+00 9.989E-01 2.006E+00
1.10 9.118E-01 1.245F+00 1.065E+00 1.169E+00 9.989E-01 2.133E+00
1.15 8.750E-01 1.376E+00 1.097E+00 1.254E+00 9.971E-01 2.26TE+00
120 8.422E01 1.513E+00 1.128E+00 1.341E+00 9933E-01 2.409E+00
1.25 8.126E-01 1.656E+00 1.159E+00 1.429E+00 9.874E-01 2.558E+00
130 7860E-01 1.805E+00 1.191E+00 1.516E+00 9.794E-01 2.714E+00
1.35 7.618E-01 1.960E+00 1.223E+00 1.603E+00 9.692E-01 2 876E+00
1.40 7.397E-01 2.120E+00 1.255E+00 1.689E+00 9.582E-01 3.049E+00
145 7.196E-01 2.286E+00 1.287E+00 1.776E+00 9451E-01 3.229E+00
1.50 7.011E-01 2. 458E+00 1.320E+00 1.862E+00 9.301E-01 3.414E+00
1.60 6.684E-01 2.820E+00 1.38RE+00 2.032E+00 8.952E-01 3.805E+00
1.70 6.405E-01 3.205E+00 1.458E+00 2.198E+00 8.557E-01 4.224F4+00
1.80 6.165E-01 3.613E+00 1.532E+00 2.358E+00 8.129E-01 4.671E+00
1.90 5.956E-01 4.045E+00 1.608E+00 2.516E+00 7.674E-01 5.142E+00
2.00 5.774E-01 4.S00E+00 1.68RE+00 2.666E+00 7.209E-01 5.640E+00
2.10 5.613E-01 4.978E+00 1.770E+00 2.812E+00 6.743E-01 6.166E+00
2.20 5.471E-01 5.480E+00 1.857E+00 2951E+00 6.281E-01 6.716E+00
230 5.344E.01 6.005SE+00 1.947E+00 3.084E+00 S5833E-01 7.294E+00
2.40 5.231E-0i 6.553E+00 2.040E+00 3.212E+00 5402E-01 T.89BE+00
2.50 5.130E-01 7.125E+00 2.138E+00 3.333E+00 4.99E-01 8.526E+00
3.00 4.752E-01 1.033E+01 2.6T9E+00 3.856E+00 3.286E-01 1.207E+01
350 4.512E-01 1.413E+01 3.315E+00 4.262E+00 2.128E-01 1.623E+01
4.00 4.350E-01 1.850E+01 4.047E+00 4.571E+00 1.388E-01 2.107E+01
4.50 4 236E-01 2.346E+01 4 875E+00 4 812E+00 9.168E-02 2.653E+01
5.00 4 152E-01 2.900E+01 5.800E+00 5.000E+00 6.172E-02 3.265E+01
6.00 4.042E-01 4.183E+01 7.941E+00 5.268E+00 2.966E-02 4.682E+01
7.00 3.974E-01 5.700E+01 1.047E+01 5.444E+00 1.535E-02 6.355E+01
8.00 3.920E-01 7.450E+01 1.339E+01 5.564E+00 8.488E-03 8.287E+(Q1
9.00 3 893E-01 9.433E+01 1.669E+01 5.652E+00 4.964E-03 1.048E+02
10.00 3.876E-01 1.165E+02 2.039E+Q1 5.714E+00 3.45E-(3 1.2NE+02
20.00 3.804E-01 4 665E+(02 7.872E+01 5.926E+00 1.078E-04 5.155E+02
30.00 3.790E-01 1.050E+03 1.759E+02 5.969E+00 1.453E-05 1.159E+03
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Table 3.3 (continued) Normal Shock Functions
k=15
Mx My Py/Px TyTx Pylpx = Poy/Pox Poy/Px
Vxl'Vy
1.00 1.000E+00 1.000E+00 1.000E+00 1.000E+00 1.000E+00 1.953E+00
1.05 9.533E-01 1.123E+00 1.039E+00 1.081E+00 9.999E-01 2.075E+00
1.10 9.123E-01 1.252E+00 1.078E+00 1.161E+00 9.990E-01 2.207E+00
1.15 8.761E-01 1.387E+00 1.116E+00 1.243E+00 9.968E-01 2.348E+00
1.20 8.438E-01 1.528E+00 1.154E+00 1.324E+00 9.930E-01 2.498E+00
1.25 8.150E-01 1.675E+00 1.193E+00 1.404E+00 9.875E-01 2.656E+00
1.30 7.890E-01 1.828E+00 1.231E+00 1.485E+00 9.801E-01 2.821E+00
135 7.655E-01 1.987E+00 1.270E+00 1.565E+00 9.709E-01 2.995E+00
1.40 7.442E-01 2.152E+00 1.309E+00 1.644E+00 9.600E-01 3.176E+00
145 7.248E-01 2.323E+00 1.349E+00 1.722E+00 9.473E-01 3364E+00
1.50 7.071E-01 2.500E+00 1.389E+00 1.800E+00 9331E-01 3.560E+00
1.60 6.759E-01 2872E+00 1.472E+00 1.951E+00 9.606E-01 3.973E+00
1.70 6.4M9E-01 3.268E+00 1.558E+00  2.098E+00 8.637E-01 4.414E+00
1.80 6.266E-01 3.688E+00 1.648E+00 2.238E+00 8.237E-01 4 8B4E+00
1.90 6.069E-01 4.132E+00  1.742E+00  2372E+00 7.816E-01 5.382E+00
2.00 5.898E-01 4.600E+00 1.840E+00 2.500E+00 7.384E-01 5.907E+00
210 5.747E-01 5.092E+00 L942E+00  2.622E+00 6.951E-01 6.461E+00
220 5.615E-01 5.608E+00  2.049E+00  2.737E+00 6.523E-01 7.041E+00
230 5497E-01 6.148E+00  2.159E+00 2.848E+00 6.106E-01 7.649E+00
240 5.393E-01 6.712E+00  2.275E+00 2.950E+00 S5.703E-01 8.285E+00
2.50 5.299E-01 7300E+00  2.394E+00 3.049E+00 5318E-01 8.948E+00
3.00 4.953E-01 1.060E+01 3.062E+00 3.462E+00 3.691E-01 1.267E+01
3.50 4.734E-01 1.450E+Q01  3.847E+00  3.769E+00 2.547E-01 1.708E+01
4.00 4 588E-01 1.900E+(1 4.750E+00  4.000E+00 1.773E-01 2.216E+01
4.50 4 486E-01 2 410E+Q1 STRE+0  4.175E+00 1253E-(1 2.792E+01
5.00 4.412E-01 2.980E+01 6.914E+00 4.310E+00 9.018E-02 3.437E+01
6.00 4.313E-1 4.300E+01 9.556E+00 4.500E+00 4.928E-02 4.928E+01
7.00 4.253E-01 5.860E+01 1.268E+01 4.621E+00 2.877E-Q2 6.691E+01
8.00 4.214E-01 7.660E+01 1.628E+01 4.705E+00 1.776E-02 8.726E+01
9.00 4,1B6E-01 9. 700E+01 2.036E+01 4.764E+00 1.150E-02 L.IBE+2
10.00 4.167E-01 1.198E+02 2.492E+01 4 807E+00 7.743E-(03 1.361E+02
20.00 4.104E-01 4798E+02  9.692E+01 4.950E+00 5.270E-04 5.430E+02
30.00 4.092E-01 1.080E+(3 2.169E+02 4.979E+00 1.058E-04 1.221E+03
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k=53
Mx My Py/Px Ty/Tx Pylpx = Poy/Pox PoyPx
vx/vy
1.00 1.000E+00  1.000E+00  1.000E+00  1.000E+00  1.000E+00  2.055E+00
1.05 9.535E-01 1.128E+00 1.050E+00 1.074E+00 1.000E+00  2.189E+00
1.10 9.131E-01 1.263E+00 1.099E+00 1.149E+00 9.986E-01 2.332E+00
1.15 8.776E-01 1.403E+00 1.147E+00 1.223E+00 9.974E-(01 2.488E+00
1.20 8.463E-01 1.550E+00 1.196E+00 1.296E+00 9.937E-(1 2.651E+00
1.25 8.184E-01 1.704E+00 1.244E+00 1.370E+00 9.879E-01 2.821E+00
130 7.935E-01 1L.E8A3EL00 1.293E+00 1.441E+00 9814E-01 3.002E+00
1.35 7.711E-01 2029E+00 1.343E+00  1S11E+00 9727E-01  3.191E+00
1.40 7.509E-01 2.201E+00 1.393E+00 1.580E+00 9.626E-01 3.387E+00
1.45 7.325E-01 2.379E+00 1.445E+00 1.646E+00 9.512E-01 3.593E+00
1.50 7.158E-01 2.564E+00 1.497E+00 1.713E+00 9.379E-01 3.804E+00
1.60 6.866E-01 2.951E+00 1.604E+00 1.840E+00 9.089E-01 4.255E+00
1.70 6.620E-01 3.364E+00 1.716E+00 1.960E+00 8.755E-01 4.734E+00
1.80 6.410E-01 3.802E+00 1.833E+00 2.074E+00 8.395E-01 5.244E+00
1.90 6.229E-01 4.265E+00 1.955E+00 2.182E+00 8.019E-01 5.784E+00
2.00 6.073E-01 4753E+00  2.083E+00  2.282E+00  7.634E-01 6.354E+00
2.10 5.936E-1 5266E+00  2.216E+00 2.376E+00 7.248E-01 6.954E+00
2.20 5.817E-01 5804E+00  2.355E+00 2.465E+00 6.865E-01 7.584E+00
230 5.711E-01 6367E+00  2499E+00  2.548E+00 6.492E-01 8.243E+00
240 5.617E-01 6.954E+00  2.650E+00  2.624E+00 6.131E-01 8.935E+00
2.50 5.534E-01 7.567E+00  2.806E+00  2.697E+00  5.783E-01 9.654E+00
3.00 5.227E-01 1.101E+(G1 3.678E+00 2.993E+00 4.282E-01 1.369E+01
3.50 5.036E-01 1.507E+01 4.704E+00  3.204E+00  3.178E-0l 1.848E+01
4.00 4.910E-01 1.976E+01  S5885E+00 3.358E+00  2.385E-0l 2.399E+01
4.50 4.822E-01 2.508E+01  7.221E+00  3.473E+00 1.816E-01 3.024E+01
5.00 4.758E-01 3.102E+01 8714E+00  3.560E+00 1407E-01 3.7BE+0
6.00 4.674E-01 4478E+01  1.217E+01  3.680E+00 8832E-02  5.341E+0l
7.00 4.623E-01 6.104E+01  1.625E+01  3.756E+00  5855E-02  7.253E+01
8.00 4.589E-01 7.981E+01  2.096E+01  3.808E+00 4.059E-02  9459E+01
9.00 4.566E-01 1.011E+02  2.630E+01  384E+00  2919E-02 1.196E+02
10.00 4.550E-01 1.248E+02 3226E+01  3.869E+00  2.168E-02 1.476E+02
20.00 4.497E-01 5.001E+02 1.264E+02 3 956E+00 2.885E-03 5.889E+02
30.00 4.487E-01 1.126E+03  2834E+02 3.973E+00  8.679E-04 1.324E+03
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requires that, for an adiabatic process, the entropy may not decrease. The
effect of friction is to limit the expansion of the gas from p, to p* and sonic
velocity. For this reason supersonic flow cannot exist in a pipe if the initial
flow is subsonic. In case (b) the gas enters the pipe with a supersonic velo-
city. Again, the second law of thermodynamics requires that, for an adia-
batic process, the entropy may not decrease. The effect of friction is to limit
the compression of the gas from py, to p* and sonic velocity. For this reason
subsonic flow cannot exist in a pipe if the initial flow is supersonic. The
limiting velocity in either case is sonic.

General Considerations

Adiabatic compressible flow of an ideal gas with friction in a constant-
arca duct must satisfy the following requirements:

1. The ideal gus law: The equation of state for an ideal gas is equation
(1.37):

pv=RT (1.37)
2. Constunt-area duct: The flow arca must be the same at all sections:

A=A =A4A,=---=4,
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3. Conservation of mass: The continuity equation may be expressed as

follows:
A ; A'J A')

n'::—I: " _An (3.6)
v vy Us

4  Conservation of energy: The sum of all the energy at a scction is the
same for all sections:

hl

RET N > RKT, L RkT3+ "
k=1 2g. k=1 2g. k—=1 2g

(3.97)
-

Fyuation of motion. Writing equation (3.1
results in the following:

i

or a horizontal pipe

h
—
—

v e
Ay dp—{-";%z dL = 0 (3.147)

S fi

6. Constant-friction factor: In Chapter 4 the variation of friction factor
with various parameters is presented. Conventional engineering prac-
tice 1s to use a friction factor / to calculate friction losses in pipes.
Mecthods for the computation of numerical values of friction factor
arc given in Chapter 4. The friction factor f is defined as follows:

H, :;;fh dL (3.148)
-J1

The factor defined by equation (3.148) is known as the D Arcy -
Wcisbach friction factor. There is another friction factor used in
some texts, known as the Fanning friction factor. The numerical
vilue of the Fanning friction factor 1s 1/4 that of the D’Arcy-
Weisbach. so care must be used when sclecting a friction factor from
another source.
In Section 3.3, the energy lost due to friction, H,. was defined by equation
(3.20) as follows:
] 2
H, =— [ vrdL (3.20)
R/r |
Setting equation (3.148) equal to equation (3.20) and solving for 1 results
in the following:

Rlzf“:
T =
2e¢Dv

(3.149)

Substituting the value of 7 from cquation (3.149) in equation (3.147)
results in the following:
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v dv v [ RS’
p+ : {iL=0
£, Hvdpt R, (Zg(.'Dv)(

which reduces to:

v dv /o
+vdp+—
77D

dl =0 (3.150)
g 2g,

Dividing equation (3.150) by pv results in the following:

vdv vdp _/’uz
(pPvig.  pv o 2g D)

dL =0 (3.151)

For an ideal gas from the equation of state (1.37), pv = RT. Substituting for
pv in equation (3.151) yiclds the following:

vdve  d L
L

e IL=0 3.152
Rie, " p T2DRTe, ¢ (3152

Derivation of equations

All of the terms of equation (3.152) can be expressed as functions of
Mach number. If the first term of equation (3.152) 15 multiplied by /v
and the relation " = kg, RTM" from ecquation (3.94) is substituted, the
following expression results:

U do— (.u) 0 e — o @ _ kg(,RTMz @ e f_h_’
RTyg. v/ RTyg, RTg, v RTg, " N

(3.153)
The energy equation for an ideal gas (3.97) may be written as follows:

RkT, RkT v

k-1 k—1"2g (3.154)
Differentiating equation (3.154) yieids the following:

kR_kl dT+";z‘:0:fi’§ dT 4 v dv =0 (3.155)
Dividing equation (3.155) by ©* = kg RTM? vields the following:

kg R/(k — DYdT  vdv I di” _ dv

(kg RTM?) o  (k-=DM> T  »

or

dT , v

— = (k- DM = (3.156)
7 !

-
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Writing ¢ = kg, RTM? in logarithmic form. differentiating, and solving for
dT /T, results in the following:

2log, v = log (kg R)+log. T + 2logy M

5 d'ri _dT + dM . dT | dv dM (3.157)
v T M ‘ T P M

Substituting for d7/T from equation (3.157) in equation (3.156) and
simplifying results in the following:
dT > dv dM

R A vy

which reduces to:

v B 1 dM (3.158)
v bk —1)/2IMF M B

Eliminating /v from equation (3.153) by substitution of equation (3.158)
and simplifying results in the expression of the first term of equation (3.152)
as a function of Mach number:

rf

N\

v do — kA Efi‘ukMz } dM_ kM

RTg. " v k=T M1k - M
2

M

(3.159)

Evaluation of the middle term of equation (3.152) starts by expressing the
continuity equation for an ideal gas (v = Aep/RT) n logarithmic form and
diffcrentiating, noting that, for a constant-area duct. 4 is a constant:

log m =log, A +log.v+log.p—log. R—log, T

dv dp dT
N=0+—+—-0—-—
T 1 P T
or
1,
dp _dT_dv (3.160)
p T v

Substituting T /T from equation (3.156) and dv/v from cquation (3.158) in
equation (3.160) and simplifying results in the following:

([P_d u ) 1 dM_ B 1 dM
5 = k=DM ][1+[(k—l)/2]M2] M [1+[(k—l)/2]Mz:| M

which reduces to:
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c_l[_a__|:_ kDM 4 ] }/M 6

P L+ 1k — /M | M

The last term of Lquciliml (3.152) may be converted to a Mach numbcer
relation by substitution of = = kg, RTM",

foo { kg RTM’ £,

— =o——— dl.==—kM" dL 3.162
oRTe F T RTg - T apiM (3.162)

Substituting equations (3.159), (3.160), and (3.161) for the first, second, and
third terms of equation (3.152), respectively, results in the following:

v (/p A

o4+ — . =0
RTg, ”+ﬁ 7DRTL’ (
kM k— DM+ 1dM [ s (3.163)
=T v - (k)—l)+ wa 2/])/\114-41;0
I+ M I+ M-

Solving equation (3.163) for fdL/D. results in the following:

‘jB dl. = = _(_kM-])) dM
kM-‘(I + MZ)
(3.164)
| R _
%dL:iﬁ{_ktl (k]—l) dajy
\ (l + ,) Mg) !

Integrating equation (3.164) between the limits of 7. and L, and M| and M-
yiclds the following:

TdM k41 EI— ] —|m
e P
kJy S ( _ Mz)

I 4

2 1 /1 1 k+ 1 Mi(k— 1)YM3 + 2
~ L’ - i = 7 5 B 1 2 3 -:a
pr =g (M,— Mg) T 08 [Mi (k= )MZ +2

The maximum length L™ is obtiained at the point in the pipe where the
velocity is sonic. Substituting in equation (3.165) L' for L. —L,. M for
M. and | for M, results in the Tollowing:

(3.165)
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LUy kL MGk - ) x 1 2
D k\am 1 %k BT k- DMEi2

7 A Y ¥ E R S (k + 1)M*
= log

TN q + 1
. J 7. £ - -
D~ M 2% 2(’+A2 1ML)

Texts and reference sources that use the Fanning friction factor express the
first term of cquation (3.166) as 4/L"/D.

For adiabatic flow, the total energy at each section is a constant whether
or not friction is involved, so equation (3.98) may be applied. Expressing this
equation for Ty = 7T. T, = 7", M, = M. and M, = | rcsults in the follow-
Ing:

k—1\ . ., k—1Y .

B k—1\. , T k— 1 ,
h l+(7)M5 l+((7)xl*

o
I _ k+ (3.167)

)]

Again writing the continuity equation for an ideal gas (m = Avp/RT) and
noting from equation (3.94) that v = M(kg, RT)"/? leads 1o the following:

(3.166)

or

Avyp _ Avapy
RT,  RT,

Solving for p-/py = oy T>/0, T results in the following:
p (M Jkg RT)HT, M, (Tz)l/2
m  (M2/kg RT),)T, M-

T
Substituting 7-/7T, from equation (3.98) in equation (3.168) results in the
following:

(3.168)

(3.169)
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Substituting in equation (3.169) for py =p,pr=p*. M| =M, and M, = |
results in the following:

L— 1 12 L— 1 1/2
1 — M 1 M
T [ A R B e

_—A'\ —l b} o . — 5
P M: l+(l‘,,)M5 Pl l+(/‘?])><l-

—t2

or

l) } ‘ I\+1 i 17
—~ =77 - {J.17
p MJ2[1+(A7 I)Mz]

If equation (3.144) 1s written in dimensiontess form and integrated between
the limits of 1 and 2. the following results:

_ dT (/p -8 K 7> P>
el oo [ () e ()

Substituting for 7>/7; from cquation (3.98) and for p,/p, from cquation
(3.169) yields the following:

k=1, . (k—1), \'"
5y — 8 k 1 l + MI I .M| l + o) Mi‘
= = Og.. — 10g&, =
- [4 r_l a { _’ . 5
R k—1 1+(/\? s M, ]+(A21)M5
B ([\ ]) AH}
— AN )
8y — 5 M2 L + 2 Mi_
= log,
R {0
7 2
(3.171)

Substituting in equation (3.171) for s, — s =", M, =M, and M, =1
results in the following:

L | AI\HI — P I I;.-H
. — n HA—1) . — 2y 2k
- | PRLEL VRS | P =D\ D
—=log, | — - =log. | — 2
R “| M (k=1 ‘I M (k+1)

I + 5 x 1 5

(3.172)
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The stagnation pressure ratio 1s obtained by multiplying the stagnation
pressure ratios [equation (3.100)] by the pressure ratio [equation (3.169)]:

()6
Po> o2 7 77

o YA o kfth—-1)
f’ﬂ:[w(l‘zl)wﬁ} I:I+(A7])Mf:|

o2

Fa

T30
LMIKM(A; )M:g} J

which reduces to

(k . l) 5 (A+1)/2th-1)
Por _ M, ’71 + 2 M'_’
!'.‘r()j .{r.|| l—l + ‘}—I

Substituting p,y for py,. py for pp. M for M, and 1 for M, in equation
(3.172) results in the following:

(3.173)

k- 1) (h+1)/2h- 1)
Poy _ M, L+ 2 M'
Po2 M, | (k *2” ”M%

(k— | _I(A-H)/Q(A- )
Po I f I+—M

_[)“*_ML (/\_l) 2
9

1 + x|
(k — 1) (k +1)/2h—1)
N
o _ 1 (3.174)
Po* M k41
2

The density ratio 1s obtained by writing the cquation of state (1.37) p = p/

RT and substituting equation (3.169) for p,/p, and equation (3.98) for T/
T> as follows:
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C (k= 1\ 7' k—=1Yy, -
2 1 13
P M, I+(2)MI +(2)A'
o M, k—1\ , k—1\ . -
P M l+(—2—)M§ 1+( . )M,‘ (3.175)
- (k—l\ 2_1/2
v [T = )M
M \ < /
M- k—1Y\ 5
- 1+(T)M1

Substituting in equation (3.175) for p, = p. pr»=p". M, = M, and M, = |
results in the following:

k+1
P _m 2 (3.176)
2
From the continuity equation (3.6). the following can be written:
m = pAv=p A" or (—; _ P (3.177)
T Ie)

Tahuluted Values of Fanno Flow Functions

As in the case of isentropic flow and normal shock functions, it has been
found useful to compute and tabulate certain standard Fanno flow func-
tions. These functions are all dimensionless ratios and are functions of the
inlet Mach number M. Table 3.4 contains the following ratios:
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Table 3.4 Fanno Line Functions
k=1

M TIT* plp* PolPo* vive=p¥p  fL*D s*/R
04.00 1.000E+00 & c 0.000E+00 o0 o
0.01 1.000E+00  1.000E+02  6.066E+01 1.000E-02  9.990E+03  4.105E+00
0.02 1.000E+00 5.000E+01 3.033E+0Q1} 2.000E-02 2.491E+03 3.412E+00
.03 1 000E+00 3.333E+01 2.023E+0! 3.000E-02 1.103E+03 3.007E+00
X)) 1.000E+00 2.500E+01 1.518E+01 4.000E-Q2 6. 176E+02 2.720E+00
Q.05 1.000E+00 2.000E+01 1.215E+01 5.000E-02 3.930E+02 2.497E+00
0.06 1.000E+00 1.667TE+01 1.013E+Q1 6.000E-02 2712E+02 2.315E+00
0.07 1.000E+00 1.429E+(1 B GREE+00 7.000E-02 1.97RE+02 2.162E+00
0.08 1.000E+00 1.250E+01 7.606E+00 8.000E-02 1.502E+02 2.029E+00
Q.09 1.000E+00 1.111E+Q1 6.767E+00 9.000E-02 1.176E+02 1.912E+00
.10 1.000E+00 1.000E+01 6.096E+00 1.000E-01 9.439E+01 1.808E+00
Q.15 1.000E+00 6.667E+00 4,089E+00 1.500E-01 3.965E+01 1.408E+00
020 1.000E+00 S5.000E+00 3.094E+00 2.000E-01 2.078E+01 1.129E+00
025 1.000E+00 4.000E+00 2.503E+00 2.500E-01 1.223E+01 9 175E-01
0.30 1.000E+00 3.333E+00 2.115E+00 3.000E-01 7706 E+00 T490E-01
035 1.000E+00 2.857E+00 1.842E+00 3.500E-01 5.064E+00 6.111E-01
040 1.000E+00 2.500E+00 1.643E+00 4.000E-01 3417E+00 4.963E-01
045 1.000E+00 2222E+00 1.491E+00 4.500E-0] 2.341E+00 3.998E-01
0.50 1.000E+00 2 000E+00 1375E+00 5.000E-01 1.614E+00 3.181E-01
0.60 1.000E+00 1.667E+00 1.210E+00 6.000E-01 7.561E-01 1.908E-01
0.70 1.000E+00 1.429E+00 1.107E+00 7.000E-01 3.275E-01 1.017E-01
0.80 1.000E+00 1.250E+00 1.044E+00 8.000E-01 1.162E-01 4314E-02
0.90 1.000E+00 1.111E+00 1.010E+00 9 000E-0} 2385E-02 1.036E-02
1.00 1.000E+00 1.000E+00 1.000E+00 1.000E+00 0.000E+00 0.000E+00
1.10 1.000E+00 9.091E-01 1.010E+00 1.100E+00 1.707E-02 9.690E-(03
1.20 1.000E+00 8333E-01 1.038E+00 1.200E+00 5.909E-02 3.768E-02
1.30 1.000E+00 7.692E-01 1.086E+00 1.300E+00 1.164E-01 8.264E-02
1.40 1.000E+00 7.143E-01 1.154E+00 1.400E+00 1.831E-01 1.435E-01
1.50 1.000E+00 6.667E-01 1.245E+00 1.500E+00 2.554E-01 2.195E-01
1.60 1.000E+00 6.250E-01 1.363E+00 1.600E+00 3.306E-01 3.100E-01
1.70 1.000E+00 5882E-01 1.513E+00 1.700E+00 4.073E-01 4.144E-01
1.80 1.000E+00 5.556E-01 1.703E+00 1.800E+00 4.842F01 5322E-01
1.90 1.000E+00 5.263E-C1 1.941E+00 1.900E+00 5.607E-01 6.631E-01
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Table 3.4 (continued) Fanno Linc Functions
k=1

M TT* plp* Po'Po* viv* = p¥p A*D s*/R
2.00 1.000E+00 5.000E-01 2.241E+00  2.000E+00 6.363E-01 8.069E-01
2.10 1.000E+00 4.762E-01 2.620E+00  2.100E+00 7.106E-G1 9.631E-01
220 1.000E+00 4.545E-01 3.100E+00  2.200E+00 7.835E-01 1.132E+00
230 1.000E+00 4348E-01 3714E+00 2300E+00 8.549E-01 1312E+00
230 1.000E+00Q 4.167E-01 4.502E+00 2.400E+00 9.245E-01 1.505E+00
2.50 1.000E+00 4.000E-01 5.522E+00 2.500E+00 9.926E-01 1.709E+00
2.60 1.000E+00 3 846E-01 6.852E+00 2.600E+00 1.059E+00 1.924E+00
2,70 1.000E+00 3704E-01 8.600E+00 2.700E+00 1.124E+00  2.152E+00
2.80 1.000E+00 3.571E-01 1.092E+01 2 800E+00 1.187E+00  2.390E+00
2.90 1.000E+00 3.448E-01 1.402E+01 2.900E+00 1.248E+00  2.640E+00
3.00 1.000E+00 3333E-01 1.820E+01 3.000E+00 1.308E+00  2.901E+00
3.10 1.000E+00 3.226E-01 2.389E+01 3.100E+00 1367E+00  3.174E+00
3.20 1.000E+00 3.125E-01 3.172E+01 3.200E+00 1424E+00  3.457E+00
330 1.000E+00 3.030E-01 4.257E+01 3.300E+00 1480E+00  3.751E+00
340 1.000E+00 2.941E-01 5.T76E+01 3.400E+00 1.534E+00  4.056E+00
3.50 1.000E+00 2.857E-01 7.922E+01 3.500E+00 1.587E+00 4372E+00
3.60 1.000E+00 2.TT8E-0} 1.098E+02  3.600E+00 1.639E+00  4.699E+00
3.70 1.000E+00 2.703E-01 1.540E+02  3.700E+00 1.690E+00  5.037E+00
380 1.000E+00 2.632E-01 2.181E+02 3.800E+00 1.739E+00 5.385E+00
3.90 1.000E+00 2.564E-01 3.123E+02 3.900E+00 1.788E+00  5.744E+00
4.00 1.000E+00 2.500E-01 4.520E+02 4.000E+00 1.B35E+00  6.114E+00
4.50 1.000E+00 2222E-01 3.364E+03 4.500E+00 2.058E+00 8.121E+00
5.00 1.000E+00 2.000E-01 3.255E+04 5.000E+00 2.259E+00 1.039E+01
5.50 1.000E+00 1.818E-01 4.085E+05 5.500E+00 2443E+00 1.292E+01
6.00 1.000E+00 1.667E-01 6.637E+06  6.000E+00  2.611E+00 1.571E+01
6.50 1.000E+00 1.538E-01 1.3ME+08  6.500E+00  2.767E+00 1.875E+01
7.00 1.000E+00 1.429E-01 3.784E+09  7.000E+00  2912E+00  2.205E+01
7.50 1.000E+00 1333E-01 1325E+11 7.500E+00  3.048E+00 2.561E+CI
8.00 1.000E+00 1.250E-01 5987E+12 8.000E+00 3.175E+00  2.942E+Q}
9.00 1.000E+00 1.111E-01 2615E+16 9.000E+00 3.407E+00  3.780E+01

10 1.000E+00 1.000E-01 3.145E+20 1.000E+01 3.615E+00  4.720E+01

20 1.000E+00 5.000E-02 2.191E+85 2.000E+01 4.994E+00 1.965E+Q02

30 1.000E+00 3333E-02 5468E+193  3.000E+01 5804E+00  4.461E+(2
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k=11
M TIT* plp* PolPo® vivi=p¥p  AMD s*/R

0.00 1.050E+00 o0 @ 0.000E+00 ® @

0.01 1.050E+00 1.025E+02 5.991E+01 1.025E-02 9.081E+@3 4.093E+00
0.02 1.050E+00 5.123E+01 2.996E+01 2.049E-02 2264E+03 3 .400E+00
.03 1.0S0E+00  3.416E+(Q1 1.998E+01 3.074E-02 1.0BE+03  2.995E+00
0.04 1.050E+00 2.562E+01 1.499E+01 4.099E-02 5.612E+02  2.707E+00
0.05 1.050E+00 2.049E+01 1.200E+01 5.123E-02 3.571E+02  2.485E+00
0.06 1.050E+00 1.708E+01 1.000E+01 6.148E-02 2.463E+02 2.303E+00
0.07 1.050E+00 1.464E+01 8.581E+00 7.172E-02 1L.796E+02  2.150E+00
0.08 1.050E+00 1.281E+01 7.514E+00 8.195E-02 1.364E+02  2.017E+00
0.09 1.050E+00 1.138E+01 6.685E+00 9.220E-02 1.068E+(02 1.900E+00
0.10 1.049E+00 1.024E+01 6.023E+00 1.024E-01 8.565E+01 1.796E+00
Q.15 1.049E+00 6.827E+00  4.042E+00 1.536E-01 3.592E+01 1.397E+00
0.20 1.048E+00 5.118E+00  3.059E+00 2.047E-01 1.8379E+01 1.118E+00
0.25 1.047E+00 4.052E+00 2.476E+00 2.558E-01 1.103E+01 9.068E-01
0.30 1.045E+00 3.408E+00  2.093E+00 3.067E-01 6.936E+00 7.388E-01
035 1.04E+00 2.919E+00 1.825E+00 3.575E-01 4.549E+00 6.016E-01
0.40 1.042E+00 2.552E+00 1.629E+00 4.082E-01 3.062E+00 487T7TE(Q]
045 1.039E+00 2.266E+00 1.480E+00 4.588E-01 2.093E+00 3.920E-01
0.50 1.037E+00 2.037E+00 1.365E+00 5.092E-01 1.439E+00 3.113E-01
0.60 1.031E+00 1.693E+00 1.204E+00 6.04E-01 6.705E-01 1.858E-01
0.70 1.025E+00 1 446E+00 1.104E+00 7.087E-01 2.887E-01 9833E-(2
Q.80 1.017E+00 1.261E+00 1.042E+00 8.069E-01 1.019E-01 4.158E-02
0.90 1.009E+00 1.116E+00 1.010E+00 9.041E-01 2.078E-02 9.928E-03
1.00 1.000E+00 1.000E+00  1.000E+00 1.000E+00 0.000E+00 0.000E+00
1.10 9.901E-01 9.046E-01 1.009E+00 1.095E+00 1.468E-02 9.168E-03
1.20 9.795E-01 8.247E-01 1.036E+00 1.188BE+00 5.050E-02 3.541E-02
1.30 9.682E-01 7.569E-01 1.080E+00 1.279E+00 9.885E-02 7.709E-02
1.40 9.563E-01 6.985E-01 1.142E+00 1.369E+00 1.544E-01 1.329E-01
1.50 9438E-01 6.477E-01 1.223E+00 1.457E+00 2.138E-01 2.016E-01
1.60 9309E-01 6.030E-01 1.326E+00 1.54E+00 2.749E-01 2.824E-01
1.70 9.174E-01 5.634E-01 1.454E+00 1.628E+00 3.362E-01 3.742E-01
1.80 9.036E-01 5.281E-01 1.610E+00 L.711E+00 3.969E-01 4.764E-01
1.90 8.895E-01 4.964E-01 1.801E+00 1.792E+00 4.563E-01 5.882E-01
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Table 3.4 (continued) Fanno Line Functions
k=11

M T/IT* plp* Polpo* vivi=p¥p  AL*D s*/R
2.00 8.750E-01 4.677E-01 2.032E+00 1.871E+00 5.140E-01 7.089E-01
2.10 8.603E-01 4.417E-01 2312E+00 1.948E+00 5.698E-01 8.380E-01
2.20 8.454E-01 4.179E-01 2.651E+00 2.023E+00 6.237E-01 9.748E-01
230 8304E-01 3.962E-01 3.061E+00 2.096E+00 6.75E-01 1.119E+00
240 8.152E-01 3.762E-G1 3.560E+00 2.167E+00 7.251E-(01 1.270E+00
2.50 8.000E-(1 3.57T8E-01 4.165E+00 2.236E+00 7.726E-(01 1.427E+00
2.60 7.848E-01 3.407E-01 4 901E+00 2.303E+00 8.182E-(1 1.590E+00
270 7.695E-01 3.249E-01 5.799E+00 2.368E+00 8617E-(1 1.758E+00
2.80 7.543E-01 3.102E-01 6.896E+00 2.432E+00 9.034E-(1 1.931E+00
290 7.392E-01 2.965E-01 8.237E+00 2.493E+00 9.432E-01 2.109E+00
3.00 7.241E-01 2.837E-01 9 880E+00 2.553E+00 9 812E-01 2.291E+00
3.10 7.092E-01 2.717E-01 1.190E+01 2.611E+00 1.G17E+00 2.476E+00
320 6.944E-01 2.604E-01 1.438E+01 2.667E+00 1.052E+00  2.666E+00
330 6.798E-01 2.499E-01 1.743E+01 2.721E+00 1.085E+00 2.858E+00
340 6.654E-01 2.399E-01 2.119E+01 2.TRBE+00 1.117E+00 3.04E+00
3.50 6.512E-01 2.306E-01 2.583E+01 2.824E+00 1.147E+00  3.252E+00
3.60 6.371E-01 2.217E-01 3.157E+01 2.874E+00 1.176E+00 3.452E+00
3.70 6.233E-01 2.134E-01 3.866E+(Q1 2.921E+00 1.204E+00  3.655E+00
3.80 6.098E-01 2.055E-01 4.743E+01 2.967E+00 1.230E+00 3.8359E+00
39 5.964E-01 1.980E-01 5.829E+01 3.012E+00 1.256E+00  4.066E+00
4.00 5833E-01 1.909E-01 7175E+(1 3.055E+00 1.280E+00 4.27T3E+00
4.50 S5217E-01 1.605E-01 2.058E+02 3.250E+00 1.386E+00 5327E+00
500 4.66TE-QI 1.366E-01 S5.9T7E+02 3.416E+00 1.472E+00 6.393E+00
550 4.179E-01 1.175E-01 1.731E+03 3.556E+00 1.543E+00 7.456E+00
6.00 3.750E-0Q1 1.021E-01 4.949E+(03 3.674E+00 1.601E+00 8.507E+00
6.50 3373E-01 R.936E-02 1.388E+04 3.775E+00 1.649E+00 9.538E+00
7.00 3.043E-01 7881E-02 3.798E+(4 3 862E+00 1.689E+00 1.054E+01
7.50 2.754E-01 6.997E-02 1.012E+05 3.936E+00 1.783E+00 1.152E+01
8.00 2.500E-01 6.250E-02 2.621E+05 4.000E+00 1.752E+00 1.248E+01
Q.00 2.079E-01 5.066E-02 1.614E+06 4.104E+00 1.798E+00 1.429E+01

10 1.750E-01 4 183E-(02 8.874F+06 4183E+00 1.832E+00 1.600E+01
20 S5.000E-(02 1.118E-(02 2.290E+12 4. 472E+00 1.953E+00 2.846E+01
30 2.283E-02 5.036E-(3 5.746E+15 4.532E+00 1.977E+00  3.629E+(Q1
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k=12
T p/p* Po/Po™ viv* = p*¥p AXD s*/R

1.100E+00 ® e 0.000E+00 ® o0
1.100E+00 1.049E+02  5.921E+01 1.049E-02 8324E+(03  4.081E+00
1.100E+00  5.244E+01  2.961E+01 2.098E-02 2075E+03  3.38BE+00
1.100E+00  3.496E+01 1.974E+01 3.146E-02 9.188E+02  2.983E+00
1.100E+00  2.622E+01 1.481E+01 4.195E-02 S5142E+02  2.696E+00
1.100E+00  2.097E+01 1.186E+01 5.243E-02 327ME+02  2473E+00
1.100E+00 1.748E+01  9.887E+00 6.292E-02 2256E+02  2.291E+00
1.099E+00 1.498E+01 R 480E+ 00 7.340E-2 1.644E+02  2.138E+00
1.099E+00 1.311E+01  7.426E+00 8.388E-02 1.248E+02  2.005E+00
1.099E+00 1.165E+01 6.607E+00 9.435E-02 9.772E+01 1.888E+00
1.099E+00 1.048E+01 5.953E+00 1.048E-01 7.837E+01 1.784E+00
1.098E+00  6.984E+00  3.996E+00 1.571E-01 3.281E+01 1.385E+00
1.096E+00  5.234E+00  3.026E+00 2.093E-01 1.713E+01 1.107E+00
1.093E+00 4.182E+00  2.451E+00 2.614E-01 1.004E+01 8.964E-01
1.090E+00  3480E+00 2.073E+00 3.132E-01 6.298E+00 7.290E-01
1.087E+00  2978E+00  1.809E+00  3.649E-01 4.121E+00 5.926E-01
1.083E+00  2.601E+00 1.615E+00 4.162E-G1 2.768E+00 4.794E-01
1.078E+00 2.307E+00 1.469E+00 4.673E-01 1.887E+00 3.846E-01
1.073E+00 2.072E+00 1.356E+00 5.180E-01 1.294E+00 3.048E-01
1.062E+00 1L.717E+00  1L.199E+00  6.183E-01 5.999E-01 1.811E-01
1.049E+00 1463E+00  1.100E+00 7.168E-01 2.570E-01 9.557E-02
1.024E+00 1.271E+00 1L.O41E+00 8.134E-01 9.016E-02 4.013E-02
1.018E+00 1.121E+00 1.010E+00 9.079E-01 1.828E-02 9.530E-03
1.000E+00 1.000E+00 1.000E+00 1.000E+00 0.000E+00  0.000E+00
9.813E-01 9.005E-01 1.009E+00 1.090E+00 1.277E-02 8.700E-03
9.615E-01 8.172E-01 1.034E+00 1.177E+00 4.367E-(02 3339E-02
9.410E-01 7.462E-01 1.075E+00 1.261E+00 8.500E-02 7.225E-02
9.197E-01 6.850E-01 1.132E+00 1343E+00 1.320E-01 1.237E-01
8.980E-01 6317E-01 1.205E+00 1.421E+00 1.817E-01 1.865E-01
8.758E-01 5.849E-01 1.296E+00 1.497E+00 2323E-01 2 5%4E-01
8.534E-01 5434E-01 1.407E+00 1.570E+00 2.825E-01 3414E-01
8308E-0t 5.064E-01 1.540E+00 1.641E+00 3316E-01 4316E-01
8.082E-01 4.732E-01 1.697E+00 1.708E+00 3.791E-01 5.291E-01
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Table 3.4 (continued) Fanno Line Functions
k=12

M TT* pip* Po/Po* viv¥ = p*lp D s*/R
2.00 7.857E-01 4.432E-01 1.884E+00 1.773E+00 4.247E-01 6332E-01
2.10 7.634E-01 4,160E-01 2.1083E+00 1.835E+00 4.683E-01 7.432E-01
2.20 7412E-01 3.913E-01 2.359E+00 1.8ME+(0 5.099E-01 8.5834E-N
230 7.194E-01 3.688E-01 2.660E+00 1.951E+00 5.493E-01 9.783E-01
240 6.980E-01 3481E-01 3.011E+00 2.005E+00 5.868E-01 1.102E+00
2.50 6.769E-01 3.291E-01 3.421E+00 2.057E+00 6.222E-01 1.230E+00
2.60 6.563E-01 3.116E-01 3.898E+00 2.106E+00 6.557E-01 1361E+00
2.70 $£362E 01 2.954E-01 4 455E+00 2.154E+00 6.874E-01 1494E+00
2.80 6.166E-01 2.804E-01 5.103E+00 2.199E+00 TA73E-01 1.630E+00
2.90 5.975E-01 2.665E-01 S858E+0Q 2.242E+00 7456E-01 1. 768E+00
3.00 5.789E-0 2.536E-01 6.735E+00 2.28315+00 7.724E-11 1.907E+00
310 5.609E-01 2.416E-01 7.755E+00 2.322E+00 7977E-01 2.048E+00
320 5.435E-01 2304E-0] 8.540E+00 2.359E+00 8.215E-01 2.191E+00
330 5.266E-01 2.199E-01 1.032E+01 2.395E+00 8.441E-01 2.334E+00
340 5.102E-01 2.101E-01 1.191E+01 2.429E+00 8.655E-01 24TTE+OQ
3.50 4. 944E-01 2.009E-01 1.376E+01 2.461E+00 8.857E-01 2.622E+00
360 4.791E-01 1.923E-01 1.590E+01 2.492E+00 9.048E-01 2. 766E+00
370 4.643E-01 1.842E-01 1.838E+01 2.521E+00 9.229E-01 2911E+00
3.80 4 501E-01 1.765E-01 2.124E+01 2.549E+00 9.401E-01 3.056E+00
3.90 4363E-01  169E-01  2454E«01 2576E+00 9.563E-01  3.200E+00
4.00 4231E-01 1.626E-01 2.836E+01 2.602E+00 9.718E-01 3345E+00
4.50 3.636E-01 1.340E-01 5796E+01 2. N4E+Q00 1.038E+00  4.060E+QQ
5.00 3.143E-01 1.121E-Q1 1.163E+02 2.803E+00 1.090E+00  4.757E+00Q
550 2. 7T33E-04 9.505E-02 2.281E+02 2.875E+00 1.130E+00  5.430E+00
6.00 2391E-01 8.150E-02 4.359E+02 2.934E+00 1.163E+00  6.077E+00
6.50 2.105E-01 T.059E-02 8.108E+02 2.982E+00 1.190E+00  6.698E+00
7.00 1.864E-01 6.168E-02 1.469E+(3 3.023E+00 1.212E+00  7.292E+00
7.50 1.660E-01 5433E-02 2.593E+03 3.056E+00 1.230E+00  7.861E+00
8.00 1.486E-01 4.819E-02 4 46TE+(03 3.084E+00 1.245E+00 8. 404F+00
9.00 1.209E-01 3.863E-02 1.238E+04 3.129E+00 1.268E+00 9.424E+00

10 1.000E-01 3.162E-02 3.162E+04 3.162E+00 1.286F+00 1.036E+0)

20 2.683E-02 8.190E-03 2.196E+(7 3.276E+00 1.344E+00 1.690E+01

30 1.200E-02 3.665E-03 1.175E+09 3.298E+00 1.356E+00 2.088E+01
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k=13

M TIT* plp* Po/Po* viv® = p*¥/p *D s*/R

0.00 1.150E+00 @ @ 0.000E+00 @ @

0.01 1.150E+00) 1072E+02  5.853E+01 1.072E-02 7.684E+03  4.068E+00
0.02 1.150E+00  5.362E+01 2.927E+01 2.145E-02 1916E+(B3  3.376E+00
0.8 1.130E+00  3.574E+01 1.952E+01 3.217E-02 8479E+02 2971E+00
004 1.150E+00 2.681E+01 1.464E+01 4.289E-02 4744E+(02  2.684E+00
0.05 L1S0E+00  2.144E+01 1.172E+01 5361E-02 301TE4+02  2461E+00
0.06 1.149E+00 1.787E+01 9. 774E+00 6433E-02 2.081E+02  2280E+00
0.07 1.149E+00 1.531E+01 8384E+00 7.504E-02 L516E+02  2.126E+00
0.08 1.149E+00 1.340E+01 73902E+00 8.575E-02 1.151E+02  1.994E+00
0.09 1.149E+00 1.191E+01 6.533E+00 9.646E-02 9.006E+(01 1.8T7E+00
0.10 1.148E+00 1.072E+01  5.886E+0Q 1.072E-01 7.220E+01 1L.73E+0)
015 1.146E+00  7.137E+00  3.952E+00 1.606E-01 3.018E+01 1.374E+00
0.20 1.143E+00  5346E+00  2.9ME+00 2.138E-01 1.573E+01 1.097E+00
0.25 L139E+00  4.270E+00  2.426E+00 2.668E-01 9.201E+00 8.863E-01
0.30 LI3SE+00  3.551E+00 2.04E+00 3.196E-M 5.759E+00 7.196E-01
035 1.129E+00  3.036E+00Q 1.793E+00 3.719E-01 3. 760E+00 5839E-01
040 1.123E+00 2.649E+00 1.602E+00 4.239E-01 2.520E+00 4.714E-01
045 L.116E+00  2.348E+(0 1.459E+00) 4.754E-01 1.714E+00 3.775E-1
0.50 1.108E+00 2.106E+00  1.348E+00 5.264E-01 1.172E+00 2.985E-01
0.60 1.091E+(00 1.741E+00  1.193E+(00 6.267E-0 5.409E-01 1.767E-01
070 1.071E+00 1 479E+00 1.097E+00 7.245E-01 2.305E-01 9.280E-02
0.80 1.049E+00 1.280E+00  1.040E+00 8.195E-01 8.045E-02 3.878E-02
0.90 1.025E+OQ 1.125E+00 1.009E+00 9.114E-01 1.623E-02 9.164E-03
1.00 1.000E+00 1.000E+00 1.000E+00 1.000E+00  0.000E+00  0.000E+00
1.10 9.733E-01 8.969E-01 1.008E+00 1.085E+00 1.122E-02 8.278E-03
1.20 9.457E-01 8.14E-01 1.032E+00 1.167E+00 3.816E-02 3.160E-02
130 9.174E-01 T368E-01 1.070E+00 1.245E+00 T383E-02 6.798E-02
1.40 8.887E-01 6.734E-01 1.123E+00 1320E+00 1.142E-01 1.158E-01
1.50 8.598E-01 6.182E-01 1.189E+00 1391E+00 1.564E-01 1.735E-01
1.60 8.306E-01 5.697E-01 1.271E+0Q 1.458E+00 1.990E-01 2.400E-01
1.70 8.022E-01 5.269E-01 1.369E+00 1.523E+00 2.408E-01 3.141E-01
1.B0 7.739E-01 4.887E-01 1.484E+00 1.583E+00 2814E.01 3.948E-01
1.90 TAS0E-04 4.546E-01 1.618E+00Q 1.641E+00) 3.2083E-01 4.813E-01
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Table 3.4 (continucd) Fanno Line Functions
k=13

M TT* p/p* Po/Po* viv¥ = p¥p AXD s*R
2.00 7.188E-01 4.239E-01 1.773E+00 1.696E+00 31573E01 5T28E-01
2.10 6.921E-01 3.962E-01 1.951E+00 1.747E+00 3.924E-01 6.686E-01
2.20 6.663E-01 3.710E-01 2.156E+00 1.796E+00 4.255E-01 7.680E-01
230 6.412E-01 3.482E-C1 2.388E+00 1.842E+00 4.567TE-01 8.707E-01
240 6.170E-C1 3.273E-01 2.6M4E+00 1.885E+00 4 R60E-01 9.759E-01
2.50 5.935E-01 3.082E-01 2.954E+00 1.926E+00 5.135E-01 1.083E+((
260 5.710E-01 2.906E-01 3.295E+00 1.965E+00 539%4E-01 1.193E+(X
270 54931E-01 2.745E-01 &1 E+00 2.001E+00 5.636E-01 130BE+(X
2.80 5.285E-01 2.596E-01 4.116E+00 2.036E+00 5.864E-01 1.415E+(X
2.90 5.085E-01 2.459E-01 4.607E+00 2.068E+00 6.0TTE-01 1.528E+(X
3.00 4 894E-01 2.332E-01 5.160E+00 2.099E+00 6.277E-01 1.641E+(X
3.10 4.710E-01 2.214E-01 5.781E+00 2.128E+00 6.465E-01 1.755E+(X
3.20 4.535E-01 2.104E-01 6.478E+0D0 2.155E+00 6.642E-01 1.868E+0(
330 4367E-01 2.002E-01 7.259E+00 2.181E+00 6.808E-0O1 1.982E+(X
340 4.206E-01 1.908E-01 8.133E+00 2.205E+00 6.964E-(11 2.096E+ 0
3.50 4.053E-01 1.819E-01 9.110E+00 2.228E+00 T.110E-01 2.200E+((
360 3.906E-01 1.736E-01 1.020E+01 2.250E+00 T.248E-01 2.322E+(X
370 3.766E-01 1.659E-01 1.142E+01 227T1E+00 7.37T9E-01 2435E+0(
3.80 3.632E.01 1.586E-01 1.27T7E+01 2.290E+00 7.501E-01 2.547E+(X
3.90 3.504E-01 1.518E-01 1.427E+01 2.300E+00 7.617E-01 2.658F+0(
4.00 3382E-01 1.454E-01 1.594E+01 2.326E+00 T.726E-01 2.769E+(X(
4.50 2.B48E-01 1.186E-01 2. T39E+01 2.402E+0Q 8.189E-01 3.310E+X
500 2421E-01 9 841E-02 4 596E+01 2 460E+00 8.543E-01 3 828E+(X
5.50 2.077E-01 8.286E-02 7.522E+01 2.506E+00 8.819E-01 4 320E+(X
6.00 1.797E-01 T.065E-02 1.201E+02 2.543E+00 9.037E-01 4. 78BE+(X
6.50 1.56TE-01 6.091E-02 1.872E+02 2.57T3E+00 9.212E-01 5232E+(
7.00 1377E-01 5302E-02 2.853E+02 2.598E+00 9.355E-01 5.64E+(X
7.50 1.219E-(1 4.654E-02 4.258E+02 2.618E+00 9.472E-01 6.054E+(X
8.00 1.0BSE-01 4.117E-02 6.231E+02 2.635E+00 9.570E-01 6.435E+
9.00 8.745E-02 3.286E-02 1.266E+03 2.662E+00 9,722E-01 7.143E+((
10 7.188E-02 2.681E-02 2.416E+(3 2.681E+00 9.832E-01 TTHE+X
20 1.8R5E-02 6.865E-03 2.042E+05 2.746E+00 1.020E+00 1.223E+0.
30 8.456E-(3 3.065E-(3 2.943E+06 2.759E+00 1.027E+00 1.489E+0
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k=14
M T plp* Po/Po* viv¥ = p*p AD s*/R

0.00 1.200E+00 B o 0.000E+0Q @ @

0.01 1.200E+00 1.095E+02 5.787E+(01 1.095E-02 T7.134E+(03 4,058E+00
0.02 1.200E+00 5477E+01 2.894E+01 2.191E-02 1.778E+(3 3.365E+00
0.03 1.200E+00 3.651E+01 1.930E+0Q1 3.286E-02 7871E+02  2.960E+00
0.04 1.200E+00 2.738E+01 1.448E+01 4 381E-02 4404E+02  2.673E+00
0.05 1.199E+00 2.190E+01 1.159E+01 5476E-02 2.800E+02  2450E+00
0.06 1.199E+00 1.825E+01 9.666E+00 6.570E-02 1.930E+02  2.2659E+00
0.07 1.199E+00 1.564E+01 8292E+00 T664E 02 1.407E+02  2.11S8E:00
0.08 1.198E+00 1.368E+01 7.262E+00 8.758E-02 1.067TE+02 1.983E+00
0.09 1.198E+00 1.216E+01 6.461E+00 9.851E-02 8.350E+01 1 .866E+00
0.10 1.198E+00 1.04E+01 5.822E+00 1.094E-01 6.692E+01 1.762E+00
0.15 1.195E+00 T7287E+00  3.910E+00 1.639E-01 2.793E+01 1.364E+00
0.20 1.190E+00 5455E+00  2964E+00 2.182E-01 1.453E+(Q1 1.086E+00
0.25 1.185E+00 4 355E+00 2.403E+00 2. T22E-01 8.483E+00 8.766E-01
0.30 1.179E+0Q 3619E+00  2.035E+00 3.257E01 5299E+00 T7.105E-01
035 1.171E+00 3.092E+00 1.778E+00 3.788E-01 3452E+00 5.755E-01
0.40 1.163E+0Q 2.696E+00 1.590E+00 4313E-01 2.308E+00 4.638E-01
0.45 1.153E+00 2.386E+00 1.449E+00 4.833E-01 1.566E+00 3.706E-01
0.50 1.143E4+00 2.138E+00 1.340E+00 5.345E-01 1.069E+00 2.926E.01
0.60 1.119E+0Q 1.763E+00 1.188E+00 6.348E-01 4 908E-01 1.724E-01
0.70 1.093E+00 1.493E+00 1.094E+00 7318E-01 2.081E-01 9.018E-02
0.20 1.064E+00 1.289E+00 1.038E+00 8.251E.01 7229E-02 3.752E-02
0.90 1.033E+00 1.129E+00 1.009E+00 9.146E-01 1.451E-02 8.824E-03
1.00 1.000E+00 1.000E+0Q 1.000E+00 1.000E+00 0.000E+00 0.000E+00
1.10 9.662E-01 8.936E-01 1.008E+00 1.081E+00 9935E-(3 7.894E-03
1.20 9317E-01 8.044E-01 1.030E+00 1.158E+00 3364E-02 2.999E-02
1.30 8.969E-01 7.285E-01 1.066E+00 1.231E+00 6.483E-02 6.420E-02
140 8.621E-01 6.632E-01 1.115E+00 1.300E+00 9 974E-02 1.088E-01
1.50 8.276E-01 6.065E-01 1.176E+00 1.365E+00 1.361E-(01 1.623E-01
1.60 7.937E-01 5.568E-01 1.250E+00 1.425E+00 1.724E-01 2.233E-01
1.70 7.605E-01 5.130E-01 1.338E+00 1.482E+00 2.078E-01 2.909E-01
1.80 7.282E-01 4741E-01 1.439E+00 1.536E+00 2419E-01 3.639E-01
1.90 6.969E-01 43ME-01 1.555E+00 1.586E+00 2.743E-01 4.416E-01
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Table 3.4 (continued) Fanno Line Functions
k=14

M TT* plp* Po'Po* viv* = p¥p SL*D s*/R
2.00 6.667E-01 4.082E-01 1.688E+00 1.633E+00 3.050E-01 5.232E-01
2.10 6.376E-01 3.802E-01 1L.837E+00 1.677E+00 3.339E-01 6.081E-01
220 6.098E-01 3.549E-01 2.005E+00 1.718E+00 3.609E-01 6.956E-01
230 S83IE01 3.320E-01 2.193E+00 1.756E+00 3.862E-01 7.853E-01
240 5.576E-01 3.111E01 2 403E+00 1.792E+00 4.099E-01 8.768E-01
2.50 5333E-01 2.921E-01 2.637E+00 1.826E+00 4320E-01 9.695E-01
260 5.102E-01 2.747E-01 2.8%6E+00 1.857E+00 4.526E-01 1.063E+00
270 4.882E-01 2.588E-01 3.183E+00 1.887E+00 4.718E-01 1.158E+00
280 4.673E-01 2441E-01 3.500E+00 1.914E+00 4.898E-01 1.253E+00
2.90 4.474E-01 2.307E-01 3.850E+00 1.940FE+00 5.065E-01 1.348E+00
3.00 4.286E-01 2.182E-01 4.235E+00 1.964E+00 5.222E-01 1.443E+00
3.10 4.107E-01 2.067E-01 4.657TE+00 1.987E+00Q 5368E-01 1.538E+00
320 3.937E-01 1.961E-01 5.121E+00 2.008E+00 5.504E-01 1.633E+00
330 3.776E-01 1.862E-01 5.629E+00  2.028E+00 5.632E-01 1.728E+(0Q
340 3.623E-01 1.770E-01 6.184E+00 2.047E+00 5.752E-(1 1.822E+00
3.50 3.478E-(01 1.685E-01 6.790E+00  2.064E+00 5.864E-01 1.915E+00
360 3341E-01 1.606E-01 7450E+00  2.081E+00 5.970E-01 2.008E+00
3.70 3.210E-1 1.531E-01 B.169E+00  2.096E+00 6.068E-01 2.100E+00
3.80 3.086E-01 1.462E-01 8.951E+00 2.111E+00 6.161E-01 2.192E+00
390 2.969E-01 1.397E-01 9.799E+00 2.125E+00 6.248E-01 2.282E+00
4.00 2.857E-01 1.336E-01 1.072E+01 2.138E+00 6331E-01 2372E+00
4.50 2.376E-01 1.083E-01 1.656E+01 2.194E+00 6.676E-01 2.807E+00)
5.00 2.000E-01 8.944E-02 2.500E+01 2 236E+00 6,938E.01 3.219E+00
550 1.702E-01 T.501E-02 3.687E+01 2.269E+00 7.140E-01 3.607E+00
6.00 1463E-01 6.376E-02 5318E+01 2.295E+00 7.299E-01 3.974E+(Q
6.50 1.270E-01 5482E-02 7.513E+01 2316E+00 7425E-01 4.319E+00
7.00 1.111E-01 4.7762E-02 1.041E+02  2333E+00 7.528E-01 4.646E+00
7.50 9.796E-02 4. 173E-02 1.418E+02 2347E+00 7.612E-01 4.955E+00
8.00 8.696E-02 3.686E-02 1L.9O1IE+02  2359E+00 7.682E-01 5.248E+00
9.00 6.977E-02 2.935E-02 3.272E+02 23T7E+00 7.790E-01 5.7ME+00

10 5.714E-02 2390E-02 5359E+02  2390E+00 7.868E-01 6.284E+00
20 1481E-02 6.086E-03 1.538E+04 2.434E+00 8.126E-01 9.641E+00
30 6.630E-03 2.T4E-3 1.144E+05 248E+00 8.176E-01 1.165E+01
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k=15
M Tm* pip* Polpo* vivk=p¥p  fL*D s*/R

0.00 1.250E+00 @ oo 0.000E+00 @ @

0.01 1.250E+00 1.118E+02 5.725E+01 1.118E-02 6.659E+(3 4 047E+00
002 1.250E+00 5.590E+01 28B83E+01 2.236E-(02 1.660E+03 3354E+00
0.03 1.2S0E+00 3.726E+01 1.909E+01 3354E-02 7.344E+02 2.949E+00
0.04 1.250E+00 2. 795E+01 1433E+01 4471E-02 4.108E+02 2.662E+00
0.05 1.249E+00 2.235E+01 1.147E+01 5.588E-02 2.612E+02 2 439E+00
0.06 1.249E+00 1.863E+01 9.562E+00 6.705E-02 1.800E+(02 2.258E+00
0.07 1.248E+00 1.596E+01 8.203E+00 7821E-02 1.311E+02 2 104E+00
0.08 1.248E+00 1396E+01 7. 184E+00 8.937E-02 9.948E+01 1.972E+00
0.09 1.247E+00 1.241E+01 6393E+00 1.005E-01 7.781E+01 1.855E+00
0.10 1.247E+00 1.117E+01 5.760E+00 1.117E-01 6.235E+01 1.751E+00
0.15 1.243E+00 7.433E+00 3.870E+00 1.672E-01 2.598E+01 1353E+00
020 1.238E+00 5.562E+00 2.934E+00 2.225E-01 1.350E+01 1.076E+00
025 1.231E+00 4.438E+00 2.380E+00 2. 774E-01 7.863E+00 8.672E-01
030 1.222E+00 3.686E+00 2.017E+00 3.317E-01 4.902E+00 7.017E-01
035 1.213E+00 3.147E+00 1.764E+00 3.855E-01 3.187E+00 5.674E-01
0.40 1.202E+00 2.741E+00 1.579E+00 4385E-01 2.126E+00 4.565E-01
045 1.190E+00 2.424FE+00 1.439E+00 4,908E-01 1.439E+00 3.641E-01
0.50 1.176E+00 2.169E+00 1.332E+00 5423E-01 9.802E-01 2.868E-01
0.60 1.147E+00 1.785E+00 1.183E+00 6.425E-01 4 479E-01 1.684E-01
070 1.114E+00 1.508E+00 1.092E+00 7.387E-01 1.891E-01 8771E-02
0.80 1.078E+00 1.298E+00 1.037E+00 8.305E-01 6.536E-02 3.633E-02
0.90 1.040E+00 1.133E+00 1.009E+00 9.176E-01 1.306E-02 8.508E-03
1.00 1.000E+00 1.000E+D0 1.000E+00 1.000E+00 0.000E+00 0.000E+00
1.10 9 597E-01 8.906E-(1 1.008E+00 1.078E+00 8.863E-(3 7.545E-(3
1.20 9.191E-01 7.980E-(11 1.029E+00 1.150E+00 2983E-02 283E-02
130 8.787E-01 7.211E-01 1.063E+00 1.219E+00 5736E-02 6.082E-02
1.40 8389E-01 6.542E-0 1.108E+00 1.282E+00 8.790E-02 1.026E-01
1.50 8.000E-01 5.963E-01 1.165E+00 1.342E+00 1.195E-01 1.524E-01
1.60 7.622E-01 5.456E-01 1.232E+00 1.397E+0Q 1.508E-01 2.089E-01
1.70 7.257E-01 5011E-01 1.311E+00 1. 448E+00 1.812E-01 2 710E-01
1.80 6.906E-01 4.617E-01 1 402E+00 1.496E+00 2.183E-01 3377E-01
1.90 6.570E-01 4.266E-01 1.504E+00 1.540E+Q0 2377E-01 4 082E-01
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Table 3.4 (continued) Fanno Line Functions
k=15

M TIT* plp* Polpo*  vivi=pHp  AMD /R
200 6.250E-01 3.953E-01 1.619E+00 1.581E+00 2.636E-01 4 819E-01
2.10 5.945E-01 3.672E-01 1.747E+00 1.619E+00 2877E-0lL 5.580E-01
2.20 5.656E-01 3.419E-01 1.889E+00 1.655E+00 3.1083E-01 6362E-01
230 5382E-01 3.190E-01 2.046E+00 1.687E+00  3313E-01 7T.158E-01
240 5.123E-01 2.982E-01 2.218E+00 1.718E+00 3.508E-01 7.967E-01
2.50 4.878E-01 2.7ME-01 2.407E+00 1.746E+00 3.690E-01 8.783E-01
2.60 4.647E-01 2.622E-01 2.613E+00 1.772E+00 3.858E-01 9.605E-01
2.70 4.429E-01 2.465E-01 2 83BE+00 1.797E+00 4.015E-01 1.043E+00
2.80 4.223E-01 2.321E-01 3.082E+00 1.820E+00 4.160E-01 1.125E+00)
2.90 4.029E-01 2.189E-01 3.347E+00 1.8341E+00 4.296E-01 1.208E+00
3.00 3.846E01 2.067E-01 3.633E+00 1.861E+00 4422E-01 1.290E+00
3.10 3.674E-01 1.955E-01 3.943E+00 1.879E+(0 4.539E-01 1.372E+00
320 3511E-01 1.852E-01 4 278E+00 1.896E+(0) 4.648E-01 1.453E+00
330 3.358E-01 1.756E-01 4.638E+00 1.912E+00 4.750E-01 1.534E+00
3.40 3.213E-01 1.667E-01 5.025E+00 1.927E+00 4.846E-01 1.614E+00
3.50 3.077E-01 1.585E-01 5.441E+00 1.941E+0Q 4.935E-01 1.694E+00
3.60 2.948E-01 1.508E-01 5.886E+00 1.955E+00 5.018E-01 1.773E+00
3.70 2.826E-01 1.437E-01 6363E+00 1.967E+00 5.096E-01 1.851E+00
3.80 2. 711E-01 1.370E-(1 6.874E+00 1.979E+00 5.1659E-01 1.928E+00
3.90 2.603E-01 1.308E-(1 7.419E+00 1.990E+00 5.238E-01 2.004E+00
4.00 2.500E-01 1.250E-01 8.000E+00  2.000E+0Q 5.302E-01 2.079E+00
4.50 2.062E-01 1.O09E-01 1.151E+01 2.043E+00 5.572E-01 2.443E+00
5.00 1.724E-01 8305E-(02 1.620E+01 2076E+00 5.775E-01 2. 785E+Q0
5.50 1.450E-01 6.M47E-02 2.233E+01 2.101E+00 5.931E-01 3.106E+00
6.00 1.250E-01 5893E-02 3.017E+01 2.121E+00 6.052E-01 3.407E+00
6.50 1.081E-01 5.058E-02 4.004E+01 2.137E+00 6.149E-01 3.690E+00
7.00 9.434E-02 4.388E-02 5.226E+01 2.150E+00 6.227E-01 3.956E+00
7.50 8.299E-02 3.841E-02 6.721E+01 2.161E+00 6.291E-01 4 208E+00
800 7.353E-02 3.390E-02 8.526E+01 2.169E+00 6344E-01 4 446E+00
9.00 5R82E-02 2.695E-(02 1324E+02  2.183E+00 6.426E-01 4.886E+00

10 4.80BE-02 2.193E-02 1.973E+02 2.193E+00 6.485E-01 5.285E+00
20 1.238E-02 5.562E-03 2.934E+03 2.225E+00 6.679E-01 T.984E+00
30 5.531E-03 2479E-(B 1465E+04 2.231E+00 6.716E-01 9.592E+00
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k=513
M TT* plp* Po/Po* viv¥ = p¥p D s*R

0.00 1335E+00 o ® 0.000E+00 @ @

0.01 1335E+00 1.155E+02  5.623E+01 1.155E-02 5980E+03  4.030E+00
0.02 1335E+00 5.777E+01  2.812E+01 2311E-02 1.490E+03  3.337E+00
0.03 1335E+00  3.851E+01  1875E+01  3466E-02  6.5%E+02  2.931E+00
0.04 1.334E+00 2.888E+01 1.407E+01 4.620E-02 3.687E+02 2.644E+00
0.05 1334E+00 2310E+01 1.126E+01 5.T75E-02 2344E+02  2.422E+00
0.06 1333E+00 1.925E+01 93ME+00 6.928E-02 1.615E+02 2.240E+00
0.7 1.333E+00 1.649E+01  8.059E+00 8.081E-02 1.176E+02  2.087E+00
0.08 1.332E+00 1443E+01  7.059E+00 9.233E-02 8.916E+01 1.954E+00
0.09 1.331E+00 1.282E+01  6.282E+00 1.038E-01 6.971E+01 1.83BE+00
0.10 1331E+00 1.153E+01 5.661E+Q00 1.153E-01 5.583E+01 1.734E+00
0.15 1.325E+00  7.674E+00 3.805E+00  1.727E-01 2.321E+01  1336E+00
0.20 1.317E+00  5.739E+00  2887E+00  2.296E-01 1.202E+01  1.060E+00
0.25 1308E+00  4.574E+00  2344E+00  2859E-01 6.980E+00  8.519E-01
030 1.296E+00  3.795E+00 1989E+00  3.41S5E-01 4337E+00  6.875E-01
035 1.282E+00  3.23SE+00 1741E+00  3.963E-01 2810E+00  5.543E-01
040 1.267E+00  2814E+00 1560E+00  4.S03E-01 1.868E+00  4.446E-01
045 1.250E+00  2485E+00  1424E+00  5.032E-01 1.260E+00  3.536E-01
0.50 1.232E+00 2220E+00  1.320E+00 5.549E-01 8.549E-01 27TTE-O0
0.60 1.191E+00 1.B19E+00 1.176E+00 6.549E-01 3 878E-01 1.620E-01
0.70 1.147E+00 1.530E+00 1.087E+00 7496E-01 1.625E-01 B.3B2E-02
0.80 1.099E+00  1311E+00  1.035E+00  8388E-01 5.575E-02 3.449E-02
0.90 1.050E+00  1.139E+00  1.008E+00  9.223E-01 1.106E-02 8.021E-3
1.00 1.000E+00 1.000E+00 1.000E+00 1.0G0E+00  0.000E+00  0.000E+00
1.10 9.499E-01 8.860E-01 1.007E+00 1.072E+00 7.404E-(03 7.017E-(3
1.20 9.006E-01 7.908E-01 1.027E+00 1.139E+00 2481E-02 2.636E-02
1.30 8.524E-01 7.102E-01 1.057E+00 1.200E+0Q 4.733E-02 5.582E-02
1.40 8.059E-01 6.412E-01 1.098E+0Q 1.257E+00 T212E-02 9359E-02
1.50 7.612E-01 5.817E-01 1.148E+00  1309E+00  9.749E-02 1381E-01
1.60 7.187E-01 5.298E-01 1.207E+00 1.356E+00 1.225E-01 1.882E-01
1.70 6.783E-01 4.845E-01 1.275E+00  1400E+00  1.465E-01 2.428E-01
1.80 6.402E-01 4 445E-01 1.351E+00 1.440E+00 1.692E-01 3.009E-01
1.90 6.043E-01 4.091E-01 1.436E+00 14T7E+00 1.906E-01 3.619E-01
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Table 3.4 (continued) Fanno Line Functions
k=513

M TT* plp* Pofpo™ viv¥ = p*p LD s*/R
2.00 5.705E-01 3.77TE0] 1.530E+00 1.511E+00 2.105E-01 4251E01
2.10 5.389E-01 3.496E-01 1.632E+00 1.542E+00 2.290E-01 4 900E-01
220 5.093E-01 3.244E-01 1.744E+00 1.570E+00 2461E-01 5.561E-01
230 4 816E-01 3.017E-01 1.865E+00 1.596E+00 2.619E-01 6.230E-01
240 4.557E-01 2.813E01 1.995E+00 1.620E+00 2.766E-01 6.905E-01
2.50 4315E-01 2.628E-01 2.135E+00 1.642E+00 2.901E-01 7.583E-01
2.60 4.089E-01 2.460E-01 2.285E+00 1.663E+00 3.026E-01 8.262E-01
270 3878E-01  2307E01  2445E:+00 1681F+00 3.142E01  8940E-01
2.80 3.681E-01 2.167TE-01 2.616E+00 1.699E+00 3.249E-01 9.615E-01
290 3.497E-01 2.039E-01 2.797E+00 1.715E+00 3.348E-01 1.029E+00
3.00 3.325E-01 1.922E-01 2.990E+00 1.730E+00 3 440E-01 1.095E+00
3.10 3.164E-01 1.814E-01 3.195E+00 1.744E+00 3.525E-01 1.162E+00
3.20 3.013E-01 1.715E-01 3 41E+00 1.757E+00 3.604E-01 1.227E+00
330 2812E-01 1.624E-01 3.639E+00 1.769E+00 3.67T7E-01 1.292E+00
340 2.740E-01 1.540E-01 3.880E+00 1.780E+00 3.746E-01 1.356E+00
3.50 2.616E-01 1.461E-01 4. 134E+00 1.790E+00 3 810E-01 1.419E+00
360 2.499E-01 1.389E-01 4. 401E+00 1.800E+00 3.869E-01 1.482E+00
3.70 2.390E-01 1321E-01 4.682E+00 1.809E+00 3.925E-01 1.544E+00
380 2.287E-01 1.258E-01 4. 976E+00 1.817E+00 3.977E-01 1.605E+00
390 2.190E-01 1.200E-01 5.285E+00 1.825E+00 4.025E-01 1.665E+00
4.00 2.099E-01 1.145E-01 5.608E+00 1.833E+00 4.071E01 1.724E+00
4.50 1.715E-01 92063E-02 7.456E+00 1.864E+00 4261E-01 2.009E+00
5.00 1.424E-01 7.547E-02 9.721E+00 1.887E+00 4 402E-01 2274E+00
5.50 1.199E-01 6.296E-02 1.245E+01 1.905E+00 4.510E-01 2.522E+00
6.00 1.022E-01 5.329E-02 1.568E+01 1.918E+00 4.5%4E-01 2.752E+00
6.50 8810E-02 4.566E-02 1.947E+01 1.929E+00 4.660E-01 2.969E+00
7.00 7.666E-02 3.955E-02 2.385E+01 1.938E+00 4.714E-01 3.172E+00
7.50 6. 728E-02 3.458E-02 2.887E+01 1.945E+00 4.757E-01 3.363E+00
8.00 5.949E-02 3.049E-02 3.458E+01 1.951E+00 4.793E-01 3.543E+00
200 4.745E-02 2420E-02 4 824FE+01 1.960E+00 4.849E-01 3.876E+00

10 3 870E-02 1.967E-02 6.518EF+01 1.967E+00 4 889E-01 4 177TE+ 0

20 9 889E-03 4972E-03 4.940E+02 1.989E+00 5.020E-01 6.203E+00

30 4413E03 2.214E-03 1.64E+(3 1.993E+00 5.044E-01 7.405E+00
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Function Equation(s)
T

— 3.167

T*

L 3.170

P

fo 3.174

Pox

R 3.176, 3.177
T 0

L 3.166
D .

5k

— 3172

R

In using Table 3.4 it should be again noted, as in Tables 3.1 and 3.3, that all
data are based on the assumption that the gas is ideal and that the molecular
weight, specific heats, and ratios of specific heats are constant. Table D.2
gives values of & for ideal gases as a function of temperature. When the
temperature range 1s known before calculations, the average value of A
should be used. If one of the temperatures is not known, use the & value
for the known temperature, and check for variation after the other is com-
puted.

Application of Fanno Flow Functions

Figure 3.17 shows a real pipe and two imaginary pipes. The first imagin-
ary pipe has the length required to pass the gas from a Mach number of M,
(inlet Mach number of the real pipe) to sonic velocity M™*. The second

T asInaTy o hac tho ]nnnt]"\ roaniroad 10 tha ae Fram o Maoh narmhore
Hilagilicl y }ulJ\.. n4as ine {¢r U ey ull ca 10 lJu 58 (ng¢ &‘“‘) LEIV/LIL  IVIQI LT 1B LMIET LG

of M (cxit Mach number of the real pipe) to sonic velocity M™,

The length of the pipe L may be calculated as follows: The maximum
length of an imaginary pipe /L, */D is obtained from Table 3.4 [or com-
puted from equation (3.166)] for a Mach number of A7,. In like manner, the
maximum length fL."/D is obtained for a Mach number of M, for the
sccond imaginary pipe. The length £ of the real pipe 1s then calculated
from the following:

Iy (N .. .
= () ()] - -1 o
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Figure 3.17 Notation for equation {(3.178).

Isothermal Flow in Constant-Area Ducts with Friction

As demonstrated in this section, the limiting Mach number for isothermal
flow is 1/k"?. For Much numbers less than this valuc. the pipe must be
heated to maintain isothermal flow; for Mach numbers greater than 1/k'2
the pipe must be cooled to maintain isothermal flow. Flow in gas transmis-
sion pipelines is essentially isothermal. These lines are uninsulated and their
flowing temperature is very close to ambient temperature. Flows in these
lines arc at low Mach numbers, significantly less than 17k Figure 3.18
shows relations for isothermal flow.

General Considerations

Isothermal compressible low of an idcal gas with friction in a4 constant-
area duct must satisfy the following requirements:

1. The ideal gas faw: The cquation of state for an ideal gas i1s equation
(1.37):
pv=RT (1.37)

2. The process relationship: For an ideal gas undergoing an isothermal
process, this relationship is given by equation (1.31): the numerical
value of the process cxponent is # = |:

' =p' = poy = pavy = RT (3.179)
3. Constant-arca duct: The flow arca must be the same at all sections:

A:A|ZA2:---:A”
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Figure 3.18 Notation for isothermal flow.

Conservation of mass: The continuity equation may be cxpressed as
follows:

A'l‘ . AU| - Al‘:

"t = (3.6)
v V) L'>
Equation of motion:
v e rs v 3
,2,_+Udp+5£ dL =0 (3.150)

Heat transfer: The general encrgy equation for an ideal gas (3.86) in the
abscence of flow work, for a horizontal pipe, and for an isothermal
process becomes the following:

[V S
Ll 8

thh — U

3.180
T2, ( )

q =
Stagnation properties: Flowing fluid properties at Mach number M are

assumed to achieve the stagnation state (M = 0) by an 1sentropic pro-
cess. so the relations developed in Section 3.4 may be applied:

Ty = T[l + (/‘—;—1) M3] (3.99)



136 Chapter 3

- L] SR
Po=7p l—I—( )M‘"] (3.100)

B k— 1 s 1/ik=1)
Dy = p l+( )M'] (3.101)

Pressure Loss

An equation for the calculation of pressure loss for isothermal flow may
be developed as follows. Multiplying equation (3.150) by 2g¢./¢0” results in
the following:

v odv 7o 2\ vdv 2z f o
— =0= ‘ d f L
g D2g, (1'3) g, +(r v DZa’(
2 2¢. '

— dv + g;” dp +% dl. =0 (3.181)
" -

Substituting from the idcal gas continuity equation (0 — (R T/Ap)2 and
v= RT/p from the equation of state (1.37) in equation (3.181) yields the
following:

2 20 (RT 2¢, '
—du—{——‘g—ﬂ p—l——/— dl = 0-—dr —‘—%—dp+i dL
t (mRT /Ap)~ D t (m/AYRT D
(3.182)
Intcgrating equation (3.182). yields the following:
RS Jo Qo 2 : I
- 2
’ (n/AXRT Jy ‘ (3.183)

210;(”\4-—8"—(;1 Dl)—l—f—L-:O
NS (m/AVRT D

Noting again from the continuity c¢quation for isothermal flow that
ra ) = (mRT/A/h)/(mRT/Ap, = py/p>. substituting in cquation (3.183).
and solving for [)3 results in the following:

P = pt— vt/ AY RT[zl og, C") +-’i[i] (3.184)
¢ ) D

& 2

Examination of equation (3.184) indicates that a reiterative solution is
necessary to compute p,. In most cases, the term 2log.(p,/p2) is small
compared with fL/D and may be ignored for a first trnial solution of ps.
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Limiting Much Number
In the derivation of cquations for acoustic velocity in Section 1.6, the
velocity of a pressure wave was developed as the following:
Ly,
P

(1.57)

¢ =

The value of £ depends on the process. In Section 1.6 it was shown in
cquation ([1.48) that, for an ideal gas. the value of the isothermal bulk
modulus is £y = p. Substituting p for £ and p = p/RT from the equation
of state (1.37) in equation (1.57) results in the following:

[ PE.
Pmax F = €1 = ])I/RT = \/m (3185)

The limiting Mach number M*7 is obtained by dividing cquation (3.185)
by the acoustic velocity of an ideal gas ¢ = (kg.RT)"" from equation
(1.59):

Prax)T _ \/L,’[RT _\/j
V&

¢ Jkg RT

M = (3.186)

Muaxinum Length

Application of equation (3.160) for constant temperature (d7 = 0) results
in the following:
dp dT dv ) v dp  dv

———=0-— —— 3.187
P T 3 v o Jo 0 ( )

Substituting in the equation of motion (3.181) v= RT/p from the
equation of state {(1.37), dp/p = —dv/v trom equation (3.187). noting that
dvfov=dM/M = (/M2/2M2, and  solving for f,L/D results in the
following:

s i 2¢.RT @: (_2+2‘2(.R )fﬁ_’

di = -2 — =5 !
v e p 0=

t!

f g RT dM ( | dM® 1 —kM?
Poan =of B oy gy IM>
D (kg(.RTM~ M = \im? MT T kMt

(3.188)



138 Chapter 3

Integrating equation (3.188) between the limits of L =0 and L = L and
M and M = 1//k results in the following:

REY: B YT 5
roft LA IS Y ) AL ¥ V2 ,
Bﬂ (lL = -f\_ /;, T (/M = D = M3 4 ]Og(,(/\'M }

(3.189)

Entropy Change

Expressing equation (3.144) in dimensionless form and noting for an
isothermal process 7 = 0. the change in entropy can be written as follows:
(s ko dT  dp kO dp dp

R K-1T p k0T 5 (3.190)

From equation (3.187) dv/v = —dp/p = dM /M substituting in equation
(3.190) results in the following:

—

A dp u’n dM
= — - = (3.191)
p r M

4

x;l

Integrating equation (3.191) between the limits of 1 and 2 yiclds the follow-

ing:
IM v —
f oy —f el s' = log‘,(
|

Substituting s» — s, for sTand M, = M,and M> = 1//k in equation
(3.192) results in the following:

M3) (3.192)
v 3.192

—

o
h)

—log (VkM) (3.193)

?::I

Heat Transfer

Examination of equation (3.180) indicates that the heat transter needed
to maintain isothermal flow is the change in kinetic energy. Substitution of
T /(‘Q(RTMJ from cquation (3.93) in equation (3.180) results in the fol-
lowing:

kg RTM3 — kg RTM}  kRT 5 )
g— & 5 a | _ (M3 — M7) (3.194)

I~
t

e
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Substituting ¢*7 for ¢ and M, = M and M, = 1/+/k in equation (3.194)
yields the following:

L ((#)_ Mz) :%1(1 kMY (3.195)

Note that il M is greater than 1/+/k, the pipe must be cooled to maintain
isothermal flow, if M is less, the pipe must be heated.
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Flow in Pipes

4.1 INTRODUCTION

The approach in this chapter 15 a combination of the theory developed in
the first three chapters to produce solutions to engineering problems. The
examples in this chapter ave solved in USCS units only.

4.2 BACKGROUND

The current approach to pipe friction originates from a paper published in
[944 by Lewis F. Moody (1944). Moody combined the results of fohann
Nikuradse on artificially roughened pipe published in 1933 and the analysis
of C. F. Colebrook 1n 1938 that resulted in the cquation that bears his name.
Colebrook’s analysis, combined with the boundary layer theory developed
by L. Prandtl and T. von Karman. [ed to the adoption of the Colebrook
equation by the major American technical societies and practicing engineers.
This was followed in 1950 by R. J. 8. Piggot with a comparable analysis on
pressure losses in tubing, pipe, and fittings (sec refcrences provided at the
conclusion of this chapter if further development is desired).

140
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4.3 PHYSICAL ANALYSIS FOR INCOMPRESSIBLE FLOW

In Scction 3.3 the energy “lost™ due to friction for an incompressible fluid
was shown to be as follows:

—1r2

g -t
_(:3—31)+ 2e

o =5

[35] 3]

&

+v(ps—p )+ 1, =0 (3.22)

For a horizontal pipe (Az = 0) with uniform cross section (Ar = ). equa-
tion (3.22) reduces to cquation (4.1) after substitution of the definition of
specific volume (equation (1.13), v = 1/p).

_pimp_Ap 4.1)

H;
p p

Experimental results and dimensional analysis of a flowing system show that
the pressure drop is related to density and velocity as follows:

sz'2

A P =
2‘8'(

(4.2)

tancc cocfficient. Substitution of equation {(4.2) into equation (4.1) yiclds the
following expression for /1.

In equation (4.2), K is a proportionality constant. also known as the resis-

Kot

H/—Z

(4.3)

To calculate friction losses in pipes. 1t 1s common engineering practice to
use the friction factor, f. Through experimental analysis, the following defi-
nition of f has been established:

-2 el - 2
- f— ( (I.L :f'—L' :
D 2gf JO D 2g(

The friction factor, /, defined in equation (4.4) is also known as the D'Arcy
Weishuch friction factor.

The rclation of the resistance cocfficient K to the friction factor f is
obtained by equating equations (4.3) and (4.4):

Ko L & 7L
5T T RS or K =—
g, D 2g. D

Hy = (4.5)

The relation of friction factor f to the wall shear stress 1 1s obtained by
first rewriting the relationship between pressure drop (Ap) and shear stress
as follows (sce Section 4.6):
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A
ApA =14, or Ap= fA—* (4.6)

In cquation (4.6), A is the cross-sectional arca of a cylindrical pipe
(= nD?/4) and A, is the shear area (= mDL). Substituting these area rela-
tionships into equation (4.6) yields equation (4.7):

t4,  txDL) 4zl

Ap = = — = 4.7
P="4 T@Da~ D (4.7)
Substituting for Ap from cquation (4.1) yields the following:
L
AP _ gy St (4.8)
P Dp

Equating equations (4.4) and (4.8) and solving for 7 yields the following
relationship:

fL =
Hy=—
=D 2g.
_ 4L
-~ Dp

or

fpr-
— 4.9
T 32, (4.9)

4.4 DYNAMIC SIMILARITY FOR INCOMPRESSIBLE FLOW

Consideration of the forces involved in incompressible low (inertia, viscos-
ity, gravity, buoyancy, and pressure) indicates that the gravitational forces
will be balanced by the buoyant forces. I’ the inertiad and viscous forces are
specified, then the pressure foree 1s also specified for equilibrium. The
Reynolds number is the ratio of the inertial to the viscous forces. for a
given ratio of absolute surface roughness 1o diameter (¢/D); the types of
flow possible are shown in Table 4.1.

Experiments are necessary to establish numerical values of the Reynolds
number for the types of low shown previously. Experimental friction factor
data are usually plotted in the form of a4 Moody diagram, as shown in
Figure 4.1,
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Table 4.1 Force, Reynolds Number, and Flow Type Relationships

Predominant forece Reynolds number value Type of flow
Viscosity Low Laminar

Neither Intermediate Critical transition
Inertia High Turbulent

4.5 REYNOLDS NUMBER EQUATIONS

Flow cquations involving the Reynolds number are derived in this section to
facilitate design calculations. The Reynolds number is defined for pipe flow
with a characteristic length of D as follows:

D De
Re = P _ ¢ (4.10)
ug. v
Flow zone Laminar | Critical | Transition Complete Turbulence

Predominate ¢ viscous | Vviscous to inertia Inertia
forces

A H H independent of R
1 Function of ¢/D only

iDepends |
tupon .
;approach ; X
idirection:

: Function of ™
Rand ¢/D

€/D finite value
S Rough pipe

y =64/R

cessinans

log 7 Pt
Independent ;
of €/D :

Smooth pipe

2000 3500

\J

log R

Figure 4.1 Moody diagram for pipe friction.
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From the continuity equation {equation (3.6)], vclocity can be cxpressed in
terms of mass flow rate as follows:
_om M _ 4m
pA p(rD?)4) mpD?
The Reynolds number can then be expressed in terms of mass flow rate by
substituting equation (4.11) into equation (4.10) as follows:

v (4.11)

_pDv pD(di/7pD?) _dm

Re =5 (4.12)
¢ '
ME, HE, UL,

In like manner, the Reyi number can be expressed in terms of volu-

o 11‘\'[“
I l\\.,ynulu
metric flow rate. Equation (3.2
volumetric flow rate:

¢ 9 (3.2

?1—_

A~ D4

Substitution of equation (3.2) into equation (4.10) results in the following
expression for the Reynolds number:

pDv _ pD(AQ/aD?) _ 4pQ
ne. neg. nDug.

) expresses average flow velocity in terms of

Re =

4.6 LAMINAR FLOW IN PIPES

Consider the three-dimensional laminar flow shown in Figure 4.2. The
change in pressure 18 pa — py for a distance L along the pipe. For equilibrium
of a "free body,” a force balance gives the following:

Y F=0=(p- p)Ad =14, (4.14)

r

Figure 4.2 Notation for laminar flow analysis.
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equation (4.15):

([h mr

7 (4.15)

If the flow is laminar, only viscous forces are acting, so equation (1.2)
[z = u(dU/dy)] applies. Noting that dv = dr for the case of the pipe, sub-
stitution of equation (4.15) for 1 yields the following:

(]77 P (dU)
= pul—

2L dr
or
_ (P2 Dy
dU = ( Lu )r dr (4.16)

Integrating equation (4.16) over limits of the pipe radius (0 to r,) and the
velocity (U, to 0), yields the following equation for the centerline velocity:

(} _ 'y
[ dv = 2 ”'[ rodr

JU, 2L J0
—U, = (7 — POy
4L
or
, Ap
Um = (m)l(z) (4]7)

Note that U,, varies as rﬁ, so the velocity profile is parabolic. It can be
shown that the centerline velocity is related to the average flow velocity as
follows:

Uy = 2v (4.18)

Substituting from equation (4.18) into equation (4.17) yields the following
expression for the pressure drop:

_Un_(20),
R C Y AL

Ap = SLBv (4.19)

o

or
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As previously developed, Ap = K pi~/2g, [equation (4.2)] and K = fL/D
[equation (4.5)]. Substituting these cxpressions into equation (4.19), and
noting that ry = D/2. vields the following expression for the friction factor:

_ 8Luv  (fL/D)pe”

Ap = - =
P= 052y 22,
(414

. 6duyg

_ O4ug, 4.20
F=p (4.20)

Substituting the definition of the Reynolds number, Re = Dop/ug,. fequa-
tion (4.10)]. equation (4.20) simplifies to the following form:
P 64
" Re
[t should be noted that equation (4.21) 1s valid for laminar flow only.

From the derivation of cquation (4.21), the following form of the pres-
sure drop was obtained:

(4.21)

Ap =TT (4.22)

Substitution of equation (3.6). v = #/pA, into cquation (4.22) yields the
following expression for pressure drop:

_(L/D)pr” (g) plrin/ pAY (,f'L) (1) A)’

A A
=, D) 2. 208,

(4.23)

D

Critical Reynolds Numbers

Experiments show that when the Reynolds number 1s 2,000 or less. the flow
1s normally laminar. If the low is imitially turbulent, it cannot be maintained
indefinitely. For stable flow, the Reynolds number of 2,000 is the lower limit.
It is possible to maintain a laminar flow to very high Reynolds numbers if
care 1s taken to increase the flow gradually: normally, however, the slightest
disturbance will destroy the laminar flow pattern when the Reynolds num-
ber is greater than 3,000, For stabic flow, the Reynolds number of 3.000 is
the upper limit. Between 2,000 and 3.000, the flow depends upon many
factors, such as external vibration, direction of flow (increasing or decrcas-
ing), and internal upstrecam obstructions. Flow between Reynolds numbers
of 2,000 to 3,000 is generally unstable. and designers of piping systems must
account for this.
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Example 4.1: Pressure Loss in Laminar Flow.  An oil flows in a l-in. sche-
dule 40* horizontal stecl pipe, 20 ft long at a rate of 324 Ibm/hr. The oil
has a density of 59 Ibm/ft* and a viscosity of 20 x 1073 1bf s/ft>. Compute
the pressure loss.

Solution

This example is solved by determining the type of flow and employing the
proper equations to compute the pressure loss.

(a) Obtain the pipe dimensions.
Table C.3 for 1-in. schedule 40 steel pipe gives: D = 0.08742 ft,
A = 0.006002 1.

{b) Determine the type of flow by computing the Reynolds number
4m

nDug, (@12)

Re ==

Re — 4(3241bm/hr)(1 hr/36005s)
— (0.08742 £t)(20 x 1073 [bf - s/ft2)(32.174 Ibm ft/Ibf - 57)
Re == 2.037

The flow 1s laminar, because the Reynolds number is less than 2,000.

(c) Compute the friction factor.
For laminar flow, equation (4.21) should be used:

/=5 (4.21)

. (31.42 x 2011\ (324 1bm/hr/0.006002 % x | hr/36005)*
P=N7008742ft ] (59 Ibm/fe)(32.1741bm - f1/16f - 52)

Ap = 425.71bf /ft* x 1.44in.7/1 ft?
Ap = 2.96psi

*Pipe schedules are given in Appendix B. The wall thickness of popular pipe sche-
dules are tabulated in Appendix C.
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4.7 TURBULENT FLOW IN PIPES

By dimensional, physical, and similarity analyses, it has been determined
that the friction factor is some function of the Reynolds number and relative
roughness. Experimental data indicate that at Reynolds numbers below
2,000, the flow is laminar and independent of relative roughness. For
Reynolds numbers above 3.000, the friction factor is some function of
both the Reynolds number and relative roughness. Conventional engineer-
ing practice is to use the Colebrook equation, which was the result of an
analysis of a large quantity of experimental data. This equation is shown
here as cquation (4.24):

[ /D 251
—= = -2 logm (i'/—_f' + ) (4.24)

J 37 Ref

Examination ot cquation (4.24) indicates that if the value of surface
roughness is small compared with the pipe diameter (/0D -—» 0). then the
friction factor i1s a function of the Reynolds number only. A smooth pipe 1s
one in which the ratio ¢/3.7D is small compared with 2.5[/Re./f. On the
other hand, as the Reynolds number increases so that 2.51/Re/f — 0. then
the friction factor becomes purely a function of relative roughness, and the
pipe is called a rough pipe. Thus, for purposes of analysis. the same pipe may
be considered smooth under one flow condition and rough under another.

Equation (4.25) requires a trial-and-error solution for the friction factor.,
For rough and smooth pipes, A. K. Jain {1975) derived the following
approximation:

. e 21.25\1"°

Table 4.2 illustrates the valid ranges of relative roughness and Reynolds
number for equation (4.25) and the maximum deviation of calculated fric-
tion factor from equation (4.24). Table 4.2 illustrates that equation (4.24)
may be used with enginecring accuracy for all design calculations for turbu-
lent flow,

Examination of Figure 4.3 shows that the zone of complete turbulence
{rough pipes) is separated from the transition zone by a dotted linc. This line
is defined by the following equation:

3200

Re, /D

(4.26)

where
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Table 4.2 Equation (4.25); Valid Ranges of Rclative Roughness and
Reynolds Number and the Maximum Deviation of /' from Equation (4.24)

Rclative Roughness Reynolds Number :
Maximum
Range Minimum Mauaximum Minimum Maximum deviation
Extremc 0 Ix10° 3x 108 | x 10" 3.5 %%
Useful <107 1x107°  5x10° I x 10 1.5 %
Practical 0 ] x 1077 1 x 10 1 x 107 —0.8 %

Re, = minimum Reynolds number for complete turbulence.
dimensionless
g/ = relative roughness of the pipe surface. dimensionless

Values of Re, and /D for wrought steel and stainless steel ptpes are given in
Table C.3. Table 4.3 shows recommended values of absolute roughness of
new, clecan commercial pipes.

Solving equation (4.24) tor the friction factor at a Reynolds number of
infinity results in cquation (4.27):

FRICTION FACTORS

B R
1
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Figure 4.3 Friction factor as a function of Reynolds number,
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Table 4.3 Design Values of Absolute Roughness for New, Clcan
Commercial Pipes

Absolute roughness (g) x 10°

Pipe Range Design value Design value
(ft) (ft) (m)
Asphalted cast iron 400 400 122
Brass and copper 5 5 1.5
Concrete 1,000 -10,000 4,000 1,219
Cast iron 850 850 259
Galvanized iron 500 500 152
Wrought iron and steel 150 150 46
Riveted steel 3.000-30,000 6,000 1.829
Wood stave 600-3.000 2,000 610
o= 0.25 : (4.27)

where
f = friction factor at a Reynolds number of infinity, dimensionless

Values of f, for wrought steel and stainless steel pipe are given in Table C.3.

4.8 ENERGY LOSSES IN PIPING SYSTEMS

In long pipelines, the cffect of bends, valves, and fittings ts usually negligible:
but in systems where there is little straight pipe, it i1s the controlling factor.
Underdesign will result in the failure of the system to deliver the required
capacity. Overdesign will result in inefficient operation, because it will be
necessary to “throttle” one or more of the valves.

The following encrgy losses must be considered in computing friction
losses 1n piping systems:

loss due to fluid entering the system
loss due to pipe friction

loss due to valves and fittings

loss due to bends

loss duc to changes in flow areas
loss due to fluid leaving the system

SN S e
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Entrance Loss

The energy loss due to fluid entering a system depends on the geometry of
the entrance. With complcte turbulence assumed at the inlet, resistance is
indcpendent of Reynolds number. Inlet energy loss (H,) can be calculated
with the following expression:

\

H =K, (4.28)

2g,

Typical values of the inlet resistance coefficient K; arc shown in Table 4.4 .

Pipe Friction Losses

The pipe friction energy loss Hy,, may be computed using the following:

(L
H,= Z(_D_ 2&)/ (4.29)
p

i

Values of the individual friction factors / may be calculated using equation
(4.21) for laminar flow and equation {4.25) for turbulent flow.

Valve and Fitting Losses

The flow of a fluid through valves and fittings is generally considered to be
one of complete turbulence and independent of Reynolds number. Valves
and fittings are treated as straight pipes with a very large surface roughness
£. One common engineering practice is to describe the frictional resistance in
terms of cquivalent lengths (L,) of straight pipe. The resistance coefficients
K, for valves and K, for fittings arc then calculated using the following
equations as appropriate:

S

. (L,
K =/, (.5) (4.30)
. (L,
K =fx (5) (4.31)
,

There are two widely used sources of data for piping components: the
Hydraulic Institute Engineering Data Book and Crane Company Technical
Paper 410. The Hydraulic Institute method uses the resistance cocfficient K
and distinguishes between screwed and flanged fittings. The Crane paper
uses a modified equivalent-length method to determine the resistince cocffi-
cient using equation (4.30) for valves and equation (4.31) for fittings.



152 Chapter 4

Table 4.4 Resistance Coefficients for Inlcets, Exits, and Area Changes

‘ Sharp-edgedinlet  Inward projecting pipe l Rounded inlet

v —» VvV —

\) —’
K=05 K=0.05

Did j1.5 [20 |25 [3.0 |35 ][40
K 028 ]0.36 [0.40 [0.42 [0.44 ]0.46

Gradual reduction

N

v —Pp K=0.05

~

Examination of Tables 4.5 and 4.6 shows significant differences between
these two sources.

Valves

It is valve industry practice to determine valve capacity and pressure loss
using a valve flow coefticicnt C,. defined as the flow in gallons per minute
{(GPM) of water at 60 F with a pressure drop of I pound per squarc inch

(psi1):
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Table 4.4 (continued) Resistance Coefficients for Inlets, Exits, and Area
changes

Sudden enlargement

Gradual enlargement

M

(D-d)/2L [0.05 [0.10 [0.20 [0.30 j0.40 [0.50 {0.60
K’ 0.14 {020 [0.47 [0.76 [0.95 |1.05 [1.10

(4.32)
i thao sanaragy arviiatisam voeotlie
LI LG LIVl 2 ¥y LY UALIUIL TLAUILY
6 yd
18.5x 10°D
K, = (4.33)

[ (‘vlz

Most of the energy losses in process and power piping systems are due to
valves rather than straight pipe. Whenever possible, the designer should use C,
values obtained from the valve manufacturer based on actual test data for the
specific valve type. See Table 4.7.

The energy loss H .. due to valves and fittings may be calculated using the
following equations:
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Table 4.5 Resistance Coefficients (K) for Valves and Fittings

Chapter -

Nominal {Hydrauk:c [nsutute Crane Co. [Hydraul:c Insutute Crare Co  [Hydraulic Insutute Crane Co  |Hydraulic Insutute Crare Co
Pipe  |Engineennp Data Book T P. 410 JEngincenng Caw Book[T.P 410 |Engineenrg Data Book [T P 410 [Enpineering Data Book|T P 410
Size | Screwed| Flanged Both Screwed [ Fanged|  Both Screwed | Flanged Both Screwed | Ranged Both

anckes Globe Valve Gate Valve Angle Valve Swing Check Valve
3.8 19 50 94: 038 022 135C 415 8.03 bl
12 1490 8.81 033 021 980 383 552 259
34 941 815 028 0.19 624 360 374 2.40
1 898 13.09 765 024 0.70 0.18 4.53 337 3.00 200 225
114 8.00 11.56 713 022 055 0:7 353 3.6C 315 2.5 200 210
112 763 1044 686 020 04s 016 288 3.0¢ 303 2.51 200 202
2 708 8.90 646 017 033 0.1s 209 228 285 233 2.00 190
212 6.68 7.86 619 016 026 015 163 22¢ 2 2.15 200 1.82
3 637 7.10 589 014 022 014 133 220 260 2.05 200 1.73
4 591 6.45 554 C13 097 220 244 2.00 200 163
6 6.00 0.12 2.10 24 200 1.49
8 570 008 011 2.10 211 200 141
10 570 45 006 0.11 210 201 200 134
12 5.70 441 0.05 010 210 154 2.00 130
14 570 432 (s Q.10 210 191 200 127
16 570 421 (] 0.10 2.10 186 200 1.24
18 570 411 0.03 010 210 181 2.00 121
20 570 4.02 003 009 2.10 1.77 200 118
90° Standard Elbow Radlas Elbow 45° Standard Elbow 45* Long Radins Elbow
38 258 [ 164 0.44 038 044
12 2.19 0.78 131 041 037 041
34 175 on 096 038 03s 038
1 149 043 067 077 042 036 0.34 036 023
11:4 132 041 063 064 0.38 0.34 033 034 0.22
11:2 1.9 0.39 061 056 03s 032 033 032 021
2 1.01 036 0.57 04s 030 030 032 030 020
212 0.89 034 055 038 02? 029 031 029 019
3 0.81 033 0.52 033 025 028 030 028 0.19
4 069 030 049 022 0.2 029 0.26 018
6 027 0.45 0.18 024 024 017
8 026 042 016 023 023 0.16
10 0.24 040 014 0.21 021 016
12 0.23 039 0.13 0.21 021 015
14 0.22 0.38 012 020 020 0.15
16 0.22 037 011 0.20 020 o1s
18 0.21 036 011 0.19 019 0.14
20 020 03s 010 0.19 0.19 Cl4
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h

N Crane mesistance coe

Nominal [Hydraulic Irsutute Crane Co [Hydraulic insttute Crane Co |Hydraulic Insutute Crane Co  [Hydraulic [nsutute Crane Co
Pipe  |Engineenng Daa Book [T.P 410 |Engincenng Daw Book [T P 410 |Engircenng Daw Book [T P 410 |Engineenng Data Book{T.P 410
Size [Screwed| Flanged Both Screwed | Flanged| Both Screwsd | Flanged Both Screwed | Panged Both

1nckes Close Pattern Retura Bend Long Radius Retara Bend Tee - Line Flow Tee - Branch Flow
38 265 090 055 2.63 166
172 224 G9%0 052 237 155
34 1.76 0950 048 2.05 1.44
1 1.49 043 0.90 0.26 0.45 185 100 1.35
1.31 023 042 1.71 098 1.26
Q.21 040 1.60 090 1.21
019 0.38 144 0.84 1.14
017 036 133 0.80 1.09
015 035 125 076 1.04
0.13 033 113 0.71 0.98
0N 030 064 089
0.10 028 059 084
0.09 G27 056 0.81
0.08 026 054 078
0.07 025 052 0.76
0.07 0.25 0.50 074
007 024 049 0.72
006 024 0.47 0.71

iy were vaealltee on the Ras s of Standare Weight pipe
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Table 4.6 Equivalent Lengths (L./D) for Valves and Fittings

Nominal [Hydraulic Insttute Crane Co |Hydraulic Insttute Crane Co |Hydraulic Insutute Crane Co [Hydraulic Institute Crane Co
Pipe  |Engineering Data Bock |T.P 410  |Engincenng Data Book |T P. 410 |Engineering Data Book [T P 410 |Engincenng Daw Book|T.P. 410
Size [Screwed| Flanged Both Screwed | Flarged| Both Screwed | Flanged Both Screwed | Panged Both

inches Globe Valve Gate Valve Angle Valve Swing Check Valve
318 706 488 2%
1:2 575 378 213
4 N 260 156
1 399 582 201 133 89
11i4 381 551 169 160 122 55
112 378 518 143 143 124 99
2 313 469 1:0 H1 123 108
212 367 431 90 116 118 110
3 368 410 340 8 kg 121 150 118 116 100
4 363 3% All All 59 127 Al 129 13 All
6 403 Sizes Sizes 141 Sizes 134 Sizes
8 405 149 142
i0 424 156 149
12 440 162 134
14 448 165 157
16 461 170 162
18 an 174 166
20 482 178 169
90° Standard El Radlss Elbow 45°* Standard Elbow 45° Loag Radlas Elbow
38 9 14
112 85 14
3:4 7 15
1 66 19 15 10
114 63 15 16 10
112 59 19 16 10
2 53 19 17 11
2V 49 19 17 11
3 47 % 30 16 17 16 11
4 42 All 18 All 11
6 i Sizes Sizes 11
12
12
12
12
12
12
12
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Note: Hydraukc

Institute equinalent lengihs we

re culculated on the basis of Stundurd Weight ppe

Nomiaal [Hydesulw | nastute ‘Crane Co. [Hydraulic [nstatute Crane Co  |Hydraulic Institiuse Crame Co  [Hydrawlic Insttute (Crane Co.
Ppe |Engineering Dats Book [T P 410 |Engineering Data Book [T P 410 |Engineening Dats Book [T P 410 |Engineering Data Book|T P. 410
Sze | Screwed| Fanged _ Both Screwed | Hanged|  Both Screwed | Flanged Hoth Screwed | Flanped Hoth

inches Chose Patters Retwrs Bead Kadins Retwrn Bend Tee - Line Flow Tee - Branch Flow
s 96 i 95
12 8 35 n
4 7 £ [
] 66 19 40 ¥ L+
114 6 19 Q n ]
12 S8 19 45 n ™
2 2 19 N 10 %
2112 a8 9 av 9 s
3 45 19 52 9 2 m 50
4 40 55 L] &5 All
A 7 43 Sizen
7 4l
6 41
6 41
6 4l
6 40
5 40
5 40
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Table 4.7 Resistance Coefficients (C,) for Globe Valves

Nominal Class 300  Class 600  Class 900 Class 1500 Class 2500

pipe size schd. 40 schd. 80  schd. 160  schd. 160 XXS
2-1/2 3.7 3.9 38
3 11.2 4.3 4.] 5.4
4 16.1 4.1 38 4.0 7.1
5 12.5 4.3 4.2 4.7 7.8
6 7.5 2.8 29 3.0 5.4
8 10.7 3.0 29 3.1 7.1
10 9.0 32 3.0 3.1 7.3
12 7.9 3.0 3.0 3.1 8.3
14 31 3.0 3.2

g / FAR | e . / P | .

FE R P Jocdap ©
r= ) 4.34
o ( D 2g¢.) -+ t ( b 2‘2") ¥ ( )

Values of K, and K, may be taken from Table 4.5 or calculated from
equation (4.30), (4.31), or (4.33). Values of L./D may be taken dircctly
from Table 4.6.

Bend Losses

Energy losscs in bends arise via two primary sources. The first is the scc-
ondary flows that result from the fluid rotation as the fluid flows through the
bend. This loss does not take place in the bend itself, since the dissipation of
the secondary flows occurs over a length of about 50 pipe diameters down-
stream of the bend. The sccond source is the frictional loss in the actual
length of bend.

The first effect is completely turbulent and independent of Reynolds
number. The second is dependent on both relative roughness and
Reynolds number. Pigott’s (1950) analysis of bend flow resulted in the fol-
lowing cquation for the bend resistance coefficient K,

2.5

D\’ )
K, = 0.106(;) +2000 /%° (4.35)
;



Flow in Pipes 159

In this equation, r is the radius of the bend, D is the pipe diameter, and f'is
the friction factor calculated from equation (4.25). The bend energy losses
(H,,) are then calculated as follows:

H,= Z(K;, ,:g ) (4.36)
SO

!

Area Change Losses

Resistance coefficients (K,) for area changes due to enlargement or reduc-
tion of flow passages are given in Table 4.4 for common situations. Once
again the flow is assumed to be completely turbulent and independent of
Reynolds number. The resultant energy loss H, may be calculated using the
following cquation:

¢ ,“2
H, = K, — 4.37
; E:(uz&) (4.37)

1

Exit Loss

The cxit encrgy loss (#,) is one velocity head (i.e., K, = 1). Equation (4.38)
is used to calculate the exit energy loss:

H, = — (4.38)

Total System Losses

The svstem cnergy loss Is the sum of the individual losses, or:
H,=H+F,+H, +H,+H,+ H, (4.39)

Substitution of H/, in equation (4.39) for H; of equation (3.22) and solving
for system pressure [oss results in the following:

B 2
Ll —_ 3—
2T —

Pe— Pe Apsyslcm
£ P

:54;_¢g+ + H, (4.40)

(
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4.9 DESIGN VELOCITIES

It is always desirable to design piping systems for the highest possible velo-
city in order to reduce the size of the pipe and its components. The max-
imum design velocity for a given piping system is limited by the following
considerations:

The maximum design velocity must be economically justifiable in terms of
pumping power and/or fuel costs.

The maximum design velocity must not cause physical problems such as
erosion, corrosion, vibration, noise, and cavitation.

In general, design velocities have becn established as the result of experi-
cnce and experimentation. This section examines some of the current prac-
tices.

Process Piping Systems
Preliminary Sizing

In the early stages of design, a study [ayout is drawn that requires the

mtdarmal diamantar Af tha mima o Antacirinag A lafara tha actnnal lanothe ara

lll[LlllCll QidiNciCr Gi lll.C l)l})ﬁ- l\J oc ULL\-I Mineéa oCIoIe (i acida IGVIIEULD Al
known. Kent (1980) proposed the following equations for sizing internal
diameters. Kent’s data suggest that 80% of the sizes computed by his equa-
tions remained unchanged after layouts were completed and more precise
checks were made.

Maximum Velocities for Liquids (v, ft/s; p, lbm//'t"T )
Clear liguids:
48

g (4.41)
PUE
Erosive and/or corrosive figuids:
24
V= — (4.42)
o3

Diameters Based on Typical Velocities (D, fi: Q, ft')s: p. Ibmift’: i, Ihmis):
Liguids, except suction, drains, or vent lines:

D = 0.379Q%44 (4.43)
Ligquid suction, drain, or vent lines:

D =0.512Q"*% (4.44)
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Gases, except suction and vent flines:

- {).408
H‘I( 0

D =0.150 v (4.45)

0
Gases-- suction and vent lines:

- (3.408
D=0198 " __ (4.46)

0.343
0

Central Station Systems

Over a period of years, velocities in main water and steam piping have
incrcased beyond the limiting values given in handbooks. Soldan and
Seigel (1964) described Public Service Electric and Gas Company’s experi-
ences with design velocities from 1937 to 1963. During this period, water
velocities were increased rom 8 to 40 fi/s and steam from 100 1o 415 ft/s. A

ey o e f

mrrmmern 3t ok bl Aates vl ba] dem tlhha £l i e N P o Lt i Y ).
Lurvo 1L vt tnell ddta 1esulivd i LG TUHUWINE TUIAatuLLy vé, 1y, L7, 1),
Maximum velocity for miscelluneous water service:
2

v =0.5458 + 57.88D — 24.31D° (4.47)

Maxinum velocity for boiler feedwater flow:
ks

v =5.551+58.31D - 23.46D" (4.48)
Maximum velocity for main steam flow:

v=120.35+257.95D (4.49)

The foregoing maximum velocities will yield a pressure loss of about 10 psi
per 100 feet for miscellancous water service, about 15 psi per 100 feet for
boiler feedwater flow, and about 60 psi per 100 feet for main steam velo-
cities, depending on steam conditions.

Typical Design Velocities

Table 4.8 presents typical design velocities for general use in the absence of
morc specific data for a given industry.
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Table 4.8 Typical Design Velocities

Design velocity

Minimum Maximum

Service (ft/s) (ft/s)
Bleed stcam lincs 65 100
Boiler and turbinc leads 100 200
Branch stcam lincs 100 250
Compressed air lines 25 35
Compressor discharge lines 100 250
Compressor suction lines 75 200
Crude oil lines (6 1n. to 30 in.j ! 6
Drain lines (water) 3 5
Drain lines (hydrocarbon liquids) 3 5
Economizer tubes (water) 2 5
Exhaust and low-pressure stcam lines 100 250
Feed walter lines 4 15
Natural gas lines (cross country) 15 25

Pump discharge lines (fuel oils) 1 6
Pump discharge lines (hydrocarbon liquids) 3 7
Pump discharge lines (watcr) 2 7
Pump suction lines (hydrocarbon liquids) 2 6
Pump suction lines (fuel otls) 3 6
Pump suction lines (water) 2 5

Service water mains 2 5
Steam headers 100 125
Steam supcrheater tubes 35 85
Two-phase flow lines 35 75
Vacuum steam lincs 300 600
Ventilating ducts 15 50

410 ENGINEERING DESIGN CALCULATIONS

Engincering pipe flow computations usually fall into one of two classes:
preliminary design or design verification.

Preliminary Design

In this stage the flow rate ¢ and the length of the pipe L are known. The
pipc diameter D and the wall thickness are then selected on the basis of one
of the following criteria:
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[

The maximum allowable velocity v to prevent erosion, vibration, or
excessive energy loss. Values of maximum velocities may be calculated
using equations given in Section 4.9 or Table 4.8, as appropriate.
The maximum allowable pressure loss Ap that can be tolerated for
proper functioning of equipment or to prevent excessive energy loss.
This type of loss 1s usually expressed in terms of pressure drop per foot
(Ap/L). For turbulent flow of fluids in smooth pipes the following
equation may be used to estimale the internal pipe diameter:

D=0 9235[%1 -

e

Design Verification

In this stage the piping components have been sclected, the diameter D, the
length of pipe L, and the flow rate Q are known, and the pressure loss Ap is
to be verified.

411 RECOMMENDED PROCEDURES FOR DESIGN

CALCULATIONS

The following steps arc recommended to facilitate preliminary and final pipe
sizing and pressure losses in piping systems.

Step A: Data Reduction

Obtain fluid and pipe data and convert as necessary to the following units:

densities into pound-mass per cubic foot

diameters and lengths into feet

mass flow rates into pound-mass per second
pressures into pound-force per square foot
velocities into feet per second

viscositics 1nto pound-force-seconds per square foot
volume flow rates into cubic fect per second

Step B: Select Pipe Schedule

Estimate the minimum pipe schedule using the approximate equation (B.3).
Note: All stress calewlations must conform with the American National
Standard ANSI B.31, Code for Pressure Piping. The verification of stress
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calculations is bevond the scope of this book.) Equation (B.3) will always give
a conservaltive value.

Step C: Estimate Internal Pipe Diameter

Depending upon the circumstances, use cither the maximum veclocity
method or the pressure loss per length method. Select pipe from piping
tables. If the loss per unit length method 15 used. verity that the velocity
does not exceed the maximum allowable.

Step D: Verify the Preliminary Design

Once a tentative diameter has been sclected. check to see if maximum velo-
citics have been exceeded. If some minimum energy loss 1s a design require-
ment. it should be calculated using the appropriate equations from Section
4.8. If cither or both of these requirements have not been met, repeat as
necessary using the next larger standard size. The following examplces illus-
triate this procedure.

Example 4.2: Prefliminary Design of a Boiler Feed Water System. The
botler feed water system shown in Figure 4.4 is for a small cogencration
stcam generator. The boiler feed pump is to deliver 300 GPM of water
at 300 F and 1,500 psia to the steam drum. The allowable stress in the
piping is 12,500 psi. Select the size of pipe to be used. The pressure
drop due to friction may not exceed 10 pounds per square inch. Also cs-
timate the required pump discharge pressure for a steam drum pressure
of 1,500 psia.

Solution

This example is solved by estimating the pipe internal diameter from equa-
tions given in Scction 4.9 and verifying by calculating {riction losses from

Section 4.8.

Step A: Data Reduction
V. Fluid properties (Table D.3 at 1,500 psia and 300 'F):

p = 57.64lbm/ﬂ3, o= 3.838 x 10 °1bf - s/ft2
2. Unit conversions:

O = 300GPM x 1.3368 x 107" ft’ /gal x 1 min/60 s = 0.6684 ft'/s
= 0p=0.66841t"/s x 57.641bm/ft’ = 38.521bm/s
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Figure 4.4 Notation for Example 4.2.
Step B: Select Pipe Schedule
From equation (B.3):
N, = 1000p/S, = 1000 x (1500 — 14.7}pst/ 12,500 psi = 119
Usec schedule 120 (next higher size).
Step (: Estimate Internal Pipe Diameter
For the first trial, use the simplest ¢quation, equation (4.41):
48
o = [_)]7? (4.41)
R

b= 12.42f1/s

From the continuity equation:

4
p- ¥
v
o [4x0.6684 15
T\ o x 12.42 /s
D =-0.2618f1

From Table C.3, the nearest normally used larger pipe size is 4-in, schedule
120 (D = 0.3020 {1).
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Step D: Venify Preliminary Decsign
Check velocity:

_ 40
aD?

v

4% 066841 /s
T x (0.3020 ft)

1

v =9331t/s

From Table 4.8, design velocities for teed water lines range from range 4 ft/s
to 15 ft/s. Thercfore, design velocity 1s satistactory.

Verifv pressure loss: To verify system loss. use the cquations and methods
of Section 4.8.

1. Loss due to the fluid entering the svstem: In this system the pump
discharge has the same arca as the swing check valve inlet, so there is no
entrance loss:

f{',:O

2. Loss due to pipe friction: The Reynolds number 1s calculated using the
following equation:
_phv

HE.

Re (4.10)

. 57.64 1bm/t} x 9.33ft/s x 0.302t
T 3.8381b0 s/ x 32.17Ibm - fi/Ibf - §°

Re = 1.315.000 (turbulent flow)

Table C.3 gives the relative roughness (/D) as 4967 x 0. The friction

factor is then calculated using equation (4.25):

. e 2125\1°
21.25 -2
=1 1.14 — 2log, [ 4.967 x 1074 + )]
/ [ b‘“( (1.315.000)™

S =001714

The total Icngth of straight pipeis 10+ 2+ 124+ 10+ 2 + 8 = 44ft.
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‘(7L v*
H;, = R 4.2
7 Z( D 2-91), (4.29)
/P

i

_ 001714 x 441t (9.33ft/s)"
03021t 2 x 32.17Ibm - ft/Ibf - 5

H,, = 3.381t- Ibf/lbm

Iy

3. Loss due to valves and fittings
Vafves (from Table 4.35)

K, (Hydraulic Institute) K. (Crane TP410)

I swing check 2.00 .63
1 globe 6.45 5.54
| gate 0.16 0.13
K. 8.6l 4.30

The most conservative design would be to use the Hydraulic Institute value
of £ K, =8.61.

Firtings (from Table 4.5)

K; (Hydraulic Institute) Ky (Crane TP410)

3 90" standard elbows 3 %030 =0.90 3 x0.49 =147
1 regular tee- -branch flow | x 0.71 =0.71 1 x 0.98 =0.98
LK. 1.61 2.45

Again. take the most conservative £ K; = 2.45 (from Cranc TP410). The
valve and fitting loss 1s calculated using cquation (4.34).

H., = i:(K,. ) + i(KF %)
poo “SF

(9.33 ft/s)
2 % 32.17 lbm - ft/1bf - &7

H.; = 14961t -1bf/lbm

-
ue
2A2(

H,, = (8.6] + 2.45)

4. Loss due to bends: There are no bends, so f, = 0.
5. Loss due to changes in flow arcas: There are no area changes, so

H, = 0.
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6. Loss due to fluid leaving the system: In this system the drum inlct has
the same area as the pipe, so there is no cxit loss, and H, = 0.
The system friction loss is the sum of the component pressure losses:

Hy=H;+ H, +Hy+Hy+H, + H, (4.39)
Hy=0+338+41496+0+0+0
H,, = 18.34 1t Ibf/lbm

The pressure loss due to friction is calculated as follows:

Ap = H;p (4.8)
Ap = 18.34 fu- Ibf/lbm x 57.64 1bm/ft’

Ap = 18.34 b /fC x 1 ft*/144in.’

Ap = T7.34psi

The design is verified because the maximum pressure loss due to friction
is not to exceed 10 psi.

In order to calculate the pump outlet pressure, the total pressure loss of
the system must first be calculated (note: inlet velocity = outlet velocity
because the pipe has a uniform cross section):

7 2
g 0=y
Apﬁy'ilcm = p‘:g-l (:(' o :{) + 2(2_[ + H/\:l (440)

32,17 ft/s?
2U7IYS 3o — 10

APyyem = 57.641bm/ft*
!)sy\lL m/ [3217 Ibm - ft/lbf - 8§

+ 0+ 18341t . Ibf/lhm—|
APegaem = 2.279T0f /1t x 1 ft*/144in’
Apgyaem = 16psi

The pump outlet pressure is the system pressure drop added to the stcam
drum pressure. Therefore, the pump outlet pressurc 1s the following:

pump outlet pressure = 15004+ 16 = 1516 psia
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Example 4.3: Preliminary Design of a Fuel Oil Piping System. A preli-
minary design and an estimate of the pressure loss for the fuel oil piping
system shown in Figure 4.5 is required. Each pump dclivers 50 GPM of
fuel oil to the system at 600 psia and 100F. At this condition the
viscosity of the oil is 4,000 SSU and the gravity is cquivalent to 11.5 API
at 60 F/60 F. The maximum allowable stress of the piping material is
15,000 psi.

Solution

In thic syvstem there ig pa arallel low from the pum and then series

AEL LERAL LJJIJ LEwerm

nps to the tee
flow to the heater. The example is solved by breaking the system into two
parts: Part I- flow from pumps to tee, and Part 11 flow from tee to heater.
The pipe diameters are estimated from cquations given in Section 4.9 and
the friction loss from Section 4.8.

Step A: Data Reduction

1. Fluid properties: S =11.5 API at 60 F/6O F.u =4.0008SU. The
specific gravity of the otl is calculated using equation (1.20):

Rt C IR

A

Uhie )

— gl

fike T e
e 7H 0 atge XS

Ty

: =
[V EN 1 1 /,. l
gl ‘
i ‘II'I.I'|I_IS #i ‘-f.}‘l 9 ft -bl —F l I

Stantard I i
ee 1 l‘ '
_ e
N Fuil
t .
if Dl gel 1l
L | Ve leey
k] ool 1.
T hate
2 valve
AN TGS are Thangsd Y
l S Al eibows are 90 ° I0ng raliun

ek,
Jalve

Figure 4.5 Notation for Example 4.3.
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141.5

S6/60F = 7375 1 AP
141.5

Senje0r = 3755115
S(,n/ooF = 0.9895

(1.20)

The density of water at 60 'F 1s 62.37 Ibm/ft* (Section 1.4). The oil density 1s
therefore calculated as follows:

P = S(v[l/h()]-' X Py o0 F (1.17)
p = 09895 x 62.37

p=61.721bm/ft’

The kinematic viscosity 1s calculated using equation (1.28)

135
— 0.2 2 >
v = 0.220(8SU) SSU (1.28)
135

v = 880 centistokes

The kinematic viscosity is converted to dynamic viscosity using equation
(1.22):

n= it (1.22)
8.

. l 62 g
61.721bm/ft* (880 centistokes x 10.76 x 10 "1t /*)

centistoke

"= 32.171bm - ft/1bf - 7

puo=18.17 x 107 Ibf - s/f°

Part I - From Pumps to Tee:
2. Unit conversions:
Q; = S0GPM x 1.3368 x 107" ft'/gal x 1 min/60s = 0.1114t" /s
my = Qrp=0.11141/s x 61.721bm/ft} = 6.876 1bm/s

Step B: Select pipe schedule
From equation (B.3):

.= 1000p/S, = 1.000 x (600 — 14.7) psi/15.000 pst = 39
Use schedule 40 (next higher size).
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Step C: Estimate internal pipe diameter
Use equation (4.43) for pump discharge lines:

D, = 0.37904%% (4.43)
D, = 0.379(0.1114)"%*
D, = 0.1462ft

From Table C.3, the nearest larger pipe size is 2-in, schedule 40
(D; =0.1723 Fl,A,:O.0233()f12). From the continuity equation, v, =
0,/A4; = 0.1114t}/5/0.02330 ft* = 4.78 ft/s.

Step D: Estimate energy loss

I.  Loss due to fluid entering the systemr: In this system cach pump dis-
charge has the same area as the tee inlet, so there is no entrance loss:

H, :O

{

2. Loss due to pipe friction: The Reynolds number is calculated using the
following equation:
Re, = PP (4.10)
HE,
_ 61.721bm/ft° x 4.78 ft/s x 0.1732
1817 x 1073 1bf - s/t x 32.171bm - ft/lbf - ¢°

Re, = 87.42 (laminar flow)

Re;

Since Re, is less than 3,000, the flow is laminar; the friction factor is calcu-
lated using equation (4.21):

f; = 64/Re; = 64/87.42 = 0.7321

The total length of straight pipe s | foot:

‘f fL 5
Hy, =Y D 3g (4.29)
4 ”,

!

0732 x 1Mt y (4.78 ft/s)°
= 007320t 7 2 % 32.171bm - ft/1bf - §?
f!;/p = 1,501t - lbf/lbm

3. Loss due to valves and fittings:
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Valves (from Table 4.5 for 2-in. pipe. flanged)

K. (Hydraulic Institutc) K. (Cranc TP4]10)

1 swing check 2.00 1.90
1 gate (.33 0.15
T K, 2.33 2.05

The most conservative design would be to use the Hydraulic Institute value
of T K, = 2.33.

Fittings (from Table 4.5 for 2-in. pipe, flanged)

K;- (Hydraulic Institute) Ky (Cranc TP410)

3 90 long-radius 00.30 0.30
elbows

The valve and ftting loss 1s calculated using equation (4.34):

H,,.,,:i( 2g) +Z( g Zg)

(4.78 ft /sy’
2 x 32.171bm - ft/Ibf - §°
H,.p = 0.931L - 1bf/lbm

Hy =233+ 0.30)

4. Loss due to bends: There are no bends, so H,, = 0.

5. Loss due to changes in flow areus: There arc no area changes up to the
inlet of the tee, so H,, = 0.

6. Loss due to fluid leaving the system: In this system the tee inlet has the
same area as the pipe, so there is no exit loss. Hence, H;. = 0.

The system friction loss for Part I 1s the sum of the component pressure
losses:

[{If“\ = HH + []n'fﬂ + H[:F + th + Hlu + [[I'c' (439)
Hyo=0+1.50 4093 +0+040
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Part I —From Tee to Heater:

2. Unit conversions:
() = 100GPM x 1.3368 x 107" ft*/gal x 1 min/60s = 0.2228 ft* /s
sty = Qpp = 022281 /s x 61.721bm/ft* = 13.751bm/s

Step B: Select pipe schedule
From cquation (B.3):

N, =1000p/8, = L.000 x (600 — 14.7) psi/15.000 psi = 39
Use schedule 40 (next higher size).

Step C: Estimate internal pipe diameter
Use equation (4.43) for pump discharge lines:

D, = 0.3790" (4.43)
Dy = 0.379(0.2228)"4*
Dy = 0.1975 11

From Table C.3, the ncarest larger pipe size i1s 2-in, schedule 40
(D = 0.2058ft. 4; = 0.03325(t°). From the continuity cquation.
vy = QA = 0222811 /5/0.03325 17 = 6.7 ft/s. However. the calculated
velocity of 6.7 ft/s 1s over the upper himit of 6 ft/s (sce Table 4.8) recom-
mended for fuel o1l discharge lines. From Table C.3, the next larger pipe size
15 3-in. schedule 40 (Dy; = 0.2557ft, A;; = 0.05134 rtY). From the continuity
cquation, vy = Qy /Ay = 0.2228ft%/s/ 0.05134 (1° = 4.34 ft/s. Therefore.
the 3-in. size should be selected.

Step D: Estimate energy loss

I, Loss due 1o fluid entering the syvstem: In this system the tee outlet is the
same size as the heater inlet, so there is no entrance loss. Hence Hy, = 0.

2. Loss due to pipe friction: The Reynolds number is calculated vsing the
following equation:

Re” = (4]0)
HE

~ 6L721bm/ft x 4.340t/s x 0.2557 ft
1817 x 10 bt - s/ft2 x 32.17 lbm - ft/Ibf -
Re;, = 117.2 (laminar flow)

RC”

Since Reyy is less than 3,000, the Aow is laminar, and the friction factor is
calculated using equation (4.21):
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64 64

= = = 0.5461
ReH 117.2 O

fu

The total length of straight pipeis 1.5+ 8 + 144+ 545+ 5 = 3851t

¢ /L ,[:2
Hypp = Z ) 2¢ (4.29)
S fﬂ

i

_ 0.5461 x 38.5ft (4.34f1/s)"
0.2557 {1 2. x 32.171bm - ft/Ibf - s

3. Loss due 1o valves and fittings:

Valves (from Table 4.5 for flanged pipe)

K, (Hydraulic Institute) K. (Cranc TP410)
| angle 2.20 2.60

The most conservative design would be to use the Crane value of K, = 2.60.
The loss due to valves is calculated as follows:

¢ 2
me=3(x 52}

(4.34 f1/s)
2 % 32.171bm - ft/Ibf - §?
Hyy,. = 0.76 {t - Ibf /lbm

Hyp,, = (2.60)

Fittings (from Table 4.5)

K, (Hydraulic Institute) K, (Crane TP410)

4 3-in. 90 long- 4 % 0.25=1.00 4x028=1.12
radius elbows

I 2-in. tee branch 0.84 1.14
flow

The branch outlet of the tee has the flow of both pumps; therefore its
velocity is 2/, Using the most conservative values, the fitting loss is calcu-
lated as follows:
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bl bl
, vy (20;)
f{iiF = Kulhuw Qf + L 7};
(4.34[t/s)’ (2 x 4.78)°

][UF: 112

1.14
2 % 32.171bm - ft/Ibf - &2 * 2 32.171bm - ft/Ibf - 2

4, Loss due to bends: There are no bends, therefore Hyy, = 0.

5. Loss due to changes in flow areas: The enlarger gradually increases the
pipe diameter from 0.1723 ft to 0.2557 ft in a distance of 0.5 ft. From Table
4.4, K, 1s calculated as follows for a gradual enlargement:

D—d 0.2557—0.1723
2. 2x05

= 0.083

Therefore, K’ = 0.18.

al

Kk =kl (¢ il

' D
01T

c=on - (555 |

K, = 0.05

The loss duc to the arca change s therefore calculated as follows:

v 2, 2
I{HH = Z(Ku %%:l')

(2 x 4.78 ft/s)"
2 % 32.171bm - ft/Ibf - s°
H,,, = 0.07ft - 1bf/lbm

Hl'/u = 005

6. Loss due to the fluid leaving the systemr: In this system the enlarger
outlet has the same arca as the heater inlet, so therc is no exit loss. Hence
H”() == 0

The system friction loss is:

Hypy=Hy + Hyyy + Hypop + Hyyy + Hy + Hyy (4.39)
Hiypo= 042407+ 271 +040.07 +0
H,,. = 26.85ft - 1bf/lbm
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Part HI- Total System

Hy+ Hyy + Hyyo = 243 + 26.85 = 29.28 1t - 1b{/Ibm

The total system pressure drop 1s therefore calculated as follows:

2 2
£ ve vy
Apsy}.tum = p|:§' (Zo —zi)+ 5 -+ H/‘\:l (4.40)

8

(4.78 ft/s)* — (4.34 f1/s)*
2 x 32.171bm - ft/ibf - §2

Aps_vstcm = 62.37 lbm/t"t‘ ‘:0 +

+ 29281t - lbf/lbm]

APysiem = 1.8301bF/1t% x 11t%/1441n.?
Aphy\[um = 121713%]

Example 4.4:  Power Required to Pump Water. 1t is required to pump
water at 100"F from Tank 1 to Tank 2 at the rate of 825 GPM with the

vt 3 + N I H | o A A Al At 11 o Fe_1 el daal
PIpINE sysSiCim sinoOWIil in riglre 4.0, Al CONNECUNE Piping is O-iii. scncauic

40 steel pipe. All valves and fittings are 6-n. size with welded connections.
The total length of straight pipe i1s 590 {t. Estimate the power that the
pump must add to the fluid.

Salution

This example is solved by calculating friction losses as in Section 4.8 (the
required pump power must overcome this friction).

Step A: Data reduction
V. Fluid properties (Table D.1 at 14.696 psia and 100 F):
p = 62.001bm/ft", po=1.432 x 107" Ibf - s/ft”
2. Unit conversions:
O = 825GPM x 1.3368 x 107" ft*/gal x 1 min/60s = 1.838(t"/s
m=0p= 18381 /s x 61.00tbm/ft> = 1141bm/s

Step B: Pipc schedule
The pipe schedule is given as schedule 40 in the problem statement.

Step C: Internal pipe diameter
The pipe size is given as 6-in. schedule 40 in the problem statement.
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Figure 4.6 Notation for Example 4.4.

From Table C.3:

£

D = 0.5054 ft, A = 0.2006 ft°, == 2.968 x 107

L
From the continuity equation, v = Q/4 = 1.838 ft* /s/0.2006 1> = 9.16 ft/s.

Step D Compute pumping power
To calculate system loss, use the equations and methods of Section 4.8.

. Loss due to fluid entering the svstem: From Table 4.4 for a projecting
pipe inlet, K; = 1. The inlet loss is calculated using equation (4.28):
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2
l'.’

H =K, (4.28)

2g,
(9.16 ft/s)’
2 x 32.171bm - ft/Ibf - §°
H, = 1.30 1t - Ibf/lbm

H,‘:l

2. Loss due to pipe friction: The Reynolds number 1s calculated using the
following equation:

Re = PP (4.10)
ME,
Re — 62.00 Ibm/ft’ x 9.16 ft/s x 0.5054 ft
1432 x 1077 1bl - s/t x 32.171bm - ft/Ibf - s°
Re = 623,058 (turbulent flow)
The friction factor 1s then calculated using equation (4.25):
T & 2125\

t A%

J
l\.)

'|
s
“—

(623058)” Y J

r=|r1a- zlog“,(?,.%S x 1074 ——=—

S =0.0161
The total length of straight pipe is 590 ft.

[ /L UZ
H, = Z(B ﬂ) (4.29)
i ¢ /])

_0.0161 x 590ft (9.161t/s)*
P 0.5054 1t 2 x 32.171bm - ft/1bf - ¢

H;, = 24511t Ibt/lbm

3. Loss due to valves and fittings:

Valves (from Table 4.5 for 6-in. schedule 40 pipe)

K. (Hydraulic Institute) K, (Crane TP410)

1 angle valve 2.10 2.24
I globe valve 6.00 5.07
2K, 8.10 7.31
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The most conservative design would be to use the Hydraulic Institute value
of £ K. =8.10.

Fittings (from Table 4.5 for 6-in. schedule 40 pipe)

K (Hydraulic Institute) Ky (Crane TP410)

I 90 standard elbow 0.27 0.45
1 90 long-radius elbow 0.18 (.24
XKy .45 0.69

Again we take the most conservative T K, = 0.69 (from Crane TP410).
The valve and fitting loss is calculated using equation (4.34):

¢ b ¢ 2
& U
H., = Z(K ﬁ) + Z(K, 5-?)
I (w24 - { 4 [‘.
(9.16 ft/s)°

2 x 32.171bm - ft/Ibf - s
H., = 11.46ft - Ibf/lbm

H., = (8.10 4 0.69)

4. Loss due to bends: There are no bends; H), = 0.

5.  Loss due to changes in flow areas; There are no area changes; H, = 0.

6. Loss due to fluid leaving the system: From Table 4.4, K, = 1.0. The
loss due to the exit is therefore calculated from equation (4.38):

2
H, = v (4.38)
2g.

B (9.16ft/s)?
© 2 x32.171bm - ft/Ibf - §°
H, = 1.30ft . 1bf/lbm

The system friction loss is:

H/“\ :H:‘+H}‘.{)+H1‘F+H,’)+H(J+Hc' (439)
Hy=130+2451+1146+0+0+ 1.30
H,, = 38.57ft - Ibf/Ibm

The pump must supply the energy required to balance equation (3.22):

2 9
L, = vy — ™)
n i +(Pz P

, 2y + Hy,
g 28. P !
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If the water surfacc in Tank ! 1s taken as the inlet, then V; = 0. In like
mannecr, if the surface in Tank 2 is taken as the exit, then V, = 0. Using
this logic. P. = P, = atmospheric pressurc. Substitution into the preceding
cquation yields the following:
321715
W, = Al
32.171bm - ft/1bf - s
W, = 366.57 ft - Ibf/Ibm

5 (3281t — 0) + 0 + 0 + 38.57ft - Ibf /Ibm

The pump power is the calculated energy multiplied by the mass flow rate:

P, =W,m

[ hp

= 366. - 4 3 X -
P, 66.57ft - Ibf/ibm x 1141bm/s x 5501t - Ibi/s

i

P

P

= T76hp

4.12 COMPRESSIBLE FLOW IN PIPES

It is recommended that Section 3.4, "Gas Dvnamics,” be reviewed before
proceeding with this section.

[n most engineering applications, the cost of large energy losses limits the
pressure drops in piping systems to less than one-tenth of the inlet pressure.
For all practical purposcs. the use of the incompressible cquations for com-
pressible fluids 1s satisfactory, provided that Ap/p, < 0.10.

Some real situations where incompressible flow equations will not give
satisfactory results are:

Flow of gases in insulated ducts where Ap/p, >0.1. The Fanno hne function
(Table 3.4) should be used in such applications (sce Example 4.5).

Flow of steam at high velacities. In applications such as the flow through
safety valve vents, start-up lines to a condenser, and flow through tem-
porary blowout lincs to the atmosphere, satisfactory results may be
obtained by assuming that stcam follows a Fanno linc function as an
idcal gas with an 1sentropic exponent of 1.3 (sec Example 4.6).

Long natural gas pipe lines. In this application the flow may be assumed to
be 1sothermal and the equations of Section 3.4 may be used (See Example
4.7). If equation (3.[184) 1s solved for mass flow rate, the foilowing results:

gApi — p3)

I
RT[Z log, C—:l) +%}

m=A (4.51)
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Example 4.5: Air at high velocity. Air at 122°F and 200 psia cnters a
10-in. schedule 40 pipc with a mass flow ratc of 757.000 ibm/hr. The
insulated hornizontal pipe 1s [17 ft. 3 in. long. Determine (a) pressure loss
for incompressible flow and (b) T». p>. and v, for Fanno flow.

Solution

In this example only the pressure loss in straight pipe is involved. so equa-
tion (4.22) may be used for incompressible flow and Table 3.4 for Fanno
flow.

(a) Data acquisition

L. Fluid properties:
Table D.2 Air, M = 2897 Ibm/lbmol.

R = % = 15451t - ibf /(Jbmol)(R)/28.97 lbm/Ibmole
= 53.33ft - Ibf/(Ibm - R)
Table D.2 Airat 122 F, u =4.10 x 10 71bl - s/ft°. k = 1.401 ~ 1.4,
2. Pipe properties (Table C.3, 10-in. Schedule 40):
D =0.83501t, A =0.5476ft"
For complete turbulence
JA. = 0.01343: Re for [, = 17.810,000
3. Unit conversions:

m = 757,000 Ibm/hr/3600s/hr = 210.28 Ibm/s

L=117+7=11725ft.  T;=122+460 = 582 R

4. Friction factor: The Reynolds number is calculated using the following
equation:

4m
rDug,

Re = (4.12)

4 % 210.28 Ibm/s
mx 0.8350 0t x 4.10 x 1077 1bf - s/1t? x 32.171bm - ft/Ibf - §°
Re = 24 310,000

Re =

Since the Reynolds number i1s greater than Re for /... the friction factor is
independent of Reynolds number and f = f, = 0.01343.
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5. Inlet velocity: The inlet density is calculated using equation (1.39):

_
RT,
200 1bf /in.* x 144in.”/ft’
T 53333 (- Ibf/(Ibm - R) x 582 - R
oy = 0.9279 1bm /ft?

P (1.39)

21

The inlet velocity is calculated from the continuity equation as follows:

N 210.28 Ibm/s
T 0.9279 Ibm/ft} x 0.5476 fi?
v = 413.84 ft/s

(¢}

Part (a)— incompressible pressure loss;

L\ pvi
Ap = (L2} 2L 4.22
P (D) 2g, (4.22)

Ap— (0.01343 x 117.25 ft) 0.9279Ibm/ft’ x (413.83 ft/s)?

0.8350 It 2 x 32.171bm - ft/Ibf - §?
Ap = 4657.651bf /1t x 1ft*/144in.
Ap = 32.34psi
Ap  32.24
=" = 0.1617

Part (b} —Fanno flow:

l. Inlet Mach number: The inlet acoustic velocity is calculated using
equation (1.59):

¢ = Vkg, RT, (1.59)
¢ = 1.4x32.17 {Iom - ft/Ibf - s* x 53.33ft - Ibf/(Ibm - R} x 582 R

The inlet Mach number is calculated from equation (3.94):

L2

M, = (3.94)

€
_ 413.841t/s
T 1182.321t/s

M, =035
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2. From Table 3.4 (Fanno Line Functions) at k=14 at M, =0.35:
T,/T = 1171, p,/p" =3.092, v, /0" = 0.3788, fLT/D = 3.452. L7 is calcu-
lated as follows:

LN D
L= ()7

0.8350 1t
L} =342 x ———
= A X 01343
L] = 214.63 1t
L3 15 calculated as follows:

L

Li— L =214.63 — 117.25 = 97.38(t

1o

Therefore, fL5/D is calculated as follows:

fL 001343 x 97.38 M1

D~ 0.8350f1
JL:
= = 1.566

3. From Table 3.4 ( Fanno Line Functions) at k = 1.4 and fL; = 1.566:
M, =045, T/ T =1.153, po/p* = 2.386, v /v" = 0.4833.

- 7,/T"
=T
) l(T]/T*)

1.153
T, = 582 R(m)

7, = 573 R — 460

75 =113F
= {pi/_p_*\
\m/r*)
. (2.386
= 200 pS]d(B.O‘)E)

o = 15433 psia
Ap =p —p; =200 — 15433 = 45.67 psi

AB B 45.67

= = (.228
i 200
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vy J v
Ty = ¥
: "\, /0t

vy = 413.84 ft/s(

0.4833
0.3788

vy =528 ft/s

Example 4.6: Main Steam Blowout Line. A main steam blowout line 1s
8-in. schedule 40 commercial steel pipe and has an equivalent length of

272.25 ft. Estimate the mass flow rate through the line and the exit condi-

tions if the line is blown at a constant boiler pressure of 1500 psia (as-

i

sume the steam is a saturated vapor).

Solution

This solution assumes that stcam follows a Fanno line function as an ideal
gas with an isentropic exponent of 1.3.

(a) Data acquisition
(1) Fluid properties:
Table D.1 —Water M = 18.015Ibm/Ib-mole:

R
R = I/IE = 15451t - Ibf /(b moi) R)/18.0151bm/lb-mole
= 85.76ft - Ibf/(ibm - R)
Table D.3 -Saturated water (vapor) at 1500 psia:

Tor = T = 596.90 F = 596.90 + 460 = 1057 R (Note: stagnation

conditions exist in the steam drum.)
py = 4.284 x 1077 1bf - s/ft°
(2) Pipe properties (Table C.3 for §-in. schedule 40 pipe):
D=0.6651ft,  A4=0.3474{t

For complete turbulence:

fx =0.01407; Re for /. = 14,190,000

(b) Inlet Mach number
Assume complete turbulence, and then check the assumption:
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D 0.6651 f1
JLTY _
( - ) = 5.759

From Table 3.4 (Fanno Line Functions) at kK = 1.3 and (fL}/D = 5.759:
M, =030,7T,/T" = L.135 p,/p" =3.551, v, /v" = p"/p, = 0.3196.

IFrom Table 3.1 (Isentropic Flow Functions) at K = 1.3 and M, = 0.30:
T/ Ty = 09867, p,/poy = 0.9435,

(‘/LT) 001407 x 272.25ft

{(c) Pressure and temperature

Stagnation conditions exist in the steam drum. Therefore, pressure and
temperature must be converted to static conditions at the blowout pipe
inlet as follows:

Py = P Qﬂ) == 1500 psia x 0.9435 = 1415 psia

0l

T
T =Ty (;_L') = 1057 R x 0.9867 = 1043 R
N2/
o =1 (1.39)

"~ RT,

14151bf /in.” x 144in.” /ft’
~ 85.76ft- Ibf/(Ibm - R) x 1043 R
p = 2.278 lbm/ft’

P

(d) Inlet velocity
The inlet velocity 1s calculated using equation (3.94):

v = M}\J kg[er (394)

vy = 0.304/1.3 x 31.171bm - ft/lbf - s* x 85.76ft . Ibf /(Ibm - R) x 1043 R
1 = 580 ft/s

(e) Exit conditions
Exit condition calculations are made by noting that sonic velocity is the
maximum velocity that can exist in the pipe:
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* 14 . .
sy =p = - = 1415 psia/3.551 = 398 psia

Pz pi/p

T,=T" = Tv 043 R/1.135=919R — 460 = 459 F
T,/T*

vy =" = '}' _ = 580 f(/s/0.3196 = 1815 ft/s
v fo

Py = p~ = i/'—* = 2.278 bm/ft’ x 0.3196 = 0.7280 lbm /ft°
PiL/P

() Mass flow rate
The mass flow rate is calculated using the continuity equation:

o= p A, = 2.278 Tbm/ft’ x 0.3474 1t x 580 ft/s = 458 Ibm/s

(g) Assumption of complete turbulence
Check the assumption of complete turbulence:
ari
Re = — 4.12)
nDug.

R 4 x 458 Ibm/s
€= o PPV I, BT a—— pa— TIWTW,

7 x 0.6651 ft x 4.284 x 1077 [bf - S/['[2 x dZ. 1/ 1bm - 1t/lbl /1b1 .§°
Re = 63.600,000

Because the calculated Reynolds number is greater than the Reynolds num-
ber for f.. (14,190.000), the assumption of complete turbulence is valid.

Note: An cnergy analysis using actual steam properties resulted in the
occurrence of choking flow at a pressurc of 420 psia with a quality of
88.32%. At this condition the mass flow rate in the pipe was 670 lbm/s.
Thus, 1f condensation had taken place, there would have becn a margin of
safety of 100(670/578) = 116%.

Example 4.7: Capacitv of a Long Natural Gas Pipeline. Determine the
carrying capacity in cubic feet of natural gas per hour at standard condi-
tions (14.7 psia, 60 F) of a 60-mile-long, 8-in. schedule 30 pipe if the initial
pressure is 315 psia, final pressure is 45 psia, flowing temperature is 60 F,
specific gravity is 0.7, and viscosity is 0.225 x 107 ft . Ibf - s/ft°.

Solution

Approach: This example is solved assuming isothermal flow and applying
equation (4.51).

(a) Data acquisition

(1) Fluid properties: From Table D.2 for air, M, = 28.97 Ibm/lb-mole:
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M., = SM, = 0.7 x 28.97 Ibm/Ib-mole = 20.28 Ibm/Ib-mole
R, 1545 ft - 1bf /(Ib - mol)( R)
" M,,  20.28Ibm/Ib-mole = 76.18 ft - Ibf/lbm R

T = 60+460 = 520R

Standard density:

s
b= (1.39)

14.71bf /in.” x 144in.”/ft?
), =
# = 76.18ft - 1bf/(lbm - R) x 520R
o, = 0.0534 Ibm/ft*

(2) Pipe properties: From Table C.3 for 8-in. schedule 30 pipe:

D = 0.6726f1, A = 0.35531t°
. = 0.01404, Re.. = 14,350,000

6_ -4

First Trial—Assume complete turbulence and then check:

gr(pl - ?2-
R‘T[Zlog((l7 ) ]

i = 0.3553 1't?

n=A (4.51)

32,17 Ibm - ft/1bf - s*[(3151bf/in.? x 144 in.”/ft%)
—(451bf/in.? x 144in.2/ft?)?]
315 psia
45 psia )

(76.18 f1 - Ibf /1Ibm - R)(520 R)[2 log‘.(

. (0.01404)(60 mi)(5280 ﬁ/ml)]

\ 0.6726 11

The first trial Reynolds number is calculated using equation (4.12):
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4nt

= 412
aDug. (12

_ 4 x 5.588 Ibm/s
T x 0.6726ft x 0.225 x 10791l - /617 x 32.171bm - ft/Ibf - 5°
Re, = 1,461,000

The first trial friction factor is calculated using equation (4.25).

- -2
fi= {114 2logg (1% + %%?—)} (4.25)
T / » 7125 N1~
1= L1.l4— 210%10(2-23 x 1077 + 261 00009)
£, =0.01474

Second trial —The second trial, using the first trial friction lactor substi-
tuted in equation (4.51). resulted in Re> = 1,426.000. Convergence to Re,.
was achieved on the third trial with #7 = 5.4506 Ibm/s. The volumetric flow
rate at standard conditions 1s calculated from the continuity equation, using
the standard density previously determined:

m o 5.45061bm/s 5
_ M — 102 ft
O = = 00534 ¢ om /s

= 1021t /s x 3600s/hr = 367,200 ft* /hr

4.13 NONCIRCULAR PIPES

The Colebrook equation may be used for noncircular pipes. To solve such
problems, an equivalent (circular) diameter is obtained from the hydraulic
radius and substituted for diameter in Reynolds number and friction factor
equations. The hydraulic radius (which is also used to compute flow losses in
conduits partially filled with liquids) is defined as follows:

fluid {low area A

welted perimeter —M=p (4.52)

hydraulic radius =

The wetted perimeter is the length of wall in contact with the flowing fluid
at a given cross scction. The hydraulic radius s related to the diameter of 4
circular pipe as follows:
xD’/4 D
nD 4

Therefore, the equivalent diameter is cxpressed as follows:

Rh =
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D.=4R, (4.53)

Example 4.8 illustrates the calculation of friction loss tn noncircular pipes
and ducts.

Example 4.8: Loss in a Rectangular Duct. Air at 122F and 14.7 psia
flows in a rectangular duct | ft x 3 ft at a rate of 150 ft*/s. The duct is
horizontal and 1000 ft long and is made of galvanized iron. Estimate the
pressure loss due to friction in this duct.

Solution

This problem is solved by substituting the equivalent diameter, as described
earlicr, and then computing pressure loss as if the duct were a circular pipe.

(a) Data acquisition

(1) Fluid properties: From Table D.2 for air at 122 F and atmospheric
pressurc:

p = 0.0684 lbm/ft’, i =10.410 x 107°1bf - s/ft’

(2) Duct properties: From Table 4.3 for galvanized iron,
g =500 x 107° 1L,

(3) Equivalent diameter: A = 11t x 3t =3 ft"

A 3t 3
R;,:——: :_—"-lt
P 3+3+1+Dft™ 8

The equivalent diameter is:

3 .
D, = 4R, =4 x ft= 150

(b) Velocity and mass flow rate

The velocity and the mass flow rate are computed from the continuity

equation:

Q150 ftj/’s
YTAT e
Av = pQ = 0.0684 1bm/ft’ x 150 ft* /s = 10.26 Ibm/s

= 501{t/s

Hi =

(¢) Reynolds number
The Reynolds number is calculated with the heip of equation (4.12):
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4

Re — 4.12
‘ nD.ug, (312
R 4 x 10.261bm/s
€= .
ax 1.5ft x 0.410 x 107¢1bf - s/ft? x 32.171bm - ft/Ibf . ¢~
Re = 660,300
(d) Friction factor
The friction factor i1s calculated with equation (4.25):
: 21.25
f = ] 14 — 2logl{)( + ,_() 9 -] (425)
| Re™ 7/ ]

—

f: 1.14—210g1[](

-2
500 x 107011 N 21.25
.51t 660,300"°

£ =0.01635

(e) Pressure loss
The pressure loss is computed from equation (4.22), assuming incompres-
sible flow:

fL p?!z
Ap= (=) 422
! (Dt-) 2g, (4:22)

Ap = (0.01635 x 1000 f't) 0.0684 Ibm/ft* x (50 f1/s)’

.51t 2 x 32.17Ibm - ft/ibf - §°

oA .

Ap = 28.971Ibf/ft" x ——— =0.20psi
144 in.-

Verifying the assumption of incompressible flow:
A (.20 o
o 0.014 < 0.1 (the assumption is correct)
P 147

4.14 HAZEN-WILLIAMS EQUATION

For fifty years the Colebrook equation and the Moody chart have been
universally accepted as a rational basis for calculating the flow of fluids in
pipes. The empirical equation described in this section has not appeared in
college fluid mechanics texts for over a quarter of a century. However, many
practicing engincers engaged in design still use this equation to calculate the
flow of water.
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Hazen and Williams (1920) published the results of a study of all avail-
able experimental data on the flow of water in pipes. The pipes ranged in
diameter from lin. to 180in., and the materials included tin. lead. brass,
wrought iron, cast iron, riveted steel. wood. cement, brick. and glass. They
plotted the results on a log-log graph puaper and proposed the following
equation:

= CHH. R()fﬂ S-() 54() 00] -0.04 =1 3!8CH”, R(}(ﬂs[] 54 (4.54)

In equation (4.54), v 1s the velocity in ft/s, C;y is the Hazen Williams
coefficicnt, R, is the hydraulic radius in ft. and S, is the hydraulic slope
in ft f1.

Commonly used values of Cyy- are given in Table 4.9. Because this
equation 1s still widely used to calculate flow for water supply systems, a
lower limit 1s provided in Table 4.9 to account for the aging process.

The hydraulic slope S, is defined as follows:

g H, 3217TH, H,

Sz = ¢l ~ 3217L L

(standard gravity) (4.55)

Table 4.9 Hazen Williams coefficients (Cyp0)

Type of pipe or _ E‘Téi _ _ _ Average Long-life design
tubing ngh (best) Low (poor) new pipe values
Brass 150 120 140 l 30
Cast iron 150 80 130 100
Cement 160 140 | 50 140)
Cement lined steel 150 140
Concrete 152 85 |20 100
Copper 150 120 140 130
Corrugated steel 60 60
Glass 150 120 140 130
Lead 150 120 140 130
Spiral-riveted steel 108 95
Tar-coated cast 1ron 145 80 130 100
Tin 150 120 140 130
Vitrifted 110 100
Welded and 150 80 140 100
scamless steel
Wood-stave 145 110 120 110

Wroug_ht iron 150 80 13() 100
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For circular pipes, R, = D/4, from equation (4.53). Substituting equations
(4.53) and (4.55) in equation (4.54) results in the following expression:

D)().m (ﬂ)nﬂ: 0.5503C;1H-DO'63H?‘54

v=1.23 18C”w (* 3 LU'54

: (4.56)

The volumetric flow rate may be obtained by substituting » from equa-
tion (4.56) into the continuity equation (Q = Awv):

D\ 0.5503C;p D" HP* 0.4322C DO HY
Q=dv= (7I ) = e (457)
4 LY 7034
Solving equation (4.57) for H, results in the following:
4.782L.0"*
= - (4.58)

- 4.870 ~1.852
D CHW

The relationship of the friction factor f to the Hazen- Williams coefficient
C;w may be established by solving equation (4.56) for H; and equating it to
equation (4.4):

g 30225L0 (AL
f = DI.I()?(*}I.?;Sl - \D} 2g.

Solving for f yields the following:

194.46

/= CL5 (o D)0 1% po0i9 (4.59)

If equation (4.59) is multiplied by v*'* /0" '*® and noting that the kinematic

viscosity of water at 60F is 12.31 x 10 ® ft’/s and that Re = vD/v from
equation (4.10), the results are as {ollows:

194 .46 B 194.46
{11_352{”1)\0'148 AO.019 0143 B C};Tf? RC“'MSDO'UW(Q-M X m—b)ﬂ'm

L
1036
= CTESIR 0138 0019
CripRe™ ™D

s

(4.60}

The friction factor obtained using equation (4.60) with C;y,- for steel pipe
of 140 compares favorably with the Colebrook equation (cquation (4.24))
for pipe sizes 2 in. and greater and for velocities from 3 ft/s to 10 fi/s.

The Hazen Williams equation may be used with accuracy with fluids
whose viscosity is close to that of water at 60°F. It will permit direct solu-
tions to network problems. This equation should not be used outside these
limits.
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Example 4.9: Use of the Hazen Williams equation. The water network
system shown in Fig. 4.7 has an energy loss of 200 ft-1bf/lbm between
sections A and D. The pipes are new 250 psi cast iron. Using the Hazen -
Williams equation, estimate the volumetric flow rate.

Solution

This example is solved by noting that for the parallel flow between sections
B and C. the energy loss is the same for the 12-in. and the 16-in. pipes. The
series flow between sections A and D 1s the sum of the energy loss for each

cartiian
[LLUR VRN RS B I

(a) Pipe properties (Table C.4- 250-psi cast iron)

Standard size Inside diameter- [t
12 in. 1.013
16 in. 1.345
20 1in. 1.680
24 in. 2.018

From Table 4.9 for average new cast iron pipe, Cyyy = 130.
(b) Flow through parallel section B to C:

4.728L 5,013 4.728L,c 01"
= Hyp =

4.870 ~1.852 4.870 71,852
Dl2 CHH/ Dl(x (HH’

Hin= (4.58)

Solving this equation for Q,/Q)> yiclds the following:

5,000 1t - 1X

10,000 ft -24° \

——
B

30007t - 16"

8,000 ft ~ 20 \

Hf—= 200 ft-Ibf/lbm

r

Figure 4.7 Notation for Example 4.9.
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Qo _ h‘lz( m)a.x?() o
Qi | L \Pi2

- 0.54
O | 35000 (1.345\**"" > 7769
=|——\|—= =L./70
0> {3000 \1.013

The total flow @ through both pipes is:

Q=01+ 00 =277T01>+ Q1. = 37770,
Q> = 0.26480Q

(¢) Flow through system
Hy = Hyp+ Hipe + Hiep
Substituting in equation (4.58) yields the following:
4.728L,,0'™7  4.728L,5(0.26480) ™7 4.728L,,0' "

DI DI DT
200 — 4728 X 10,0009 | 4.728 x 5,000 x 0.2648' 20!
- /()[?54”{\[%@'“’ [ U‘l%4}nnl»§01 287

4.728 x 8,0000"'**
l .6804‘87“ l 30I.852
200 = 0.7861 0" *>*

Q= 19.91t"/s
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Flow in Open Channels

5.1 INTRODUCTION

It it the intent of this chapter briefly to describe and illustrate some of the
more important points regarding flow in open channels. Included is suffi-
cient information to design rectangular and triangular weirs using American
Society of Mechanical Enginecrs coefficients and corrections. The examples
in this chapter are solved in USCS units only, but all the equations may be
used with either set of units,

5.2 BACKGROUND

An open channel is a conduit 1n which a liquid flows with a free surface
subjected to a constant pressure. Flow of water in natural streams, artifi-
clal canals, irrigation ditches, sewers. and flumes are examples where the
water surlace 1s subject to atmospheric pressure. The flow of any liquid in
a pipe where there is a free liquid surface is an example of open channel
flow where the liquid surface may be subjected to the pressure existing in
the pipe.

The flow of fluids in open channels was first described in detail by Sextus
Julius Frontinus (A.D. 40- 103), who published a treatise on Roman meth-
ods of water distribution. Antoine Chezy (1718~ 1798) formulated similarity

196
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parameters for predicting flow characteristics of one channel from mecasurc-
menlts carried out on another.

5.3 DEFINITIONS

Energy relations for open channel flow may be determined by modifying the
Bernoulli equation (3.24) to include a term for friction loss. The resulting
equation becomes:

7

_1+—+’1=_a+—+”-+i1,, (5.1)
2g vy

2g g

H, in this equation is the head lost due to friction. Note that ali the terms in
equation (5.1) have dimensions of length. Figure 5.1 is a plot of equation
(5.1) and assumes that the channel 1s of untform cross section.

The energy grade line 1s the sum of all the available energy
2+ 1728+ p/7).

The mydraulic grade line is the sum of the potential and pressure energies
and is also the hiquid surface (z 4+ p/y).

The distance between the liquid surface and the bottom of the channel 1s
sometimes called the stage and is denoted by the symbol v in Figure 5.1,

Channel width

‘" e
\ Liquid Surface ,
[y ey

G—N—DQ—I—-—-—;-\

Figure 5.1 Notation for open channel flow study.
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When the stages between the sections are not uniform, that is, y; # y», or
the cross section of the channel changes, or both, then the flow is said to be
varied.

When a liquid flows in a channel of uniform cross section and the slope of
the surface 1s the samec as the slope of the bottom of the channel
(v; = v = y). then the flow is said to be uniform.

The sfope of a channel, S., is the change in elevation per unit of hor-
izontal distance. For small slopes, this i1s equivalent to dividing the change in
clevation by the distance . measured along the channel bottom between two
sections. For steady. uniform flow, the velocity is uniform at all sections of
the channel, so the energy grade linc has the same angle as the bottom of the
channel. 5. can thercfore be expressed as follows:

S_ _ 1 — ¢
) L
For uniform flow, vy = v, and at any streamtube p; = p5, s0 equation (5.1)
reduces to the following:

(5.2)

Hy =z — o, (5.3)
Substituting equation (5.3) in equation (35.2) yields equation (5.4):
1 — Cn H}
S. = ! == 4
- L L (5.4)

5.4 PARAMETER FOR OPEN CHANNEL FLOW

Consider the steady, uniform flow of a liquid in an open channel produced
by a gravity of g. The liquid flows with a velocity of © and has a density of p,
viscosity of u, and a surface tension of o. The channel has an absolute
surface roughness of ¢. The flow has a hydraulic radius of R;,. It can be
shown from dimensional analysis (see, for example, Manning, 1896) that the
following relationships are valid:

0= FyRug (5.5)
where
£
F = f(Re, W,—
f(Re. W, 20)

The Weber number (W) is a dimensionless parameter representing the ratio
of inertia forces to surface tension forces. W can be written as (plo/og,).
[t is conventional practice to write equation (5.5) in the following form:
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v=C.\/Ryg (5.6)

C. in this equation s known as the Chezy coefficient. The functional rela-
tionship of €. can be expressed as follows:

E
C. = f(Re. W,———.
- =/f(Re iR, 2)

Relationship Between Friction Factor and Chezy Coefficient

The head lost due to friction /{; and the energy lost due to friction H, are
related as follows:
g.
H, == H, (5.7)
T

g

H; can be written in terms of the friction factor, f, according to equation
(4.5). Substituting this expression into equation (5.7), and noting from cqua-
tion (4.53) that D = 4R, results in the following:

fLv fLd?

H =——= 5.8
! D2g 8R,g (>.8)

Solving equation (5.8) for velocity, and noting from equation (5.4) that
S, = H, /L, yields equation (5.9):

v = SHL Rhg — 85: _Rh(g (59)
JL /

Setting equation (5.8) equal to equation (5.6) and solving for C. gives the
following relationship:

9= 85; Rhg — C \/’.R[ S-
V I3 S
or
C. = Sf—g (5.10)

For open channel flow, the Chezy coefficient is calculated by means of the
Manming equation, which was developed from the examination of experi-
mental results of water tests, The Manning relation is stated as equation

(5.11):
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_0 260, /2R,

n

(5.11)

where » is 4 roughness factor with units of fl/e (m”f’).
Replacing C, 1n cquation (5.6) with 1ts valuc from equation (5.11) gives
the following equation for velocity:

1/6 1/2 p2/3 /2

v=C/R,S. = (0 620‘/’? R ) R.S. = 0-2620¢ - Ry (5.12)

From the dimensional analysis, # should be a function of Reynolds
number, Weber number, and relative roughness. Since only water test
data obtained at ordinary tempcraturcs support this value. it must be
assumed that n is the value for turbulent flow only. Since surface tension
is & weak property, the cffects of Weber number variation are negligible,
leaving n to be some function of surface roughness. Design values of # are
given in Table 5.1.

Example 5.1: Flow in an Open Channel. Water flows in a rubble-lined
trapczoidal channel at a depth of 13 ft. The sides slope at 45 . and the
bottom width 1s 66 ft. If the channel drops 9ft per 10,000 ft, estimate (a)
the average velocity and (b) the volumetric flow rate.

Solution

This example is solved by the application of equation (5.12) and the con-
tinuity equation.

1. Roughness coefficient n: From Table 5.1, for a rubble-lined channel,
n =0.025 ft'/°,

2. Channel properiies: From Table C.2 for a trapezoidal channel with a
45 slope:

— (b + h)h = (66 + 13) = 1027(¢"

(b+mh 1027
R, — _ — 9.993
P 2828k 6628 x 13

3. Hydraulic slope: From cquation (5.4), S. = (2, — 23)/L = 9/10.000 =
0.0009 ft/ft.

a. Velocity [from equation (5.12)]:
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Table 5.1 Values of Manning’s Roughness Factor, »

n
Typc of surface fe'® m'¢
Brick 0.016 0.013
Cast iron 0.015 0.012
Concrete, finished 0.012 0.010
Concrete, unfinished 0.014 0.012
Corrugated metal 0.022 0.018
Earth, good condition 0.025 0.021
Earth, with stones and weeds 0.035 0.029
Gravel 0.029 0.024
Riveted steel 0.018 0.015
Rubbl¢ (.025 0.021
Wood, planed 0.012 0.010
Wood, unplaned 0.013 0.011

_0.2620g' 2RI S1?

'= "

_0.2620(32.17)'7(9.993)*%(0.0009)""* (5.12)

l‘

0.025
v==8273ft/s

b. Flow rate:

Q = A= 1027 ft* x 8.273 ft/s = 8.496 It’/s

5.5 MAXIMUM HYDRAULIC RADIUS

If equation (5.1) is substituted for ¢ in the continuity cquation, then the
following expression for flow rate 1s obtained:

172 p2/3 ol /2
Q___A‘UZ().Z()ZOAg R;"*s!

Examination of equation (5.13) indicates that, for a given roughness. slope,
and arca, the volume rate of flow will be a maximum when the hydraulic
radius 1s & maximum.

(5.13)

H
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The maximum hydraulic radius may be determined as follows: From
Table C.2, the hydraulic radius of a trapczoid is given by equation (5.14):

A

Ry = 5.14
"7 b 4+ hicosec o + cosec f) (>-14)
The area of a trapezoid is given as follows:
1
A=1[h+ Eh(cot a + cot f))h (5.15)

Solving equation (5.15) for # and substituting in cquation (5.14) yields the
following expression for hydraulic rads:

Al
Ri = : cota+cotfg (5.16)
A+ (cosec o + cosec f — _2—)
Lt
>0l t
cosec a + cosec B — coteteotf_ K (a constant) (5.17)

2

Substituting equation (5.17) in equation (5.16) simplifies the expression for
hydraulic radius;

R, = E—S%F (5.18)
Differentiating equation (5.18) with respect to £ gives the following;:

dR), = A Khz); T;h?)/zz(zml ) (5.19)
To find the maximum value of R, set equation (5.19) equal to zero:

dRy _ o\ _(A+ Kh*)A — 2AKK

dh (4 + Kh?)
or

A = Kir (5.20)

Substituting equation (5.20) in equation (5.18) gives the final result for
maximum hydraulic radius:
Khih h

erd‘(:_'?_-—_—’f:_ 5.21
’ K + Kn® 2 (5.21)
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Since rectangular, square, and triangular channels are a special case of
the trapezoidal channel, R, ... = #/2 must also apply. Table C.2 gives
values of R, .« for various channel shapes.

Example 5.2: Maximum Hydraulic Radius. A brick-lined rectangular

channel is to carry 200 ft*/s of water. If the channel slope is 1 in 10,000,
what should be the size of the channel?

Solution

This simple example is solved by application of the principles and equations

IUen In fl"IIL‘ cartinn
S YWl 111 111D JvWtingil,

. Roughness coefficient, n: From Table 5.1 for a brick-lined channel, n =
0.016 ft'/°.

2. Channel properties: From Table C.2 for a rectangular channel maxi-
mum hydraulic radius:

g ={.5 or b=2h
A=bh=21  (a)
h
Rh max — § (b)

Substituting equation (a) and equation (b) in equation (5.13) yields:

172 p2/3 ol /2
Q:0.262()Ag RS!
H
0.2620(247)(32.17)"2(h/2)*/}(1/10,000)' 2

0.016 1)

200

= 6.875ft
b=2h=6875x2=1375ft

5.6 SPECIFIC ENERGY

Specific energy is defined as the energy of the fluid referred to the bottom of
the channel as the datum, as shown in Figure 5.2. Thus, the specific cnergy,
E, at any section is given by the following:

2

2g
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Figure 5.2 Notation for specific encrgy study.

Equation (5.22) may be written in terms of volumetric flow rate by substi-
tuting {rom the continuity equation, ¢ = Q/A:

- (Q/A)

L=+ 23)
- ;2;{

wh

{

For a rectangular channel whose width is b, 4 = hy; and if ¢ 1s defined as the
flow rate per unit width (¢ = @/b), then cquation (5.23) may be written as
follows:

(Q/AY  (gh/by)  (q/y)
2% = I+ 22 =1+ 2g

Critical Values for Rectangular Channels

Critical values of specific energy, E,. depth, 1., and unit flow rate, ¢,, may be
derived by differentiating equation (5.24) with respect to 1 and setting the
first derivative equal to zero:

dE  d (q/3) —2¢°
_ ’ - = 0 e l
dv dy |:'l - 2g T 2¢y
or
4. =18 (5.25)

Substituting equation (5.25) in cquation (5.24) yields the following expres-
sion for critical specific energy:
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) 3 2
. 1'5' - "‘( ‘.: ‘( 3’ I('
cpladrd ey S Ok (5.26)

E = =
4 .1 ( 2g .l { 2lg

Critical velocity. r,. may be obtained from equation (5.22) and cquation
(5.26):

E 3.1‘( + “3
= Lf=p 4~
' 2 2g
or
o= \/g)'(, (5.27)

Figure 5.3 shows the relation of depth to specific energy for a constant
flow rate, and Figure 5.4 shows the relation between depth and flow rate for
a constant specific cnergy. If the depth 1s greater than the critical value. then
the tlow is subcritical; at critical depth it is critical; and at depths below
critical, the flow 1s supercritical. For a given specific energy there is a max-
imum unit flow rate that can exist. It should be noted from equation (5.27)
that

f'( .
VT

Substituting the general relation for Froude number (F = -z'/(_m'g)m) in equa-
tion (5.22) yields the following:

| = F

(

(critical Froude number)

Y
)
Potential energy .
+«——E.——» ) Py
s
L_ v? .4'{.
je 29
v Subcritical Tlow -
- al flow
’ f Supercritical flow Critic
e Ye
45 ‘
E

Figure 5.3 Specific energy diagram. ¢ = constant.
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Supercritical

| /

I Subcritical

B

T¢c
Figure 5.4 Depth vs. unit flow rate for constant specific energy.

= F2 {2\

E=r -{—-: ! g'r‘ =7 ] ‘— 528
ytae =+ )(-+2) (5.28)

Equation (5.28) may be rearranged in the form shown in equation (5.29):

¥ 1 2

E W +F2) 24 F°

(5.29)
Examination of equation (5.29) indicates the following:

F<l vE<2/3 flow is subcritical
F=1 »E=2/3 flow is critical
F>=1 v/E>2/3 flow is supercritical

[t is seen that for open channel flow, the Froude number determines the
types of flow in the same manner that Mach number does for compressible
flow.

Example 5.3: Subcritical Flow in a Rectangufar Channel. A rectangular
channel lined with planed lumber has a width of 27 feet. When the depth
of water is 3.5 feet, the flow is 370 ft'/s. Determine (a) the required stope,
(b) the specific energy, and (c) the type of flow.
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Solurion

This example is solved by using the Chezy equation (5.6) for the slope, the
encrgy equation (5.22) for the specific energy, and the Froude relationships
for the type of flow.

l.  Roughnesys coefficient n: From Table 5.1 for a planed wood. n = 0.012
ft'/®,

2. Channel properties: From Table C.2 for a rectangular channel:

A=bh=27x%x35=945"11"
bh 27 % 3.5

R =rip = 7x35327 - >0
3. Velocity:
0 370
)= — — e—— 3 15 ﬁ./f
= Togs s WIS U
4. Chezy coefficient:
. 0.2620 /gR,"
L - =
' H
o 0.26204/32.17(2.779)/¢ (5.11)
(. =
0.012
C. = 146.83 ft'/7 s
a. Slope:
1Oy
= C.\/R,S. or S. :h/ )
er
_ (3.915/146.83)° (5.6)

S.

2.779
S.=2.558 x 107% = 1/3,909

b.  Specific energy.

B

. &

E =)‘+§§

Fe1sa 3.915° (5.22)
2 x 3217

E =3.738 ft

c.  Type of flow: Solve equation (5.28) for the Froude number:
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F= 2(£ — l) = 2(3—,}?) =14+0.3688 < 1 (flow 1s subcnitical)

5.7 HYDRAULIC JUMP

Under certain conditions in open channel flow, a stream of water flowing at
supercritical velocity may change abruptly at subcritical flow. This phenom-
enon is accompanied by a change in surface elevation and is know as a
hydraulic jump. Consider the hydraulic jump shown in Figure 5.5 as a
free-body diagram. Application of the impulse-momentum equation (1.11)
to Figure 5.5 as a free-body diagram. Application of the impulse-momen-
tum equation (1.11) to Figure 5.5 results in the following:

m(uv, — v
F—F, = vy = 1) (5.30)
8¢
"""""""""" «—Energy grade line ?
............ HL
% :
3 V2
29

Critical depth

Y T Ty T
------------
------ aean
......
== e ey
--------------- - -
.
L]
s

Supercritical flow —»e——————Transition————me——— Subcritical flow

1 2

Figure 5.5 Notation for hydraulic jump study.
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From buovancy principles, F = yh.A4. Also note from equation (1.14) that
vy = pg/g. and that by definition 4. = y/2. For a channel of width b, 4 = by,
and force may be written as follows:

. (P2 (PN [ PEDY
F=yhd= (g )(2)(/7}) = (_fg( ) (5.31)

C

Continuity 1s cxpressed as m1 = pAwv; substituting 4 = by, 0 = Av, and Q =
bg (from Section 5.6) yields the following form for continuity:

m = pAv = pQ = phg (5.32)
From these substitutions, the following can be written for velocity:
b .
p=2 0 4 (5.33)
A by y

Substituting equations (5.31), (5.32), and (5.33) in equation (5.30) yields the
following:

y

4 4
. Ul
m(vy — 1) Pgb}'? B Pgb)'% _ (nhe) (.Vz .1'|)

F—F =
b g 2. 28, 2,

which reduces to:

(5.34)

—
Ln
tad
(9]

R

, 8 2
yzz-‘?‘(uu 1+%) (5.36)

The lost energy due to a hydraulic jump may be computed from cquation
(5.22)

2 2 2 2

. Uy U3 —
=F —-E = ' 11— T tr— ) =1 —F 5.37
H, | b (,1] + Zg) (,\ 2+ 2g) =i+ o (5.37)
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Example 5.4: Energy Loss for a Hydrawlic Jump.  Water flows at a rate of
350 ft'/s in a rectangular channel 15 feet wide at a depth of 1 foot. What
is the energy loss in a hydraulic jump that has occurred from this flow?

Solution

This exampile is solved by the principles set forth in this section. Note that it
is necessary to determine if a hydraulic jump can take place.

. Initial area and velocity:

A =hr =18 x 1 =18 It

Q 350
N=— = —— = 19.44 {t/s
T s

2. Unit flow rate:
0 350 5
= = — = 4 /5
¢=3 =73 19.44 ft=/s

3. Determine if jump can take place:

w173
p
¥ = ( )

_(19.44° " (5.25)
Ye=\ 3207

y,=2273ft> v, =111

Therefore, jump can take place

4. Conditions at section 2:

| [ g 19.447 )
w==1—1 l+——— | =4.373 (1 5.3
+2 2( +\/ +32.17><l’*J (:30)

va =4.373 1t > v, (subcritical)
5. Compute head loss:

A = hy> = 18 x 4.373 = 78.71 1t°

0 350
a2 0 as s
A TET /*
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2 2
H, =1 —1‘1—|—U1_U2
£ e M2 Zg
19.44° — 4.45° (5.37)
H, =1—-4373
L 4.373 + 2 x 32.17
5.8 WEIRS

Weirs are used to measure the flow of liquids in open channels or in conduits
that do not flow full, i.e., in which there is a free liquid surface. A weir is, in
cffect, a dam over which the liquid is forced to flow. Weirs are almost
exclusively used for measuring water flow. although small ones have been
used for metering other liquids.

Weirs are classified according to the form of their notch or opening as
follows: rectangular notch. the original form; the V or triangular notch; and
spectitl notches, such as the trapezoidal, hyperbolic, and parabolic notches,
which are designed to have a constant discharge coefficient or to have the
head vary directly with the flow.

Velocity—Height Relations

Conventional practice is to base weir computations on the ideal flow of an
incompressible fluid and to correct to actual flow conditions by use of a
coefficient of discharge, adjustment lengths, and head corrections.
Consider the flow of a liquid over a weir as shown in Figure 5.6. 4 is a
fluid particle located on the surface of the liquid a distance upstream {rom

the weir. B s a fluid particle in the free jet issuing from the weir and 1s a
distance y below the surface point 4. Both 4 and B are at atmospheric

pressure. The equation of motion for constant pressure (dp = 0) and for
frictionless flow (r = 0) is written as follows:

U dU 1 U dU
—gr/:—i—————{—n d[)-l-‘l.'TdL(ﬂl) :Ozig—d + ‘ +0+0
g g dA g g,

or
gdz+U du=0 (5.38)

Integrating equation (5.38) between the limits of 4 and B lcads to ¢quation
(5.39):
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Figure 5.6 Flow over a weir.

bl

& Ly U2 — 32
gf d:+f UdU=0=g(zy =y +%J
- Ly
or

f i
Up =28z —z) + U3 (5.39)

Conventional practice is to assume that point A is located in a channel of
infinite length. so &/, — 0. From Figure 5.6, -, — 7, = v. and let Uy = U;
(idcal jet velocity); then cquation (5.39) may be written as follows:

U, = 2gy (5.40)

5.9 RECTANGULAR WEIRS

Consider the jet issuing from the rectangular weir shown in Figure 5.7. The
flow arca of the fluid element shown at a distance 1 below the surface 1s
dA = Lw dy. The ideal jet velocity is given by equation (5.40).
Substituting these values in the continuity equation and integrating
between the liquid surface (0) and the weir crest (/) yields the following:

A i 242 d
0= [ Vaa= [ VL, i =L,y
0 0

3 0 (5.41)

2 > :
0, = 3 L, 2g[H*] (ideal flow rate)
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Channel width

f—— Lw—— =
Crest 1ength

_______ A Liquid Surface o
f G T dy o] T
...... Y
Yy T g SIS
BYX— B

...................................

........
...........
...................................

Figure 5.7 Notation for rectangular weir study.

For water mecasurement, the ASME Research Committee on Fluid Meters

(Bean. 1971) recommends the following:

O = CL 261 (5.42)

2| 2

where

0 = actual discharge from weir

¢ = coefficient of discharge = f(L, /L. f1/2) (Table 5.2)
1., = adjusted crest length = Lw + AL (Table 5.2)
H, = adjusted weir head = H +0.003 ft or # 4+ .9 mm

Example 5.5: Rectangular Weir Flow Measurement. Water flows in a
channel whose width is 10 ft. At the end of this channcel 1s a4 weir whose
crest height is 4 ft and whose width is the same as that of the channel.
The water flows at a height of 3 ft over the crest of the weir. Estimate the
flow in cubic feet per second.

Solution

This example is solved using equation {5.42) and Table 5.2.
1. Weir properties:
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Table 5.2 Values of C and AL for Use in Equation (5.42)

Crest length/channel width = L,./L,

0 0.2 0.4 0.6 0.7 0.8 0.9 1.0
Hjz Coefficient of discharge: C
0 0.587 0.588 0.590 0.593 0.595 0.597 0.599 0.602

0.15 0.587 0.587 0.593 0.604 0.611 0619 0.629 0.640
1.0 0.586  0.586 0.595 0.614 0.627 0.642 0.659 0.679
1.5 0.585 0.585 0598 0.624 0.643 0.664 0.689 0.718
2.0 0.584 0.583 0.600 0.635 0.659 0.687 0.719 0.756
2.5 0.584 0.582 0.603 0.645 0.674 0.709 0.749 0.795
3.0 0.583 0.581 0.605 0.655 069 0.732 0779 0.834

Adjustment for crest length: AL

ft 0.007 0.008 0.009 0.012 0013 0014 0013 0.005
m 0.0021 0.0024 0.0027 0.0037 0.0040 0.0043 0.0040 0.0015
LI%‘_E_]
L, 10
H 3
=2 _-075
r 4 !

From Table 5.2 at L, /L. =1 and H/z =0.75:
C =0.660 (by linear interpolation)
AL = -0.005 ft
L,=L,+AL=10+(-0.005)=9.995 ft
H,=H +0.003 = 3.003 ft

2. Calculate flow using equation (5.42):
2 3
Q — i CLH \@[1{:/“]

2
Q =3 x 0.660 x 0.995 x V2 x 32.17 x 3.003%/* (5.42)

Q = 183.6 It'/s
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5.10 TRIANGULAR WEIRS

Consider the jet issuing from the triangular weir shown in Figure 5.8. The
flow area of the fluid element at a distance below the surface of y is
dA = L. dv. From geometry and trigonometry, the following expressions
can be derived:

Lo _H-» T L
- = C e
1, H ;

L, = 2H tan (8/2)

_ Ly(H — 1)
N H

Therefore:

- [JI{(H —_l’) . 2H tan (6/2)
- H H

L, = 21an (68/2)(H — 1)

and
dA = 2tan (B/2)(H - v) dv

The ideal jet velocity is given by equation (5.40). Substituting these values
for d4 and U, in the equation of continuity and integrating between the
liquid surface (0) and the crest (/1) yields the following:

Channel width
Lc

\ Liquid ST:rface /

[ ™
y --_:_- --.: ...... ::_L
5 Tpmassaay
Crest

Figure 5.8 Notation for triangular weir study.
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A H
0, = [ U, d4 = f V2gr[2tan (8/2)(H — )] dv = 2,/2g tan (8/2)
0 0

{zﬂym 2/]
a2
3 5

0

8

5/2 -
Q;, = s tan (6/2)/2g[H"] (ideal volume flow rate) (5.43)
The value of the discharge coefficient for triangular weirs is dependent

primarily on the notch angle, @, and only slightly on the head—crest ratio,
H/z. The fluid viscosity and surface tension may affect the value of the
discharge coefficient slightly, but experimental data are inadequate to define
such effects. The ASME Research Committee on Fluid Meters (Bean, 1971)
recommends the following for the measurement of liquid flow through
triangular weirs:

8

= 5 C tan (8/2)y2¢(H + AH) " (5.44)

0

where:
Q = actual discharge from weir
C = coefficient of discharge = f(9) (Table 5.3)

A H = correction for head/crest ratio = f(#) (Table 5.3)

Example 5.6: Regulating Flow with a Triangular Weir. 1t is desired to
maintain a flow of 180 ft'/s of water in an open channel whose width is
10 ft at a height of 10 ft by locating a triangular weir at the end of the
channel. The weir has a crest height of 4 ft. What angle of notch is
required to maintain these conditions?

Solution

This example is solved by application of equation (5.44). Because the value
of the coefficient of discharge (" and the head/crest correction AJf are both a
function of the weir angle #, a trial-and-crror solution 1s necessary.

l.  Weir data: If the total depth ot the channel H + - = 10 ft. and the crest
height - 1s 4 ft, then H =10 —-z=10-4 =6 ft.
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Table 5.3 Values of " and AH for use in Equation (5.44)

217

Correction for head/crest ratio

Coefficient of

Weir notch angle 6 discharge Al AH
(degrees) C (fect) (meters)
20 0.593 0.0094 (.0029
30 0.587 0.0072 0.0022
40 0.582 0.0055 0.0017
45 0.580 0.0049 0.0015
50 0.579 0.0044 (0.0014
60 0.576 0.0038 0.0011
70 0.576 0.0034 0.0010
75 0.576 0.0033 0.0010
80 0.576 0.0032 0.0010
90 0.578 0.0030 0.0009
100 0.581 0.0027 0.0008
2. First trial: From Table 5.3, € = 0.58 for all values of 6, and AH 1s
small compared with /. Use €' = 0.58 for the first trial:
8
0 =3¢ tan (8/2) J28(H + AH)"?
180 = ]8—5 x 0.58 x tan(f/2) V2 x 32.17(6)"" (5.44)
tan(8/2) = 0.8227
6 = 78.88
3. Second trial: Use 8 = 80 (nearcst tabular value):
C = 0.576, A =0.0032 ft
8 3
Q= C tan (6/2) V2e(H + AH)Y?
(5.44)

180 = % x 0.576 x tan(8/2) v2 x 32.17(6.0032)"°

tan (0/2) = 0.8272
6=7922

Further trials are unnecessary; therefore use 79.22 .
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Flow Measurement in Closed Conduits

6.1 INTRODUCTION

This chapter presents the concepts involved in the measurement of fluid
flow. Six types of primary elements were selected to illustrate the funda-
mentals. They are all nonproprietary and may be fabricated from drawings
given in the standards referenced in this chapter. Flow measurement is an
extremely complex business. Before using this chapter for design, the refer-
ences cited should be reviewed for installation information.

Although the examples are in USCS units only, all equations are structured
so that ST units may also be used.

6.2 BACKGROUND

The first real low measurement was described by Hero of Alexandria (1 Ap).
Hero’s flow measurement system included a tank for volume mecasurement
and a sundial for time measurcment. The flow rate was calculated using the
continuity equation, More recent are: 1502, Leonardo da Vincl established
the principle of continuity; 1748, Danicl Bernoulli developed his famous
equation; 1895, Clement Herschel invented the Venturi tube.

219
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6.3 FLOW MEASUREMENT ACCURACY

It is not possible, except by accident, to manulacture two objects exactly the
same. Because of this hmitation, no two meters, even of the same type, ure
likely to give the same indication when the same quantity of fluid is passing
through them. The degree to which this applies i1s not the same for all types
of meters. For this reason, “uncertainties™ are assigned to different types of
primary elements to describe their inherent accuracy. Uncertainties have to
do with practically unavoidable differences between apparently duplicate
primary elements. Uncertainty in How measurement is defined as a range
of values within which the true value is estimated to lie with 95% prob-
ability. Calibration of a primary element at conditions of use reduces this
uncertainty to the level of the accuracy of the calibration laboratory:.

Uncertainties given in this chapter are for uncalibrated primary elements
onlv. Installation, pressure sensing, and other factors may cause flow measure-
nwent errors many times the uncertainty of a primary element.

6.4 DIMENSIONAL ANALYSIS OF PIPELINE FLOW METERS

Consider a compressible fluid of density p. dynamic viscosity p, and bulk
modulus of elasticity £, flowing with a velocity « through 4 primary element
(Venturi, nozzle, or orifice) whose diameter is ¢/, as shown in Figure 6.1. The
primary clement is located in a horizontal meter tube of diameter D and an
absolute roughness of &. The flow through the primary c¢lement produces a
pressure differential of Ap sensed by pressure taps of diameter § located a
distance L, before and L, after the primary element. From dimensional
analysis, Equatton (6.1) can derived for fluid velocity:

2Ap g,
P
where K = f(Re,. M. L,/D,L,/D.§/D. B, /D).

v=K (6.1)

6.5 PHYSICAL ANALYSIS OF PIPELINE FLOW METERS

Substituting + from equation (6.1) in the continuity equation (#1 = pAr)
results in the following:

: 2 Ap g, —
m = pAr = pAK % = KA/ 2g. Ap p (6.2)
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Primary %e

=
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=
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-
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Figure 6.1 Notation for dimensional analysis of flow meters.

In Chapter 3, equation (3.122) was developed for ideal compressible flow
through nozzles. Noting that by definition p = 1/v and that for this applica-
tion 4> = A

2g.(py —p2) 22, Ap p

Mygeat = YA o= r/' I g (6.3)
where Y, the expansion factor, is defined by the following:
_ mass flow rate of a compressible fluid
mass flow rate of an incompressible fluid
For actual flow, equation (6.3) may be written as follows:
S O e (6.4)

I - p

where € is the coefficient of discharge.
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Comparing equation (6.1) with equation (6.4), we can write C as follows:

K1 - p

C = 6.5
% (6.3)
Conventional practice is to express C in terms of Re, as follows:
. a

etf

In equation (6.6), .. is the cocfficient of discharge when the Reynolds
number is infinity and AC is the change in the coefficient from a
Reynolds number of infinity to Re,. The numerical value of the slope. 4.
depends on the type of primary clement; that of the ¢xponent, . depends
upon the type of flow.

Pipe Reynolds Numbers

In Section 4.5, equations for calculating Reynolds number were developed
for flow in pipes. In flow measurement. the Reynolds number may be cal-
culated in terms of the primary clement diameter « or in terms of the pipe

diameter D, The relation between these is as follows:

- LR S 4§ ¥ (R 2

Re, 4m/mdug. D
Rep, — dm/nDug,  d

or

Re, = — Re, = BRey (6.7)

6.6 ASME VENTURI TUBES

The advantages of the Venturi tube are its ability to transport materials in
suspension without clogging and its low overall cnergy loss. The disadvan-
ltage is the long “laying length™ required to mamtain low loss. Traditional
applications of this device have been in low-pressure gas lines and water and
sewage mains.

The Venturi tubes described in this section are those conforming with
ASME Fluid Meters Research Committee on Fluid Meters Report (Bean,
1971) and ASME Flow Meusurement Standard (Measurement of Gus Flow,
1987). They are also called classical Venturi tubes as well as Herschel-type
tubes. The form of the Venturi tube is shown in Figure 6.2. The ASME
Venturi tube consists essentially of a cylindrical inlet, convergent entrance,
throat, and divergent outlet. The divergent outlet is present to reduce the
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Cylindrical Convergent _
’ infet entrance | hfoat Divergent
oullet\
>
.
ez 727
//////////777)
Flow
__________ @y oo e
”

8 < 0.1D (upstream) 0.13d {downstream)

o, =21° ¢ 1° a, = 7°to18°
p - L 0.30t0 075
- D - . o] .

Figure 6.2 ASME Venturi tube.

overall loss of the meter; its removal will have no effect on the coefficient of
discharge. Pressurc is sensed through a series of holes in the inlet section and
throat. Each set of holes leads to an annular chamber; the two chambers are
connected to a pressure differential measurement device.

Classification of Venturi Tubes

Venturi tubes are classified into three types according to the method of
manufacture.

. Rough-cast convergent. This type 1s manufactured from castings. The
throat is machined. and the junctions between the various sections are
rounded.

2. Mauchined convergent. This type is manufactured in the same manner as
type 1. except that entrance scction, convergent. and throat are
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machined as one assembly from a bar forging or other suitable mate-
ral.

3. Fuabricated convergent. This type is manufactured from formed meltal
sheet and 1s joined together by welding. The junctions between the
various sections are not rounded.

In the United States, type 1 is almost always used; in Europe, all three types
are used.

Discharge Coefficients and Uncertainty

I. Rough-cast convergent. For this type of Venturi, thc ASME Code
(Measurement of Fluid Flow, 1989) specifies C = 0.984 with an uncertainty
of 1.0% subject to the following limits:

Pipe Reynolds number, Rep,, from 200,000 to 6,000,000

Beta ratio, g, from 0.30 10 0.75

Nominal pipe size from 4 in. to 48 in. (may be used up to 84 in. with
rcliability)

The coefficient of discharge for type 1 Venturis may be estimated using
the following equation:

C = 1.0087 — lo—z;%ﬁ (6.8)

“p
The uncertainty is estimated from equation (6.9):

uncertainty % = 143 — 2.57 log,, (Rep) [minimum 1%] (6.9)

Equations (6.8) and (6.9) are¢ valid for a pipc Reynolds number ranging from
10,000 to 200,000. Table 6.1 gives tabulated values calculated from equa-
tions (6.8) and (6.9).

2. Machined convergent. For this type of Venturi, the ASME Code
(Measurement of Fluid Flow, 1989) specifics C = 0,995 with an uncertainty
of 1.0% subject to the following limits:

Pipe Reynolds number Rey, from 200,000 to 2,000.000
Beta ratio, 8, from 0.30 to 0.75
Nominal pipe size from 2 in. to 10 in.

The coefficicnt of discharge and uncertainty for type 2 Venturis may be
obtained from Table 6.2. Note that the coefticicnt of discharge for type 2
Venturi tubes 1s shown as a function of the throat Reynolds number, Re,.
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Table 6.1 Coefficients of Discharge and Uncertainties for ASME Rough-
Cast Convergent Venturi Tubes (Type 1)

Pipc Coefficient Pipe Coefficient
Reynolds of Reynolds of
number. discharge. Uncertainty,| number, discharge, Uncertainty,

RCD C % RCD C %
10,000 (.905 4.0 42,000 0.958 24
11.000 0.910 3.9 44,000 0.956 2.4
i2.000 (0.914 38 46,000 (.960 2.3
13,000 0,918 3.7 48,000 0.961 23
14,000 0.921 3.6 50,000 0.962 2.2
15.000 0.924 3.6 55.000 (0.964 2.1
16.000 0.927 3.5 60,000 0.966 2.0
17.000 0.929 34 65,000 0.968 1.9
18.000 0.931 34 70.000 0.969 1.8
19.000 0.933 33 75,000 (0.971 1.8
20.000 0.935 3.2 80,000 0.972 1.7
21,000 0.937 32 85,000 0.973 1.6
22,000 0.939 31 90.000 0.974 1.6
23.000 0.940 3.1 95,000 0.975 1.5
24.000 0.942 3.0 100,000 0.976 1.5
25,000 (.943 3.0 110,000 0.977 1.3
26.000 (0.944 3.0 120,000 0.979 1.2
27,000 0.945 2.9 130,000 0.980 1.1
28,000 0.947 29 140,000 0.981 1.0
29,000 0.948 2.8 150,000 0.982 1.0
20,000 0.949 28 160,000 .93 1.0
22.000 .951 2.7 170,000 (.984 1.0
24,000 0.952 27 180,000 0.984 1.0
16.000 0.954 2.6 160,000 0.984 1.0
38,000 0.955 2.5 2x10°—6x10° 0984 1.0
40,000 0.957 2.5

3. Fabricated convergent. For this type of Venturt, the ASME Code
(Meusurement of Fluid Flow, 1989) specifies € = (1.984 with an uncertainty
of 2.0% subject to the following limits:

Pipe Reynolds number R, from 200,000 to 6,000.000
Beta ratio. g, from 0.30 to 0.75
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Table 6.2 Coefficients of Discharge and Uncertainties for ASME
Machined Convergent Venturt Tubes (Type 2)

Throat Coeftficient Throat Cocfficient
Reynolds of Reynolds of
number, discharge, Uncertainty,| number, discharge, Uncertainty,
Re, C Yo RC[) C Yo
10,000 0.964 3.1 220,000 0.994 2.1
20,000 0.966 3.0 240,000 0.995 2.1
30.000 0.967 3.0 260,000 0.996 2.0
40,000 0.968 3.0 280,000 0.997 1.9
50.000 0.970 3.0 300.000 0.998 1.5
60.000 0.971 2.9 320.000 0.998 1.5
70.000 0.973 2.8 340,000 0.999 1.5
80.000 0.974 2.8 360,000 (.999 1.5
90.000 0.976 2.7 380.000 0.998 1.4
100,000 0.977 2.5 400,000 (.998 1.3
120,000 0.981 2.5 420,000 0.998 1.3
140,000 0.984 2.5 440.000 0.997 1.2
160,000 0.987 2.5 460,000 0.996 1.1
180.000 0.990 2.5 480,000 0.996 1.0
200,000 0.992 2.5 500,000 0.995 1.0

Nominal pipe size from 4 in. to 48 in.

The cocfficient of discharge and uncertaintics for type 3 Venturis may be
estimated from Table 6.3

Expansion Factor Y

The expansion factor Y for all types of Venturi tubes is the adiabatic expan-
sion factor Y, developed in Chapter 3. Values of ¥ may be calculated using
equation (3.120) or taken from Table 3.2

Pressure Loss Caused by Venturi Tubes

The pressure loss in terms of pressure developed by a Venturi is dependent
primarily on the exit cone angle and the beta ratto. The following equations
may be used to estimate this loss for all type of Venturl tubes where Ap, is
the pressure loss in the same units as Ap:
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Table 6.3 Coefficients of Discharge and
Uncertainties for ASME Fabricated
Convergent Venturi Tubes (Type 3)

Pipc Coefficient
Reynolds of
number, discharge, Uncertainty,
Rej, C %
10,000 0.930 3.5
20,000 0.940 3.0
30,000 0.940 3.0
40,000 0.960 2.5
50.000 0.960 2.5
60,000 0.970 2.5
70,000 0.970 2.5
$0.,000 0.980 2.5
90,000 0.980 2.5
100,000 (0.980 2.5
150,000 0.980 2.3
200,000 (.984 2.0

For maximum loss (maximum exit angle):
Ap; = (0.436 — 0.868 + 0.598°) Ap  (ay = 15) (6.10)
For minimum loss (mitnimum exit angle):

Ap; = (0218 —0.428+0388°) Ap  (aa=7) (6.11)

Example 6.1: Venturi Tubhe Flow Measurement Benzene at 68°F flows
through a horizontal rough-cast convergent Ventun tube (type 1). The in-
let scction has a diameter of 8 inches and the throat of 3.5 inches. The
exit cone has an angle of 7 . The differential pressure is measured by a
mercury manometer having benzene on top of the mercury, The mercury
level in the throat leg i1s 4 inches above the mercury in the inlet leg. Esti-
mate (1) the volume flow rate and (2) the overall pressure loss.

Solution

This example 1s solved by computing the pressure differential from the
manometer levels using equation (2.8). The mass flow rate is then computed
using equation (6.4). Becausce coefficient of discharge is a function of
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Reynolds number, a trial-and-error solution is necessary. The overall pres-
sure loss is computed using equation (6.11).

(a) Fluid properties
From Table D.1 for 68 F:

Benzene:

p; = 54,79 Ibm/ft’, = 13.60 x 10°° Ibf s/ft"
 pg 5479 x 3217

= 54.79 Ibf/tt?

=y 32.17
Mercury:  p,, = 845.67 lbm/(t’
845.67 x 32.17 . )
Vie = Pm&/8 = 317 = 845.67 ]bf/ft
{b) Tube properties
d 35
= - =—=04375
A D 8
_mrd®  m(3.5/12y
/'ld _— 4 _ 4 — V.ol
(c) Pressure differential
4 o
Ap — (¥ — ¥, = (84567 — 54.79)5 = 263.62 Ibf /ft~ (2.8)

(d) First trial
Assume ¢ = 0,984 (maximum for type | tubes). Note that ¥ = | for incom-
pressible fluids (liquids):

m = ('Y_/!“, "‘{"_Ap_pl_
y 1-4
2 x 32.17 x 263.62 x 54.79 (6.4)
1 = 0.984 x | x 0.066%1 \/
" SRS, 1 —0.4375°
m = 64.57 lbm/s
dm 4 x 64.57

Re), = — 281,866

aDug, 7 (8712) x 13.60 x 100 x 32.17

From Table 6.2, C =0.984 for Rep = 200.000 to 6.000,000. Therefore,
further trials are unnccessary.
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I~
I~
k-

I. Volume flow rate:

f?-? 6457 3
0= =5 /s

Overall pressure loss—7  exit cone:
App = (0.218 — 0428 + 0.388%)Ap
Ap; = (0.218 — 0.42 x 0.4375 + 0.38 x 0.4375°)263.52

2891 Ibf/ft°
B 1 44

!\)

Ap; = 0.195 psi

6.7 ASME FLOW NOZZLES

The ASME flow nozzle (Figures 6.3 and 6.4) consists of an approach por-
tion shaped in the form of an ellipse whose major diameter is parallel to the
flow, followed by a cylindrical section. Pressure differential is sensed by taps
located one pipe diameter upstream of the nozzle inlet and one-half dia-
meter downstream. The downstream taps may be located to sense the fluid

d'"1 “'--\
Y
L .———"!"—-—- b~\ ' \\
@ - 1 - } - 3
r
2 7
'y i " ’
——— r|_>| I ™ *
]
R 222 §
High Beta Retio Nozzle Low Beta Ratio Nozzle
B= 050100.80 f= 020t005
r|= D/2 r'= d
r2 = {D-d)/2 "2 = 063dto067d

Figure 6.3 ASME wall tap flow nozzles,
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pug- m 0.25 t0 0.50

=d

r2 = 0.63dto 067d

6 = 0.131in.t0 0.25 in

Figure 6.4 ASME throat tap nozzles.

pressure in the cylindrical portion (throat) 0
between the nozzle and the pipe wall. The former are known as “throat™
laps and the latter as “pipe wall” taps.

Wall tap flow nozzles are used to mcasure the flow of air, water, steam.
and most fluids that arec not highly viscous. The throat tap flow nozzlc,
because of the high cost of fabrication, 1s used almost exclusively for the
measurement of condensate flow in the testing of steam turbines.

The flow nozzles described in this scction are those conforming with
ASME Fluid Meters Research Committee on Fluid Meters Report (Bean,
1971). ASME Flow Mcasurement Standard (Measurement of Fluid Flow,
1989), and PTC6 “Stcam Turbines™ (Performance Test Code, 1976).

A
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Classification of Flow Nozzles

Flow nozzles are classified into three types according to their beta ratio and
the location of their pressure sensing taps,

I. Wall tap flow nozzle (high beta ratio). In this type of nozzle, the beta
ratio ranges from 0.50 to 0.80.

2. Wall tap flow nozzle (low beta ratio). The beta ratio for this type of
nozzle ranges from 0.2 to 0.5.

3. Throai tap flow nozzle. In this type of nozzle, the beta ratio ranges from
0.25 to 0.5.

Discharge Coefficients and Uncertainty
Types | and 2
The following equations may be used for both type 1 and type 2 nozzles:
6.53

172

Re“,

C =0.9975 — {6.12)

Equation (6.12) is valid for throat Reynolds numbers from 10,000 to
1.000.000. For higher throai Reynolds numbers, use equation (6.i3) to
determine the discharge coefficient:

0.1035

C=09975 - ———
/s
Re,

(6.13)

The uncertainty associated with types | and 2 1s 2.0%.

Type 3
For throat tap nozzles the following ¢quations may be used:

7.376
12
Red

C =1.007 - {0.14)
Equation (6.14) is valid for throat Reynolds numbers from 10,000 to
450,000. For throat Reynolds numbers from 450,000 to 1,000,000, use equa-
tion (6.15):

1073

Cu

For throat Reynolds numbers greater than 1.,000.000, equation (6.16)
should be used:

C=0,9953 — (6.15)

C = 1.0054 —

4/5
0.186(1 _36],239) (6.16)

RC“'

E
Re
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The uncertainty of throat tap nozzles is about 1% for Reynolds numbers
below 1,000,000: the uncertainty i1s 0.5% above this value for uncalibrated
nozzles. When used for turbine testing according to ANSI/ASME PTC6
(Performance Test Code, 1976), nozzles must be calibrated and match equa-
tion (6.16) within 0.25% before they can be used.

Coefficients of discharge for all three types of nozzles are shown in Table
6.4.

Expansion Factor Y

Tl [ S <
111G

s iz tmco i Kb~ Y [ L I I I oo ic
EXpansion 14acior ¢ 1015 aul Lypes o1

How nozzles is the adiabatic CXpaii-
sion factor Y developed in Section 3.4.3. Values of Y may be calculated
using equation (3.120) or taken from Table 3.2.

Table 6.4 Cocfficients of Discharge for ASME Flow Nozzles

Throat Throat

Reynolds Wall Throat Reynolds Wali Throat
number, taps taps, number, taps taps
Re, C C Re, C C

10,000 (.9322 0.9332 1,000,000 (0.9910 0.9972
15.000 0.9442 0.9468 1.500.000 0.9915 0.9968
20,000 (.9513 (0.9548 2,000,000 .9918 0.9967
30,000 0.9598 0.9644 3.000.000 0.9923 0.9969
40,000 (.9649 (0.9701 4,000,060 .9926 .9972
50,000 0.9683 0.9740 5.000,000 0.9928 0.9974
60,000 (.9708 0.9769 6.000.000 0.9929 0.9976
70,000 0.9728 0.9791 7,000,000 0.9931 0.9978
80,000 0.9744 (0.9809 8,000,000 0.9932 0.9980
90.000 0.9757 0.9824 9,000,000 0.9933 0.9981
100.000 0.9769 (1.9837 10,000,000 0.9934 0.9680
150,000 0.9806 0.9880 15,000,000 0.9937 0.9986
200,000 0.9829 0.9905 20,000,000 (0.9939 0.9990
300.000 0.9856 0.9935 30,000,000 0.9942 0.9995
400,000 0.9872 .9953 40.000.000 0.9944 0).9998
500,000 (.98%3 0.9962 50,000,000 (1.9945 1.0001
600,000 0.9891] 0.9965 60.000,000 0.9946 [.0003
700,000 (.9897 0.9968 70.000,000 0.9947 [.0004
800.000 0.9902 0.9970 80,000,000 .9948 1.0005
900,000 (.9906 0.9971 900,000,000 00.9948 [.0007
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Pressure Loss Caused by Flow Nozzles

The pressure loss in terms of pressure developed by a flow nozzle 1s depen-
dent primarily on the beta ratio. The following equation may be used to
estimate this loss for all types of flow nozzles.

Ap, =(0.218 — 0.428 + 0.3885)Ap (6.17)

Ap, is the pressure loss in the same units asAp.

Example 6.2: Design of a Flow Nozzle An ASME wall tap flow nozzle is
to be designed to meter 7,000 lbm/hr of carbon dioxide with a pressure
differential equivalent to 100 inches of 68°F water. The carbon dioxide en-
ters the nozzle at a temperature of 122°'F and 20 psia through an 8-inch
standard-weight steel pipe. Determine the throat diameter and the beta ra-
tio of the nozzle.

Solution

This ¢xample 1s solved by trial and error. The coefficient of discharge is
framtiinim fF tha theant DagrmAalde miimrlanrs ssrdatab Azt bha cvmsiasmsidonsd 17 dsl
TUlviIuLl U1 LHc Lnval ROYHOLIUS 1HUivel, WITGIL LALINUL DC LUlllpulCU UILLLl
the throat diameter 1s calculated. The expansion factor also requires that the
throat diameter be known. Since the coefficient ol discharge is near unity,
the best procedure is to assume for the first trial that C = | and that the fluid

1s incompressible Y = 1.

(a) Fluid properties
Carbon diozide: From Table D.1, M = 44.010 lbm/Ibmol. From Table D.2
for 122'F, u = 0.337 x 107 % Ibf- s/ft*. k& = 1.279.

12 144 x 20
RT ~ (1545/44.01) x (122 + 460)

Py = = 0.1410 lbm/ft’°

(b) Pipe properties
Table C.3, standard steel pipe, D = 0.6651 ft.

(c) Pressure differential
Ap = 100 in. HyO x 3.6065 x 1077 psi/in. H-O x 144 = 519.34 Ibf /ft*

519.34
144

m=p —Ap=020— = 16.39 psia

™ 1639
= = 0.8196
7 20
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(d) First trial
Assume C =1, Y =1 8=0:

12¢, A
B = (‘YA“J —_—(glc 24‘0]

3% 32.17 x 519.34 x 0.1410
(7000/3600):lxl><A(,\/x xl = X

A,y = 0.02832 ft? (6.4)

0283
g fMa_ [Ex 002832 a0 1
T T

0.1899
17 0.6651

= 0.2855

Expansion factor: From Table 3.2 at A = 1.279, = 0.288. p,/p; = 0.8196:
Y, = 0.8879 (intcrpolated)
Throat Reynolds number:

4m 4 x (7000/3600)

_ — 1.202.500
adug, wx0.1899 x 0.337 x 107% % 32.17

Re;, =

From Table 6.4 at Re,; = 1, 202.500:
C, =09912 (interpolated)

(e) Second trial

Assume O = (L9912, Y = (L.8R79 8 = (0.2855:
dy = (.2023 ft, B> = 0.3042, Re,» = 1.281.000
Y, = 0.8878. C>=0.9913

Note that the differences between the assumed and calculated values of C
and Y arc in the fourth decimal place. and further trials are unnecessary.
Therefore, = 0.2032 x 12 = 2.44 in. and £ = 0.3055.
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Example 6.3. Calibration of a Throat Tap Nozzle Calibration data for an

ASME throat tap nozzle are as follows:

Fluid water
Pipe inside diamcter, inches 14.9900
Throat diameter, inches 7.4990
Scale weight, pounds 190.179
Time for weight, seconds 531.995
Differential reading, inches of mercury 4.956
Manometer temperature, F 79
Water temperature, “F 130

Does this calibration mecet the PTC6 requirement that the coefficient be
within £0.25% of the value calculated using equation (6.16)?

Solution

This example is solved by calculating the coefficient of discharge from the
calibration data and matching it with the coefficient obtained from equation
(6.16).

(a) Fluid properties

Table D.1 (interpolated values):
Water at 79°F: p, = 62.2 Ibm/ft’
Pg 62.21 x 32.17
g 32.17
Water at 130 F: p, = 61.55 Ibmyft’, u = 10.63 x 107° Ibf- s/ft’
Mercury at 79 F: p,, = 844.67 1bm/ft’

_ Pmg _ 844.67 x 32.17
N VR T

4

= 62.21 Ibf/ft’

Vi =

= 844.67 Ibf /ft’

(b) Nozzle properties

4 7.4990
=LY .5003
A== 12.9%
2 2
2 4990/12 :
Ay = ”j =Y 93/] 03067 112

(c) Pressure differential

4, ,
AP = (Vi = vy = (844.67 — 62.21)(%) =323.16 Ibf/f° (2.8)
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(d) Mass flow rate
mass 190, 179

_ — 357.48 Ibm/s
Gme  531.995 7 m/s

H =

(e) Throat Reynolds number

4m 4 x 357.48

= = = 2.130.000
mdpg, 7w x{(7.4990/12) x 10.63 x 107° x 32.17

(f) Calibrated coefficient of discharge

. [ — gt 35748 | | — 0.5003
C =2 o »r P _ — 0.9975
YA N g Ap p; [ x 03067V 2 x 3217 x 323.16 x 61.53

(g) PTCé cocefhicient

4/5
C = 10054 - 2 i i (1 - 361;'6279) ’
o ¢
p 0.185 (/. 361239\
C T 0,000 U 20130.000)
¢ = 0.9975

(h) Meets requirement of 0.25%:

0.9968 — 0.9975
0.9968

difference = [ ] »x 100 = 0.07%

6.8 ASME ORIFICE METERS

The ASME thin-plate sharp-edged concentric orifice is simply a circular
plate with a hole bored in its center. When fluid forces require that the
plate be thick, the hole is beveled on the downstream side at an angle of
45 so that the cylindrical portion is between one-tenth and one-eighth of
the bore diameter ratio.

Figure 6.5 shows the relative pressure difference due to the presence of
the orifice plate, Because the location of the pressurc taps is critical, it 1s
necessary to specify the exact position of the upstream and downstream
pressure taps. The jet contraction amounts to about 60% of the orifice
arca, so orifice cocfficients arc on the order of 0.6, compared with nearly
unity obtained with Venturi tubes and flow nozzles,
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Figure 6.5 Pressure gradients for flow through an orifice plate.

The orifices described in this section are those conforming with ASME
Fluid Meters Research Committee on Fluid Meters Report (Bean, 1971)
and th¢ ASME Flow Mecasurement Standard (Measurement of Fluid Flow,
1989).

Standard Tap Locations

Three tap locations are specified by the ASME for measuring pressure
differential: flange taps. D and D/2 taps, and corner taps.

1. Flange taps. These taps are always located | inch from either face of
the orifice plate, regardless of the size of the pipe. Flange taps are used
because they can be prefabricated and because flanges with the holes drilled
at the correct locations may be purchased as off-the-shelf items. thus saving
the cost of field fabrication. The disadvantages of this type is that they are
not symmetrical with respect to pipe size and discharge coefficients vary
with pipe size.

2. D and D/2 tups. The upstream tap is located one pipe diameter from
the inlet face of the orifice plate and the downstream tap one-half pipe
diameter from the inlet face of the orifice plate. The downstream tap is
located so that 11 essentially senses the minimum pressure and thus produces
the maximum differential pressure. D and D/2 taps are symmetrical, and
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their discharge coefficients are independent of pipe size. The disadvantage of
this type of tap is the cost of installation.

3. Corner taps. As the name suggests, the upstream tap 1s located at the
inlet corner of the plate and the downstream at the outlet corner, These taps
are symmetrical, and the coefficient of discharge is independent of pipe size.

Discharge Coefficients

The general equation for the coefficient of discharge for an ASME orifice 1s
as follows:

91.718%%*  0.0900L,8°
o 1-F

C = 0.5959 + 0.0318" = 0.18408° + —0.03371,4°

(6.18)

where

L, = dimensionless correction for upstream tap location
Ll U Y S P, samm O
= —measured from the upstream face
D
L, = dimensionless correction for downstrcam tap location

Ly
= B‘whcn mecasured from the upstream face

L, — plate thickness

D when measured from the downstream face

The general equation can be written in the following form:
C=0C+ AClup + AC'Re_vnolds (6.19)
where

C.. = coefficient of discharge at Reynolds number of infinity

iy . (6.20)
= 0.5959 + 0.0318%} — 0.1840p

0.0900L, g°

AC
| - g

= correction for tap location = ~0.03370,8°  (6.21)

tap

91.718°7*

1/4
€p

A CReynolds = correction for Reynolds number = (6.22)



Flow Measurement in Closed Conduits 239

Corner taps
Li=Ly=0 ACq,
Ceorner = C'x. + ACRcynolds (6.23)

= 0, so equation (6.19) reduces to the following:

D and D2 Taps
£, =0.4333 and L, = 0.47, so equation (6.21) becomes the following:

0.0900L, 8*
wp = *ﬁt_—-ﬂ:{:—ﬁ — 00337L2ﬁ3
0.03908* (024
AC D) = _]_—_Er — 0.015848°
Equation (6.19) becomes the following:
CV!)—H')/B - wa + ACELlp + A(TRcynnlds (625)

Flange Taps

Because flunge taps are not symmetrical, the coefficient equations are
divided into two groups, one for smaller pipes (internal diameters between
2 and 2.3 in.) and the other for pipes of internal diumeter equal to or greater
than 2.3 in.

For pipes with internal diameters between 2 and 2.3 in., L, = 0.4333 and

L, = 1/D (D is in inches). Equation (6.21) becomes the following:
0.0900L, g*

. 3
ACy, = - —0.0337L-8
0.09008* 0.03378" (6.26)
A(‘Ielp(ﬂangc) — l — ﬁ4 -— D (D =223 ll’l)
For pipes with internal diameters 2.3 in. and larger, L, = L, = 1/D (D is
in inches) and equation (6.21) becomes the following:
0900L, g*
ACy, = Ql_ﬁ;_ﬁ 00337,
0.09008*  0.03378" (0:27)
ACupiflange) = .1 — U ]) (D>231n)
Equation (6.19) becomes the following for fHlange taps (all pipe sizes):
C‘l.mge - C"x., + A('mp(t‘lun;_y.:] + A(1Rcynuld> (628)

Table 6.5 gives values for the computation of equation (6.19).
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Table 6.5 Coefficients of Discharge for ASME Orifices

Pipc Beta ratio
internal =~ B ) N B -
diameter,

n. 0.20 0.30 0.40 0.50 0.60 (.70 0.75

Cocfficient of discharge at Reynolds number of infinity-- C
All 0.5970 0.5984 0.6003 (0.6024 0.6034 0.6000 0.5944
Tap correction for D + D/2 taps  AC, (D + D/2)

All —=0.0001 —-0.0001 0.0000 0.0006 ).0024 0.0065 0.0114
Tap correction for flange taps- AC,yfange)
2 —0.0001 —=0.0001 —=0.0001 00005 00022 00065 0.0109
2.3 0.0000 -0.0001 00001 00008 0.0026 0.0073  0.0119
3 0.0000 —0.0001 0.0001  0.0006 0.0020 0.0056 0.0091
4 0.0000  0.0000  0.00001 0.0004 0.0015 00042  0.0069
6 0.0000  0.0000  0.0000  0.0003 00010  0.0028  0.0046
8 0.0000  0.0000  0.0000 00002 00008 00021 00034
p)

1 0.0000  0.0000 00000  0.000! 0.0005 00014  0.0023
24 0.0000  0.0000 00000 0.0001 0.0003  0.0007  0.0011
48 0.0000  0.0000  0.0000 0.0000  0.0001 0.0004  0.0006
96 0.0000  0.0000  0.0000  0.0000  0.0001 0.0002  0.0003
Pipe Beta ratio
Reynolds
number,

RE, 0.20 0.30 0.40 0.50 0.60 0.70 0.75

Reynolds number correction - A Creynolds

2,000 0.0055  0.0151 0.0310  0.0542 0.0855  0.1257  0.1494
3.000 0.0040 00112  0.0229 00400 00631 0.0928  0.1102
4.000 0.0033  0.0090 00185 00322 00508 00748  0.0888
5000 0.0028  0.0076  0.0156  0.0273  0.0430 00632  0.0751
6,000 0.0024  0.0066 0.0136 00238 0.0375  0.0552  0.0655
g.000 0.0019 0.0053 00110 00192 00302 0.0444  0.0528
10,000  0.0016  0.0045  0.0093  0.0162  0.0256  0.0376  0.0447
20,000 0.0010  0.0027 00055 0.0096  0.0152  0.0224  0.0266
40,000  0.0006 00016 00033 00057 00090 00133  0.0138
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Table 6.5 (continued) Coefficients of Discharge for ASME Orifices

Pipe ch ratio
Reynolds ’ - /"
number,

RE,, 0.20 0.30 0.40 0.50 .60 0.70 0.75

Reynolds number correction  ACye, gy, (continued)

60,000 0.0004 00012 00024  0.0042 00067 00098  0.0117
80,000 00,0003 0.0010 00020 0.0034  0.0054  0.0079  0.0094
100,000 00003  0.0008 00017 00029 0.0045 0.0067 0.0079
200,000  0.0002 00005 00010  0.0017 00027  0.0040  0.0047
400,000  0.0001 0.0003  0.0006 0.0010 00016 00024  0.0028
600,000 0.0001 0.0002  0.0004 0.0008 00012 00017  0.0021
800,000  0.000! 0.0002  0.0003  0.0006 00010 00014  0.0017
1,000,000 0.0001 0.0001 0.0003  0.0005 00008  0.0012  0.0014
2,000,000 0.0000  0.0001 0.0002  0.0003  0.0005  0.0007  0.0008
4,000,000 0.0000  0.0001 0.0001 0.0002  0.0003  0.0004  0.0005

6,000,000 0.0000  0.0000  0.0001 0.0001 0.0002  0.0003  0.0004
£.000.000 0.0000  0.0000  0.000] 0.0001 0.0002  0.0002  0.0003

[S PR ELY LS FAVAVAN LV PRV AY ¥ AT A MY & Ve uy

10 x 10°  0.0000  0.0000  0.000] 0.0001 0.0001 .0002  0.0003
20 x 10°  0.0000 00000 0.0000  0.0001 0.0001 0.0001 0.0001
40 x 10°  0.0000  0.0000  0.0000  0.0000  0.000] 0.0001 0.0001
80 x 10°  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.000]
10 x 107 0.0000  0.0000 00000 0.0000 00000  0.0000  0.0000

Uncertainty for Orifice Meters

For pipe Reynolds numbers from 2,000 to 10,000 the uncertainty is equal to

(0.6 + B)% for beta ratios between 0.20 and 0.75%. For pipe Reynolds
mharg fraom 10000 to 100 000 000 the nnnprtmnty 15 0.6% fnr beta ratios

llulllll\.ald LI WL RS, LW LRI G WU g VIS,

from 0.20 to 0.6 and cqual to g% for higher beta ratios.

Expansion Factor Y

As shown in Figure 6.5, the minimum flow area for an orifice 1s located
downstream of the orifice. The stream of a compressible fluid is not
restrained as it leaves the orifice throat and is free to expand transversely
and longitudinalily to the point of minimum flow area. Thus, the maximum
contraction of the jet will be less for a compressible fluid than for a liquid.
Because of this. the adiabatic expanston factor determined from equation
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(3.120) or Table 3.2 may not be used with orifices. Neither may the critical
pressure ratio equation, equation (3.115), be used, because the phenomenon
of critical flow has not been observed during testing of orifice meters.

For orifice meters, equation (6.29), which is based on experimental data,
is used to determine the expansion factor:

A
Y =1—(0.4] +0.35ﬁ4);(7)’3 (6.29)
|

Pressure Loss Caused by Orifice Meter

The pressure loss in terms of pressure developed by an orifice is dependent
primarily on the beta ratio and the cocfficient of discharge. The following
equation may be used to estimate this loss for all orifices:

/‘ — ﬁ4 . (wﬁB
Ap; = A 6.30

Ap, 1s the pressure loss tn the same units as Ap.

Example 6.4: ASME Orifice Meter Coefficients Air at 122 F and 150
psia flows in a 10-in. schedule 40 steel pipc at a volumetric flow rate of
3.575 ft*/min. An ASME orifice whose throat diameter is 7.5 in. is to be
installed to mcter this flow with a readout device that has a maximum in-

dication of 150 in. of water at 68 F. What standard tap location should
be used to match this requirement most nearly?

Solution

This example may be solved directly by the application of equation (6.4) and
related coefficient and expansion factor equations.

(a) Fluid properties— air at 122'F
From Table D.1, M = 28.97 Ibm/lbmol. From Table D.2, i = 0.410 x 10°°
Ibf. s/ft*, k = 1.401:

p 144 x 150

RT = (1545/28.97) x (122 7 460) — -6939 Tbm/It

0

(b) Pipe properties
From Table C.3, for 10-in. schedule 40 pipe:

D =0.8350 ft = 0.8350 x 12 = 10.02 inches
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(c) Orifice properties

7.5
/=22 =0.625
‘ > ft
f= % = 0.625/0.8350 = 0.7485
rd®  7(0.625) ,
— - — (0.3068 ft°
Ay 7 4 8

(d) Pressure differcntial

| inch of water at 68°F = 3.6065 x 10 psi
Ap =150 x 3.6065 x 1072 x 144 = 778.8 Ibf /ft’

Ap 778.8
— = - = 0.03606
P 150 x 144 0360
(e) Mass flow rate
3575
m = pQ = 0.6959 x ( K‘Z = 41.46 |bm/s
\ Uy /

(N Pipc Reynolds number
4m 4 x 41.46

Re, = = = 4,793,000
0T IDug. 7 x 0.8350 x 0.410 x 10 © x 32.17
(g) Expansion factor Y
. Ap
Y =1 — (041 +0.358) =
( * p )kl’l
. 778.8 (6.29)
__ _ 4 .
Y =1 = (041 +0.35 x 0.7485%) x — 150 %133)
Y = 0.9866
(h) Required coeflicient of discharge
: 2. Ap p
1= (YA, |[2e2E ]
fi1} o I — ﬁ4
2 % 32.17 % 778.8 x 0.6959 (6.4)

41.46 = C x 0.9866 x 0.3068 x \/ | 074853

C =0.6072
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(i) From Table 6.5 at g = 0.75. D = 10 in, Rep == 5,000.000 :

Corner D+ D2 Flange
Coc 0.5944 0.5944 (0.5944
Ciap - 0.0116 0.0029
CRreynotds 0.0005 0.0005 0.0005
X 0.5949 0.6063 0.5978

The D + D/2 tap coefficient of 0.6063 is closest to the calculated value of C,
with an error of 0.15%. The flange tap, with a coefficient of 0.5978, is next,

with an arrar nf 1 <40/,\ Thao corner tan 1e laat unt'n 3 hnpﬁ‘r |.0nl’ r\f‘ n <0A0

¥YLLIL 1]l w11V LFL L 4 11w A UFR LIl I.(.I.IJ AT ALLODL, LI L A UINWd i
and an error of 2.03%. The cocfficient tolerance is 0.75%. making the choicc
of the D+ D/2 taps significant.

6.9 ELBOW FLOW METERS

Although clbows have been used since the turn of the century for flow
measurement, they have never been standardized by any technical society.
Most of the information contained in this section is obtained from the
ASME Fluid Meters Report (Bean. 1971) and from Murdock et al.
(1964). Elbows arc commercially manufactured to change flow direction,
and standards refate to cxternal dimensions. There is considerable difference
in internal dimensions among various manufactuers for clbows that will
meet the same specifications. For this reason, elbows used for flow measure-
ment must be carefullv measured.

Derivation of Flow Equation

It can be shown (see, for example, Murdock et al.. 1964) that the velocity in
a bend (see Figurc 6.6) 1s related to the pressure drop as follows:

. —pe. (R 2ape
_ Fot, (pa p.')fs( N P & (631)
2(’.13 - r!) o 2D P

Application of the continuity equation, s = pAw, results in the following:

/' R
’“ldL al — AD 2DV 2 Ap P (632)

For actual flow conditions, equation (6.32) becomes the following:

R
= CYA,,‘/,)D\/Z Ap g p (6.33)
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N

Figure 6.6 Elbow flow mcter.

Discharge Coefficient and Uncertainty

The variation of discharge coefficient ¢ with pipe Reynolds number is as
follows:

(=1-— 6.34
Re, (6.34)

Coefticients of discharge calculated using cquation (6.34) are shown in Table
6.6.
The uncertainty 1s 4% subject to the following limits:

Pipe Reynolds number Rej, from 10,000 to 1,000,000
R/D greater than or equal to 1.25

With calibration, the uncertainty is the same as for other devices, and the
repeatability of these devices is excellent.

Expansion Factor Y

The cxpansion factor Y has not been c¢stablished, thus limiting the use of
elbow flow meters to incompressible fluids.
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Table 6.6 Coefficients of Discharge for Elbow Flow Meters

Chapter 6

Pipe Pipe Pipe
Reynolds Discharge Reynolds Discharge Reynolds Discharge
number, coefficient, number, coefficient. number, coefficient
Rep C Rep C Rey, C

10,000 0.9350 50,000 0.9709 240,000 0.9867
11.000 0.9380 55.000 0.9723 260,000 0.9873
12.000 0.9407 60.000 0.9735 280,000 0.9877
£3.000 0.9430 65.000 0.9745 300,000 0.9881
14.000 0.9451 70,000 0.9754 320,000 (.9885
15,000 0.9469 75.000 0.9763 340,000 (0.9889
16,000 0.9486 80.000 0.9770 360,000 .9892
(7.000 0.9501 85,000 0.9777 380.000 0.9895
18,000 0.9516 90,000 0.9783 400,000 0.9897
19,000 0.9528 95.000 .9989 450,000 0.9903
20,000 0.9540 100,000 0.9794 500,000 0.9908
22,000 0.9562 I 10,000 0.9804 550.000 0.9912
24,000 0.9580 120,000 0.9812 600,000 09916
26,000 0.9597 130,000 0.9820 650,000 0.9919
28,000 0.9612 140,000 0.9826 700,000 0.9922
30,000 0.9625 150,000 0.9832 750,000 0.9925
32,000 0.9637 160,000 0.9838 800,000 0.9927
34,000 0.9647 i 70.000 0.9842 850,000 0.9929
36,000 0.9657 180,000 0.9847 900,000 0.9931
38.000 (.9667 190,000 0.9851 1,000,000 0.9933
40,000 (.9675 200,000 0.9855

45,000 0.9694 220,000 0.9861

Pressure Loss Caused by Elbow Flow Meters

There is no additional pressure loss if the elbow is required in the piping

system.

Example 6.5: Elbow Flow Meter calculation Water at 83 F and atmo-
spheric pressure flows through an elbow flow meter. The measured radius
of curvature is 2.81 in., and the internal diameter is 2.24 in. Dctermine
the mass flow rate in lbm/hr if the differential pressure produced is 50.6
in. of water at 68°F.
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Solution

This cxample requires a trial-and-error solution, becausc the coefficient of
discharge 15 a function of pipe Reynolds number, which requircs that the
flow ratc be known. The number of iterations 1s reduced by assuming the
initial ptpc Reynolds number to be infinity.

(a) Fluid properties
From Table D.1 for water at 83 F:

o1 = 62.18 Ibm/ft’, p= 1731 x 107 Ibf-s/f1
(b) Meter properties

C RN 281 '
Sy = L Z 07920
(20) [(2 % 2.24)]

aD®  m(2.24/12)

ki

Ap = = 0.02737 ft-
4 4
(c) Pressure differential
1in of water ot 62°FE = 2 6065 « 1077 nai
1 1L, Ul wdadlel avw voe 1 — J.UuUuUr A LY PDL

Ap = 50.6 x 3.6065 x 1077 x 144 = 262.8 Ibf/ft’

(d) First trial calculation
Assume Re, = co. Then from equation (6.34), C = | and the mass low rate
is as follows:

| R
n=CYAp E\Q Ap g.p

=1 x 1 x 0.2737 x 0.792042 x 262.8 x 32.17 x 62.18
m = 2223 lbm/s

(6.33)

Reynolds number;

i 4 % 22.23
nDug, 1w x(2.24/12) x 17.31 x 107% x 32,17

From Table 6.6 at Re,, = 272,300, ¢ = 0.9875:
n = 0.9875 x 22.23 x 3600 = 79.028 Ibm/hr

Re, = = 272,300

Further trials did not change the result.

Note, this example was taken from an actual cahbration. The flow mea-
surcd by weigh tanks was 77.217 Ibm/hr. The calculated flow is 2.3% higher
in this example.
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6.10 PITOT TUBES

A pitot tube 15 a device shaped to sense stagnation pressure. The first
description of a tube used for measurement of stagnation pressure for the
determination of velocity was given by Henri Pitot in 1732, The name “Pitot
tube™ has been applied to two general classifications of instrumcents. The
first 1s a tube that mecasures the impact or stagnation pressures only. The
second 1s a combined tube that measures both impact and static pressures
with a single primary instrument. The combined sensor is also called a
Pitot-static tube.

Figure 6.7 shows an impact tube located at radius r from the centerline of
a circular pipe to sense the stagnation pressure p, produced by the stream-
line velocity . The static pressure p, is sensed by the wall tap. The differ-
ential, p, —p, = Ap 15 then calculated from the depression of the
manometer.

——

ANRAN

AL RN
LLLELLL LALLM MLV LALLLL L LA LA LR, FASSARRLLRN B AARRAA AL AL LU LR

aog,
Pg

Figure 6.7 Notation for Pitot tube study.
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If the equation of motion [equation (3.18)] is written for horizontal fric-
tionless flow, the result is as follows:
Udu d
e T g (6.35)
e P

Incompressible Flow

Integrating equation (6.35) for constant density and noting that by defini-
tion the stagnation velocity is 0 yiclds the following:

" U L 0% — Uz, -
f du n _f d[) _ 1deal + Po P ~ 0
{ 8¢ 8Jp, 22( I

wleal

or

2g. A
Lrulcal = g{p P (636)

Conventional practice is to define the Pitot tube coefficient Cpy,, as follows:

, actual streamtube velocity U
Cpuot = = 1 e - =7
ideal streamtube velocity  Uge
or
e 2g. Ap
U = Cpjpor 5 (6.37)

Compressible Flow

The stagnation process as U is reduced to 0 if the impact tube is assumed to
be frictionless and adiabatic: The path of such a process. from equation
(1.33). 18 pv‘k = p‘\vf = p,,vf;. From equation (1.15), v = 1/p: thercfore, the

following can be written:

17k 1k

P 0 ) P r

L= p—k — E,/: or 0= p, (;‘—) = p, (/—) (6.38)
Y Po Py a 2\

Substituting equation (6.38) in the second term of equation (6.35) and inte-
grating yields the following:

[””f_’ﬁzp!“' [”"d_f’:(i )(P_) (&)k_]/k—l (6.39)
RN SRR VESVAVV AV

Al
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The adiabatic expansion factor Yp,, 1s defined as follows:

ideal compressible velocity

YPitot = (6.40)

ideal incompressible velocity

Bascd on this definition, Yp;, 18 the square root of the ratio of the integra-
tion of the second term of equation (6.35), or the following:

YA AN
k—1/\p, 2
YPilul = Do — I,
\ . (6.41)

k L
(m)[(pr}/pv)’\_ Vh 1]
Ypilnl =

Q (pu/p.s) -1

Table 6.7 contains values of the adiabatic compression factor Yp,. as a
function of pressure and specific heat ratios.

Since the Pitot tube can sense only a streamtube velocity profile, a coeffi-
cient, 15 needed and 1s defined as follows:

e o BTE il Ll Ll
TTopranae =

.

average velocity v

Cwpmﬁlc = (6.42)

streamtube velocity U

Combining equations (6.37), (6.40), (6.41), and (6.42) with the continuity
equation results in the following expression for mass flow rate:

m = [)A'U = Cl’nm C’pmﬁlc YPilntA.’) 21%’( Ap P, (643)

Velocity Profiles

The best way to determine the velocity profile in a pipe is to make a Pitot
tube traverse. If it is impractical to make a traverse, then the Pitot tube
should be located on the pipe centerline to sense the maximum velocity. The
relationship for the centerline velocity can then be calculated from the fol-
lowing equations:

Laminar Flow
In Section 4.6, the velocity profile for laminar flow was shown to be
parabolic, and {from equation (4.18) U,,, = 2uv:

% 3 |

Chrofile — U= —LZ -3 (laminar flow) (6.44)
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Table 6.7 Adiabatic Compression Factor, Ypi,,

Pressure Ratio of specific heats, k(= ¢,/c,)

ratio,

Poip L 1.2 1.3 1.4 1.5 53
{.01 0.9977 0.9979 0.9981 0.9982 0.9983 0.9985
1.02 0.9955 0.9959 0.9962 (1.9965 0.9967 0.9970
1.03 0.9933 0.993% 0.9943 0.9947 (0.995t 0.9956
(.04 0.9911 0.9918 0.9925 0.9930 0.9933 0.994]
1.05 (0.9989 (0.9898 0.9906 0.9913 0.9919 0.9927
1.06 .986% 0.9879 {).988% 0.9896 0.9903 0.9912
1.07 0.9846 0.9859 0.9870 0.9879 0.98%7 ().989%
1.08 0.9825 0.9840 (0.9852 0.9862 0.9871 (.9884
109 0.9805 0.9821 0.9834 (.9846 0.9856 0.9870
.10 0.9784 0.9802 09817 0.9830 0.9841 0.9836
1.20 (.95&8 0.9621 0.9649 0.9674 0.9695 0.9725
1.30 (0,9408 0.9455 0.9495 0.9530 0.9560 0.9603
1.40 0.9242 0.9302 (.9353 .9396 0.9435 ().9489
1.50 0.9089 0.9159 0.9220 0.9272 0.9318 0.9383
1.60 0.8946 0.9027 0.9096 09156 0.9209 ().9283
1.70 0.8813 0.8903 0.8980 0.9047 0.9106 0.9190
1.80 0.8871 (.8944 0.9009 0.910]
1.90 0.8847 0.8917 (0.9017

2.00 ().8830 0.8937

Turbulent Flow (Smooth Pipes)

An empirical relation for turbulent low veloctly distribution in smooth
circular pipes known as the “law of the wall” 1s as follows:

i r\¢
{1 6.45
UH? ( rrl) ( )
Cprotile €an be expressed for smooth pipe turbulent flow as follows:
7 ) 2
Chrofile = ! ( (turbulent flow, smooth pipes)

U~ U, (at D2axt 1)
(6.46)

Values of ¢ may be estimated using cquation (6.46) as follows;

@ = 0.2463 — 2.287 log,, Re, (6.47)
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Turbulent Flow ( Rough Pipes)

For rough pipes. the following relationship is widely used to express
turbulent flow velocity profiles:

4] * Vl
%: [1 +1.326\/f — 2.04/7 logm( Yo r):l (6.48)

)

Values of the friction factor, f, may be calculated from equation (4.25).
At the pipe centerline, where r = 0 and U = U,,,, equation (6.48) reduces
to the following:

2 (8

]
Cpr()ﬁlc - -(7 - l.],,, h l + ]326\ﬁ

(turbulent flow, rough pipes)
(6.49)

Example 6.6: Pitot Tube Differential  Carbon dioxide flows at 122°F and
20 psta at an average velocity of 500 ft/s through an 8-in. schedule 40
wrought steel pipe. The tube has been calibrated, and Cp,,; was found to
be 0.9802. What pressure differential should be indicated when the Pitot
tube is located on the pipe centerline?

Solution

A trial-and-error solution is necessary, because the adiabatic compression
factor Yy, cannot be determined until the stagnation pressure is calculated.
The number of tterations is reduced by assuming incompressible flow for the
first trial.

(a) Fluid properties for CO, at 68°F
From Table D.I, M =44.010 lbm/Ibmol. From Table D.2, u =0.337x
107° Ibf s/ft?, k = 1.279:

P 20 x 144

p - - — 0.1411) !bm/f‘t3
Y RT  (1545/44.010)(112 + 460)
(b) Pipe properties
From Table C.3 for 8-in. schedule 40 pipe:
D = 0.6651 ft %: 2255 x 107
(¢) Reynolds number
Dv  0.1410 x 0.6651 x 500
Re, = 220 = x X 4,325.000

T ug. 0337 x 10 ¢ x32.17
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(d) Friction factor

T e 2125\17°

4,325.00079

i -2 4.25
J = 1.14-2logm(2.255x10‘4+ 21.2> )} (422

J =0.01434

(¢) Centerline velocity

-~

U, = (1 + 1.326/F )
U, = (1 + 1.326+/0.01434) x 500 (6.49)
t/,, = 5794 1t/s

() Incompressible stagnation pressure

2 9.4\?% 0.
VI N TR XA ST L

CPill.)[ 2g( 09802/ 2 x 32.17
Po =P, + Ap =20 x 144 + 765.7 = 3645.7 Ibf /ft° (6.36)
3645.7 :
P, = = 2532 1bf/in."

144

(g) Compressible pressure differential
First trial: Use incompressible pressure differential:
25.
Po _ 2532 = 1.266
p. 20
From Table 6.7 at p,/p, = 1.266 and £ = 1.279, Yp,o = 0.9540 (interpo-
lated):

-~

Apincomprcssibln‘ 765.7 3
Ap = = 5 = 841.3 Ibf/ft
T W) 09540° /

, 37213
Do =py+ Ap =20 x 144 + 8413 = 37212 Ibf/ft* = 3744— = 25.84 Ibf/in.?

Second trial: Use first trial values:

25.
P _ 2284 | o9s
P, 20
From Table 6.7 at p,/p, = 1.266 and k = 1.279, Yp,o: = 0.9499 (interpo-

lated):
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Ap = APim.-omprc:a:aihlc _ 765.7
(Ypiror)” 0.9499-

Subsequent trials resulted in Ap = 849.3/144 = 5.90 ]bf}’in.z.

= 848.6 Ibf/ft?

6.11 ASME CRITICAL FLOW VENTURI NOZZLES

ASME critical flow Venturi nozzles are used to measure the flow of gases.
The Venturi nozzies described in this section are limited to those conforming
with ASME Flow Mcasurement Standards (Measurement of Gas Flow.
1987).

Classification of Venturi Nozzles
Venturi nozzles are classified into two types:

1. Toroidal throat. For this type, the inlet 1s in the shape of a partial torus
followed by a diverging section, as shown in Figure 6.8.

2. Cvylindrical throat. For Lhis type, the inlet 1s the arc of a circle followed
by a cylindrical section of one throat diameter followed by a diverging
section, as shown in Figure 6.9.

Flow Equation

Unlike the other devices covered in this chapter, the flow is independent of
the differential produced (provided that the downstrecam pressure is low
enough). The flow rate is a direct function of the inlet stagnation pressure

(5-——-—0.0:! =118 / m_m___wm
/ \
D2 u:.l{ ; dl D 2.6 % = 0 deg.
I
\ /' rg = 1.84-2.24

Figure 6.8 Toroidal throat Venturi nozzle.
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inlet plane
1¢d min.
e f cont]
t - T-‘M.
D> 404 d
few=id
L -

Figure 6.9 Cylindrical throat Venturi nozzle.

and an inverse function of the square root of the inlet absolute temperature.
The theoretical aspects of critical flow are covered in Chapter 3.

An equation for ideal flow of ideal gases was derived in Chapter 3 as
follows:

. q* . /\g( 3 (k+1)/A=1) -
ideal = \/% R {k + l] (lde'dl gaS) (3‘09)

Conventional practice 1s to write equation (3.109) as follows for the actual
flow of a real gas:

it — CYerAypa, (6.50)

VRT,/8.

In equation (6.50), C is the coefficient of discharge, Y is the critical flow
function, and A, is the throat area.

Discharge Coefficients and Uncertainty

I.  Toroidal throat
Throat Reynolds numbers from 10,000 to 100,000; uncertainty = 1%:

3.032
C =0.99844 — =3 (6.51)
Red )
Throat Reynolds numbers from 100,000 to 10,000,000; uncertainty = 0.5%:
1.52
C =10.9935 - —1—/5 (6.52)

Rcd
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2. Cylindrical throat. For this Venturi nozzle, uncertainty = 0.5% for
all ranges.

Throat Reynolds numbers from 10,000 to 350,000:

21
C = 1.0000 — 7—m— (6.53)
Re,
Throat Reynolds number from 350,000 to 2.500,000:
C =0.9887 (6.54)
Throat Reynolds number from 2,500,000 to 10,000.000:
21
C = 1.0000 — 0_2_:%5 (6.55)
Re,

Values of the coefficient of discharge for both types are given in Table
6.8.

Table 6.8 Coefficients of Discharge for ASME Critical Flow Venturi

Nozzles
Throat Throat
Reynolds Toroidal  Cylindrical | Reynolds Toroidal Cylindncal
number, throat throat number, throat throat
Re, C C Re, C C
10,000 0.9681 (.9279 500,000 0.9913 0.9887
20.000 0.9770 0.9490 600,000 0.9915 0.9887
30.000 0.9809 (1.9584 700,000 0.9917 0.9887
40,000 0.9833 (0.9640 800,000 0.9918 0.9887
50.000 ).9849 0.967% 900,000 0.9919 0.9887
60,000 0.9861 0.9706 1.000,000 0.9920 0.9887
70.000 0.9870 0.9727 1.500.000 0.9923 0.9887
80,000 0.9877 0.9745 2.000.000 0.9924 0.9887
90,000 0.9883 0.9860 2,500,000 0.9925 0.9887
100,000 (.9887 0.9772 3.000.000 0.9926 0.9890
200,000 0.9901 (.9839 4,000,000 0.9927 0.9896
250,000 0.9905 (.9856 5.000,000 0.9928 0.9901
300,000 0.9907 0.9868 6.000.000 0.9929 0.9905
350,000 0.9909 0.9887 8.000.000 (.9930 0.9910
400,000 0.9911 ().9887 10.000,000 0.9930 0.9914
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Critical Flow Function Yp

It is evident by comparing equation (3.109) with equation (6.50) that the
critical flow function Y., for an ideal gas may be expressed by the follow-
ing:

2 (R+1i/th=b
o — k _ =
Yer |:k n ]] (6.56)

In Section 1.5, it was shown for the process path pv" = ¢ that # can be
expressed as follows:

vdp
H=——— 1.32
pdv ( )
If the 1sentropic exponent « is defined as the path pv* = ¢ taken by a real
gas undergoing an isentropic process, then:

J
=" (2) (6.57)
p\ov/,

12 o T . NPUNUNY NN IR SN E 7 & 2 1o Al PRPEDRPL I
IO EUALIOT O SLALC O d TCdl Zdb MldY DE CAPICHed dy U = Z [ [egudliell
(1.43)], where Z is the compressibility factor. With the preceding definitions
of a real gas, the critical flow function becomcs:

. 5 uerhie=)
Y(‘ = _— < T ¢ .
R > [K n I} (real gas) (6.58)

Values of Yg for air, nitrogen, oxygen, and steam are given in Table 6.9.
Note that for an ideal gas. Z =1 and « = k (ratio of specific heats), so
equatton (6.58) reduces to equation (6.56).

Example 6.7: Mass Flow Rate of an ASME Toroidal Venturi Nozzle  Awr
at 115 psia and 100°F flows in a 24-in. schedule 40 horizontal steel pipe.
Installed in this pipe 1s an ASME toroidal Venturi nozzle whose throat
diameter 1s 1 in. The Venturi nozzle discharges into the atmosphere. Esti-
mate the mass flow rate of air through the pipe.

Solution

With the very large pipe discharging into a small nozzle, the static pressures
and temperatures are essentially the same as stagnation. Although a trial-
and-error solution is indicated, the coefficient of discharge i1s very close to
unity. and at higher Reynolds numbers its variation is so small that the 1deal
mass How may be used to calculate the Reynolds number. The discharge
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Table 6.9 Cnritical Flow Functions (Y. ,) of Air, Nitrogen, Oxygen, and
Steam
T, Inlet stagnation pressure. p,,  psia
o R 0 100 200 400 600 800 000
Air
400 (.6849  (0.6897  0.6947  0.7050  0.7161 0.7276  0.7401
450 0.6849  0.6882  0.6916  0.6986  0.7057  0.7130  0.7203
500 0.6848  0.6873  0.6897  0.6945  0.6992  0.7041 0.7089
550 0.6847  0.6864  0.6882  0.6916  0.6950  0.6983  0.7015
OO0 0.6847 0.6860 ().6871 (.6896 (1.6919 (.6942 (.6965
650 0.6846  0.6855  0.6864  (.68¥] 0.6897  0.6913  (.6929
700 0.6844  0.6850  0.6856  0.6868  0.6881 0.6892  0.6901
Nitrogen
400 (0.6847  0.6893  (.6839 06978  (0.7138  0.7243  0.7351
450 0.6847  0.6879  0.6910  0.6975 07040 07108  0.7174
500 0.6847  (1L.6869  0.689] 0.6936  0.6980  0.7025  0.7068
550 0.6847  0.6863  0.6879  (.6909  0.6940  0.6970  0.6999
600 0.6846  0.6858  0.686Y  0.6891 0.6912  0.6932  0.6953
650 (0.6846  0.6854  0.6862  0.6877  (.6891 0.6905  0.6919
700 (.6845 (0.6882 (1.6856 ().6866 (1.6876 0.6885 0.6893
Oxygen
400 0.6846 (L6903  0.6963  0.7090  0.7231] 0.7386  0.7553
450 0.6845  0.6886  (0.6927  .7014 07106  0.7018  0.7305
500 0.6844  0.6874  0.6904 06965 0.7029  0.7095  0.7183
550 (.6841 0.6862  0.6885  0.6930 0.6976  0.7023  0.7069
600 0.6838  0.6854  0.6871 0.6904  0.6937  0.697] (0.7005
650 0.6833  0.6827  0.6858  0.6882  0.6908  0.6932  (.6938
700 0.6828  0.6745  0.6847  0.6865  0.6884  0.6901 0.6919
Steam
200 0.6724  0.6727
300 0.6714  0.6717
400 0.6706  0.6708
500 0.6693  0.6695  0.6757
600 0.6683  0.6685  0.6732  0.6957
700 0.6670 (.6675 0.6708 0.6855 (L7075 0.7772
800 0.6657  0.6664  0.6685  0.6789  0.6938  0.7316  (L.B8(03
1000 0.6633  0.6640  0.6649  0.6708 (6788  (.6962  0.7168
1200 0.6608  0.6618  0.6628  0.6665 0.6714  0.6815  0.6925
1400 0.6587  0.6592  0.6600  0.6626 0.6655 06719  0.6791
1600 0.6567  0.6564  0.6561 0.6582  0.6600  0.6637

0.6678




Flow Measurement in Closed Conduits 259
into the atmosphere provides a pressure ratio of 14.7/115 = 0.13, which
ensures sonic flow in the throat.

(a) Pipe properties
From Table C.3 for a schedule 40 steel pipe:

D = 1.885 ft, Ap =2.792 t°

(b)Y Venturi nozzle propertics

_wd® A(1/12y

— — =0 .
Ai= 7 005454 ft
d o 1/12
= e T —— T 2 .
B=F=Te 0.044 (B < 0.25)

(¢) Fluid properties for air
From Table D.1, M = 28.97 Ibm/Ibmol:

R, 1545
== = 53.33 ft. ~R
Y = 3807 33 fe.dbf /(lbm-"R)
From Table D.2 for 100'F, ¢« = 0.398 x 107° Ibl - s/ft>. From Table 6.9 at
Po1 = 115 psia and T,; = 100 + 460 = 360 R, ¥, = 0.6866.

(d) Reynolds number
Ideal mass flow rate;

- % _ ('Y(‘RAIJPH
Migeal = W

. 1% 0.6866 x 0.005454 x (1144 x 115)
B en] =

ideal V3333 % 5603017 (6.50)
ﬁiiicul = 2035 ]bm/s

Re, — 37 _ 4 x 2,035 = 2.428.000

T rdpg. m(1/12) x 0398 x 10 © x 32.17

(e) Mass flow rate
From Table 6.8 at Re, = 2.428,000, C = (0.9925:

m = Chitlgey = 0.9925 x 2.035 = 2.020 lbm/s
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Forces on Immersed Objects

7.1 INTRODUCTION
The number of types of structures that are subject to fluid forces is almost
infinite. For this reason, our consideration has to be limited to some simple
shapes, such as the flat plate, the sphere, and the eylinder. For the purpose
of illustration, consideration is given to typical engincering situations in
conncction with vortex-induced vibration, resistance of ships, properties
of lifting vanes, and characteristics of propellers.

Although examples are solved in USCS units, all equations are structured
to enable their use with ST units as well.

7.2 BACKGROUND

Men whose significant contributions underlie the material covered in this
chapter are Leonardo da Vina (1452-1519), who first sketched and
described vortex formation, and Ludwig Prandtl (1875 1953), Paul
Heinrich Blasius (1883 7)., Theodore von Karman (1881-1963), and
Hermann Schlichting (1907 -7), all of whom made contributions to bound-
ary layer theory.

261
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7.3 DRAG AND LIFT

Figure 7.1 shows the effect of an object placed in a fluid stream. The impin-
gement of the fluid on the object produces a force F. The horizontal com-
ponent of this force is the drug force, the vertical component is the /ift force.
The presence of this object may produce a wake, in which eddies are shed
regularly from alternate sides at a definite frequency. This shedding pattern
is generally known as Karman vortex traifs, in honor of Theodore von
Karman, whose studies formalized this phenomenon.

Consider a fluid of density p, viscosily u, and bulk modulus of clasticity £
approaching an object whose characteristic length 15 L at velocity ». The
impingement of the fluid on the object produces a drag force of £, and a lift
force of F;. The wake sheds eddies with a frequency of f.

Dimensional analysis gives the following functional relationship:

f(Cp,Cr.Re. M, 8)=10 (7.1
In cquation (7.1), the Strouhal number 1s a dimensionless parameter repre-

senting the ratio of inertia to vibration forces (§ = Lf/v). The formation of

F Resultant foree

Lift force

Figure 7.1 Notation for drag and lift.
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a wake with shedding eddies depends upon the ratio of inertia to viscous
forces or Reynolds number, so it follows that the Strouhal number must be
some function of Reynolds number:

S = f(Re) (7.2)

This function will be developed in a later section on cylinders. Equation
(7.1) may now be simplified as follows:

fChH. C.Re, M) =10 (7.3)

Since the lift and drag forces are independent of each other, equation
(7.3) can be wnitten as follows:

puzA

22 (7.4)

Fp=Cp

.
wherc the drag coefficient Cp, = f(Re, M) and A is the characteristic area. In
a similar manner, the lift force can be written as follows:
7
A
Fr =%

~5¢

(7.5)

The drag force shown in Figures 7.1 and 7.2 arises from two sources, the
interference of the object to the flow, called the pressure or shape drag, and
the friction drag due to the wall shear stress t,,. called skin friction drag. The
drag coefficient i1s made up of two parts, as follows:

Figure 7.2 Notation for physical analysis.
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2 2
pu A put A, pv- A
=F,+F -C = C, 7.6
FD r + f D 2g( Cf zg( § 2g( ( )
or
C/ A,
Cp=Ci— = (1.7)

where C, is the shape coefficient, (', is the skin friction coefficient, and A, is
the characteristic area for shear.

The lift force shown in Figures 7.1 and 7.2 1s 4 function of shape and the
angle of attack. «, as well as Reynolds and Mach numbers.

Example 7.1: Lift and Drag A kite (Figure 7.3) weighs 3 Ibf and has an
area of 10 ft*. The tension in the kitc string is 8 Ibf when the string makes
an angle of 45 with the horizontal. For air at 80 F and 14.7 psi with a
wind velocity of 20 mph. what are the coefficients of lift and drag?

Solution

This example is solved by direct application of the definitions of lift and
drag.

(1) Unit conversion

_ 20mph x 5280 {t/mile
"= 3600 s/hr

= 29.33f/s

(b) Fluid properties —-air
From Tabile D.1. M = 28.97 Ibm/Ibmole:

Lift-Weight Pull
po— —_— — - = ,l
|
-_——’ I
BO°F . i
4.7 psia ]
—ly o
20 mph 45 Drag
—
—* 10 ft2
+

Tension Weight
8 Ibf 3 Ibf

Figure 7.3 Notation for Example 7.1.
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P
P=RT

B 14.7 1bf /in? x 144 in.?/ft" (1.39)
P = (1545/28.97) fi-Ibf/(lbm- R) x (30 + 460) R

p = 0.0735 lbm/ft’

(c) Compute drag coefficient

F,, =tension x cos45 = & x cos45 = 5.657 1bf

Cp= Zg(.ﬁFD
v A
o __2%3217x 5657 (7.4)
D 70.0735 x 29.332 x 10
Cp = 0.5756

(d) Compute hift coefficient

F, = tension x sin45 + weight = 8 x sin45” + 3 Ibf = 8.657 bl

C, = 2(2(»;7 L
pu-A
c, _ 2X3217x 8657 (7.5)
"7 0.0735 x 29.332 x 10
C, = 0.8809

7.4 SKIN FRICTION DRAG
Boundary Layer

Figure 7.4 shows a fluid approaching a flat plate with a uniform velocity
profile of v. As the fluid passes over the plate, the velocity at the plate
surface is zero and increases to ¢ at some distance from the surface. The
region in which the velocity varies from 0 to v is called the boundary layer.
The thickness of this layer is §. For some distance along the plate. the flow
within the boundary layer is laminar, with the viscous forces predominating.
But in the transition zone as the inertial forces begin to exceed the laminar, a
turbulent layer begins to form that increases as the laminar layer decreases.
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v v
o oo ——
| Turbulent
L9
I
| ~.
S
v -
| Laminar ~— .
\-‘~
/ J ‘ 7o L hh‘hh‘u
T :
e——— Laminar , — Transition - Turbulent ~———

Figure 7.4 Boundary layer along a smooth, flat plate.

Revnolds Number

The Reynolds number used for skin friction drag is based on the distance x
from the lcading edge of the flat plate. Substituting x for the characteristic
length in the Reynolds number equation yields equation (7.8):

_pxu Xv

Re, — (7.8)

Yopg v

Equations

e | 1,4

Skin friction drag coefficients for incompressible flow over smooth, flat
plates may be calculated from the following equations (see Figure 7.5).

Laminar

Laminar flow starts at the leading edge of a flat plate and continues until
a Reynolds number of about 500,000, depending upon the surface rough-
ness and the degrec of turbulence:

Shatutis for 0 < Re, < 500,000 (7.9)
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Figure 7.5 Skin friction coefficients for smooth, flat plates.

Transition

The Reynolds number where the boundary layer changes depends upon
the roughness of the plate and the degree of turbulence. The generally
accepted number is 500,000, but the transition can take place at Reynolds
numbers higher or lower. For transition at Reynolds number Re, of
500,000, €, can be calculated as follows:

073 170

¢, = 0.07 55 — 0 for 500,000 < Re, < 10,000,000 (7.10)
Re{./' RC_l

Turbulent

Depending upon the transition Reynolds number, the surface roughness,
and the degree of turbulence, turbulent flow can take place in the boundary
layer at Reynolds numbers as low as 200,000:

073

= %071_/75 for 200,000 < Re, < 10,000,000 (7.11)
€y

0.455

T R ]7 5 for 10,000,000 <« Re, < 1,000,000,000 (7.12)
Ogp Ke ™

’( =
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Example 7.2: Drug of « Smooth, Flat Plate A smooth, flat plate 10 ft
wide and 100 ft long is towed through 100°F water at a velocity of
20 ft/s. Compute the tension on the towing cable (neglecting its effect) in
pounds force.

Soflution

This cxample is solved by direct application of the appropriate equations
given in this section.

(1) Fluid properties waler at 100'F

From Table D1, p = 62.00 1bm/ft}. 4 = 14.24 x 107" Ibf. s/f1°.

(b) Plate properties
x = 100 ft

A, = 100 x 10 = 1,000 ft*>  (one side)

(c) Reynolds number

R oxe 62.000 x 100 x 20 270680000 "
C\- = = - . » *
Youg, 1424 x 100 % 32,17 (7:8)
(d) Skin friction coefficient
0.455 (0.455
Y = (0.001858 (7.12)

B [tog,, Re J*™ B [log,,(270.680.000))*

(e) Tension in towing cable

P

ot A, 62.00 x 207 x 1000
- = 0.001858 = :
F, =, 2 0.0018 IEVAE 716 1bf (7.6)

The towing cable tension is twice that of one side, or 2 x 716 = 1432 |bf

7.5 SHAPE DRAG

Experiments with certain objects normal to the flow of a fluid indicate that
their drag coefficients are essentially constant at Reynolds numbers over
1000. This means that the drag for Re > 1,000 is “*shape™ drag. Table 7.1
shows typical values used by engineers for design and estimating purposes.
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Table 7.1 Shape Cocfficients, Re > 1000

Flat plate Normal to flow Lengthowidth 1 5 10 20 30 oc
C, 1181.2 1.3 1.5 16 195
Disk Normal Lo flow C, =118
Trains Locomouve * tender, streamlined ¢, = (.40
Locometive + tender. conventional ¢, =93
Railroad cars, streamlined . =0.15
Railroad cars, conventional ¢, =040
Automoltive  Automobiles. racing ¢, =017
Automohiies, streamiined ¢, =423
Automobiles, fast-back ¢, =034
Automobiles, conventional C, =052
Truck. conventional C, = 0.60
Ship Passenger, conventional ¢, =090

Example 7.3: Wind Forces on a Billboard Estimate the total wind force
on a billboard 10 ft high and 50 ft wide when it 1s subjected to a 20-mph,
32 F, and 14.7-psia wind blowing normal to it.

Solution

In this situation the skin friction drag 1s negligible and the drag is essentially
causcd by the shape of the billboard. This example is solved by using equa-
tion (7.6) and Table 7.1,

(a) Unit conversion

_ 20 mph x 5280 ft/mile
vE 3600 s/hr .

29.33 ft/s

(b) Fluid properties- -air
From Table D.2. M = 2897 Ibm/lbmole. From Table D.2 for 32 F, u =
0.360 x 107° Ibf -Sec/ftz:

P 144 x 14.7
RT  (1545/28.97) x (32 + 460)

p= = (.08067 Ibmy/it’ (1.39)
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(c) Properties of the billboard
A = projected arca = height x width = [0 x 50 = 500 ft

R, = area 500
" perimeter 2(10 + 50)
D, =4 x R, —4.1667 = 16.67 (t
longest dimension 50

= 4.1667 f1

5

shortest dimension 10

(d) Reynolds number

_pDu 0.08067 x 16.67 x 29.33
ng,  0.360 x 1076 x 32.17

Since Re is greater than 1,000, Table 7.1 may be used.

Re = 3,406,000 (7.8)

(e) Shape coefficient
From Table 7.1 for a flat plate normal to flow, length/width (longest dimen-
sion/shortest dimension) = 5:

C, =12

(f) Total wind force

o A 0.08067 x 29.33° x 500
=1.2 — 777 Ibf
2g, 2 x 3217 !

F, :C‘

7.6 DRAG OF A SPHERE

In calculating the drag of spheres, the spherc diameter, D, is used as the

characteristic length and the projected area, 7% /4. is used as the drag area.

The drag of a sphere is obtained by substituting the projected area in equa-
tion (7.4):

2 22 2 2

Frp=0Cp A = an =C)p el

: 2, 8¢

(7.13)

¢

Values of drag coefficients versus Reynolds numbers for spheres arc shown
in Figure 7.6.

Laminar Flow

For laminar flow, Stokes™ law is used for Reynolds numbers up to 0.5.
Stokes™ law may be stated as follows:
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102
1 26 10,000 0.40
5 7.1 * 60,000 0.52
21| mER 8
Snl)ak " i"”)i\ 100 1.0 290,000 0.09
W 500 0.54 300,000 0.1
1,000 0.45 500,000 0.20
c | 5.000 0.40 | 1,000,000 0.20
P ]00 e . pibuiing

107 Vo m e e —ms b e __’,___ _/

1072 —e b
107! 100 itk 102 108 104 105 108

Figure 7.6 Drag coefficients of spheres.

Cn = 24 24ug, ¢
h= RCJ) B [)D'U

or 0 < Rep < 0.5 (7.14)

From equations (7.13) and (7.14), the drag force of 4 sphere in laminar flow
becomes the following:

T 4 22
2ot [(24ug\ nDpr’
LD ( 4ug,)n P AeuDo (7.15)

pDe J  8g,

Example 7.4: Laminar Drag, Falling Sphere Viscometer A stecl ball
whose specific weight is 490 Ibfift? falls at a steady velocity of 0.16 ft/s
through a mass of oil whose density is 56.78 Ibm/fi’. What is the dynamic

viscosity of the oil? The sphere diameter is 0.06 in. (see Figure 7.7).

Solution

This example is solved by using the “free-body™ concept. assuming that
Stokes’ law applies, and then verifying the assumption.

(a) Fluid properties

0,8 56.78 x 3217

: = 56.78 Ibf/ft*
Yo =Ty 3217 78 Ibl/
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Figure 7.7 Notation for Example 7.4.

(b) Propertics ol the spherc
0,06

D= 3 = 0.005 11
b
3]

(c) Drag force
Fp = 3auDr

(d) Buoyant force

Ffl' — :I/‘“ 1_,_
(e) Gravity force
F,=pV

(I Free body

Substituting the force equations into the free-body equation und solving for
¢ results in the following:
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(v, = ¥)V _ (e =y )T D 6)  (y — y )(DP)
3nDv InDv - 18¢

ﬂ:

(g) Viscosity of ail

(v, — 7,)(D7) (450 — 56.78)(0.005%)

_ -3 T
™ = R 016 =3.761 x 107" Ibf - s/ft

n=

(h} Verify flow

pDv  56.78 x 0.005 x (.16

= = {),375
ug.  3.761 x 1073 x 32.17

Rep =

Since 0.375 < 0.5, Stokes™ law applies.

Turbulent Flow

No equations have been developed for the calculation of drag coefficients
for turbulent flow around spheres. For estimating purposes, the tabulated
drag coefficients given in Figure 7.6 may be interpolated.

Example 7.5: Turbufent Drag A 3-inch-diameter metal ball is towed un-
der fresh water at 68°F by means of a cable fastened to a boat moving
steadily in a horizontal direction of 6 ft/s. Neglect the effect of water on
the cable. Estimate the power required to pull the ball.

Solution

This cxample is solved by calculating the drag force and using it to compute
the required power.

(a) Fluid properties
From Table D.1 for 68°F water:

p=62311bm/ft’, 1 =2095x107°1bf. s/ft’

(b) Reynolds number

pDv 6231 x (3/12) x 6
RCD = = i
ug. 2095 x 107" x 3217

= 138,700

(¢) Drag coefficient
From upcoming Figurc 7.8 at R¢p = 138,000:

Cp=0.54 (by linear interpolation)



274 Chapter 7

(d) Drag force

22 3 2 3 2
D pr 20.543( /12) x 62.31 x 6
8 x 32.17

=0.9242 bl

(¢) Required power
P=Fpe=09242 x 6 = 5.545 ft - Ibf/s (= 5.545/550 = 1/100 hp)

Compressible Flow

Table 7.2 may be used for estimating the drag coefficients of spheres at
supersonic velocities.

Example 7.6: Terminal Velocity of a Sphere A research project requires
that a metal ball when dropped through atmospheric air (32°F, 14.7 psia)
attain a terminal velocity of Mach 2. The specific weight of metal i1s 495
1bf/ft*. Estimate the required sphere diameter.

Solution

This example i1s solved by assuming that the drag of the sphere is equal to its
weight when vertical equilibrium is achieved. The density of the metal com-
parcd to that of the air is so large that buoyant force may be ignored.

Table 7.2 Drag Coefficients for Spheres at Supersonic Velocities

Mach number Reynolds number

10° 10* 10° 10° 107
1.0 0.89 0.81 0.89 0.85 0.80
1.2 0.97 0.85 0.93 0.98 0.85
1.4 1.00 0.89 1.01 0.98 0.95
1.6 1.05 0.93 0.99 1.00 1.00
1.8 1.10 (.94 0.98 0.9% 0.98
2.0 .12 0.95 0.96 0.96 0.97
2.2 1.13 0.96 0.95 (.96 0.96
2.4 [.13 0.96 0.94 0.95 0.95
2.6 1.14 0.97 0.93 0.95 0.95
2.8 1.14 0.97 0.93 (.96 0.95
3.0 1

14 (.97 0.92 0.97 0.95

“For Reynolds numbers greater than 107, use values for 107,
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(a) Fluid properties —air
From Table D.2, M = 28.97 Ibm/lbmole. From Table D.2 for 32°F, u =
0.360 x 107° Ibf -s/ft*, k = 1.402:

P 144 x 14.7

= = 0.08067 lbm/ft’ _
RT = (1543/38.97) x (32 4 460y — 08067 lom/ft (1.39)

0=

(b) Velocity of sphere

= kg RT = /1.402 x 32.17 x (1545/28.97)(32 + 460) = 1088 ft/s
v=cM = 1088 x 2 = 2176 ft/s

(¢) Gravity force

)/JrD3
6

(d) Equating gravity force with drag force

F,=yV =

_ )/JID(j s JTDZ,O‘U2
6 8g.

or

601° 6 x 0.08067 x 2176"
087 O 3517 = 95 799k

(e) First trial
From Table 7.2 for Mach 2 and Re,, = 107, C;, = 0.97:

D=1799 x097=1745

(f) Verify Reynolds number

~_pDe 0.08067 x 1749 x 2176 "
Rep = g, 0360 x 10 x 32.17 26510

The Reynolds number is greater than 107. Further trials are not necessary
and D = 17.45 ft.

7.7 DRAG OF A CYLINDER

In calculating the drag of circular cylinders, the cylinder diameter. D, 1s used
as the characteristic length and the projected area, LD, is used for the drag
area. The drag of a cylinder is obtained by substituting the projected area in
equation (7.4):
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ot A LD
hg P

Fp=C
PP g, 2g,

(7.16)

Figure 7.8 gives drag coefficients for cylinders of infinite length: Table 7.3
gives them for cylinders of finite length.

Example 7.7: Calculation of Drag Coefficient  As shown in Figure 7.9, a
cylindrical chimney 3 ft in diameter and 75 It high is exposed to a 35 mph
wind (p = 0.0772 lbm/ft?). Measurements at the base of the chimney indi-
cate a bending moment of 9,200 Ibf - ft. Compute the drag coefficient.

Solution

This example 1s solved by computing the drag force from the bending
moment.

(a) Convert velocity

35 x 5280ft/mile

= 51.33ft/s
3600 s/hr
(b) Drag force from Figure 7.9

or
107
Rp Cop
0.1] 67.0
05( 16.5
102 1 | 105
5 29
\ 10 2.6
bl 1.7
C"w, \ A 100 1.4
500 1.0
\ 1,000 0.9
\ 5000 [ 09
10,000 1.1
100 - 50,000 1.2
1 100,000 1.2
/ 350,000 0.3
3,600,000 0.3
10,000,000 | 07
10— . .
101 10° 10" 10?7 103 10% 105 106 107 108

Rg

Figure 7.8 Drag coefficicnts of a cylinder of infinite length.
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Table 7.3 Drag Coefficients for Finite Cylinders, Re > 1000
L/D | 5 10 20 30 00
Cp 0.63 0.80 0.83 0.93 1.00 1.20
M

Fp= %i,— =2 x9.200/75 = 245.3 Ibf

(c) Drag coefficient
2g. 2x 3217
Cp=F,——==2453 = ().3449 7.16
PP LD 0.0772 x 51.332 x 75 x 3 (7.16)

IT\Q

.
| \\\\ A
| \f‘
/ / / Projected
v < \\ area
LD
/J!
e
V// /u\i\\
Q
N
o ™
v/ P
e

Figure 7.9 Notation for Example 7.7.
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7.8 WAKE FREQUENCY

An object in a fluid stream may be subject to the downstream periodic
shedding of vortices, first from one side and then from the other. The
frequency of the resulting transverse (lift) force i1s a function of the stream
Strouhal number. As the wake frequency approaches the natural frequency
of the structure, the periodic lift force increases asymptotically in magni-
tude; when resonance occurs, the structure fails. Neglecting to take this
phenomenon into account in design has been responsible for fatlures of
electric transmission lines, submarine periscopes, smokestacks, bridges,
and thermomcter wells. The wake frequency characteristics of cylinders
arc shown in Figure 7.10. At a Reynolds number of about 20, vortices
begin to shed alternately. Behind the cylinder is a staggered, stable arrange-
ment of vortices known as the Karman vortex trail. At a Reynolds number
of about 105, the flow changes from laminar to turbulent. At the cnd of the
transition zone (Re = 3.5 x 105), the flow becomes turbulent, the alternate
shedding stops, and the wake is apcriodic. At the ¢nd of the supercritical
zone (Re = 3.5 x 10%), the wake continues to be turbulent, but the shedding
again becomes alternate and periodic.
The alternating /lift force 1s given by the following:

p'u2 A sin (2xft)

F = .
0= (7.17)
where ¢ 15 the time.
The Strouhal number may be computed from equation (7.18):
D
s =L (7.18)

i

The Strouhal number is nearly constant to Re = 10°, and a nominal design
value of 0.2 is generally used. Above Re = 10°, data from different experi-
menters vary widely, as indicated by the cross-hatched zone of Figure 7.10.
This wide zone 1s due to experimental and/or measurcment difficulties and
the dependence on surface roughness to ““trigger” the boundary layer.
Examination of Figure 7.10 reveals an inverse relation of Strouhal number
to drag coefticient.

Obscrvation of actual structures shows that they vibrate at their natural
frequency and with a mode shape associated with their fundamental (first)
mode during vortex excitation.



Forces on Immersed Objects 279

Subcritical grli'tl?::l Transcritical
Laminar wake T;‘]'O":I' Turbulent wake

e ) £

(_-,"\

g _

; Q) I %,
A 3

»

: Il |

H Periodic lAp!{flod(c Periodic

T NO
Alternate shedding | fét‘a’&‘#’é; medrgi-nt:

2.0
|

16
—~ Drag coefficient

1.2~

0.4}~

L

o

0.6

Strouhal number

0.3 Nominal design value § = 0.2
02— W””ﬁ //ﬁ
0.1

1 1 J ' d J ]

1 1
10! 2 102 103 104 108 36 108 36 107 108
Reynolds number

.

.

Figure 7.10 Flow around a cylinder.
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Example 7.8: Smokestack Design A smokestack is to be erected at a lo-
cation where winter winds up to 50 mph have been observed. The stack
design under consideration has a diameter of 16 ft. The natural frequency
of this type of stack is given by:

105 /2
./n - (_]_]—) (’d)

where £, is the natural frequency in hertz (cycles per second) and H is the
height of the stack in feet. To ensure that failure from resonance will not
occur, good design practice limits the wake frequency to 80% of the natural
frequency. What is the maximum height of stack that should be erected?
Assume air at 32 'F and 14.7 psia.

Solution

This example is solved by matching the natural frequency of the stack with
80% of the vortex shedding frequency.

(a) Convert velocity

50 x 5280 ft/mile
_ = 71.33 ft/s
v 3600 s/hr 7133 1/

(b) Fluid properties- air
From Table D.2, M = 28.97 lbm/ibmole. From Table D.2 for 32°'F, u =
0.360 x 10°° Ibf - s/ft*:

o 144 x 14.7
 RT  (1545/28.97) x (32 + 460)

o = 0.08067 1bm/ft’ (1.39)

(c) Reynolds number

_pDv  0.08067 x 16 x 73.33

"0 g, T 0.360 x 1070 % 32.17
(d) Maximum Strouhal number
From Figure 7.10 at Re, = 8 x 10°, S, = 0.3.
(e) Minimum natural frequency
. /\.A'(n]in) SITILU\ I 03 x 733
almin == = =1.718 Hz .
Jutmin) = = 6D T 08 x 16 8 Hz (7.18)
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(f) Calculate maximum stack height

1/2 1/2
. 10° 10°
S = (F) = (1.718) =241 f1 (a)

7.9 RESISTANCE OF SHIPS
Dimensional and Physical Analysis

Consider a ship of length L moving on the surface of a liquid at a speed v.
The liquid has a density p, viscosity p., and a surface tension o. The accel-
eration of gravity is g. and the movement of the ship produces a drag force
of F};. The dimensional analysis of ship resistance results in the same para-
meters as were obtained from analyses of other objects. Thus, the total drag
of a ship is given by the following:

Y ~ 2
. . pu-(wetted surface) pu- S,
f'[) = (D . - C[) .. : (719)
“&¢ =18

Surface tension forces are very weak for this analysis. and, therefore,
these forces are not considercd in the computation of ship resistance.
Conventional practice i1s to divide the drag coefficient into three individual
coefficients as follows:

where

C, = residual coefficient, a function of Froude number (typical
values of C, for passenger and cargo ships are shown in Table 7.4)
(', = skin friction coefficient for a smooth, flat plate, as computed from
equation (7.11) or (7.12).
AC, = allowance for surface roughness (for actual ships AC, =4 x 107*
and for modcls AC, =10.)

The values of the residual coefficient given in Table 7.4 are typical. Actual
values of C, can be obtained only from model or actual ship testing.
Substituting equation (7.20) in equation (7.19) leads to equation (7.21):
(C,+ C, + AC)Hp" S,
2g.

Fp = =F, +F +F, (7.21)
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Table 7.4 Typical Values of C, for Passenger and Cargo Ships

Froude number Residual coefficient (C,)
0.15 53x107°
0.20 7.2 x 1074
0.25 8.7 x 107*
0.30 153 % 107
0.35 20.0 x 1074

in equation (7.21), F, is the residual drag, F; is the skin friction drag, and F,
is the drag force allowance for roughness.

Example 7.9: Ship’s Propulsion Efficiency An occan liner 600 ft long has
a wetted surface area of 90,000 ft*. It requires 14,000 shaft horsepower to
drive this ship at 16 knots through 68 F seawater (p = 64 lbm/ft',
p = 23 x 107 Ibf - s/ft>. Estimate the propulsive cfficiency of this ship.

Solution

This example is solved by computing the drag force of the ship and compar-
ing it with the ideal drag.

(a) Unit conversions
v = 16 knots x 1.6878 ft/s/knot = 27 ft/s
P = 14,000 horsepower x 550 = 7.7 x 10° ft Ibf/s

(b) Froude number
£ v 27
T VLg J600 x 32.17

(c) Reynolds number

_pxv 64 x 600 x 27
T ug. 23 x 107% x 32.17

=0.1943

Re, = 1.40 x 10’

(d) Residual coefficient
From Table 7.5 for F = 0.1943, C, = 6.98 x 10™* (by linear interpolation).

(e) Skin friction coefficient

(0.455 0.455

= - — = 15.07 x 107* 7.12
f [log,o Re, ™ [log,(1.40 x 10%)>"* 7-12)
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(1) Drag force
Use Equation (7.21). For ships AC, = 4 x 10
(GG ACHPE S,
h—
2g.
(698 x 107 +15.07 x 107" +4 x 107%) x 64 x 277 x 90,000
N 2 x 32,17

]'-‘[) == 17{),000 lbf

(g) Propulsive efficiency

P, = Fpu= 170,000 x 27 = 4.590 x 10° ft . Ibf/s

power required to overcome drag of ship
power supplied

Py 4590 x 106

[— — [1]
P 77106 0.596. or 59.60%

efficiency =

7.10 LIFTING VANES
Definitions

In Figure 7.11 the following notation s used in studies of lifting vanes or
airfoils:

¢ = chord length

~ = span of vane

R) .

- = aspect ratio

(.

o = angle of attack

¢y = characteristic area

Physical Analysis

When fluid flows about an object such as a lifting vane whose axis is not
aligned with the flow, the velocities on either side of the object will have
different magnitudes.

With the characteristic area being taken as cs, the product of the chord
times the span, the drag and lift forces for lifting vanes can be written from
equations (7.4) and (7.5) as follows:
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Figure 7.11 Notation for lifting vane study.

. o * A pvz s

Fp=Ch——= 7.19
D D g P 3 (7.19)
. p'zle pvz('s

, =C =C 7.20
L TS L g (7.20)

Although drag and lift coefficients arc a function of Mach and Reynolds
numbers. this section will be limited to the consideration of the “shape”
effects on a typical lifting vane at constant Reynolds numbers in incompres-
sible fluids.

Examination of Figure 7.12 indicates that the velocity is higher on the
upper side and lower on the underside. The increased velocity of the upper
side will result in decreased pressures, and the decreased velocities on the
underside will result in increased pressures.

Figure 7.13 shows the pressure profile around a lifting vane. Lift is the
result of these unbalanced pressures acting on the vane,

While it is possible to determine the lift characteristics by integration of
the velocity profile for simple objects, actual practice is to develop the lift
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4
V

Figure 7.12 Flow around a lifting vane.

and drag coefficients from wind tunnel testing. Figure 7.14 shows the results
of a typical test on a vanc. The object is to design a vanc to have the
minimum drag for the maximum lift. Stafl is the point where the coefficient
of Iift reaches 1ts maximum and starts to decrease in value with increased
angle of attack. When stall occurs, there 1s a marked turbulence in the wake
and damage can resuit to machinery employing lifting-type vanes.

Example 7.10: Power Required for Flight A Boeing 727 airplane has a
wing span of 1459 1t and a chord length of 19.8 ft. It weighs 328,000 lbf
when loaded and is designed to cruise at 500 knots at an altitude of
40,000 ft (density of air at 40,000 ft = 0.01889 Ibm/ft*). Estimate the
power required to drive the airplanc at this speed. Assume that the wing
has the same characteristics as the lifting vane of Figure 7.14. Neglect lift
and drag of the fuselage.

A,

Figure 7.13 Pressure profile of a lifting vane.




286 Chapter 7

NS ¢, ¢, |G/
-6 | —020 | 0023 | — 87
~ 4 0 0.014 0
-2 020 | 0011 | 183
S 040 | 0013 | 307 i
2 080 | 0018 | 323
4 080 | 0028 | 276
w6l 8 098 | 0040 | 245
8 1.3 | 0056 | 176
10 121 | 0077 | 157
12 126 | 0103 | 122 Stal
L 124 | o0 84 7‘__,‘—371*__

Drag coefficient X 100 {Cp), Lift coefficient X 10 (C, )

N 1

—g° -4q° 0° 4° a8° 12° 16°
Angle of sttack (o)

Figure 7.14 Characteristics of a typical lifting vane.

This example is solved by calculating the lift force. First, calculate the
coefficient of lift and then calculate the drag force. Required power is com-
puted from the drag force (the 727°s power must overcome the drag force).

(a) Unit conversion

v = 500 knots x 1.6878 ft/s/knot = 844 [t/s

(b) Fluid properties
p = 0.01889 1bm /ft*
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(c) Lift coefficient
If the buoyant foree of the aircraft 1s neglected, the lift force is its weight, so
the required lift coefficient becomes the following:

2. 2 x 32.17
C,o=F, -5~ 328,000 a

: = 0.5426
prees 0.01889 x 844- x 19.8 x 1459

(7.20)

(d) Drag coefficient
From Figure 7.14, (', = 0.0166 (by lincar interpolation),

Dividing equation (7.19) by equation (7.20) yields the following:
. FL("D _ 328,000 X 00166

"y = = = 10,0351
fy c, 03476 0,035 Ibf

(f) Required power

Pn = FDU = 10.035 X 844 = 8,469‘540 ft]bf/s
8.469,540

horsepower = -
' 550

= 15,400 hp

7.11 PROPELLER CHARACTERISTICS

Consider a propeller rotating in a fixed plane with fluid approaching at a
velocity of v, The fluid has a density of p, a viscosity of @, and a bulk
modulus of elasticity of E. The propeller rotates at a speed of N, has a
diamcter of D, and produces a thrust of T for a power input of P.

An efficient propeller is one in which every cross section of each blade has
the performance characteristics of a well-designed lifting vane. Figure 7.15
shows a cross section of a propeller blade at radius r. The study and analysis
of propeller performance and design is called blade element theory.

The thrust force for a propeller is defined as follows:

D*N?
r=c, o 2F (7.21)
g
C+ in equation (7.21) is known as the thrust coefficient.
The power input to a propeller is expressed as follows;
DN’
P=C, £ (7.22)

&
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Figure 7.15 Propeller blade.

The velocity ratio V' when applied to propellers is called the advance-
diameter ratio because it 1s the distance (V/N) that the propeller could
advance in the fluid per revolution divided by the diamcter.

The efficiency n of a propeller 1s defined as the useful power divided by
the power input, The useful power is defined asTe, the thrust by equation
(7.21} as C‘;-D4N3p/g(., and the power mput from equation (7.22) as
CpD>N'p/g.. Therefore. the efficiency is expressed as follows:

_useful power (C+D*N?p/g Gy CpV
"= power input  CpD°N'p/g,  CpND  Cp

(7.23)

Example 7.11: Maximum Propeller Efficiecncy A 9-ft-diameter propeller,
which has the performance characteristics given in Figure 7.16, rotates at
a speed of 22 rps at an altitude of 20,000 ft (p = 0.04079 lbm/ft}). Deter-
mine for maximum propeller efficiency: (a) air speed, (b) available thrust,
and (¢) power required to drive propeller.

Solution

This example is solved by obtaining the advance diameter ratio from Figure
7.16 for maximum efficiency and calculating the required data.

(a) Fluid properties
o = 0.04079 1bm/ft’
(b) Advance diameter ratio for maximum cfficiency

From Figure 7.16, maximum efficiency occurs at V' =0.7. At this point
Cr =0.053. Cp =0.051, and n = 0.73.
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Figure 7.16 Characteristics of a typical propeller.

(¢) Air speed
v=VDN =0.7x9x22=138.6t/s
(d) Thrust

.. D'Wp 942220.04079
7 - C T

g, 32.17

=0.053 = 213.4 Ibf

289

(7.21)
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(e) Power input

D°N* 9°220.04079
P=Cp—£_0051 107 _ 40,659 fr.1br
g 32.17 (7.22)
_40.659 .. hp

550
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Unsteady Flow

8.1 INTRODUCTION

This chapter considers unsteady-state phenomena applied to some impor-
tant engincering applications, such as unsteady flow in closed conduits,
velocity of pressure waves in elastic pipes, water hammer, and time (o
change tank levels.

Although examples are solved in USCS units only, the equations are struc-
tured so that SI units may also be used.

8.2 BACKGROUND

This chapter covers only a few facets of unsteady flow. For further informa-
tion on this subject, the reader is referred to Rich (1963), a highly recom-

mended source.

8.3 EQUATION OF MOTION
Velocity and Acceleration

In the most general case of fluid motion, the resultant fluid velocity, U,
along a streamline is a function of both distance s and time ¢

291
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U=f(s,1)

The differcntial form of this relationship 1s written as equation (8.1):
ol/ ol/
= —cs + — 8.1

dU ™ ds + Y dt (8.1)

An expression for acceleration (@) may be obtained by dividing equation
(8.1) by dt and noting that U = ds/dr:

_dU _oUds + oUdi —al  aU

CTH T wd T ardi s ar

For steady flow, aU /3t = (.

(8.2)

Fluid Forces

Consider the fluid element flowing in the streamtube shown in Figure 8.1,
This element has a length of dL, an arca normal to the motion of dA4. and a
perimeter of ¢P. The elemental mass is p A dL. The increase in elevation of
this mass is =, and the motion of the element is upward.

Forces tending to change the velocity U of this fluid mass are as follows:

1.  Pressure forces on the ends of the element:

B ap _ap
df, —p dA — (p + 3L (IL) dA = a7 dL dA (8.3)

(

2. Gravity force duc to the component of weight in the direction of
motion:

Y
pgdAdL
9

Figure 8.1 Elements of a streamiube.
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pg dA dL { d: pg dA d=
fF, = —— = - .
e g (dL £, (4
3. Friction force on the outer surface of the element:
dFy = —t dP dL (8.5)
4. The combined force becomes the following:
a pg dA d-
> dF =2 “” dd d —"EE b aa dr
g
(8.6)
o L
—dA(dp pgd_{_rde\
g dA

Newton’s Second Law of Motion

Newton's sccond law of motion was first presented as equation (1.12). It
is rewritten here as equation (8.7):

- ma  pdA dL o/ ol
{F = = =4
2 F g g (U oL " af) (57
Equating equation (8.6) and equation (8.7) yields the following:
ap pg dz T dP dL pdA dL al ol
—dA dL + = o+ —
¢ (aL PRy . YL

(8.8)

Simplifying equation (8.8) results in ¢quation (8.9):

- dL ( Ldr dL (U al/ N al/ N T dL (dP 0 (8.9)
= do+— —+ = — ) = :
£, ol g aL  or o \dA

The length of the element does not change with either time or distance, so
(dp/aL) = (dp/dL), (DU /3L) = (dU }dL), and (dA/dP) = R,. the hydraulic
radius. Substituting these relations in equation (8.9) and simplifying results
in equation (8.10):
dp UdlU dL (HU) T dL

—— {1+
ot }!)R,rr

= fL
&g P g g

=0 (8.10)

8.4 ONE-DIMENSIONAL EQUATION OF MOTION

When the flow is one-dimensional, v = U. Substituting © for U/ in equation
(8.10) gives the following expression:
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g . dp vdv DL (E)'u) T dL
g } 02 g g ot pRh

Equation (8.11) may be arranged in Bernoulli form by multiplying it by g,./g
and noting from equation (1.14) that y = pg/g,:

d o dL dL
WP N o ( )ﬂ —0 (8.12)
14 g ot YR,

=10 (8.11)

Integrating equation (8.12) for an incompressible fluid (y, = y») leads to the
following:

2

- :Di n.. — 7;« = 131 L { i1 0 (8 ]3)
Zr— 2 +— + T - .
Let
1 2
i, — f L (8.14)
th

where H; is the head “lost™ due to friction. Substituting this expression into
equation (8.13) yields the one-dimensional time-dependent equation of
motion:

— v —vp | i
22—Z|+p2 P v U|+_/ (u dL)+H,_:0 (8.15)
14 2g gJi \ot

Note that when dv/ar = 0 (steady flow). equation (8.15) reduces to equation

(8.1),

85 UNSTEADY INCOMPRESSIBLE FLOW IN CLOSED
CONDUITS

For flow in pipes the acceleration term of equation (8.15) may be integrated
by noting that the length of the pipe, L. is not a function of either velocity or
time and that du/dr becomes di/dt. Integrating the acccleration term of
equation (8.15), changing the notation, and rearranging the terms produces
the following;

7
3 L dv
p'+—+ p’+—1+v +Z— 4+ H, (8.16)
y 22 2g g dt
For an incompressible fluid in a constant-area conduit, vy = v». From equa-

tion (4.3), the friction head loss term, H, = K-z.72/2g, so equation (8.16)
may now be written as follows:
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il I Ldv vz
—+)=1—+ 2 —_—— K — .
(y+ .) (y+ _)+gdr+z 7 (8.17)

In equation (8.17), Y K is the sum of the resistance coefficients of the pipe.

8.6 ESTABLISHMENT OF STEADY FLOW

Figure 8.2 shows a pipe of length L connected to a reservoir or some other
limitless source of an incompressible fluid supplying a constant head of H.
At the start of the process. the valve at the end of the pipe is closed. The
valve is then suddenly opened and liquid begins to flow. The frictional
resistance of the pipe is Y K. The time required to establish stcady flow
may be determined as follows.

Considering section 1 to be at the liquid surface and section 2 to be at the
valve discharge (both under atmospheric pressure), then p, =p., and

H = -, — 5. For this situation. equation (8.17) reduces to the following:
L dv o !
—TII':H— K'Z’— or /m— f———i“— (8.18)
£« & H — V‘ K —
2g

For steady flow, dv/dt = 0. Rearranging equation (8.18) yields the follow-
ng;
YK H

’bl
K— = — 8.19
H— Z or 22 7 ( )

%2 —_—

Figure 8.2 Notation for establishment of flow.
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Substituting equation (8.19) in equation (8.18) and simplifying yiclds the
following:

f L [ dv Ll% Code Lug Vg + v
dr =" , = (= 2 og,
0 g Jo o el Sy r* — v 20H vp — U

H—H—

1 ‘[-'

(8.20)
Mathematically, the time required for vy to equal 2 is infinity.

Example 8.1: Time 1o Establish Flow Water is to be discharged from a

L thtoirer iy o~ md ey thao atrmacmhoars An ctant haaod

l(jlll\ LlllUUE:ll d lJllJlll& ‘!_y‘!lblll llllU llle dllllU)}JllblL undaer a constdnt ncada
of 20 feet. Valves, fittings, and pipe in the system have a combined resis-
tance cocfficient (> K) of 62. After a valve is suddenly opened to permit
flow, how much time will it take to attain 90% of the final velocity?

Solution

This example is solved by calculating the final velocity using equation (8.19)
and the time from equation (8.20).

(a) Final (stcady-state) velocity:

20H 32.17 x 20
_ |8 __sz 7 x = 4.56 ft/s (8.19)

s e

(b) Time to establish 90% of flow:

. Lvg los v+ o) 2000 x 4.56 o 4.56 +0.9 x 4.46
T ogH B T2 %3217 x 20 CB\4.56 — 0.9 x 4.46

) = 20.87 s

I'[.‘ — U

(8.20)

8.7 VELOCITY OF PRESSURE WAVES IN PIPES

In Section 1.6.2, the acoustic velocity of a fluid was derived assuming the
pipe to rigid. This analysis resulted in equation (1.57):

E.g,
=
Jel

Pressure in an elastic pipe causcs the pipe walls to stretch, and a combined
modulus of elasticity E, is nceded to account for the volume change of both
the fluid and the pipe. The change in volume is expressed in equation (8.21):

(1.57)
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dv = d’”ﬂuid + df“pipc (821)

The combined modulus may be expressed as follows:

L:— drU foed ——dl-— +1 — dv (822)
E, v dp v dp /) qud v dp pipe

The first right-hand term of equation (8.22) is 1/E,.

From the mechanics of materials, Young’s modulus of elasticity is
defined as E,. = unit stress;/unit strain. Applying this concept to the circum-
ferential stress in a thin-walled cylinder gives a unit stress of r dp/t,.. If the
circumference is stretched by the amount o/, the increment of unit deforma-
tion is dl /2nr. Further, df = 2n dr. From these relations, the following can
bc written:

unit stress

: unit stram
— ¥ (lp/[ll‘ — ¥ dp/In — i@ (823)
dt 2y 2w dr/2rr o, dr
£t dr
C]]I = 5

r

The volume of the pipe is ¥ =nr’L, and the increase in volume is
dV = 2nr dr L. Substituting for dv, v, and dp from equation (8.23) in the
second right-hand term of equation (8.22) results in the following;

dv 2mr dr L 2r D
o =~ 2 N = (8.24)
v dp pipe (rr L)(E_].I“ dr L/r7)  Ejt, E.t,
Equation (8.22) may now be written as follows:
= (D) 2 — §.25
E-ETENL) T BT TR (EEXDID (8.25)

¢

Substituting E, from equation (8.25) for E; in equation (1.57) results in the
following:

. |8 £, 9]
= \/ P (1 + (E,\/El.)(o/r.\.)) (8:2)

In this equation ¢, is the velocity of a pressure wave in an elastic pipe. Table
8.1 shows the values of £, and E, for selected substances.
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Table 8.1 Modulus of Elasticity for Selected Substances at 68 F (20°C)

Young's modulus of clasticity, E,

Solid Ibf/in.? GPa
Aluminum 10,000,000 69
Brass 15,000,000 103
Bronze 16,000,000 110
Cast iron, gray 10,000,000 69
Cast 1ron, malleable 24,000,000 165
Concrete 4,000,000 28
Magnesium 7,000,000 48
Monel 26,000,000 179
Nylon 300,000 2
Polystyrene 450,000 3
Steel 29,000,000 200
Steel, stainless 28,000,000 193
Titamum 17,000,000 117
Bulk modulus of elasticity, £,
Liquid Ibf/in.’ GPa
Benzene 223,000 1.54
Carbon tetrachloride 204,000 1.41
Ethanol 155,000 1.07
Glycerin 676,000 4.66
Mercury 4,150,000 28.61
Octane, normal 145,000 1.00
Water 318,000 2.19

Examnle 8.2: Velociry of a Pressure Wave
Z VvV of a Fressure Wave

Apran

in. schedule 40 steel pipe. Estimate the velocity of a sound wave, assuming
(1) the pipe to be rigid. and (2) the pipe to be clastic.

Solution

This example is solved by using equation (1.57) to determine part (1) and

equation (8.25) for part (2).

(a) Substance properties

Water at 68 F:; From Table D.1, p = 62.31 Ibf/ft’; from Table 8.1, E, =

318,000 1bf/ft°.

Water at 68 °'F flows in a 10-
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Steel at 68 F: From Table 8.1, £, = 29,000,000 Ibf/ft".

(b) Pipe properties
From Table C.3 for 10-in. schedule 40 steep pipe:

d =0.8350 x 12 =10.02 in., 1, = 0.365 in.
Part 1: Rigid pipe

Eg. (318,000 < 1144) x 32.17
= = = 4,862 ft/s
‘ V' » 62.31 4.862 f/s

Part 2: Elastic pipe

(P - 0 (1 + E\/Et)(D/tu))

. 32.17 318,000 x 144 (8.25)
7V A62.31/\1 + (318,000/29,000,000)(10.02/0.365)

¢y = 4,263 It/s

8.8 WATER HAMMER

Water hammer 1s a series of shocks sounding like hammer blows that is
produced by suddenly reducing the flow of a fluid in a pipe or conduit.
Water hammer can be dangerous, causing pipes to burst.

Consider an incompressible fluid flowing with a velocity ¢ in the ¢lastic
pipe shown in Figure 8.3. The valve, which is located at distance L from the
pipe entrance, is suddenly closed. reducing the velocity from v to 0. The
pressure wave produced by this sudden closure has a velocity of ¢, traveling
upstream in the opposite dircction of « In a short interval of time, dr, an
element of fluid ¢, dr is brought to rest. Application of the impulse-momen-
tum concept yields equation (8.26):

Lh Ac, dt) dv
MAC 4 lpd = (p+ dp) At = "”‘) '

« &5C

F dr =

or
pe, du
ge

Integrating equation (8.26) leads to an cxpression for the increase in pres-
sure due to the sudden closing of the valve:

—dp = (8.26)
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Pressure Wava —
c V=0

Figure 8.3 Notation for water hammer study.

14t . } C o
e ¢yl
/ dp=——L[ dv=puy= P (8.27)
0

e Jr 8e

Pwy 18 the increase in pressure due to the sudden closing of the valve.

Time of Valve Closure
The time for the pressure wave to travel the length of pipe L and return is

given in cquation (8.28):

2L

{'l,

l (8.28)

Here, ¢, is the critical time for the valve to close. If the valve is closed in time
1. or less, it may be considered to be a sudden closure and produces an
increase of pressure py.; as calculated by equation (8.27). If the time of
closure 1s greater than ¢, then it 1s called a sfow closure. The approximate

{
pressure rise due to slow closure may be estimated using the following:
I, (2L/cp) { peyv 2Lpr
Psc = —Pwi = =— (8.29)
t { g 12,

In this equation, pg s the increase in pressure due to the slow closing of the
valve.

Example 8.3: Pressure Rise Due to Water Hammer  Water flows at 68°F
in a 3-in. schedule 40 steel pipe with a velocity of 10 ft/s. A valve located
200 ft downstream 1is closed in (1) 1/20 second, (2} 10 scconds. Estimate
the pressure rise in the pipe.
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Solution

This example is solved by calculating the critical time of closure using equa-
tion (8.28). The pressure rise is then calculated using cquation (8.27) or
equation (8.29) as appropriate.

(a) Substance properties

Water at 68 F: From Table D.1, p = 62.31 Ibfift’; from Table 8.1, E, =
318,000 Ibf/ft".

Steel at 68°F: From Table 8.1, £, = 29,000,000 [bf/ft’.

(b) Pipc properties
From Table C.3 for 3-in. schedule 40 steel pipe:

D =02557 x 12 =3.0684 in.., 1, = 0.365 in.

(c) Velocity of the pressure wave

Sy Y B
Cr = Vp \I+E/END/L)

‘ N 4

(3207 318,000 x 144 (8.25)
=\ \62.31 )\ 1+ (318.000/29,000.000)(3.068,/0.216)

¢, =4,523 Tt/s

(d) Critical time for valve closure

L 2x200 1
_ 2L _2x200 s (8.28)

fe 4523 11

Cp

n

De b M iiom tiemmm e 1 /90 o P I T
rdart 1. CI10Surc Lmne is 1/2u sCCo1ia, w

calculated:

_por 6231 %4523 x 10
Puny = g. - 3217

— 87,606 Ibf/ft°/144 = 608 psi  (8.27)

Part 2: Closure time is 10 seconds, which is greater than the 1/1 1 second just
calculated:

_ 2Lpr 2% 200 x 62.31 x 10 775 Ibf/fC°
g, 10x3217 144

= 5.38 psi (8.29)
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Example 8.4: Forces on an Air Duct  Air at 77 F flows with a velocity of
20 ft/s through a 5-ft square f-in.-thick aluminum metal ventilation duct.
The flow is suddenly stopped by control devices. Estimate the force pro-
duced on the 5-ft x 5-ft arca of closure.

Solution

This example is solved by considering air to be incompressible at standard
atmospheric pressure. The temperature of 77°F is close cnough to 68'F to
permit the use of Table 8.1 for Young’s modulus £, for aluminum. The
force is then calculated using ¢quation (8.27). |

(a) Substance properties
Air at 77 F and 14.696 psia: From Table D1, M = 28.97 Ibm/Ibmole:

oy 144 x 14.696
" RT ~ (1545/28.97) x (77 + 460)

0 — 0.07398 lbm/ft’ (1.39)

From Table D.2, &£ = 1.401:
E, = kp = 1401 x (14.696 x 144) = 2,965 lbt‘/in.2

Aluminum at 68°F: From Table 8.1, E. = 10,000,000 Ibf/in.”.

(b) Duct properties
From Table C.2 for a square duct flowing full:

A=D =5x5=25ft

D,=4R, = 5% 12 =460 in., l =~ 1n,

(c) Velocity of the pressure wave

. //’i/ E, 3

» =\ o IS @EIEN D))

3217 2965 (8.25)
‘= (0.07398) (1 + (2965/10,000,000)[60/( /16)])

¢, = 1,002 ft/s

(d) Pressure increase

pCpU 0.07398 x 1002 x 20

= INE = 46 Ibf/1t? (8.27)

Pwy =



272 Chapter 7

Figure 7.7 Notation for Example 7.4.

(b) Properties of the sphere
_0.06

D = =5 = 0.005 f1
L
6

(c) Drag force
JF” = ,%}"fﬁiDl‘
(d) Buovyant force
Fg=vV
{e) Gravity force

»

.Fﬁ s ]/\l
(f) Free body
ZF.':[]IF,{;“FH_FL = Fﬁ_F.s:-'_FD

Substituting the force equations into the free-body equation and solving for
¢ results in the following:
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dz
prAyo = PA( 0 ) + 02420

For a liquid, p, = p = p, and Q = Aw; the conservation of mass statement
becomes:

PR A dz
Ql dt + QUU[ o f d [ Q]I'I Q(]th (8‘30)

Tanks of Uniform Cross Section

Figure 8.5 shows a tank of uniform cross section 4 being supplied at the rate
of Q;, and drained by a piping system whose internal diameter is D. The
piping system has a total resistance coefficient of )~ K.

Supply

Pina
Fipe

Liquid Surfaca

D
Drain
Pipe
Q

out

Figure 8.5 Tank of uniform cross scction.
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Apphcation of pressure -height relations, equation (2.6), with energy loss,
equation (4.1), and the definition of resistance coefficient, equation (4.3),
results in the following:

Ap s 2g:
E K r= - "
Zg( g, or ( K (8.31)

The volumetric flow rate Q through the pipe from the continuity equation
= Av: substituting this into equation (8.31) produces the following:

N T I
nf) J2g-

YK

Solving equation (8.32) for - yields the following:
K
- (L) 2 (8.33)

Differentiating equation (8.33) yields the following:

Oou = Av = (8.32)

d: = lé(gzz 4)Quu. Qo (8.34)

Substituting equation (8.34) in equation (8.30) gives the following expres-
s1on:
& 163 K [Puc Q. dO
/ d — 22 2 Q( 1 ££Ollt (8.35}
i g D Cow Qm Quul

Integrating equation (8.35) yields the desired equation for time to lower the
level in a tank:

16 Z K Qi - Qou |
lh—=1t = gy [Qin log, (@f_—‘gﬁ + Qount — Qour2 (8.36)

Example 8.5: Time to Lower the Level in Tank with Inflon An open cy-
hindrical tank 6 ft in diameter is filled with water to a depth of 10 ft. A 4-
in. internal diamcter piping system is located at the bottom of the tank.
The combined resistance coefficient of the piping system is > K = 2.69. A
pipe at the top of the tank supplies water at the rate of | ft'/s. Determine
(1) the time to lower the level by 2 ft and (2) the minimum height of the
tank rcquired to prevent overflow.
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Solution

This example is solved by application of equation (8.36) for the time to
change tank levels. The level to prevent overflow is achieved once stcady-
state conditions are achieved.

Part 1: Time to lower level from 10 ft to 8 ft:

D [2gz w4712 [2x32.17 12 /2
—_ - T = 42 o 32
Qou 4 VYK 4 2.69 04268 (8.32)

Qoutt = 0.4268 x (10)"/% = 1.350 ft* /s
Qouz = 0.4268 x (8)'/7 = 1.207 ft'/s

h—1 =

16 Z K Qm Qoull
2D4 [ Og( (Qm Qout"‘ + Q()utl - Qoul2

l
[2 — f| = 6 X 6? 97 [l X 105.,( (l——?/E + 1350 — ].207_|
X _l

P — A 1nd M7
217 xn x (4/12) L.zuiy

=207 s (8.36)

Part (2): Minimum tank height to prevent overflow:

Qo = Qi = 1 = 0.42682"2, - = 5.49 ft

8.10 TIME TO CHANGE TANK LEVELS WITHOUT INFLOW

If there is no inflow, then Q;, = 0 and equation (8.36) reduces to the follow-
ing:

163 K
h—h = o 2D4 (Qoutl Qoth) (837)

Substituting equation (8.32) in equation (8.37) yields the following;

K 7 2
Ip =l = ]T—DE ZZg (z 1[/“ - Z;_/h) (8.38)
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Example 8.6: Time to Discharge a Quantity of Liquid from a Tank The
tank shown in Figure 8.6 has a uniform internal diameter of 20 ft and is
filled with 200,000 gallons of a liquid. The drain piping is located on a
centerline 3 ft above the bottom of the tank and consists of 4-in. schedule
40 steel pipe containing a sharp-edged inlet, one flanged globe valve
(K, = 6.45), and one flanged 90 standard elbow (Ky = 0.49). The length
of straight pipe is negligible. Estimate the time required to drain 50,000
gallons from the tank.

Solution

This example is solved by the application equation (8.38) and the theory
presented in Chapter 4.

(a) Pipe properties
From Table C.3 for schedule 40 steel pipe:

D =0.3355ft

From Table 4.4 for sharp-edged inlet: K, = 0.5:
Exit: K,=1.0

The total pipe resistance coefficient is:

Y K=K +K +Kr+K =05+645+049 1.0 =844

Initial Tank Level

™~

F § 3 Surface—

AR AR TR
Final Tank Level 1

Figure 8.6 Notation for Example 8.6.
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(b) Tank properties

Dy 20°
%:HXTZ 14]6 ftx

A=

Chapter 8

V, = 200,000 gallons x 0.133680 cubic feet/gallon = 26,736 ft’

[nitial depth of liquid in tank:

Final depth of liquid in tank:

200,000 — 50,000
E 200,000
Zy=1z; — 2z, = 63.83 —3.00 = 60.83 [t

x 85.10 = 63.83 ft

(c) Time to remove 50,000 gallons:

84 3K

b ] ——

_ (2172 2y
aD?*\ 2g i

d—ll

(8.38)

8)(314]6 844 ]/"J /2
Iy — 1) = J 82.10"2 — 60.83"/2) = 3.274 «
2T = 33V 2 % 3017 )= 3,274

REFERENCE

Rich, G. R.. Hydraulics Transients, Dover Publications, New York, N.Y ..

1963.



Appendix A

Conversion Factors

Universal gas constant

Length

Mass

Volume

Force

Pressure

R,

— e p—

km
il
mi

Ibf

Ibfin?
in. Hg
arm
bar
torr

= 1545 ftIbf/(Ib-mol)( R} = &314 J/(kg molK)

= 1.986 Btu/(lb-mol)} R} =10.730 utm-i'l‘/(lb-mol)[ R}
= 10.73 psia-fU /(Ib-mol)( R)

100 ¢cm = 1000 mm = 10° microns (zm)
= 39.37 in. = 3.2808 {1 = 0.0006214 mi
=0.6215 mi = 3281 1

=12 in, = 3048 cm

= 5280 f1

I

1000 g = 0,001 metric ton == 2.205 lbm
= 453.593 ¢ = 0.453593 kg = 5 x 10" ton

= 1000 liters = 10° ¢m® = 10° ml

35.3145 f1' = 220.83 imperial gallons = 264.17 gallons
= 172% in® = 7.4805 galions = 0.028317 m'

28.317 hilers

=16.387 ¢cm’

il

=1 kg m/s” = 0.22481 Ibf
= 32.174 Ibm-fi/s” = 4.4482 N

= 2.036 in. Hg at 32 F

= 0.0334 aim = 0.491 1b{/in".

14.696 Ibl/in.” = 760 min Hg at 32 F = 101.325 kPa
0.9869 atm = 105 N/m” = 100 kPa

I mm Hg at 0 C=1.933 x 10 -2 ps
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Density

Energy

Power

Ibm At
g:cm‘

Btu

J

Btu/lbm
kl'kg

W
kw

hp

m.
m

i

<
-5

= 0.01602 g/cm"
=1 kg/l = 62.4 Ibm/ft’ = 10" kg/m’

= 778.16 fr.1bl = 252.16 cal = 1055}
=1 N.m =0.7375 ft.]1bf

=232 kl/kg

= 00.431-Btu/1bm

=1 J/s = 860.42 cal/hr = 3.413 Btu/hr
= 1.3405 hp = 737.3 ft.Ibf /s
= 746 W = 550 f1-1bf /s = 2545 Btu/hr

= 2,237 mi/hr = 3.60 km/hr = 3281 {1/

Appendix A



Appendix B

Pipe Schedules

Recommended Piping Design Equations

The American National Standard (ANSI/ASME B.31.1) Code for Pressure
Piping recommends the following equation to determine pipe thickness as a
function of allowable stress and fluid pressure:

ﬁ . 2([m B Ar)
Su N Du“z}’(tm_At) (Bl)

where

= difference between internal and external pressures

S(, = allowable stress

D, = pipe outer diameter

J— .Mcv\‘Mlim

t,, = mimimum wall thickness

A, = additional wall thickness required to compensate for material
removed in threading, grooving, etc.

1 = correctton factor for material and temperature

For service at and below 900°F (482°C), the standard recommends y = 0.4,
Substituting this value of y into equation (B.1) yields the following:
2(t,, — A,)

= m — 4 T < 900°F B.2
Dn - O-S(Im — A h o ( :

Q(/)ll"(:|
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Piping Schedules

ANSIT B36.10—1970 assigned schedule numbers to pipe sizes In use.
Schedule numbers arc based on an allowance of 0.1 for 4, y =0, and
1, = 71,/8, where ¢, is the schedule thickness (the 7/8 factor allows for a
12.5% variation 1n wall thickness). Substituting these values into equation
(B.2) results in the following:

po 2A7y8 00 N,
S D,—0(71,/8—0.1) 1000
or
1000/
N, = —0£ (B.3)
Sa

In cquation (B.3). N, is the schedule number.
The relationship of cquation (B.3) is very approximate due to the round-
ing off of existing sizes. The schedule number calculated with equation (B.3)

gives a conservative value. Before pipe design thickness calculations are

2 S Rzl ¥ ¥ ALE aA e Swid A e aia

performed. the appropriatc ANSI standard should a/ways be consulted.
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Properties of Areas, Pipes, and Tubing

Table C.1

T Ll ™D
1dDIU L.&

Table C.3
Table C4
Table C.5
Table C.6

Properties of Areas

Values of Flow Areas 4 and Hy
Cross Sections

Properties of Wrought Steel and Stainless Steel Pipe
Properties of 250-psi Cast Iron Pipe

Propertics of Seamless Copper Water Tube
Allowable Stress Values for Selected Piping Materials
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Table C.1 Properties of Areas
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Table C.1 Properties of Areas (Continued)
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Table C.2 Values of Flow Areas A and Hydraulic Radius R, for Various

Cross Sections

CROSS SECTIONS CONDITION EQUATIONS
Flow!
ot hiD =1 A=xDY4 R,=Di4
T— DI Upper cos™'(6/2) = (2h/1D — 1)
h Half 05<hD<1|{ A= [m(360—8)+ 180sin 8} (D¥1440)
_L_ l Partly Ry = [1 + (180 sin 0)/(»8) ] {D/4)
Full h/D =0 8128 A=06839D*  R.max=030430
/f\—r Lower h|D = 0.5 A=maDY8 R, max = h/2
»eug ) D e cos~'(8/2) = (1 — 2A/D)
d Partly D< WD <05 | Aw=[no— 180sin8)(D*1440)
W 1 Full Ry = [1 — (180sin 8)/(=8)] (D/4)
Flowing AiD =1 A=bD Ry =bD{2(b + D)
-f_ — I Ful Square b= D A=D* R.=Dl4
_'l,_ A _J_ Partly hiD <} A=bh Ry = bh/(2h + b)
> Full hib=0.5 A = b2 R, max = h/2
b—w h—0 R, — h {wide shallow stream)
R, max = h/2
a®f A=[b+Yah (cota +cotB)]A
Ry == Af[bd + h(cosec o + cosec 3) ]
5 Bol | opge | A=(+2m '
! 72 | T p e (b4 2h)AI(b + 4.472h)
AN _ / L0 U R A= (b+1.7320)A
B = a V3 Ry== (b+ L732ZR)AI (b + 4A)
c R A |
F | A_2 ane a1 A= (b+15h)h
| il | 4 a3 [e=3A4 Ry = (b+ 1.5h)h/(b + 3.806A)
b2} b frce] |a=8
h_y - A (b+ )
a a Ry = (b+ R)R/(b + 2.828R)
h_3 _ ) A= (b+ 0.6667h)A
a 2 o= S8 o e (b + 0.6667A)A/ (b + 2.4047h)
h_ - ° A= (b+ 0.5774h)A
a * R, = (& + 0.5774h) h/(b + 2.308h)
8 = any angle A=tan(6/2}h* R, =sin(8/2)A/2
T 8=30 A = 0.2679A Ra = 0.1204h
h 9= 45 A = 0,4142h1 R.=0.1913A
| 9 =60 A = 0.5774A1 R, = 0.2500A
8=90 A= ht R, = 0.3636A
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Table C.3 Properties of Wrought Steel and Stainless Steel Pipe

Appendix C

Nominat|Outside Diamete Scheduie*® Wall Thickness|internal Diameter| Flow Area Relative |[For Complete Turbulence
Pipe square square Roughness | Friction Reynolds
Size in. in. mm a b c in. mm feet mm feet meters e/D Factor Number

108 0.049 1.2410.02558] 7.798| 5.140E-04| 4.776E-05] 5.863€.03] 0.03189 646,000

8 0.405| 10.29] 40 | 40S | STD | 0.068| 1.73]0.02242] 6.833| 3.947E-04| 3.667E-05| 6.691E-03| 0.03323 478,000

80 | 80S| XS | 0.095! 2.4110.01792] 5.461] 2.521E-04] 2.342€-05] 8.372E-03] 0.03572 382,000

108 0.065| 1.65/0.03417( 10.414[ 9.168E-04| 8.518E-05| 4.390E-03( 0.02921 729,000

1/4 0.540| 13.72{ 40 { 40S | STD | 0.088] 2.24]0.03033| 9.246| 7.227E-04| 6.714E-05| 4.945E-.03] 0.03027 647,000

80 | 80S| XS | 0.118] 3.02{0.02517] 7.671] 4.974E-04; 4.621E-05| 5§.960E-03| 0.03205 537,000

108 0.065| 1.65|0.04542| 13.84| 1.620€-03| 1.505E-04| 3.303E-03| 0.02689 969,000

3/8 0.675| 17.15] 40 | 40S | STD | 0.091 2.31/0.04108| 12.52| 1.326E-03| 1.232E.04| 3.651E-03| 0.02767 876,000

B0 | 80S| XS | 0.126] 3.20[0.03525] 10.7¢4] 9.759E-04 9.066E-05] 4.255E-03] 0.02894 752,000

58 0.065| 1.65/0.05917( 18.03] 0.002749| 0.0002554| 2.535E-03| 0 02497 1,262,000

108 0.083| 2.11|0.05617| 17.12] 0.002478[ 0.0002302| 2.671E-03] 0.02533 1,198,000

1/2 0.840| 21.34| 40 | 40S | STD| 0.109{ 2.77[0.05183] 15.80| 0.002110; 0.0001960| 2.894E-03| 0.02590 1,106,000

80 | 80S| XS | 0.147{ 3.73]0.04550| 13.87] 0.001626| 0.0001511) 3.297E-.03| 0.02687 971,000

160 0.188/ 4.78/0.03867f 11.79[ 0.001174| 0.0001091| 3.879E-03| 0.02816 825,000

XS | 0.294] 7.47]0.02100] 6.401] 0.0003464{0.00003218] 7.143E-03] 0.03393 448,000

58 0.065| 1.65/0.07667| 23.37{ 0.004616| 0.0004289| 1.857E-03} 0.02328 1,636,000

108 0.083] 2.11|0.07367| 22.45( 0.004262| 0.0003960| 2.036E-03| 0.02353 1,572,000

4 1.050{ 26.67| 40 | 40S| STD| 0.113] 2.87|0.06867| 20.83] 0.003703| 0.0003440| 2.184E-.03| 0.02398 1,465,000

80 [ 80S| XS | 0.154] 3.91/0.06183] 18.85/ 0.003003/ 0.C002790| 2.426E-03| 0.02467 1,319,000

160 0.219{ 5.56/0.05100] 15.54] 0.002043| 0.0001898} 2.941E-03] 0.02602 1,088,000

XS ] 0.308) 7.82/C.03617] 11.02] 0.001027| 0.0000954| 4.147E-03] 0.02872 772,000

58 0.065| 1.65]0.09875] 30.10] 0.007659| 0.0007115) 1.519€.03] 0.02180 2,107,000

108 0.109| 2.77|0.09142] 27.86/ 0.006564| 0.0006098| 1.641E-03] 0.02224 1,950,000

1 1.315] 33.41) 40 | 40S | STD.] 0.133] 3.38/0.08742] 26.64] 0.006002] 0.0006576| 1.716E-03| 0.02248 1,865,000

80 | 80S| XS | 0.179f 4.55/0.07875| 24.31] 0.004995( 0.0004641| 1.881E-03] 0.02304 1,701,000

160 0.250] 6.35/0.06792] 20.70{ 0.003623] 0.0003366| 2.209E-03| 0.02405 1,449,000

XS | 0.358/ 9.09/0.04992| 15.21[ 0.001957] 0.0001818} 3.005E-03| 0.02618 1,065,000
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Nominal[Qutside Diameter] Schedule’ Wall Thickness|internal Diameter| Flow Area Relative [For Complete Turbulence
Pipe square square Roughness | Friction Reynoids
Size in. In. mm a b c n. mm feet mm feet meters eD Factor Number

58 0.065| 1.65] 0.1275| 38.86 0.01277| 0.001186] 1.176E-03( 0.02044 2,720,000

108 0.109| 2.77| 0.1202| 36.63 0.01134] 0.001054| 1.248E-03| 0.02074 2,564,000

1-1/4 1.660[ 42.16] 40 | 40S | STD| 0.140| 3.56] 0.1150{ 35.05 0.01039| 0.0009650| 1.304E-03{ 0.02097 2,453,000

80 {80S| XS | 0.191 4.85| 0.1065| 32.46| 0.008908; 0.0008276| 1.408E-03 0.02138 2,272,000

160 0.250| 6.35) 0.0967| 29.46] 0.007339%( 0.0006818} 1.552E-03] 0.02192 2,062,000

XS | 0.382] 9.70] 0.0747] 22.76] 0.004379] 0.0004068| 2.009E-03| 0.02345 1,593,000

58 0.065| 1.65| 0.1475| 44.96 0.01709] 0.001587! 1.017E-03] 0.01972 3,147,000

108 0.109] 2.77] 0.1402] 42.72 0.01543| 0.001434| 1.070E-03] 0.01996 2,990,000

1- 1/2] 1.900| 48.26] 40 | 40S| STD| 0.145] 3.68] 0.1342] 40.89 0.01414] 0.001313| 1.118E-03| 0.02018 2,862,000

80 | 80S| XS | 0.200] 5.08f 0.1250( 38.10 0.012277 0 001140| 1.200E-03{ 0.02054 2,667,000

160 0.281 7.14| 0.1115] 33.99| 0.009764| 0.0008071| 1.345E-03] 0.02113 2,379,000

S | 0.400f 10.16] 0.0817] 27.94] 0.006600/ 0.0006131] 1.636E-03] 0.02222 1,956,000

58 0.065] 1.65| 0.1871| 57.02 0.02749] 0.002554] 8.018E-04| 0.01862 3,991,000

108 0.108| 2.77| 0.1798] 54.79 0.02538| 0.002358{ 8.345E-04 0.01880 3,835,000

2 2.375| 60.33] 40 | 40S | STD | 0.154] 3.91] 0.1723[ 52.50 0.02330| 0.002165| 8.708E-04| 0.01899 3.675,000

80 [ 80S| XS | 0218 5.54| 0.1616 48.25 0.02051 0.001905! 9.283E-04] 0.01928 3,447,000

160 0.344 8.74| 0.1406] 42.85 0.01552 0.001442] 1.067E-03] 0.01995 2,999,000

XS | 0.436] 11.07[ 0.1253] 38.18 0.01232] 0.001145{ 1.198E-03] 0.02053 2,672,000

58S 0.083] 2.11| 0.2258( 68.81 0.04003| 0.003719| 6.645E-04] 0.01782 4,816,000

10S 0.120| 3.05| 0.2196] 66.93 0.03787 0.003518( 6.831E-04] 0.01793 4,684,000

2- 1/2| 2.875, 73.03] 40 | 40S | STD| 0.203| S5.16] 0.2058| 62.71 0.03325| 0.003089{ 7.290E-04| 0.01821 4,389,000

80 | 80S| XS | 0.276] 7.01| 0.1936] 59.00 0.02943] 0.002734| 7.749E-04| 0.01847 4,130,000

160 0.375| 9.53] 0.1771| 53.88 0.02463| 0.002288| 8.471E-04] 0.01887 3,778,000

XS | 0.552] 14.02] 0.1476] 44.98 0.01711 0.001589| 1.016E-03] 0.01971 3,148,000
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Appendix C

Table C.3 Properties of Wrought Steel and Stainless Steel Pipe (Continued ;
NominallQutside Diamete Schedule® Wall_Thickness)internal Diameter| Flow Area Relative [For Complete Turbulence
Pipe square square Roughness | Friction Reynoids
Size in. in. mm a b [4 in. mm feet mm feeat meters oD Facior Number
5S 0.083 2.1 0.2778| 84.68 0.06063 0.005632| 5.339E-04] 0.01699 5,927,000
108 0.120 3.05( 0.2717] 82.80 0.05796 0.005385{ 5.521E-04] 0.01708 5,796,000
3 3.500| 88.90| 40 | 40S | STD | 0.216 5.49| 0.2557] 77.93 0.05134 0.004769| 5.867E-04| 0.01731 5,454,000
80 | 80S| XS | 0.300 7.62| 0.2417| 73.66 0.04587 0.004261| 6.207E-04| 0.01754 5,156,000
160 0.438| 11.13] 0.2187| 66.6S 0.03755 0.003489| 6.860E-04| 0.01795 4,665,000
XS | 0.600] 15.24] 0.1917] 58.42 0.02885 0.002680| 7.826E-04] 0.01851 4,089,000
58 0.083 2.11] 0.3195| 97.38 0.08017 0.007448| 4 695E-04] 0.01647 6,816,000
3-1/2 4.000f 101.6 108 0.120 3.05| 0.3133] 95.50 0.07711 0.007164( 4.787E-04{ 0.01654 6,684,000
40 | 40S | STD | 0.226 5.74| 0.2957{ 980.12 0.06866 0.006379] 5.073E-04] 0.01675 6,308,000
80 [ 80S| XS | 0.318 8.08] 0.2803| 85.45 0.06172 0.005734) 5.351E-04] 0.01696 5,980,000
XS | 0.616] 15.65] 0.2307| 70.31 0.04179 0.003882[ 6.503E-04! 0.01773 4,921,000
58 5S | 0.083 2.11 0.3612] 1101 0.1024 0.009518| 4.153E-04] 0.01602 7,705,000
10S 0.120 3.05{ 0.3550 108.2 0.09898 0.009196] 4. 225E-04] 0.01609 7,573,000
40 | 40S | STD | 0.237 6.02] 0.3355] 102.3 0 08840 0.008213] 4.471E-04] 0.01629 7,157,000
4 4.500| 114.3] 80 | 80S| XS { 0.337 8.56{ 0.3188 97.18 €.07984 0.007417] 4.705E-04] 0.01647 6,802,000
120 0.438| 11.13] 0.3020| 92.05 0.07163 0.006655| 4.967E-04{ 0.01667 6,443,000
160 0.531( 13.48| 0.2865] 87.33 0.06447 0.005989| 5.236E-04] 0.01687 6,112,000
XS | 0.674] 17.12{ 0.2627] 80.06 0.05419 0.005034| 5.711E-04] 0.0172% 5,604,000
55 55 | 0.109 2.77] 0.4454] 135.8 0.1558 0.01448] 3.368E-04| 0.0153 9,502,000
108 0.134 3.40] 0.4413 134.5 0.1529 0.01421] 3.399E-04| 0.01534 9,413,000
40 | 40S | STD | 0.258 6.55| 0.4206] 128.2 0.1389 0.01291| 3.566E-04| 0.01550 8,972,000
5 5563] 141.3] 80 | 80S| XS | 0.375 9.53| 0.4011 122 3 0.1263 0.01174] 3.740E-04] 0.01566 8,556.000
120 0.500] 12.70| 0.3803] 115.9 0.1136 0.01055| 3.945E-04| 0.01584 8,112,000
160 0.625] 15.88] 0.3594] 109.6 0.1015 0.009426] 4.173E-04] 0.01604 7,668,000
XS | 0.750] 19.05] 0.3386[ 103.2 0.09004 0.008365{ 4.430E-04 0.01625 7,223,000
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Nominal|Qutside Diameier] Schedule® Wall Thickness|internal Diameter| Flow Area Relative |For Complete Turbulence
Pipe | square square | Roughness | Friction | Reynolds

Size in. in. mm a b c in. mm feet mm teet meters e/0 Factor Number
58 58 | 0.109 2.77| 0.5339| 162.7 0.2239 0.02080} 2.809E-04| 0.01473 11,390,000
108 0.134 3.40| 0.5298 161.5 0.2204 0.02048] 2.832E-04; 0.01476 11,300,000
40 | 40S | STD| 0.280 7.11| 0.5054| 164.1 0.2006 0.01864| 2.968E-04| 0.01480 10,780,000
6 6.625) 168.3] 80 | 80S | XS | 0.432| 10.97{ 0.4801 146.3 0.1810 0.01682| 3.124E-04| 0.01507 10,240,000
120 0.562| 14.27| 0.4584| 139.7 0.1650 0.01533| 3.272E-04| 0.01522 9,780,000
160 0.719] 18.26] 0.4323] 131.7 0.1467 0.01363| 3.470E-04| 0.01541 9,221,000
XS | 0.864] 21.95] 0.4081 124 .4 0.1308 0.01215] 3.676E-04] 0.01560 8,706,000
58 58 | 0.109 2.77| 0.7006] 213.5 0.3855 0.03581| 2.141E-04 0.01392 14,950,000
10S | 10S| 0.148 3.76] 0.6941] 211.6 0.3784 0.03515( 2.161E-04( 0.01395 14,810,000
20 0.250 6.35] 0.6771| 206.4 0.3601 0.03345| 2.215€E-04| 0.01402 14,440,000
30 0.277 7.04] 0.6726| 205.0 0.3553 0.03301{ 2.230E-04| 0.01404 14,350,000
40 | 40S.| STD | 0.322 8.18| 0.6651 202.7 0.3474 0.03228] 2.255E-04| 0.01407 14,190,000
8 8.625| 219.1] 60 0.406] 10.31] 0.6511 198.5 0.3329 0.03093| 2.304E-04| 0.01413 13,890,000
80 | 80S| XS | 0.500| 12.70| 0.6354 193.7 0.3171 0.02946( 2.361E-04| 0.01420 13,560,000
100 0.594| 15.09| 0.6198| 188.9 0.3017 0.02803| 2.420E-04| 0.01428 13,220,000
120 0.719] 18.26/ 0.5989| 1825 0.2817 0.02617| 2.505E-04] 0.01438 12,780,000
140 0.812| 20.62| 0.5834] 177.8 0.2673 0.02484| 2.571E-04| 0.01446 12,450,000
XS | 0.875| 22.23] 0.5729] 174.6 0.2578 0.02395| 2.618E-04| 0.01451 12,220,000
160 0.906] 23.01] 0.5678[ 1731 0.2532 0 02352] 2.642E-04] 0.01454 12,110,000
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Table C.3 Propertics of Wrought Steel and Stainless Steel Pipe (Contined s

Appendix C

Nominal|Outside Diameter] Schedule® Wall Thickness|internal Diameter| Flow Area Relative [For Complete Turbuience |
Pipe square square Roughness | Friction Reynolds
Size in. n. mm a b c in. mm feet mm feet meters ¢/D Factor Number

58 5S | 0.134 3.40| 0.8735] 266.2 0.5993 0.05567[ 1.717E-04| 0.01331 18,630,000

108 | 108} 0.165 4.19] 0.8683] 264.7 0.5922 0.05502| 1.727E-04] 0.01333 18,520,000

20 0.250 6.35| 0.8542] 260.4 0.5730 0.05324| 1.756E-04| 0.01337] 18,220,000

30 0.307 7.80| 0.8447] 257.5 0.5604 0.05206| 1.776E-04| 0.01340 18,020,000

40 | 40S.| STD | 0.365 9.27( 0.8350| 254.5 0.5476 0.05087] 1.796E-04] 0.01343 17,810,000

10 10.760| 273.1| 60 0.500] 12.70] 0.8125] 247.7 0.5185 0.04817] 1.846E-04) 0.01351 17,330,000,

80 [ 80S| XS | 0.500f 12.70[ 0.8125] 247.7 0.5185 0.04817| 1.846E-04] 0.01351 17,330,000

100 0.593( 15.06| 0.7970 242.9 0.4989 0.04635| 1.882E-04| 0.01356 17,000,000

120 0.718] 18.24) 0.7762| 236.6 0.4732 0.04396| 1.933E-04| 0.01363 16,560,000

140 0.843] 21.41] 0.7553] 230.2 0.4481 0.04163] 1.986E-04] 0.01371 16,110,000

XS | 1.000| 25.40| 0.7292| 222.3 0.4176 0.03879| 2.057E-04| 0.01381 15,560,000

160 1.125| 28.58] 0.7083] 215.9 0.3941 0.03661] 2.118E-04] 0.01388 15,110,000

58 0.134 3.40( 1.0402| 317.0 0.8498 0.07895| 1.442E-04| 0.01286| 22,190,000

10S 0.165 4.19] 1.0350| 3155 0.8413 0.07816] 1.449E-04| 0.01287| 22,080,000

20 0.250 6.35] 1.0208| 311.2 0.8185 0.07604| 1.469E-04] 0.01291 21,780,000

30 0.307 7.80{ 1.0113] 308.3 0.8033 0.07463| 1.483E-04] 0.01293] 21,580,000

408 |(STD)| 0.375 9.53| 1.0000] 304.8 0.7854 0.07297] 1.500E-04] 0.01296| 21,330,000

40 0.406] 10.31] 0.9948] 303.2 0.7773 0.07221] 1.508E-04| 0.01297] 21,220,000

12 12.750f 323.9 80S | XS [ 0.500] 12.70] 0.9792| 298.5 0.7530 0.06996| 1.532E-04] 0.01301 20,890,000:

60 0.562| 14.27| 0.9688| 295.3 0.7372 0.06849| 1.548E-04] 0.01304| 20,670,000

80 0.688] 17.48| 0.9478| 288.9 0.7056 0.06555] 1.583E-04] 0.01310{ 20,220,000

100 0.844] 21.44] 0.9218] 281.0 0.6674 0.06200| 1.627E-04] 0.01317 19,670,000

120 XS | 1.000] 25.40| 0.8958] 2731 0.6303 0.05856] 1.674E-04] 0.01325 19,110,000.

140 1.125] 28.58| 0.8750| 266.7 0.6013 0.05586| 1.714E-04 (€.01331 18,670,000

160{ 1.312[ 33.32] 0.8438] 257.2 0.55g82 0.05196] 1.778E-04] 0.01341 18,000.000
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Nominal(Outside Diameter] Schedule’ Wall Thicknessiinternal Diameter, Flow Area Relative (For Complete Turbulence
Pipe square square Roughness | Friction Reynolds
Size in. in. mm a D c in. mm teet mm feet meters D Factor Number

§S 0.156 3.96{ 1.1407| 347.7 1.0219 0.09494| 1.315E-04] 0.01263| 24,330,000

10S 0.188 4.78| 1.1353 346.0 1.0124 0.09405] 1.321E-04] 0.01264| 24,220,000

10 0.250 6.35{ 1.1250[ 342.9 0.9940 0.09235| 1.333E-04| 0.01266[ 24,000,000

20 0.312 7.92( 1.1147f 339.8 0.9758 0.09066] 1.346E-04 0.01269| 23,780,000

30 STD| 0.375 9.53| 1.1042| 336.6 0.9575 0.08896| 1.358E-04| 0.01271 23,560,000

40 0.437] 11.10f 1.0938] 3334 0.9397 0.08730| 1.371E-04| 0.01273 23,340,000

14 14.000| 355.6 XS | 0.500{ 12.70| 1.0833] 330.2 0.9218 0.08563| 1.385E-04| 0.01276] 23,110,000

60 0.593] 15.06{ 1.0678] 325.5 0.8956 0.08320| 1.405E-04] 0.01279] 22,780,000

XS | 0.625] 15.88{ 1.0625[ 323.9 0.8866 0.08237| 1.412E-04] 0.01281 22,670,000

80 0.750| 19.08| 1.0417( 317.5 0.8522 0.07917| 1.440E-04] 0.01286{ 22,220,000

100 0.938| 23.83( 1.0103| 307.9 0.8017 0.07448| 1.485E-04| 0.01293 21,560,000

120 1.094| 27.79] 0.9843| 300.0 0.7610 0.07070| 1.524E-04] 0.01300| 21,000,000

140 1.250| 31.75] 0.9583] 292.1 0.7213 0.06701| 1.565E-04] 0.01307] 20,440,000

160 1.406] 35.71] 0.9323] 284.2 0.6827 0.06343] 1.609E-04] 0.01314 19,890,000

58 0.165 4.19 1.306] 398.0 1.339 0.1244| 1.149E-04] 0.01230] 27,860,000

10S 0.188 4.78 1.302] 396.8 1.331 0.1237] 1.152E-04] 0.01231 27,780,000

10 0.250 6.35 1.292] 383.7 1.310 0.1217{ 1.161E-04| 0.01233| 27,560,000

20 0.312 7.92 1.281] 390.6 1.289 0.1198{ 1.171E-04] 0.01235 27,340,000

30 STD | 0.375 9.53 1.271] 387.4 1.268 0.1178| 1.180E-04] 0.01237] 27,110,000

40 XS | 0.500{ 12.70 1.250| 381.0 1.227 0.1140| 1.200E-04] 0.01241 26,670,000

16 16.000) 406.4] 60 0.656] 16.66 1.224/ 3731 1.177 0.1093| 1.225E-04] 0.01246| 26,110,000

80 0.843]| 21.41 1.183| 363.6 1.118 0.1038| 1.258E-04! 0.01252] 25.450,000

100 1.031| 26.19 1.162| 354.0 1.060 0.09844| 1.291E-04] 0.01258;{ 24,780,000

120 1.219] 30.96 1.130| 3445 1.003 0.09320| 1.327E-04| 0.01265| 24,110,000

140 1.437| 36.50 1.094| 333.4 0.9397 0.08730| 1.371E-04] 0.01273 23,340,000

160 1.594| 40.49 1068 3254 0.8953 0.08317| 1.405E-04] 0.01279] 22,780,000
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Table C.3 Properties of Wrought Steel and Stainless Steel Pipe (Continued

Appendix C

Nominal[Qutside Diameteq Schedule* Wall_Thickness|Internal Diameter Flow Area Relative [For Complete Turbulence
Pipe square square Roughness | Friction Reynolds
Size in. in. mm a b c in. mm faot mm feet meters e/D Factor Number

58 0.165 419 1.473| 448.8 1.703 0.1582] 1.019E-04| 0.01202 31,410,000

108 0.188 478 1.469| 447.6 1.694 0.1574{ 1.021E-04 0.01203 31,330,000

10 0.250 6.35 1.458( 4445 1.670 0.1552{ 1.029E-04] 0.01204| 31,110,000

20 0.312 7.92 1.448] 4414 1.647 0.1530] 1.036E-04| 0.01206{ 30,890,000

STD | 0.375 9.53 1.438{ 438.2 1.623 0.1508( 1.043E-04| 0.01208] 30,670,000

30 0.437| 11.10 1.427| 435.0 1 600 0.1486] 1.051E-04| 0.01209] 30,450,000

XS | 0.500| 12.70 1.417| 431.8 1.576 0.1464| 1.059E-04| 0.01211 30,220,000

18 18.000( 457.2| 40 0.562| 14.27 1.406| 428.7 1.553 0.1443| 1.067E-04] 0.01213] 30,000,000

60 0.750] 19.05 1.375] 41941 1.485 0.13680| 1.091E-04| 0.01218| 29,330,000

80 0.938| 23.83 1.344{ 409.5 1.418 0.1317| 1.116E-04 0.01223| 28,660,000

100 1.156] 29.36 1.307| 398.5 1.342 0.1247| 1.147E-04| 0.01230{ 27,890,000

120 1.375] 34.93 1.271 387.4 1.268 0.1178| 1.180E-04| 0.01237| 27,110,000

140 1.562| 39.67 1.240| 377.9 1.207 0.1121] 1.210E-04| 0.01243| 26,450,000

160 1.781] 45.24 1.203] 366.7 1.137 0.1056] 1.247E-04] 0.01250{ 25,670,000

58 0.188 4.78 1.635] 498.4 2.100 0.1951} 9.172E-05| 0.01179| 34,890,000

108 0.218 554 1.630] 496.9 2.088 0.1939| 9.201E-05| 0.01179| 34,780,000

10 0.250 6.35 1.625] 495.3 2.074 0.1927| 9.231E-05| 0.01180| 34,670,000

20 STD | 0.375 9.53 1.604| 489.0 2.021 0.1878| 9.351E-05| 0.01183| 34,220,000

30 XS | 0.500] 12.70 1.583| 482.6 1.969 0.1829] 9.474E-05| 0.01186| 33,780,000

20 20.000( 508.0[ 40 0.593] 15.06 1.568| 477.9 1.931 0.1794| 9.567E-05| 0.01188 33,450,000

60 0.812| 20.62 1.531| 466.8 1.842 0.1711] 9.795E-05| 0.01193| 32,670,000

80 1.031| 26.19 1.495| 455.6 1.758 0.1630| 1.003E-04 0.01199| 31,890,000

100 1.281] 32.54 1.453] 4429 1.659 0.1541| 1.032E-04| 0.01205| 31,000,000

120 1.500] 38.10 1.417) 431.8 1.576 0.1464| 1.059E-04| 0.01211 30,220,000

140 1.750] 44.45 1.375] 41941 1.485 0.1380 1.091E-04| 0.01218] 29,330,000

160 1.968] 49.99 1.339] 408.0 1.407 0.1308] 1.121E-04] 0.01224] 28,560,000




Properties of Areas, Pipes, and Tubing

325

Nominal|Qutside Diameter] Schedule® Wall Thickness|Internal Diameter Flow Area Relative [For Complete Turbulence
Pipe } square square | Roughness | Friction Reynolds
Size in. in. mm a b c in. mm feet mm foet meters eD Factor Number

58 0.188 4.78 1.802| 549.2 2.550 0.2369| 8.324E-05| 0.01157| 38,440,000

108 0.218 5.54 1.797| 547.7 2.536 0.2356] 8.347E-05] 0.01158 38,340,000

10 0.250 6.35 1.792] 546.1 2.521 0.2342] 8.372E-05] 0.01159 38,220,000

20 STD | 0.378 9.53 1.771 539.8 2.463 0.2288| 8.471E-05] 0.01161 37,780,000

30 XS | 0.500f 12.70 1.750] 533.4 2.405 0.2235| 8.571E-05] 0.01164 37,330,000

22 22.000| 558.8{ 40 0.593| 15.06 1.735| 528.7 2.363 0.2195| 8.648E-05| 0.01166 37.000,000

60 0.875| 22.23 1.688] 514.4 2.237 0.2078| 8.889E-05| 0.01172 36,000,000

80 1.125] 28.58 1.646] 501.7 2.127 0.1976| 9.114E-05| 0.01177] 35,110,000

100 1.375| 34.93 1.604| 489.0 2.021 0.1878| 9.351E-05| 0.01183 34,220,000

120 1.625| 41.28 1.563| 476.3 1.917 0.1781| 9.600E-05| 0.01188 33,330,000

140 1.875| 47.63 1.521 463.6 1.817 0.1688| 9.863E-05| 0.01195 32,440,000

160 2.125] 53.98 1.479] 450.9, 1.718 0.1596/ 1.014E-04] 0.01201 31,560,000

58 0.218 5.54 1.964] 598.5 3.028 0.2814( 7.639E-05| 0.0113% 41,890,000

10 0.250 6.35 1.958| 596.9 3.012 0.2798( 7.660E-05| 0.01139 41,780,000

20 STD ] 0.375 9.53 1.938] 590.6 2.948 0.2739] 7.742€E-05| 0.01142| 41,330,000

XS | 0.500( 12.70 1917 584.2 2.885 0.2680( 7.826E-05{ 0.01144 40,890,000

30 0.562| 14.27 1.906] 581.1 2.854 0.2652| 7.869E-05| 0.01145 40,670,000

24 24.000| 609.6| 40 0.688| 17.48 1,885 574.6 2.792 0.2594| 7.956E-05| 0.01148 40,220,000

60 0.968| 24.59 1.839] 560.4 2.655 0.2467| 8.15B8E-05] 0.01153 39,220,000

80 1.218] 30.94 1.797] 547.7 2.536 0.2356| 8.347E-05 0.01158 38,340,000

100 1.531| 38.89 1.745| 531.8 2.391 0.2221] 8.597E-05| 0.01164 37,220,000

120 1.812| 46.02 1.698] 517.6 2.264 0.2104| 8.834E-05] 0.01170 36,220,000

140 2.062| 52.37 1.656] 504.9 2.155 0.2002{ 9.056E-05| 0.01176 35,340,000

160 2.343| 59.51 1.610] 4906 2.035 0.1890] 9.320E-05| ©0.01182 34,340,000
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Table C.3 Properties of Wrought Steel and Stainless Steel Pipe (Continued

Appendix C

Nominal|Outsice Diamete Schedule’ Wall Thickness|Internal Diameter| Fiow Area Relative |For Complete Turbulence
Pipe square square Roughness | Friction Reynolds
Size in. in. mm a b c in. mm feet mm foet meters e/D Factor Number

10 0.312 7.92 2.115] 644.6 3.512 0.3263| 7.093E-05| 0.01123 45,110,000

26 26.000) 660.4 STD | 0.375] 9.53[ 2.104| 6414 3.477 0.3231{ 7.128E-05{ 0.01124| 44,890,000

20 XS | 0.500f 12.70] 2.083] 635.0 3.409 0.3167| 7.200E-05| 0.01127| 44,440,000

10 0.312| 7.92 2.281} 695.4 4.088 0.3797| 6.575E-05| 0.01108| 48,670,000

28 28.000] 711.2 STD | 0.375| 9.83] 2.271] 692.2 4.050 0.3763| 6.606E-05| 0.C1109| 48,440,000

20 XS | 0.500| 12.70{ 2.250{ 685.8 3.976 0.3694] 6.667E-05) 0.01111] 48,000,000

30 0.625] 15.88] 2.228| 679.5 3.903 0.3626] 6.729E-05| 0.01113] 47,560,000

58 0.250| 6.35| 2.458| 749.3 4.746 0.4410| 6.102E-05| 0.01093] 52,440,000

10 | 108 0.312| 7.92 2448 746.2 4.707 0.4373| 6.127E-05] 0.01094] 52,220,000

30 30.000f 762.0 STD| 0.375] 9.53[ 2.438f{ 743.0 4.666 0.4335| 6.154E-05| 0.01085| 52,000,000

20 XS | 0.500] 12.70| 2.417| 736.6 4.587 0.4261| 6.207E-05| 0.01096| 51,560,000

30 0.625| 15.88] 2.396( 730.3 4.508 0.4188| 6.261E-05! 0.01098| 51,110,000

40 0.750] 19.05] 2.375] 723.9 4.430 0.4*16| 6.316E-05{ 0.01100{ 50,670,000

10 0.312) 792 _ 2615 797.0 5.369 0.4988| 5.737E-05| 0.01081] 55,780,000

STD| 0.375{ 9.53| 2.604| 793.8 5.326 0.4948| 5.760E-05| 0.01082| 55,560,000

32 32.000| 812.8[ 20 XS | 0.500{ 12.70| 2.583] 787.4 5.241 0.4869| 5.806E-05] 0.01083| 55,110,000

30 0.625| 15.88] 2.563| 781.1 5.157 0.4791| 5.854E-05| 0.01085] 54,670,000

40 0.688] 17.48 2.552] 777.8 5115 0.4752| 5.B78E-05| 0.01086 54,440,0C0

10 0.312| 7.92] 2.781| 847.8 6 076 0.5645| 5.393E-05; 0.C1068| 59,340,000

STD | 0.375 9.53 2.771 844.6 6.030 0.5602| 5.414E-05| 0.01070 59,110,000

34 34.000| 863.6[ 20 XS | 0.500{ 12.7¢| 2.750| 838.2 5.940 0.5518| 5.455E-05| 0.01071] 58,670,000

30 .625| 15.88] 2.729] 831.9 5.850 0.5435] 5.496E-05, 0.01072] 58,220,000

40 0.688]| 17.48| 2.719] 8286 5.805 0.5393] 5.517E-05| 0.01073] 58,000,000
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Nominal|Qutside Diamete Schedule’ Wall Thickness|Internai Diamete Flow Area Relative |For Complete Turbulence
Pipe square square Roughness | Friction Reynolds
Size in.| in. mm a c in. mm teet mm teet meters eD Factor Number

10 0.312 7.92 2.948| 898.6 6.826 0.6341| 5.088E-05| 0.01058| 62,890,000

STD| 0.375] 9.53] 2.938] 895.4 6.777 0.6296| 5.106E-05| 0.01058| 62,670,000

36 36.000] 914.4} 20 XS | 0.500[ 12.70 2917} 889.0 6.681 0.6207| 5.143E-05] 0.01060] 62,220,000

30 0.625| 15.88, 2.896| 882.7 6.586 0.6119| 5.180E-05| 0.01061] 61,780,000

40 0.750] 19.05| 2.875] 876.3 6.492 0.6031] 5.217E-05| 0.01062] 61,330,000

STD | 0.375{ 9.53| 3.438| 1047.8 9.281 0.8622| 4.364E-05| 0.01028| 73,330,000

42 42.000{ 1066.8| 20 XS | 0.500| 12.70] 3.417; 1041.4 9.168 0.8518| 4.390E-05] 0.01030| 72,890,000

30 0.625] 15.88) 3.396] 1035.1 9.057 0.8414| 4. 417E-05| 0.01032| 72,440,000

40 0.750] 19.05{ 3.375] 1028.7 8.946 0.8311] 4.444E-05] 0.01033] 72,000,000

*Schedule numbers:
1. Standard-weight pipe (STD) and schedule 40 are the same in all sizes through 10 inch.
For 12 inch and above. standard-weight pipe has a wall thickness of 3 8 inch.
2. Extrastrong-weight pipe (XS) and schedule 80 are the same in all sizes through § inch.
For 10 inch and above, extrastrong-weight pipe has a wall thickness of 1 2 inch.
3. Double extrastrong-weight pipe (XXS) has no corresponding schedule number.
4. a. ANSI B36:10 steel pipe schedule numbers
b. ANSI B26.19 stainless steel pipe schedule numbers
¢. ANSI B36.10 steel pipe nomina! wall designation.

Relative roughness: £/ D was calculated using an absolute roughness value of # = 130 x 107 feet.
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Table C.4 Properties of 250-psi Cast Iron Pipe

Pipe Outside diameter Thickness Wall thickness Internal diameter Flow area 10%/D
s:::, in. mm class in. mm ft mm ft2 mm?
3 3.96 100.6 22 0.32 8.1 0.2767 84.8 0.06012 5 595 3,072
4 4.80 121.9 22 0.35 8.9 0.3417 104.1 0.09168 8 511 2,488
6 6.90 175.3 22 0.38 9.7 0.5117 155.9 0.2056 19 090 1,661
8 9.05 229.9 22 0.41 104 0.6858 209.11 0.3694 34 340 1,239
10 11.10 281.9 22 0.44 11.2 0.8517 259.5 0.5696 52 890 998.0
12 13.20 335.3 23 0.52 13.2 1.013 308.9 0.8065 74 940 838.8
14 15.30 388.6 24 0.59 15.0 1.177 358.6 1.087 101 000 722.4
16 17.40 442.0 24 0.63 16.0 1.345 410.0 1.421 132 000 632.0
18 19.50 495.3 24 0.68 17.3 1.512 460.7 1.795 166 700 562.3
20 21.60 548.6 24 0.72 18.3 1.680 512.0 2.217 205 900 506.0
24 25.80 655.3 24 0.79 20.1 2.018 615.1 3.199 297 200 421.1
30 32.00 812.8 25 0.99 25.1 2.501 762.6 4.915 456 800 399.8
36 38.30 972.9 25 110 | 279 3.008 917.1 7.108 660 600 282.5
42 44.50 1130 25 1.22 31.0 3.505 1 068 9.649 895 800 242.5
48 50.80 1290 25 1.33 | 338 4.012 1222 12.64 1174 000 211.9
NOTES

I. Outside diameter and wall thickness extracted from American National Standard Cast Iron Pipe Centrifugally Cast in Metal Molds
Jor Water or Other Liquids, ANST A2]1.6- 1970

2. Metrication by author.

3. Values of relative roughness. £7D. were computed using & = §50 x 107° ft (260 y¢m).
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Standard Qutside diameter Wall thickness Internal diameter Flow area
size, - Type - 10%/D
in. in. mm in. mm ft mm ft2 mm?
K 0.035 0.89 0.02542 715 0.0005074 47.17 196.7
Ya 0.375 9.53
L 0.030 0.76 0.02625 8.01 0.0005412 50.39 190.5
K 0.049 1.25 0.03350 10.22 0.0008814 82.03 149.3
3g 0.500 12.70 L 0.035 0.89 0.03583 10.92 0.001008 93.66 141.6
M 0.025 0.64 0.03750 11.42 0.001104 102.4 133.3
K 0.049 1.24 0.04392 13.40 0.001515 141.0 113.8
Yo 0.625 15.88 L 0.040 1.02 0.04542 13.84 0.001620 150.5 110.1
M 0.028 0.71 0.04742 14.46 0.001766 164.2 103.4
K 0.049 1.24 0.05433 16.57 0.002319 215.6 92.02
%y 0.750 19.05
L 0.042 1.07 0.05550 16.91 0.002419 224.6 90.09
K 0.065 1.65 0.06208 18.92 0.003027 281.1 80.54
e 0.875 22.22 L 0.045 1.14 0.06542 19.94 0.003361 312.3 76.43
M 0.032 0.81 0.06758 20.60 0.003587 333.3 73.98
K 0.065 1.65 0.08292 25.28 0.005400 501.9 60.30
1 1.126 28.58 L 0.050 1.27 0.08542 26.04 0.005730 532.6 58.54
M 0.035 0.89 0.08792 26.80 0.006071 564.1 56.87
K 0.065 1.65 0.1038 31.63 0.008454 785.8 48.19
1Y 1.375 34.93 L 0.055 1.40 0.1054 32.13 0.008728 810.8 47.93
M 0.042 1.07 0.1076 32.719 0.009090 844.4 46.48
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Table C.5 Properties of Seamless Copper Water Tube (Coniinued)
Standard Outside diameter Wall thickness internal diameter Flow area

s:’z‘.e, in. mm Type in. mm ft mm ft? mm? 10%/D
K 0.072 1.83 0.1234 37.62 0.01196 1112 40.51

12 1.625 41.28 L 0.060 1.52 0.1254 38.24 0.01235 1148 39.87

M 0.049 1.24 0.1273 38.80 0.01272 1182 39.29

K 0.083 2.11 0.1633 49.76 0.02093 1195 30.62

2 2.125 53.98 L 0.070 1.78 0.1654 50.42 0.02149 1997 30.22

M 0.058 1.48 0.1674 51.02 0.02701 2 044 29.87

K 0.095 241 0.2029 61.86 0.03234 3 005 24.64

22 2.625 66.68 L 0.080 2.03 0.2054 62.62 0.03314 3080 24.34

M 0.065 1.65 0.2079 63.38 0.03395 4017 24.05

K 0.109 2.1 0.2423 73.84 0.04609 4 282 20.64

3 3.125 79.38 L 0.090 2.29 0.2454 74.80 0.04730 4 394 20.37

M 0.072 1.83 0.2484 75.72 0.04847 4 503 20.13

K 0.120 3.05 0.2821 85.98 0.06249 5 806 17.72

32 3.625 92.08 L 0.100 2.54 0.2854 87.00 0.06398 5 945 17.52

M 0.083 2.11 0.2883 87.86 0.06523 6 063 17.35

K 0.134 3.40 0.3214 98.00 0.08114 7 543 15.56

4 4.125 104.8 L 0.110 2.79 0.3254 99.22 0.08317 7 132 15.36

M 0.095 2.41 0.3279 99.98 0.08445 7 851 15.25
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Standard Outside diameter Wall thickness Internal diameter Flow area
size . Type , 10%/0
in.' in. mm in. mm ft I mm ft2 mm?
K 0.160 4.06 0.4004 122.1 0.1259 11 710 12.49
5 5.125 130.2 L 0.125 3.18 0.4063 | 123.8 0.1296 12 050 12.31
M 0.109 2.1 0.4089 124.7 0.1313 12 210 12.23
K 0.192 4.88 0.4784 145.8 0.1798 16 700 10.45
6 6.125 155.6 L 0.140 3.56 0.4871 148.5 0.1863 17 320 10.27
M 0.122 3.10 0.4901 143.9 0.1886 17 530 10.20
i K 0.271 6.88 0.6319 192.6 0.3136 29 150 7.912
8 8.125 206.4 L 0.200 5.08 0.6438 196.2 0.3255 30 250 7.767
M 0.170 4.32 0.6488 197.8 0.3306 30 720 7.707
K 0.388 8.59 0.7874 240.0 0.4870 45 250 6.350
10 10.125 257.2 L 0.250 6.35 0.8021 2445 0.5053 46 950 6.234
M 0.212 5.38 0.8084 246.4 0.5133 47 680 6.185
K 0.405 | 10.29 | 0.9429 287.4 0.6983 64 880 5.303
12 o 12.125 308.0 L 0280 1 711 0.9638 293.8 0.7295 67 790 5.188
l M 0254 | 645 | 09681 295.1 0.7361 68 400 5.165
NOTES

1. Outside diameter and wall thickness in inches extracted from American National Standard Seamless Copper Water Tube, ANSI H
23.1—-1970.

. Metrication by author.

. Types: K. for underground service and general plumbing: L. for interior plumbing: M. for use with soldered fittings only.

. Values of relative roughness. €/ D. were computed using ¢ = 3 x 107° £1(1.5 um).

Bt
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Table C.6 Typical Maximum Allowable Stress Values for Selected Piping
Matcrials “

Temperature, Stress, Temperature, Stress,

Material Grade °F psi °C Mpa
Carbon steel—specification A-106
A —20 to 600 12,000 -29 to 316 82.7
700 11,600 371 80.0
800 9,000 427 62.0
B —20 to 600 15,000 —29 to 316 103.4
700 14,300 371 98.6
800 10,800 427 74.5
Low and intermediate alloy steel—specification A-335
C-iMo Pi —20 to 800 13,700 —29 to 427 94.4
{Cr-tMo P2 —20 to 800 13,700 —-20 to 427 94 .4
800 13,400 427 92.4
900 12,500 482 86.2
1000 6,200 538 42.7
11Cr-4Mo-Si P11 —20 to 800 15,000 —29 to 427 103.4
900 13,100 482 90.3
1000 6,500 538 44.8
1100 3,000 593 20.7
1Cr-tMo P12 —20 to 760 15,000 -29 to 371 103.4
800 14,700 427 101.3
900 13,100 482 90.3
1000 6,500 538 44 8
1100 2,800 593 19.3
2iCr-1Mo P22 —20 to 800 15,000 —29 to 427 103.4
900 13,000 482 89.6
1000 7,800 538 53.8
1100 4,200 593 29.0
Stainless steel—specification A-213
18Cr-10Ni-Cb TP 347 —20 to 100 18,700 -29 to 38 128.9
200 17,200 93 118.6
300 16,000 149 110.3
400 15,000 204 103.4
500 14,000 260 96.5
600 13,400 316 92.4
700 12,900 3N 88.9
800 12,700 427 87.6
900 12,600 482 86.9
1000 12,500 538 86.2
1100 9,100 593 62.7
1200 6,100 649 42.1

“Stress values are for the solution of text problems only. For actual piping design
ANSI B31.1 “*Power Piping™ values must be used.
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Fluid Properties

Table D1 Critical and Saturated Properties of Selected Fluids
Table D.2  Properties of Selected Gases
Table D.3  Density and Viscosity of Steam and Compressed Water
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Table D.1 Critical and Saturated Properties of Selected Fluids

Temzeralue -~ [vapo- Pressre-F, J‘J:n@ Head-1, 2 P l..vu.o Oe sty + p, l'_.n,;d iscostty - T face Tensic- - ¢ jnpav Consey - og | Va0or Viscosty - o
L_¢ F | Fa | sa [ | - | kg [ omw= [ Pase: -2t Jorsecs N2 [ o108 | g | omt? | Pasec x10f ot sactd s 109
Aowtic Aoid CyHCy M= 90,082 20- 0201
tp 16 86 IR ] 1289€.00 1870€C1 1 250E-01 4 01E01 10815 65 84 12N 2854 278 1908 S IE-QR 31 08E-03 747 Q156
202 €8 0C * S72E.03 2 280E-01 1 S29E-01 5 017€-0! 1048 t 8543 1207 %2 2748 1803 7 84E-02 4 T7E0) 7% 0159
« 20 104 00 4 674E+03 8 780E-01 4 B40E-C1 1 522€ 00 10273 6413 907 1895 852 1740 201E-01 1 28E-02 (X 0173
¢ 00 140 00 1 203€ 004 1 748€+00 12'8E+00 4 001E+00 1005 8 8279 703 1468 287 1615 4 82E-0 288602 898 0188
6C 00 176 00 2 740E 404 I 975E€+00 2 81E400 9 INEL00 9835 64 556 167 2184 1483 9 S9E-0t S WE02 9688 0202
10000 2°200 58555404 8 22€E 00 6 004E +00 1 970€+01 960 4 59 96 53 947 1971 1350 * 83E+00 1 14E01 039 02:7
nbp 1790 244 22 10136408 1 470E+01 1 100E+01 38 1E+01 938 9% 58 81 3 797 1799 12 3 10E+00 * 93E-01 1102 0230
12000 24800 1 076E«05 1 581€401 1172E«1 3 845E 40 933 58 45 34 782 1779 1219 3 27E«00 2 04E-01 108 0232
14000 28400 19148405 27756« 2142E401 7 028E+0 9 5687 313 654 1588 1089 5 S2€+00 J4ME0 181 0247
16000 300 2168408 4 884E4C1 37008401 124702 384 4 5521 265 554 1400 0960 3 87E+00 5 54E-01 1254 0262
*8000 35600 5152€.0% 7 472€401 6 138E+01 20°3E402 858 1 53 44 227 474 1213 X 1) 1 37E+01 5501 1320 Q277
200 00 %200 7 RIEL05 1 149€402 9 78301 32106402 82s8? 81 54 196 408 1028 2708 2058401 128E+0C 1406 0204
22000 428 0 1 126€.08 1 705€402 1813602 4 963E+02 e 404 189 35 845 2579 3 RE01 1 B9EOC 14 89 03114
UC00 48400 189308 2 455E402 2 2D4AE L2 7 482€.02 7558 4719 148 308 685 0456 4 B0 2 84E+00 1577 %9
26C 00 500 00 2373€.08 3 442€+02 3 MOE 2 11°2€+03 7138 44 56 128 284 468 0334 8 17E+01 3 85E.00 16 84 2352
200 00 538 00 3 251E.08 4 714E«C2 A 98E R 1 640 +03 8832 41 40 108 228 318 o8 8 83E401 5 51E+00 1817 0380
0000 57200 4 381E.08 6 326E .02 7 400E R 2 454403 504 6 ’i2 90 187 148 0101 13382 4 31E-00 xn 0424
<p 31958 807 21 S 786E .08 8 391EW02 1677E.03 5 S03E«CY %18 2196 “® 103 ©00 0000 ISEeR 2°'9€.01 40 4 1033
Aoswo e CHO M= 28.00 20:02%
P 9470 13848 2 594E «0C 376204 20897€-04 9 504E-04 913 5700 2002 4“8 325 2621 1 O1E-0¢ 6 28E-08 20 C 042
4000 11200 1 695€ 401 24500 1924603 6 I1ED 398 4 58 09 1485 0¥ 3634 2490 8 18E-0¢ 3 0CE-0S 304 0083
50 00 76 00 1 368E 2 1 985E-02 1 589E-02 52:36-02 8782 5482 965 218 W78 23 4 56€-C3 2 86E-04 458 0008
~40 00 -40 00 7 378E 02 1 079€-01 8 7TISE-Q2 2879€-01 5352 886 1434 3120 2138 22ER 14°E0) 807 0127
20 00 450 2941E+02 4 265€.01 3587€-0! 1 177€+00 830 219 $15 077 2888 1964 8 0E-02 517803 73 0153
000 320 9 303€ .00 1 349E +00 1 165E+00 3 823E400 814 50 82 404 643 215 179 241€-0° 18$1E-02 827 0173
1558 6000 2008E.04 2912€.00 2 570E+0C 8 423E00 7965 972 e 713 un 1880 4 90EQ" 3 08E-02 a 0184
2000 86 00 2 458E4.04 3 568E .00 3 188E«0C 1 039€+01 7914 ®wa 27 L] H 2366 A3 5 90E-01 3 88E-02 893 0186
4000 104 ¢ 5 837E+04 8 176€£+00 7 4B8E OC 2 456E+01 7679 4794 272 568 020 148 1 26E+00 7 86€-02 934 0195
nop 5820 13332 1013608 1 470€401 * 381E.01 4 532€«1 7480 470 238 497 1922 137 2 15E400 1 34E-01 50 0198
60 00 146 00 1 1548408 1873€.01 1 582€40" 5 192E+01 7434 @84 Fl 48 1877 * 208 2 QE«00 15'E0t 958 0200
9000 1786 00 2154E.05 31248401 3 280E+C* * 004E+02 7177? “a 192 402 1638 AR ¥ 4 0€ 00 286E0! 974 0203
*00 00 2120¢C 3731E+0% 5 411E401 5 SORE«01 1 807E«02 6906 QN 165 345 t4 02 c 81 7 15E+00 4 48E-01 988 0206
12000 24300  6OT7E«05 8 813E401 § 3IE01 3072€+02 8617 413 143 k31 “an 082 1 14E+01 712801 1008 02°0
14000 28400 9 40SE «05 1 364E402 1 521E 02 4 $90E 02 6308 %38 124 259 945 0648 1 78E+01 1 10€+00 042 22'8
160 00 320 00 1 395E.08 2 024E+02 2 387E+R 7 830E+02 596 2 722 108 225 7 0497 288E+01 1 68400 “10¢ 0230
18002 356 00 1 996€+08 2 808E.02 36572 1 200€403 LY 3478 1) 194 511 03%0 4 09E+01 2 55€+00 120 225
200 00 200 2 778E+08 4 020€E 02 5 583E 02 1 82E+8) 5101 ELN 1 7% 186 J08 gan 6 52E+01 407€+00 1411 0208
22000 Q800 3 768E 08 5 465E402 8 830E 02 2 832E+03 4452 277 65 138 119 0082 1 0RE R 6 80E +00 778 03N
¢p 23508 45809 4 702E 05 6 819€402 1 725€403 5 660E+03 27179 *73% » ce 000 0 000 2 78E422 17301 884 0807

tg=lirpwpont Ab e « NOrMai beling poAt ¢ P = ¢rical po-m
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(Temperawr - T [Vapor Pressure-P, [Vapor Head-h, = Piy Uiquid Denstty - py [Lqua viscosty [Surtace Tension - o Jvapor Densty - o [vapor Viscosty - ug
M T ® 1 Pa pain m t I kam® T bt | Pasec <105 Jiof sect? « 106 im0 | ot « 107 oAt Pa sec +10° [ibt sect? « 107
[ A A 1
Acwtonlite CoHuN N = 41.062 262 0.2184
tp  -4383  4B83  1757E+02 254802 2113602 6928E-02 saas 5297 690 144 3752 2571 380E-03 237604 497 0.104
4000 4000  2408E+02  3492E02  2908E-02 9 536E-02 8442 5274 657 1373 3702 2537 513E-03 3 20604 s21 0109
2000 400  1041E«03  1510ED1 1287601 4 221ED 8252 5152 528 1082 3443 2350 206E-02 1 28E-03 636 0133
000 3200 3507€.03  50B7E-01  AAMEDT  1457E00 8052 5027 28 893 3185 2183 G4aE-02 4 05€-03 727 0152
155 6000  7O76E.03 11426400  1018Ee00 3 3AVE+O0 7892 w27 372 177 2986 2046 139E-01 867€03 780 0163
2000  6BC0 97436403 14136400  1267E+00 4 1556400 7646 498 358 748 2030 2008 1 70E-01 1 08E-02 7% 0165
4000 10400  2326E«04  3ITEEL00  INIED  1020E+01 7833 4765 305 837 2676 1834 38SE-1 2 WE-02 ey 0175
6000 14000 4937E.04 7 1B0Ee00  B793E+00 2 228E+Q1 7413 4828 264 551 424 1661 782601 4 88E-02 867 0181
8000 17600  9516E«D4  1380Ee01  1351E+O1 4 432E+01 785 4“ss P 482 2175 1400 145Es00 907602 ase 0186
abp 8160 17888  1013Ee05 1 470E+01  144ZEeQ1 4 7I0E+O1 7167 “z 228 77 2185 1477 155E400 9 BSE-02 903 0189
10000 21200 17006405  Z4B5E«01  2496E401 B 185E+01 6547 4w 203 azs 1928 1321 2526400 1 58601 906 0189
12000 24300 28536405 4 139E«0t 4 347€401 1 425E402 6697 181 180 an 1684 1154 416Es00  259€-01 925 0193
14000 20400  4SSSE405  6807E.D1 7 224E4D) 2 369E+02 6423 @16 161 336 1443 0989  B57E00 410E-01 940 0198
16000 32000  GSEIEL0S 1 013E«02  1158E+02 3 798E+02 6150 B0 144 30 1206 0828 101ED 8 30£-01 984 0206
18000 25600  1035E406 1 501Ee02  1807E+02 5 925£402 5844 3848 128 268 973 0666  152E.Q1 947E01 1035 0216
20000 30200  1404E+06  2166E402 27686402  9O77E+O2 5505 437 14 238 744 0510 225Ee01  141Ee00 109 0232
22000 42800 21096406  1058E402 4 205E+02 1 3796403 51186 3194 101 210 522 0358  324EW01  202E+00 1180 D245
24000 45400 2006406  4243E.02  GANEL2 2 108E+DI 4642 2898 I 182 108 0211 $27E.01  329E+00 1455 0304
26000 50000  4003E+06  S806E.02  1032€.00 3 383E+03 3959 24 n 148 107 0073 893E.1  557Ee00 1907 o8
cp 27235 52223 AB3IE+06  JOI0E.02  2078E.03  6814E+03 29373 1481 I3 as? 000 0000  237E.02 1 48E0% 4150 007
Acetylene C.H, ™ : 26.038 Ze-02m
nbp  -B415 11947  1D13E05  1470E401  so sokd sl sl sokd sokd said sokd 1 73E400 1 DBE-01 561 0138
tp 8075 -11335  1260E+05  1828E.01  2083E+01 6 83IE+O1 6171 352 196 410 1275 1285 2126400 1 €01 691 0144
2000 11200 1 M6E405 1 912E.01  2183EeD1 7 159E4D1 6160 3845 195 407 1862 1276 2216400 1 38€01 6% 0145
6000 7600  ISIBE«05  5128E401  6171E.01 2 024Es02 5845 26 49 162 339 1499 1027 560Ee00 350601 783 0159
4000 4000  7BIGEs06  11ME+02  1450E+02 4 75SE+02 5489 3433 137 286 IR &7 121601 7 S5E.01 'E:) 0172
2000 400  1509E+06 21806402  J0ISE«02 9 AB8E+O2 5107 3168 116 242 s08 0553 237E401  148E400 (Y 0188
000 3200 26506406 3 B43E.02 S8IE.02  1912E+03 4636 894 o7 203 485 03312 443E401  277E+00 1023 o214
1556 6000  39I4E.06  SE76Ee02  9SME02 31476403 461 =598 8 173 250 0171 722E«01  450E+00 nar 0248
2000 6800 43496406  8308E402 11126400 3 847E+03 3990 2491 78 163 187 0128 833E.01  520£400 1252 0261
cp 3817 9531 6139E+06  BD0AE.02 27176403 B910E40I 2%5 1439 4 090 000 0000  231Ee02 1 44E4D Q@17 0902
Alr (R 729) Nz 2897 2c = 0230
tp 21315 35167  6552E400  9503E01  70S6E01 2 314E+00 9474 5914 328 679 1068 072 145601 9 D8E-03 264 0055
20000 32800  5196EeD4  7536Ee00  5937E+00 1 947E+01 29248 5574 19% 416 813 0657 1S3Ee00  954EQ2 an2 9161
nbp 19435 31783 1013E+05  1470E401  1191€401  3907E+01 8676 56186 120 354 709 0488 333E.00 2 08E-01 572 one
8000 29200  4001E405  S8C4E.01  S117E01 1 67BE402 7977 4980 124 259 456 0313 132E.01 821601 763 0159
L6000 25600  1512E+06  2193E402 2284402 7 49IE+02 8754 @16 9 190 151 0103 SSIE.D1 3 44E+00 1049 0219
cp 14070 22126  3774E+06  5474E.02  1058E403 3 469E+03 3640 272 21 043 000 0000  288Es02  1BOE4Q! 2070 0432

1p «inple pont. nbp = normal bowng poirt. ¢ p = criical poim
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Table D.1

Critical and Saturated Properties of Selected Fluids (Continued)

Appendix D

[Vapof Pressure-P,

[vapor Head-h, =P

[Liqud Dansty

Liquid Viscosity - 1y

~_ [surface Tension - o

[Vapor Densty - g

lVapor Viscosiy - yg

]

[Temperature T

¢ [ Pa | psm m [ i Pa sec x10° |Ibf secht » 10°| Nm«10° | i« 10° |  kym® | bmA | Pasec «10° [iof see/mé x 107

Ammonis (R 717) NH, W =17.030 20 =022

tp 7774 10793  6060E.03  A7SOE01  BAZSED1 27636400 7389 4581 519 1088 “is 3027 637E02  398E03 623 0130

6000 7600 21856404  J169E+00  3122E400 1 024E401 7139 sy 09 853 009 2747 212E0 132602 760 0159

4000  -4000  7154E404 1 DME.D!  10S8E+Q1 3 489E.O1 6899 407 3 549 352 2434 BAED 401602 880 0184

nbp 3343 2817 10136405 1470401 1517E+01 4 974E.01 6816 @ss 284 593 3403 23R 8BIED 5 55602 913 0191

2000 400 1096E.05  2750Ee01  2809E401  §S40EL! 6649 as 237 495 301 2125 160E.00  996€02 973 0203

000 3200  4281E405  6209Ee01  GBI9ELOI 2 243E.02 5386 207 164 384 255 1819 J45Es00  215€01 1050 0219

1556 6000  7399E.05  1073E.02 1224E+02 4013602 6169 3851 183 320 2314 1585 581E.00  363E01 1105 0231

2000 6800  B550E.05  1240E«02  1429E+02  4686EL02 6104 3811 146 305 2217 1519 663E.00 417601 120 023

4000 10400 1551E/06  2249Ee02  2730E402 8 953E.02 5796 3618 120 251 1786 1224 1206401 7 49E01 193 0249

6000 14000  260BE.06  I7EE.02 4 8M0E.O2 Y 6OOE.DD 5452 3403 102 213 1366 0936 204640t 1276400 1280 0267

10000 21200  6205E.06  9O03E.02  1302E400 4 5666403 4569 2852 0 146 564 0386 5576401  348Ee00 1543 0322

12000 24800  9OSZE406  1217E.03  2400E+03 7 875E403 3858 2408 ) 100 197 0135  9BBE.0)  615E400 1778 03n

cp 13250 27050 1130407  1640E.03 4 7E0I  160PE.O4 2350 1467 25 052 000 0000  235€s02 1 47Ee01 2490 0520
Argon (R 740) Ar = 30048 26 = 0.201

tp 18928 30870  GAISE+O4 10006401  497IE00 16306401 14150 8834 290 605 1337 0916 404Ee00 252601 599 0145

nbp 18588 30255  1013E405  1470Ee01  7416E400  2432€.01 13938 8701 261 545 1249 0856  S75E400  359€01 7% 0154

18000 25200  180GE«05 26206401 1 3B8E+01 44536401 13670 8472 220 458 1102 075  979E.00 B UED 799 0167

16000 25600  B140E+05  11MIE.02  6825Ee01  2230E.02 12186 7595 137 285 635 0435  404E.01 2526400 983 0205

114000 22000 23506406  340BE«02  23@SE402 7 624E402 1031 5437 o 196 2% 0163 1 2ZE«02  763EH0 1289 0269

cp 12242 18836 4865406  7O0S6E.02 9276E402  3O0AZE.03 5360 3340 28 058 000 0000  535€e02  334Es01 2790 0583
Benzene CoH, M 78113 200270

1 553 4195  4796E+403  6OS6E01  SABTED1  1799€.00 8917 5567 04 1678 2081 211 1 68E-01 105602 712 0149

1556 6000 B063E+03  1169E«00  936ED1 3 058E.00 8820 5506 B 1449 2045 2019 268E01 160E02 748 0156

2000 6800 1002604 14536400 1165E+00  3819E00 8777 5479 651 1360 2887 197 3WE 204£-02 760 0159

4000 10400 2433E404  IS26E400  2804E400 9 4B9E DO 8577 5355 56 1038 2624 1788 739E01 482602 821 0

6000 14000 5210E+04 75586400  G3IMPES00 2 OBZE.O1 8371 5226 3% 807 265 1621 149Ee00 932602 877 0183

8000 17600  1008E+05 1 462E.01 12616401 4136EL0 8156 5092 307 642 2112 147 2756400 172601 930 0194

nbp 8003 17616 10136405  1470E+01  1268Ee01 4 15TE0Y 8155 5091 307 641 2111 146 2766400 172601 930 0194

10000 21200 17076405  2608E+01  2311E401 7 578E401 7932 952 249 521 1885 1278 4716400 294601 984 0206

12000 24800 29936405  4341E.O1  IMTEL01  1I01ESD2 7607 405 206 a3 1623 1112 7616400 4 75E01 104 o217

14000 28400  471SE405  BBIELD!  64STELO1 2 116E402 7449 4850 174 364 1389 0952  118Ee01 797601 1104 0230

16000 32000  TOPOE.05  1028E+02  1007E+0R 3 I01E.02 7185 s 150 34 162 0796  174E401  108E+00 175 o248

18000 35600  102SE+06 14876407  1516Ee02  4972E402 6900 407 132 275 943 0646 2516401 1576400 1257 0262

20000 39200  1436E+06 20826402 22206402 7 291E4Q2 6568 4113 18 248 738 0503 3S9E.01 2246400 1353 0283

22000 42000  1956E406  2B36E402 3 199Ee02  1049E.03 6238 894 108 225 535 0367  510E+01  318E00 1485 0306

20000 46400  2604E+06  3T776E02 4 SSTEHO2 1 4O4E.0D 5829 3639 100 209 350 0240 726E.01 45300 1597 0333

26000 50000 3401E«06 4933402  657E42 21406403 5N 6 2319 [ 198 183 0125 1056402  653E0 1750 0365

28000 53600  4375E406  634SEe02  QBOTEH2 32426403 4514 2018 9 191 043 0029 166E+02  104E+01 1928 0403

cp 28001 55222  4898E+06  7104Ee02  1656E403  5432E.03 3017 1883 % 189 000 0000 302602 188E+0 90 3¢ 1887

tp atnplo powt. nbp a normal bokng poit ¢ p = crrical point
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[Temperature - T [vapor Pressure-P, __[vaeorHead-n, =Pa Jquit Dansity - Juqud Viscostty - 4 [Surtace Tension - o [Vvapor Density - o, Vapor Viscosty - ng ]
I T "1 ra [ esa 1 m T n | kg’ | omm | Rasece10® [biseci®« 0 Nm<10° | bimx30* |  kgm® | bmi | Pasec10° Jiol sectt » 105
Bromine Bry M = 150.808 Zc=0.267
p 730 1866  5848E«03  B482E01 1 B63E-01 6 108E-O1 32033 19996 1283 2679 4638 318 425E-01 285602 1485 0310
000 3200 8662E403 1256E+00  2777E-01 9 108E-Q1 31817 198 63 1196 2498 4514 3083 6 13E01 3 B3E-02 1519 07
1556 6000  1B857E+04  2693E+00  6O042E01 1 9B1E+00 319 19571 1033 2158 253 2914 125E400 7 T7E02 1591 0332
20 00 68 00 2 270E+04 3 282€.400 7 420E-01 2 433E4+00 214 194 86 992 207 479 2863 1 S0E+00 9 37E-02 1612 0337
4000 10400 5181E04  7S14E4D0  1720Ee00  S666E.00 30592 190 96 831 1738 847 263% I21E400 201E-01 1707 0357
nbp 5875 13775  1013Ee05  1470E.01 3 447Ee00 1 130E+01 29991 1872 72 1487 3539 2425 S 95€+00 3 72E-01 1797 0375
6000 14000  1058E405  153Es01  3603E400 1182401 29951 186 96 705 1473 3519 2an §19E400 3 87E-01 1803 0377
8000 17800  1973€405  2861E.01  6872E400 2 254E+01 29286 18283 607 1267 3185 2190 110E+01 € B4E-01 1902 0397
10000 21200 34156405  4953E401 1 218E4D1 3 995E401 28585 17851 529 1104 2876 1971 181E401 1136400 2003 0418
12000 24800 5557E.405  B0B0E.01  2034E.D1 B B70EL01 27874 17401 486 974 =62 1755 283E.01 1 76E +00 2107 0440
14000 26400  B5BBE.05  1246E.02 IZ31E.01  1060E+02 27117 16928 418 889 2253 1544 4 2E.01 283E+00 2218 0463
16000 32000  1271E+06  1BAAELD2 4 928E.01  1616E402 26317 16429 378 784 1950 13% 6 07E€401 3 79E D0 233 0487
18000 35600  1814E+06  2BI0Ee02 7 266E.0! 2 38IE.Q2 25464 15897 34 713 1653 1133 8 47E+01 5 29E+00 2454 0513
20000 38200 2509E+06  363BE.02 1043402 I 418E.Q2 24546 15323 3 654 1364 0934 1156402 7 21E+00 88 0540
22000 42800  3I7YE406  4901E.02 1 4SSE.02 4 BGOE.02 23540 14895 289 604 1082 o7 155E402 9 66E+00 2738 08572
20000 48400  4450E406  BASSE.02  2026E+02 6 643E+02 2414 1399 269 562 811 055 205E402 1 286401 21 0608
26000 50000 S748E.06  83ITE0Z  2779E.@2 9113602 21104 13t 75 252 526 552 0378 288E.2 1 67E 401 312 0852
28000 53600  7I03E406  10S9E.03  3BHE02 12556400 19472 12156 27 495 310 o212 3I59E402 2 24E000 3409 onz
30000 57200 9147E.06  1327Es03  5485E.02 1 799E.03 17015 10622 224 468 093 0064 S 16Ee0R 3 22E401 3930 o821
cp 31100 59180  1034E.07  1499E.03  B9O7E.02  2921E+03 11838 7390 72 150 000 0000 1 18E+03 7 39E401 7166 1437
Butane-e0 (R 800A) CHy M = 58123 2o - 0202
1p 15961 25630  1422E-02 2082606 1956006 6415E-06 7414 “©z 17133 35783 3445 2 %1 116E-08 726608 24 0052
14000 22000  1273Es00  1846E-04  1797E-04  5894E-04 7228 4511 5006 104 56 3156 2163 7 53E-05 4 70606 313 0065
112000 18400  3298E«01 4 783E-03 4 7BIE-03  1569E-02 7034 49 2127 a4 2887 1965 155€-03 9 70£-05 am 0079
-10000 14800 3 S86E+02 5 201E-02 S 349E-02 1 754E-01 664 1 2n 1135 2an 584 im 145802 9 05€-04 440 0092
8000 11200  2183E.03  3166E01  3351E-01  108%E+00 6645 414 632 1459 2308 1580 7 9IEQR 4 95E-03 502 0105
6000 7600 90A2E+03  1312E.D0  1431E«00 4 683E+00 6446 024 473 986 2038 1397 299601 1 87E-02 561 o117
4000 4000  2836E+04 4 114E400  4637E4+00 1 521E.01 6240 3896 343 716 1778 Va7 8 85E-01 § 40E-02 618 0129
-2000 400  T235E+04  1048E401  1225Ee01 4 016E+01 6028 3763 261 548 1522 1043 2 06E+00 126€-01 673 0141
nAbp 1172 1090  1D13E.05 14706401 1741E+01 5 708E.01 5938 707 237 494 1419 0872 281E400 176E-01 696 0145
Q00 3200  1578E+05  2289E01  2773Ee01  9095E.01 580 5 %24 207 433 1277 o875 4 25E400 265€-01 72 0147
1656 6000  2659E405  1856E+01 4 B24Ee01 1 S82E.02 5623 3510 177 370 1092 0740 6 95E400 4 34E-01 764 0160
2000 6800 3050E+05  4424E.01  5589E.01  1833E.02 556 8 3476 170 354 1041 0713 7 92E400 4 34E-01 778 0162
4000 10400 S364E+05  77B0Es01  1030Es02 3 378E.02 5312 1316 14 294 816 0559 1 37E401 8 54E-01 828 0173
€000 14000  B756E.05  1270E402  1777E402 5 827E.02 5027 3138 122 255 604 0414 2 24E401 1 40E400 880 o184
8000 17600 1 348E406  1955E402 2926E+02 9 596E+02 4639 2934 103 218 407 0279 357E401 2236400 7 0203
10000 21200 19856406  2878E.02  4710E+02 1 545£403 4298 2683 81 370 229 0157 S 64E 401 352€400 133 0237
12000 24800  2832E406  4106Es02 7 7S0E.02 2 541E+03 3729 2328 58 122 078 0053 9 53E401 5 9SE+00 1396 0292
cp 13499 27498 36556406  5301E+02  1663E.03 54526403 2243 1400 2 049 000 0000 224Ew2 1 40E401 2330 D487

19 =trple powt nbp = nomal boiing poit, ¢ p = crrical pont
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Table D.1 Critical and Saturated Properties of Selected Fluids (Continued)

[Temperature - 7 [ vapor Pressura-P, [vapor Head-h, = P JLiquig Densty - o JLiaud Viscosty - [Surtace Tension -« [ Vapor Density - og [vapor Viscosty - g
[ < [ F__|__Pa [ esa | m | [ [ kgm® T womw ] Pasec1o® Jurseot? < 10 Wmaao® T w10 | kym® | b | Pasecx10° Jiof sact? « 16|

Butane-n (R 800) C,H,y N =58.123 2c-0274

tp  -13828 21692  6757€01  SBO0E05  937SE05  3074E-04 7353 4590 2148 “urs 3290 225 349605 218608 199 0041

2000 18400 1372401 1 990EQ3  1949E-03  6391E-03 ez 4484 12n 2655 3036 2080 6 30E-04 3 92E-05 267 0.056

10000 14800 165902 2408602  2420E-02 7935602 6994 aer 793 1656 2763 1894 6 70€-03 418604 30 0072

8000 11200 11186403  1622EQ01 1 676E01 5 496E-0Y 6805 4248 540 1ner 2496 1710 405602 253603 a9 0087

6000 7600 SOV7E.03 7277601 7 740E01  2538E+00 8613 28 235 826 2233 1530 1 65E-01 103E-02 a2 0103

4000 4000  1679E.04  2435E400  2669E400 B 7546400 6417 4006 206 640 1976 1354 5 10E-01 318602 563 o8

2000 400  4522E+04  GSSSE400  7422EeD0 2 434E401 6215 3880 248 517 1726 1182 128E+00 7 99E-02 630 0132

nbp Q50 3110 1013Ee05  1470E401  1720E+01 5 640E+01 8011 a7sa 206 43 1488 1019 271E+00 1,69€-01 698 0146

000 3200 1O3IE05  1499E401 1 755E401 5 758E.01 6005 3749 205 .29 1482 1015 276E+00 172601 700 0146

1556 6000  1797E+05  2607Ee01  3142E401  10X0E402 5835 %4 179 373 1297 0869  463E+00 2 89E-01 748 0156

2000 6800  2080E«05  9017E+01  I668E.01  1203E+02 5785 3611 172 3s9 1245 0853 532E400 33260 758 0158

400 10400 3793E+05  5502Ee01  6974Ee01  2287E+02 5549 3464 141 294 1017 0697 9 43E+00 5 B9EQT 813 0170

6000 14000 6397E«05  9277E.01  1233Ee02 4 04IE02 5293 3304 116 242 798 0547 157Ee01 9 82601 872 0182

6000 17600  1013E+06  1489E+02  2064E+02 6 769E+02 500 7 26 % 199 590 0404  252E401 1 57E+00 548 0198

10000 21200  1526E+06  2214E402  IINES02 1 092E403 4875 2918 7 161 395 0271 394E.01 2 48E400 1049 0219

12000 24800  2211E+06  3207E402  5284Ee02  1736E+03 4261 26 60 59 123 217 0149 617Es01  3BSE00 1196 0250

14000 28400 3 120E406  4525Ee02  8729E.02  2862E40) 3646 276 @ o8 055 D044 104Es02 6 48E+00 1502 0314

cp 15203 30565 3796E+06  5505E402  1707E+03 5 599E+03 2268 1416 24 050 000 0000  227€+02 1 42E401 2400 0501
Carbon Doxde (R744) CO, M= 44010 @ =02278 2c=0274

Abp 7848 10826  1013Es05 14706401  Soid Soba Sobd Soi Sotd Sl Soid Soid 2 80E+00 175601 975 0204

tp 5657 6983  S1B0E+05 75126401  4481E.D1  1470E.02 11786 7358 251 524 1663 1138 138E401 B 60E-01 1082 0228

4000 4000  100SEeD5 1458402 9170Ee01  3009E+02 117§ 6976 202 421 1276 0875 261Ee0 1 63E+00 1240 0259

2000 400  1970E.05  2858E.02  1948E.03  6391E+03 1031 644 150 313 B4 0576  517E401  323E+00 1351 0202

000 3200 3485E.06 50546402  J8E02 12596403 9264 5783 106 222 4q9 0308  976E«01  609E+00 1561 0326

1556 6000  5153E406  TAT4ES02 6 443E402 2 114E+03 8155 5091 78 162 187 0128 164E402  102Ee01 1877 0392

2000 6800  S726E+06  B305E+02  7S56Es02  2479E+03 727 4824 70 147 122 0083 194402 121Ee0Y 2004 0418

cp 3104 8787  7383E+06  1071E403  1615E403  5299E40) 66 1 2010 2 066 000 0000  466Es02  291E.01 3160 0660
Carbon Deuthde €S, M= 78,131 Z0:-0276

tp 11204 -16967 15286400 2216604  1D08BE-04  3567E-04 14330 89 46 3489 7286 5277 3618 8 68E-05 5 42£-06 666 0143

10000 14800  7870E00  1141E03  SBS9E-04  1856E-03 14186 6456 2459 5158 5084 3483 416E-04 2 60E05 7 0148

8000 11200 7 M6E+01  1065E02  5376E-03  1763EQC2 13942 8704 1530 N 4766 3266 3 48E-03 217E-04 75 0158

6000 7600 AJS1Es02  6310E02  3241E-02  1063E-01 13693 8548 1037 2166 a5 3080 1 87€-02 117603 so2 0167

4000 4000  1B48E.03  2680E01  1403E01  4601E-0 13438 8289 751 15869 4140 2837 7 26E-02 453E03 851 0178

2000 400 6119E+03  B874E01  4738E01  15%4E.00 13176 8226 573 1196 833 2626 221E-01 1 38E-02 904 0189

000 3200  Y67IE.04  2427E.00 1 323E+00  4337E-D0 12907 8058 asa 949 3529 2418 5 66E-01 353E.02 957 0200

1566 6000 32056404  4779E400  2649E+00  B66EE.00 12692 7923 388 810 3296 2258 105E400 6 576-02 1012 0211

2000  6BO0  3942E404  5717E+00 3 184E+00  1044E.01 12630 7685 a7z 177 3230 2213 124E400 77302 10 28 o215

4600 10400 8248E+04  1196Es01  681BE.C0  2236E4D1 12343 7705 2 653 2935 2011 244E400 1526 01 1100 0230

Continued on next page

1p =1rple poit. nb p = normal boiling poirt. ¢ p = criical poirt



Fluid Properties 339

[Teroeraturs - ~ Tvaocr 2ressue—P, [vavor ~eac=n, « 2+ [ cuio Dansety - o [La-g v scesty - o [S.taze Te-son ¢ [ vago- Denstty - o “Tvagor vscosity - o |
= ] F | Pe_ | e | - [ ¢ 1 «gm® [ omw= [ Pasec.10® Jotsec o 10 Nrrc? [ wiheop? | wgm? T wmed | oasec.tof [btsecn . 10f]

Sardon Disu e C3y (ortnuen)

~tp %22 “152¢ 1313605 1420401 84375420 2 767E-0" ‘2252 76 49 297 82 FLET © 949 2 95E <00 1 84E-0° t122 223

50 20 ‘400C 1 569E+05 2273E+C 13298401 4 357€+01 ‘2048 s 2c 268 56C 2645 * 812 4 44E400 2 77E-0° 172 J24s

a8 0o 176 20 2 781E05 4 004E+01 2 40CE 01 7 370E 401 1737 e 2M 485 259 1817 7 40E+00 4 82E-0" ‘248 0260

1000 21200 4 55705 6 610E+01 4074EC1 1336E+02 c1413 M8 207 433 280 ‘428 *BEeY 7 M4EQY an Q278

12000 2480 7 133k 1 035€+02 8 572ECY 2 1558402 1073 813 166 388 1808 214 * 79E.01 112E+00 1389 2292

14000 28400 1 08BE 08 1 549€402 10'7Ee02 3 335E.02 ‘0712 6687 t68 s 1538 ‘054 2 84E.01 1 65E 00 ‘e 8C 2%9

16020 32000 1 540€ .08 22)E.02 1521E402 4 988E+02 M <2 84 48 54 32 1278 care INED 2 38E+00 ‘588 032

1800 356X 2 150€.08 3116882 22W4EL2 7 262E402 99C S 618) 3 29¢ 1028 €13 S S0E+01 343600 *6 68 0348

20000 W0 29216406 4 2ITEWC2 3187€402 1 035E+03 [N 5894 +32 278 784 ¢ 537 7 92E«01 4 94E 00 ‘788 0373

22000 42800 3877E+06 5 624EC2 € 4392402 1 486E+03 8% 2 55 64 c23 257 5% 0379 115E+02 7 16E+00 ‘94l 0467

24000 48420 S O43E+08 7 3146402 6217602 2038€+0) 8278 5167 15 24 3% cen * 89E402 138E.0° 2194 0453

2000 50000 8 444E 06 9 347€E402 8 387Ee02 2 908E 403 18 “29 M 227 143 C 088 253E402 158E4+01 26 44 02882

cp 7808 S339) ? 903E+08 1 148E403 1895€403 S $58E40) a5 e 270 o 09 220 £ 000 4 T6E 402 287E.0 4339 J90¢
Carson Monoxse CO Mo M010 Ze » 0.206

tp 20500 33700 1 521E+04 2 206E+00 * 833E+00 8 012€40C 0482 283 269 581 *238 Q048 7 S8E-01 4 736-0¢ 468 2083

20000 3280 3 388E 04 4911E00 4 182800 13712401 826 1 5157 225 an ‘130 978 1 S9E+00 9 90E-02 504 J10%

Abp  -19°45 3284 © 136405 * 4TOE+Q1 1308€+01 4201E40" 7900 4932 173 62 49 C 650 ¢ 35E+00 272601 568 C19

1800 28200 3 CIOE 05 4 395E.01 4193E40¢ 1378E402 2373 4803 ‘29 27¢ 713 C 488 ¢ 2VEe01 ? 530" 655 [ }4

~16C00 25600 ¢ 208E405 1 746€402 1971E+02 6 483E+02 62¢3 3887 87 18 an 221 4 708401 2 98E4+00 837 ERkEY

P 14023 204 3 499€+06 $ 075E+02 1185E483 3 888E-0) 3012 ‘880 x Q42 020 < 301E«02 1 88E401 ‘989 2418
M« 180823 2e: 0272

tp 82 -908 2K 18270 £ 864EC2 2251E-01 16678 10412 2043 Qe RN 2214 8 ICER 5 18€-0) 896 2187

+2C 00 -2 * 352600 1961E-Q0° 8 2932 2 T20€-0t 168390 ‘cIa2 195 4000 398 2°89 9 9CE-02 618€-03 906 018§

cco 32 4 4545403 8 461E-0° 27MELY 9 15201 1828 2 ‘c1 88 1276 26 65 X4 2¢c18 3IQIE-Q1 105€-02 97C 0203

1556 6300 9§ 850E403 1 429E +00 8279ELt 2059€.+0C 1600 S 9992 90C 2047 27 48 661 $ 36E-01 397E-02 ‘02C oy

200 68 0 ¢ 213E04 1 760E+00 7IELST 2 549E40C 15925 00 42 916 1912 26 %0 1 B4 7 T2E-01 4 82E-02 *03s 0216

400 10400  284SE.D4 4 126E400 1868E400 6 113E+00 *5556 28N 696 4% FZXY 1678 1 MEC 1 07€-01 099 023

& 0o 140 00 5917604 8 582E400 I 97BE00 1 305€401 ‘8174 ™73 552 1153 2202 1508 3 I7E+00 211E-01 1164 0243

nbp 78 84 169 95 T C13E.05 1 470E L1 6 963E+00 2283401 1484 5 w268 87 978 2008 1374 5 S8E+0C 3 48E-01 1218 025«

8 00 178 CO 1017808 182°E0) 7 714E+00 2530€401 14778 9225 3 948 1988 « 347 8 285400 3 80E-01 t229 2287

10600 21200 * 950€ «06 202901 * M5E4C1 4 543001 1436 4 ”er7 e 797 1233 187 1 03E«01 6 ©1E-0 t298 9278

12 ¢0 24300 3°82€.05 4 829E.01 2 338E401 7 688E+0" 13930 86 96 328 884 1506 103 184E40° 102E40C ‘382 028¢

14000 204 00 4 953605 7 134E+01 3751E.L 1230E+02 1347 ¢ 8409 285 596 1288 St 2 50E40* 1t S8E40C 1432 029§

180 CO0 32000 P ISSEL05 1067E+02 5 780E40 1 895E+02 12981 8104 2% 524 iwn 2754 3 55E.0° 228E+0C 1507 0313

18C 00 35800 1 053E.08 1527E+C2 B8 625E 0 2828E.02 t245) 7774 22z 464 883 592 $ 25E40° 3 28E.0C 1588 0332

20C 00 39200 1461808 2120E+02 1 256E +2 4 118E+02 “1872 7412 ‘97 412 865 Q488 7 42E00° 4 63E+0C *6 82 0351

2¢¢0 2800 1978E 06 2 863E02 1 799E402 S 899€402 11217 700 175 387 are C 326 1 04E 02 6 49E 00 *796 9378

260C0 48400 2 620E06 3 800E02 2559E+L2 8 302€.402 1044 4 85 20 56 326 3% C 208 1 48E+0R 9 14E400 ‘950 3407

26C CO 500 00 3 409E 08 4 944E402 3684E.C2 1 208E40) 40 5883 ‘38 289 141 Cos7 215202 1 34E01 29 048

28CCO 83600 437108 6 338€+02 5 907E«C2 19376603 7549 4713 22 255 013 c 009 3I60E-02 225E+01 28 90 0 604

ep 28320 541 X 4 580E 08 6 613E402 8 348Ee02 2737E+03 5873 U @ (X 1) 020 0 000 S STES02 3 48E+01 4197 2876

lp «tMPO 20Ot NS = NOMAIDO N DOIM 2 ¢ = CMKd DOI7T
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Table D.1 Critical and Saturated Properties of Selected Fluids (Continued)

Temparatwre - T Vapor Pressure-P, Jvapor Head-h, - Pt JLiquid Density - g, JLiquid Viscosity - [Surtace Tension - o [ vapor Density - o, vapor viscostty - g
-C [ ¢ | P [ psa | m Ji it [ wam® [ bt | Pasecx10° Jofsect? 105 Nm«o? [ wme10® [ wgm® T wowt? T Pasec «10° Jrot secm® x 10%]

Chiorire Cly ™ = 70.908 2e 20275

tp 10103 14985 1 366E+03 1981E-01 8087E-02 2652€-01 R 107 56 962 2008 3793 2599 6 79E-02 4 24E-03 a0® 0169

-8000 11200 7 605E+03 1 103E+00 4 633E-01 1 519E+00 16748 104 54 747 1560 a4 21358 3 38E01 21102 910 0190

4000 -76 00 2730E.04 39TEWD0 1717€+00 5 630E+00 16270 10157 612 1278 3to9 2130 1 11E+00 691E-02 1006 Q210

-4000 -4000 7 709404 1 118E.01 4 9B6E +00 1 635E401 1577 4 98 48 516 1078 27 80 1905 2 87E+00 17901 1102 0230

nbp -3403 2825 10136405 1 470E+0% 6 617E+00 2170E 401 1562 2 9752 493 1029 26 82 1838 3.69E+00 2 30€-01 1130 0238

-20 00 -4 00 1 809E 405 2 624E.01 1 210E+01 3I367E+01 15255 9524 446 930 2453 1681 8§ 29E+00 3 92E 0t 1198 0250

000 3200 3I697E405 5 383E+01 2 585E+01 8 410E401 147089 9182 R 818 2N 1460 1 28E+01 7 %Kot 1296 o2

1556 60 00 5 983€ +05 8 677E401 4 280E+01 1 404E+02 14260 8902 356 747 18 82 1290 1 88E+01 116E+00 1373 0287

2000 8300 6 795E+05 9 855E.01 4 907E+01 1 609E«02 14128 8820 349 729 1811 1241 2 26E+01 141400 1387 0292

4000 104 00 1 149E+06 1 667E+02 B8631E.01 2 847E402 1350 3 84 30 s 658 1497 1026 3 B4E.01 2 40E«00 1506 ons

60 00 140 00 1 819€ 406 2 638E402 1 447E 402 4 T47E+02 12820 8003 287 599 1187 0813 6 00E+0 3 75E.00 1825 0338

8000 176 00 2731E+06 3 961E.02 2M1E+02 T S79E+02 12053 ™25 264 551 (-2 0 806 $10E+01 S 8BE .00 1765 0.36%

100 00 21200 392708 5 698E+02 3 592E+02 1 176E 403 1158 6964 244 510 589 0403 1 36E+02 8 49E+00 1945 0406

120 00 243 00 S 454E 405 7911E+02 5 561E+02 1 824E403 1000 & 8248 227 474 305 0209 2 08E+02 129E+01 21 0484

140 00 28400 7 360E+06 1 067E+03 9 4ME W02 3097E403 7951 49 64 213 444 044 0030 4 05E+02 25301 n7? 0663

cp 144 00 291 20 T T1VE406 1 118E+03 1373E+03 4 502€403 5730 »77 Q 090 000 0 000 5 73E+02 3 SBE+01 4214 0801
Chiorodifivoromethane (R 22) CHCWF, ™ = BR.480 2c = 0.274

tp 16000 25800 1975E-01 2 BG4E-05 1 181E05 3I872E-05 1708 2 106 52 2779 5804 997 279 181E05 113E-08 149 0030

-14000  -220 00 1250€401 1 814E-03 7 680E-04 2516E-03 1661 1 10370 1650 34 47 36 0% 2473 9 77E-04 6 10E-05 are 0078

112000  -18400 2333E402 3 384ER 1 474E-02 4 835E-02 16146 10079 1058 21 3229 2212 1 S8EGR2 9 89E-04 561 017

-10000  -148 00 2073E+03 3007E-01 1 346E-01 4 415E-0t 15708 96 06 27 1518 2858 1958 1 25E-01 7 79E-02 709 0148

-B00C -11200 1 0ME+04 1 495E+00 6 933E-01 2274E+00 15188 4 89 53 nos 2497 1T 5 59E-01 3 49€-02 827 0173

5000 -76 00 3749E+04 5 438E+00 2 614E+00 8 5738400 14631 91 34 409 853 2148 1470 1 66E+00 1 16E-01 8928 0193

nbp -40 82 4143 1013E+05 1 470E 401 7 337E+00 2 406E 401 1408 B 87 95 33 692 1820 1247 4 T1E00 2 94E-01 101D o211

-40 00 -40 00 1 Q53E+05 1 527E.0¢ 7 636E+00 2 504€+04 1408 5 87 60 323 687 1806 123 4 88E+00 3 05E01 1014 o212

-2000 400 2453€405 3 558E401 1 859E +01 5 095E+01 1346 4 8405 275 573 1479 1014 108E+01 6 7SE€-01 10 0230

000 3200 4979E 05 72226401 3 964E+01 1 300€ «02 12616 8001 236 493 1187 orem 2 13E+01 133€+00 1196 0250

1556 6000 BO1EVQ5 1 163402 6872E+01 2 188E402 126 6 7857 213 444 235 0 640 3 40E«01 212600 1282 0268

2000 68 00 9 101E+05 1 320E402 7.673E401 2 S16E402 12100 7554 207 432 870 0596 3 88E+01 241E+00 1304 0272

4000 104 00 1 534E 406 2 225€.02 t 387E4+02 4 547E+02 112886 7048 184 384 594 0 407 B B4E«DY 4 15E+00 1433 0229

8000 14600 2 A26E 406 3521E+02 2 404E +02 7 8B4E 402 1030 3 8432 164 342 3 034 112E+02 6 99«00 1592 01332

8C 00 176 00 3 663€ 406 5 313E+02 4.181E+02 1371E+03 8939 55 80 t23 257 124 0085 197E+02 1236401 1793 0375

cp 9615 20507 4 988E+06 7 234E.02 9 920E+02 32536403 5130 3203 K 064 000 0000 5 13E+02 320E+01 3 50 0637
Chiooform CHCY, M= 110.378 ¢ 0299

tp 6352 -82 34 6 532E+01 1005€-02 4 308E-03 1413602 1641 5 102 43 1786 3730 383 265 4 75E-03 2 96E-04 754 0157

-60 00 -78 00 9 882E+01 1 433E-02 6 164E-03 2 021E-02 16355 10210 1867 482 3819 2617 8§ 66E-03 416E-04 768 0160

40 00 -40 00 5 797E402 8 407E-02 I 695€-02 1212601 1600 5 9N 1174 2451 3543 247 3I57E02 22303 837 0175

2000 -400 24278403 3 520E-01 1 583€-01 5 190€-01 1564 6 97 67 873 ALY 3 3269 2280 1 38E0Y 861E03 907 0 18%

aoo 3200 7 884E 403 1 143E400 5 265E-01 1 727E+00 18277 96 37 6 1414 3000 2055 41701 2 60E-02 977 0204

Continued on nexi page

1p etrpke pont, nbp = normal boing poirt ¢ £ e crical point
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[Temperaturs - T [Vvapor Pressure-P, [Vapor Head-h, - Py TLquia Denstty - p, JLiquid Viscosty - iy [Surtace Tenswn - o [vapor Dersty -, TVapor viscosty - g ]
[ c I F | Pa [ psa | m | f [ kgm® | om#t® | Pasec 10 ot sect® » 105 NmA10° | it < 10° kym® | bmA® | Pasec «10° Juf sectt x 108]

Chiorotorm GHCL, (conbnued)

1555 6000 t 719E+04 2 483E+00 1 1T1E400 38396400 14982 9353 569 1188 27 92 193 883€-01 5 39E-02 1031 ons

2000 6800 2 108E«04 3 058E400 1 444E400 4 7356400 14897 83 00 543 1134 2733 1673 1 04E+00 & 52E-02 10 47 o219

46 00 104 00 4847E404 7 D30E+00 3 410€+00 1 118E+01 1450 4 90 55 “7 933 un 1693 227E.00 1 42E-01 117 0233

60 00 140 00 9 833E4+04 1 435E+01 7 155E+00 2 348E.01 14097 2800 375 783 213 1516 441E.00 2 75E-01 1187 0248

nbp 6118 14212 1 013E+05 1470401 7 346E400 2 409E+01 14072 8785 m 778 2198 1506 4 S0E00 281E-01 1m9n 0249

8000 178 00 1 836E405 2 664E+01 1 370E.01 4 493E401 13673 8535 320 669 1959 134 7 85E+00 490E-01 1259 0263

10000 21200 3 159E405 4 582E«01 2 436E401 7 98901 1329 8258 n 579 1710 1172 1 RELT 422601 1332 n278

12000 24800 51106405  7411E+01 4 O085E.01  1340E+02 12761 7988 24 506 1466 1005 2 2BE.01 1 42400 1412 0.295

140 00 284 00 7 860E 405 1140E«C2 6 539E401 2 144E402 1226 2 7655 24 447 1228 0842 3IS2E+O1 2 20E+00 14 96 03

160 00 320 00 1 180E+08 1883E+02 1010E+02 JINEL02 11726 7320 190 397 958 0684 5 12E+07 3 20E+00 1508 0332

180 00 356 00 1 656E408 2 402E+02 15176402 4 974E402 11138 69 53 170 KEL) 778 0531 6 T9E0 4 248400 16 65 0352

200 00 382 00 2 293E406 3339E.02 2 238E 02 73396402 1047 7 65 41 153 319 561 0384 9 28E+01 5 79E 00 1803 0376

20 00 428 00 INTE0S 4SHE02 3 278E+02 1075E+03 9701 60 56 138 288 3se 0248 1 24E402 7 76E+00 19 48 0 &7

24000 46400 4 147E 406 6 015E+02 4 383E+02 1 595E403 889 9 5431 124 260 173 0118 181E+02 1136401 21 90 0457

280 00 500 00 5 430€+08 7 876E 402 B 104E+02 2 6586403 6836 4268 13 235 017 0012 3 29E+02 2 08E«0Y 2064 141}

cp 26325 505 85 5472€406 7 936E+02 1 118E+03 36656403 499 5 3118 42 oss 000 0000 4 99E.02 3128401 @32 0864
Chivropentaiucrosthene (R 1155 C,C4 M = 154.487 2e=0277

tp -10815 -15807 11728403 1 700€-01 6 790E-(2 2 228E-01 1760 1 109 88 1745 45 2374 1827 1NE0 8 16E-03 593 0124

-10000 -14800 2 0B8E+03 2 996E-0Y 1 209€-01 3967€-01 17422 108 76 1465 3059 281 1563 22260 1 WE-02 643 0135

8000 -112.00 1 023€ «04 1 484E+00 6 202€-01 2 035E+00 16822 10502 895 1870 1985 1360 9 96£-01 6 22€-02 a0 0187

-0 00 76 00 3 543€+04 S 139E+00 2 232E+00 73200 16190 101 07 600 12.5¢ 1696 1162 3 18E+00 1 94E-01 ' 0182

4000 4000  DBATEsD4  1428E.01  S4THEDD 2 124E+D1 1550 9 96 82 L] 200 1414 0960 8 20E+00 512601 1018 o213

nbp -39 1t -38 40 10136405 1 470401 & 672E+00 2185E+0¢ 1548 S 96 67 425 888 1403 0961 8 51E+00 5 RE-01 1022 0213

-20 00 400  Z21BE«05  3217E.0t  150E0T  5019E+01 14787 23 328 681 1n41 0782 1 79E+01 1128400 107 02

000 3200 4420405 641ME.01 3 226E+01 1 0S8E.Q2 1397 4 8724 257 537 872 0597 3S1E«01 2 19€400 1201 o251

1556 80 00 T O41E4+05 V021ER02 5 38EC1 1TMER2 13299 8303 220 458 672 0481 581E+01 3 50€4+00 1286 0269

2000 68 00 7 966E+05 1 155€+02 6 208E +01 2 0IBE 02 12089 N 208 435 617 0423 6 36E+01 397E400 1313 Dare

4000 104 00 1 329E+06 1 928E+02 1126€ 402 3 B9RE+02 12041 7517 184 ELX} are 0257 111E+«2 6 95E400 1456 0304

60 00 140 00 2091E+06 30%E02 1991E.02 6 533E402 10706 66 B4 115 24 161 g 1 96E 02 1 22E.01 16 %0 0353

cp 79 175 B9 3 155E+06 4 578E402 5 248E402 1722E+03 6131 28 29 060 000 0 000 613E+02 38301 2870 05e8
Chincotrtuoromethare (R-13) CCF, M = 104450 20=0278

19 -1B115 2407 4 OBSE-01 5 929E 05 2 236E05 7 336E05 1064 5 116 3% 7803 162 97 31866 2189 5 S8E-05 3 48E-06 299 Q082

-18000  -292 00 5613E-0 6 140E05 3076E05 1 009E-04 1860 8 11616 7234 151 08 34 2154 7 S7E05 4 73E-08 307 0064

-16000  -256 00 4 518E€401 6553603 2 565E-03 8415603 1796 0 11212 2478 5176 2767 1896 5 02E-03 3 13E-04 458 0096

14000 22000 8 B00E+02 1247E-01 § 070E-02 1683E-01 17298 107 99 1R 2447 2400 1645 8 11E-02 S 07E-03 608 0127

412000 18400 6 S86E+03 10136400 4 288E-01 1 407E+00 1661 5 10373 673 1407 20 48 1402 57701 3 60E-02 745 0158

10000  -14800 3N1ED4 4 602E+00 21226400 & 964E+00 1590 6 99 30 440 919 703 1167 2 45E400 1 53€-0t amn 0182

nbp 8145 11461 10136405 1 470401 6791E+00  2228E+01 15213 497 Ex3) 670 1398 0958 € ME 00 4330 960 0205

8000 11200 1 094E«05 1 S87E+01 7 362E 00 2 416E 401 15157 94 B2 N4 656 1375 o942 7 48E400 4 86E-01 990 0207

0 00 -76 00 2018E+05 4.087E401 2002E+01 8 568E+01 1435 4 8961 2% 498 1063 [Rel} 182E+01 1 14E+00 1109 0230

~40 00 -40 00 6 070E4+05 8 8D4E+01 4 595E401 1 508E+02 13469 8408 1% 97 769 o527 3 83E.01 2 39E.00 12203 0251

Contnued on Next page
tp =trpleport Nbp = normal bowing point, ¢ p = clcal point
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Table D.1  Critical and Saturated Properties of Selected Fluids (Continued)

[Temperature - T [Vapor Pressure-P, [vapor Head-n, = Py JLiquid Densty - gy JLraud Viscosty - s [Surtace Tension o Vapor Density _pg [Vapor Viscosty - ug ]
°C T F | Pa [ psa | m I [l | kgm® | it | Pasecs10° [bfsecii« 109 Nmx10° | IoMtx10° | kgm® | bmA® | Pasecx10° [ibf secAt x 10f]
cl (R-19) CCF,
2000 400  1148E4+06  1665E402  9400E.O!  JO0BAESDZ 12451 n7 157 328 497 0341 735E401 4596400 1329 0278
000 3200 1973E+06  2862E.02  1799E«02  5902E«02 11183 6981 130 272 256 0175  135E+02 8 43E+00 1511 0316
1556 6000  2MB6E.06  4156E.02  2007E+Q2 9 B01E402 9782 6107 91 150 095 0085  223E+02  139E+01 1712 0358
2000 6800 3171E+06  4599Ee02  I511E4G2 11526403 9208 5748 ld 18y 057 0039  284Es02  185€401 1782 0arz
cp 2880 B384  3IBBGESDS  5S607E.02  6822E«02 2 238E403 5778 3607 2 060 000 0000  578E«02  361E01 2890 0604
Cyolohexane CyHyy M= 84,181 20-020
tp 654 4377  S3ETELI  TTE9E0T  B9I9EO1  2270E.00 7894 420 1212 %% 2691 1844 1 94E-01 1 21E-02 697 at4s
1556 6000  844IE«03  1224E400  1101E.00  3614E400 7815 @7 1031 2153 280 1768 296€-01 1 85E-02 718 0150
2000 6800 1043404 15106400 1 368E400 4 488E+00 778 4854 955 1994 2526 173 3 60E-01 225€-02 728 0152
000 10400 24746404  IS8BE.00 33226400 090401 7595 74 695 1452 2285 1566 8 00E-01 499E-02 775 0162
6000 14000 5T8BE+04  7524E+00  7141Ee00 2 343E 40! 7408 625 525 1096 2049 1404 158Ee00 9 84E-02 822 0172
6000 17600  9856E+04  1430E«01  1.393E+D1 4 571E401 213 4503 409 B854 1818 1246 283Ee00 1 76E-01 869 0181
nbp 6072 17730 10136405  1470E401  1434E+01 4 TOME#O 7206 “w 406 847 1810 1200 290E+00 1 81E-01 871 0182
10000 21200  1729E+05  2508E.01  2S516Ee01 8 254E401 7010 «ars 27 683 1593 1092 490E+00 306E-01 917 0192
12000 24800 28445405 4 124E.01 4 267E401  1400E402 6796 Qe 267 558 1375 0942  796Ee00 498E-01 9¢8 0202
14000 20400  4434E+05 S 431E401 G EBIELO1  2258E«02 6% 9 “o 2 455 183 0797 124E+01 7 711E-01 1018 0213
16000 000 5617E40S  9598E.01  1086E.02 3 499Ee02 637 3950 189 394 258 0657  164Ee01  115Ee00 1073 0224
16000 35600  9.5236+05  1381E«02  1601Ee0R 5 252E402 6065 aze7 162 339 763 0523 266E401  166E400 123 0237
20000 39200  1329E+06  1928E.02 2MMTESOR 7 7OOE+02 s776 36.06 141 295 578 0396 37BE«D1 2 36E400 1202 0251
2000 42800  1810E.06  2625E402 I JOTE02 1 111E«QI 5448 3401 124 260 40 0276  533Ee01 3330 1287 0269
24000 46400 24116406 3408E.02  4853E.02 15956403 5057 57 m 23 24 0167  75SE+Q1 4 71Ee00 1403 0293
26000 50000 3157E+06 4 S7ME.02  7OQ9BE.02 2 328E+03 4536 2832 ] 208 108 aor 100Es02 6 82E600 1589 0332
cp 26039 50670 4075E406  S5910E.02  1520E.03 4 987E.03 2734 1707 ] 061 000 0000  273Ee02 1 71E+01 2935 0613
Dhiorodsiuoomethane (R 12) COF, ™= 120814 265 0.200
tp 15800 25240  92EQ2 1 M9EHS  5226E06 1715E05 18149 1130 8190 17106 %97 253 117E05 7 €07 565 0118
14000 22000  4966E«00 7202604  2856E-04  9389E4 17731 11069 3679 768 3387 2321 5 42604 339E-05 629 0131
412000 18400  1137€.02  1650E-02  6722E-03  2205E02 17254 0771 1885 »37 0 50 2080 1 06E-G2 6 74E-04 596 0146
-10000  -14800  1174E+03 1 703E-01 7 13E-2 2 31E0 16780 10475 27 2354 721 1864 9 63E-2 617E03 767 0160
8000 -11200 61606403  B934E-01 3 BGAE-D1 1 268E+00 16255 10143 750 1566 2399 1644 4 66E-01 291E-02 838 0175
6000 7600 2259E404  3277E400  1466Ee00 4 809E+00 15715 96 11 538 nax 2087 1430 158E+00 9 78€-02 919 0180
4000 4000 64ISEO4  HINME.D0  4316E400 1 416E.01 15157 9462 409 855 1784 1222 412Es00 257€-01 988 0206
nbp 2979 2162  1013E.05  1470E.01  GB51E.00  2281Ee01 14863 979 362 758 1633 1119 630E«00 3 4E-01 1016 0212
2000 400 1510E405  2190E.0t  10S7E.01  JASTELOT 14574 9098 325 678 1492 1022 915E+00 571E-01 1084 0226
000 3200 3089E.05  4479E.01  2257E.01  TA0MES01 13956 0712 267 557 21 0830  180Ee0) 1126400 1183 0247
1558 6000 4 9P6E.DS  7248E.0t  IT90E.0!  1244E402 13441 839 23 487 1002 0686  285E.01 1 70E+00 1244 0260
2000 6800  SE74E405  B229E+01 4 354Ee01  1429€402 13287 8295 22 470 243 0846  IREWT 2016400 1261 0263
4000 10400 O594E405 13926402  7BORE.O!1  2560E402 12539 7828 194 405 691 0473 545Ee01 3 40Ee00 1349 0282
6000 14000  1521€406  2206E402 1 3WEL02  4IBE02 11666 7283 170 355 457 0313 888Es01  555E400 1482 0310
8000 17600  2295E406  3320E402  2214E.02  T264E.02 10572 6600 141 293 248 0169 144Ee02  901E400 1693 0354
10000 21200 I340E406 4 344E.02  ITIOE02 1 2ME+03 8966 56 09 9% 200 0.70 0048  251E402 1 57E4O1 2018 0421
cp 11180 23324 4125E+068  59B3E«02 7 536E+02 2 473E+03 5580 3483 3 065 000 D000  558Es02 3 48E+01 3102 0648

1p =trplé pot, nb p = normal botng poim, c p = critical pont
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[Taroeratae - T

[vacor Pass.re-P,

Tracor ~eac-~, 7

[-aua Densty -~

[ cuo viscesty -

[Suace "eson - =

] Vapar Desty - o

Vas0" V SCOSKY * .y

¢ T -F [ 7 " esa | - | r [ g™ | wbmw | 2asec19f [osec® 0 ~m 1> | 0% P | kgmd | bmtd Fa gec »'0* it sec™ . 109]

Brane (R 170) CH, M - 30.080 202 0.2

19 -1828C 20704 1 131Ee0C 1 640E-04 1 769E-04 S 80JE-O4 6519 4079 1303 R 2703 ‘882 4 55605 284E06 0a3 0013

~900C  -2920C 215E-0C 3357604 36ITE04 1 '93E-03 8488 4051 116C 2423 2669 829 9 CIEOS 5 84E-06 089 0019

600C  -256 00 1 260E 402 1 828€-02 2 05CEQR2 6 T126E-0R €269 3914 S92 1236 4 A 11 4 0JECY 252E-04 2% 0052

< 400C  -22000 1 855E+03 2691E-01 3 129E-01 1027E+0C 404 6 N7 368 781 2172 1489 504602 J1SECY a7 0079

1200C 18400 1259E+04 18266400 2207E.00 7 240E+00 5818 3632 252 527 1924 1018 2WE-O 1 87E02 477 0100

000C 14500 5 238E+04 7 598E400 95716400 3 140EC 558 ¢ 34 84 188 393 1674 v 147 1 12E+00 6 98E-02 556 0117

ndp B06C 12748 10136405 1 470E401 1 BT .0 6 230E+0° 544 ¢ 3397 163 Ja 1532 * 0% 2 08E+00 1 28601 508 0125

8000 -11200 1575405 2 285E+01 J013E40 9 886€.0° 5332 3328 148 ace 1428 o976 3 ORE«00 1 93€-01 63 0132

60 0C =76 00 3 789E+05 S 498401 ? 831E+01 2 504E+02 5063 3181 120 2% 1174 € 805 7 G3E+0G 4 35E-01 700 0146

40 0C 4000 7 T77E405 1 128€+02 * SBAE D2 5 458E+02 4768 2076 " 208 & cex 1 40E+01 8 77E-01 778 0183

-20 00 -4 0C 1 422408 2 082E«C2 3 320E .02 1 089E+03 437 2726 n -] L34} 0 &80 259E+C1 1 82€400 836 0175

000 3200 23876405 3 482E4C2 B CTBE02 1 9%4E+03 400 4 250C 63 N o7 0206 4 82E+C1 2 88E+00 9 0207

1558 6000 3418E408 4 954E+02 9 738E+02 3211E403 3559 222 4 o 2 cC'® 7 41€e81 4 83E+00 1183 0241

2000 68 00 3 763E406 5 458E€+C2 *RE03 3 714E403 3% 2118 a“ ce 8 ¢ne 8 63E+01 S 39E«00 24 0259

cp Ry 90 0% 4 880E +06 7 078E4L2 2 48E-0 8 0RE+02 2033 1269 2 Cas d0o 0000 203€+02 127€+01 2168 0482
Evwnol CHP0O M : 48.080 2¢ : 0240

tp S11410 17338 7 178E-04 1041EC7 §126€-08 2 886E-07 $0C 7 58 23 102877 214363 R 2256 2 S0E-0e 1 S8E09 512 01C?

10000 14300 tI7T2EL2 1 991E-08 1572E-08 5157E-08 89C 3 55 58 48586 972 96 31 8¢ 2182 4 39E07 27408 556 o118

8000 11200 4 009ECY S S46E-0% 4 776E 05 1 567E-04 8782 54 84 18481 385 98 32 2077 118E05 7 4EQ7 610 0129

60 00 76 00 6 171E+00 8 P50E-04 7 3'9E-04 240°EQY 8597 5367 8708 18° 88 2878 972 1 60E-04 1 00€-05 67 0142

-40 00 -40 00 S 809E «L1 8 13563 & 779€-03 2 224E-Q2 8437 5287 4852 978 20 1888 133€<C3 8 3IE-0S 7% 0154

-2C 00 -4 00 3 481E«L2 S 048EC2 4291E02 1 408E-01 827 5163 2729 58 99 %6 1756 7 84E-03 477E04 799 0187

coo J20c 1 608E +C3 223281 202580 6 843801 809§ 50 56 ‘78 3589 2403 1647 I 2EC2 206€-03 857 0179

1558 80 0C 4 490€ 03 6 512601 S 752€-0° 1 887E.0C 796 C 49 69 ‘248 20 277 580 8 89E-02 S Q€03 902 0188

2000  680C S847E.C3  BSIBEDY  7TSMOED:  2487E.00 799 W 1143 2387 2246 1838 112601 701E-03 915 019

L vy - oa UG 1 TOWE +0d 23848 L0 2 ISBELC 7 TEOEOC Ty %826 T 657 73 T AR e 2CEL2 73 o2

6C 00 ‘40 00 4671E«04 8 775E 400 6 322E+0C 2 074€ «01 7534 4703 469 18 19 06 1308 ? 95E-01 497EL2 ‘030 62's

npbd 7029 ‘292 10° 305 1 470E401 1 407E+01 4 618E+0" 7343 45 84 4% 897 17 49 1199 1 65€+00 1 03E-01 ‘082 o226

80 00 176 00 1077E+08 1 562€.01 1 SOOE 0" 4 920€+0" 7328 4573 49 ars 17 34 108 174€+00 t 09E-01 087 o227

00 30 21200 2 240E 405 3 248E401 3 216E+0 1088E+C2 7102 433 3s 887 1589 1068 3 31E+00 21901 1145 0239

120 %0 243 00 4 270E+0% 6 193€+01 6 34SE+01 2082€+02 636 ¢ Q83 240 502 137e 0944 6 S8E+00 4NEDT "2 0252

140 0 20400 7 S6IE 05 10978402 1 169E+02 38346402 853 § 4120 168 88 192 0817 115E+01 7 19EC 1287 0265

160 0 320 00 1258E408 1825€+02 2 035E+02 6 675€+02 6307 3937 148 Rk 1000 0835 1 92E+01 1 20E+00 1334 027¢%

180 20 %6 00 1 984E 408 2876E+C2 3 388E402 1111E+03 597 ¢ v 1°4 23 796 0547 3 12E401 1 94£400 1413 0208

200 % 92 00 2 9BBE 06 431602 S 488E 02 1 794E4+03 SSE 4 3477 0 A 1} 588 040 S 08E+0) 317E+00 1516 0317

22090 428 00 43 7E408 6 261E+32 8 249E 02 2870E 402 503 = A4 n ‘48 s 026 8 52E.00 S 33E+00 18 87 0352

240 050 464 00 6 024E +06 8 7I%ELD2 1 554E+02 51002402 395 ¢ 2667 56 8 ces 042 1 72E402 107E+L1 22°6 J483

<p 24310 459 58 6 384E+06 9 258E+02 2 388E+03 7 738£.02 278 17 54 e coo 0000 276E+02 1 72E4L1 5439 1136

15 = MW poONt Nbp = OMAIDOING 201t C ¢ ® ¢ tLdi poitt
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Table D.1

Critical and Saturated Properties of Selected Fluids (Continued)

Appendix D

[remperatne-T [vacor Pressce-o, [vapo eso-n =7+ J-cuc Dersny - o LiGuid V-SGT8 Ty e [5-Aaze Te~sion - [ vapcr Sansry -2y TVaor Vecesty - g
| C | °F | Pa [ ose | ) hl [T wgm® | omm Trasec.rct Jorsee™ e o wmaof T wee10® [ g [ ome | Pasec10f Juf see s 107

£ty Chionde (R 160) CH,CI M- 64.514 2¢ - 0278

tp  -13838 21703 * 186ELY 1 891E-05 1 118E-056 I 668E08 12633 6838 4847 101 22 36 48 2408 € TNE-08 4196 L7 482 0101

12000 18400 3 200E400 4 78004 JMMED T 054E03 048 5 6532 2542 3308 3442 235 1 67E04 104605 sS4 0113

10000 14800 5 134E401 7 M8ER 50M4E-Q T 87T EDR 10278 8418 1470 3089 20 2206 230EQ 1 44E-04 (114 0127

8000 11200 4 221Ee2 8 123€-02 4 270E-02 1 401E0% 1008 * 293 951 19987 2497 2054 1 70E-02 1 06E-03 §7 0140

40 00 7600 20783 321601 2200€-01 7 508E-01 978 6167 658 139 2774 1 901 8 WE-02 5 05E-03 1y 0154

42 00 40 00 $ 4128403 1 2206 0C $ 873E0" 29°1E«CO 9697 6038 458 10 41 2552 1748 282E0 1 76€02 s 0187

2% 403 2508E.04 3 637E400 2207E+00 8 083E+00 s 58 98 389 313 2329 1508 7 80E-1 4 87EC2 887 0181

coo J20C 8 227E404 9032€+00 6 883E400 2281€+Q01 9213 57 54 NS ¢58 2106 1443 1 $2€400 1130 * 0498

~bp 7 5400 1013€+08 1 470E+0* 1 140E+01 3 740E3 3081 5858 28 587 19 60 1349 286E00 1 79€01 873 €203

*5%8 8000 1 144E408 1 850E+0* 1 200€ 401 424201 9022 5833 273 570 1932 1324 3XEL0 2 00E-01 904 C208

2% 68 0C 13436408 1 948E40" * 527E401 $01ELY 8986 5558 283 548 1882 1200 3 2E+00 2%€E0 990 €209

« 0 04 00 2505€.08 3 784E401 3 040E 01 9 974E+01 8704 5424 224 498 16 59 1137 © 90E«00 4 0E-0 1068 0223

6 00 140 00 4 596E 08 6 888E401 5 SESE401 1 826E+02 0422 525 195 406 1435 0683 1 18E+01 7 3%E-01 1139 0238

& 00 176 00 7 505E408 1 10R€-02 9 S45E€.01 31326402 8114 5065 172 359 AFAR) 2830 1 91Ee01 119€+00 1218 0254

10000 21200 1 187E+08 1 722€02 + 558E.02 S 141E+02 m2 4852 154 an [} 14 0876 296€.01 * B4E 00 1297 car

12€ 00 24000 1 775E+08 2 574E+02 2 AS2E.02 8 044E o2 7382 4«08 129 2900 782 052 4 $0E 401 2 7SE Q0 19 C 280

14000 28400 2559€.08 37126402 ITNRELR 12386403 818 Qs 127 285 537 038 6 37E40t 39800 1503 Che

1€ 00 32000 3 583E.08 5 187€+02 S 787E R 1 899E 03 6314 » 40 1? 244 mm 0213 9 90E+01 8 000 1878 C3s0

1000 3580C 4 S00E «08 7 107€402 9 454E.02 31026403 5285 9 109 227 8 0087 1 78E+01 1 11EQ0 REll 01320

¢p 18720 365908 5 2895408 7 642E402 1 866€ 403 5 465E403 322e 214 n (X 1] 000 9200 I2E02 281E+00 X200 cess
Evvylone (R 1160) Cyr, Mo 20,084 2c=0277

1p 6018 27282 T WTELL2 2R8E0R 2183602 7 169€-02 6518 80 693 48 2943 2017 4S3EQ 283E04 22 0 048

1600C 25800 5 895€+02 8580602 93IT7ECR 3076E0° 6410 4002 52 965 275 1085 1766 110€-03 27 0056

14000 22000 6131E.03 3 992€ 07 1014E+00 3327E.00 8168 4 258 538 242 1805 1 S8E-01 9 74E-03 390 core

12000 16400 3 488E 04 S 027E-0C 5 985E +20 1 $64E+01 5908 3887 182 37e 19 49 1338 776E01 4 84E-02 490 c102

nbp 10069 15482 1013605 1470401 1 310E+01 S SOPE 0} 5880 B 148 100 18 &0 1124 2 08E+0 1 20€E-01 57 012¢

10000 -148 00 * 258E-05 1822E4C1 2277E+00 7 4726401 5825 12 142 298 1572 1077 2 55E400 1 56€-01 596 0124

8000 11200 I 401E08 4 93IE401 8517601 2 38€+02 5321 N2 144 23 1214 o83 6 44E+00 4 RED 696 0145

40 00 -7600 7 SA1E0S 1 084E+02 1541E 02 5 057E+02 “wee 3114 0 198 LRed 0801 1 39E«01 8 61E0 by <] 0166

40 00 -AC 00 1 45308 21CTEw02 I 214Ee2 1 054E403 4808 2877 67 140 587 0389 267E+01 * 87E0 858 0178

-20 00 400 2529E.08 3 888E402 6 238E.02 2 C48E40) 4138 388 47 (X1} 20 0200 4 88E401 3 10E 00 10C9 o2y

000 3200 4 009E 08 S 943€402 12256403 4 019E+03 312 213 20 082 267 0048 S RE 6 13E.0C 377 J288

cp 92 @5 5 040E «08 73108402 2 400E 03 7 87T3EL0I 2142 1293 2 048 000 0000 214E-02 1 34E+01 2180 2487
hetum (R 704) Ho M= 4008 20 = 0.902

tp 27097 45578 5039€.03 7 309E0° 3514E+00 115340 1482 93 L} 008 03 (-4 1 '8E+00 7 3802 059 02312

nbp 26893 45207 10136408 * 470401 8207€.C1 2712602 1250 e 3 ¢or 010 0007 + 89E 01 1 06E«OC 123 J028

cp 28796 450 22756406 3I20E0 3N B2 1+ 09IE+0I 1] o 2 cos 20¢ 0000 6 88E401 4 35E40C 243 2051

1P =l'Ole pO M. ND P = NCMal bong pt ¢ D o crteai poit
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Temperature - T [Vapor Pressure-P, [Vapor Head-h, =Piy JLiquid Densty - pf [Lquid Viscasity - [Surface Tension - o [Vapor Density - p, [ Vapor Viscosity - g |
e T % | P T psa | m T n | xom® | o | Pasecx10f Jbtseom® < 108] Nm10° | W< 10° | kgm' |  bmA® | Pasec «10% iof secA® x 105
Heptane-n CH,y M = 100203 2¢ = 0.263

tp. 9059  -131.06 1152601 1.871E-05 1.518E-05 4 984E-05 731 4826 50 0.4 3213 2201 7 80E-06 4 75E-07 358 0.075
-8000 -112.00 6.264€-01 2.085E-05 8.346E-05 2 738E-04 7653 47.78 2570 53.68 2095 212 391E-05 2.44E-06 3.8 0.080

-80 60 -76 00 4 796E+00 1.278E-03 1.497E-03 3 926E-03 749.5 4679 1460 204 875 1870 4 97E-04 3.11E-05 424 0.000
-40.00 -40.00 7.107E+01 1.031E-02 9.879E03 J241E02 7338 45.79 965 20.15 2658 1821 3G7ER 2.29E-04 4.87 0.088

-20 00 -4.20 3.023E+02 5.544E-02 5.435E-02 1.783€-01 72 4477 609 14.36 2445 1675 1.82E-02 1.14E-03 5.10 0.107

0.00 32.00 1.515E+03 2.197E-01 2205801 7 235E-01 7005 4373 526 1099 2135 1531 8.70E-02 4.18E-03 553 [AYE]

1556 60 00 3TSIEL0 $.440E-0t 5.564E-01 1.826E+00 6374 L34 433 905 2074 140 1 57E-0t $.83E-03 5.6 0.122
2000 68.00 4.753E+03 8.804E-01 7.000E-01 2 326E+00 8838 4288 414 aes 2029 1390 19760t 123€-02 5.95 0124

4000 10400 1.244E404 1.804E+00 1.903E+00 8.245E+00 6665 41 81 338 708 1027 1.252 4.85E-01 3.03E-02 6.38 0132

8000 140 00 2.824E404 4 ODBE+00 4 438E+00 1 458E+01 8491 40 52 281 587 1629 1116 1.04E400 6 52€-02 681 0.142

8000 176.00 5.726E404 8 305E+00 9 251Ee0 30356401 6311 .40 23% 499 1438 0.984 2.02E+00 126E-01 723 015y

nbp. 98.43 20917 1.013E+05 1.470E+01 1 884E+01 5.527E401 134 3929 207 433 1262 0885 A48E+00 218E-01 7.63 0.159
100.00 212.00 1.060€+05 1 528E+01 1.766E+01 5.793E+01 612.4 3823 188 414 1247 0455 3 80E+00 2.25E01 73% 0.154

120.00 248.00 1.826E405 2.648E+01 3141E+401 1.031E+02 5926 36.99 167 3.49 10.65 0.729 6.08E+00 3.79E01 7.8 0.163

140.00 284.00 2.982E405 4 297E4+01 5.209E4+01 1.735E+02 5711 3585 143 288 06a 0 608 9.79E+00 8.11E-01 34 0174

160.00 320.00 4.580E+05 5.642E+01 8.520E+01 2.795E+02 5481 422 122 254 718 0.462 1.51E+01 9.43E01 897 0187

180 00 358.00 6 80SE+05 9 B70E+D1 1326€402 42351E+02 5232 k-3 10 215 558 0390 2.24E401 1 40E+00 9.70 0.203
200.00 %2.00 9 7B8E.05 1.420E+02 2.016E+02 6 6136402 4952 091 87 181 a0 0275 3.30E+01 208E+00 1060 0.221
220.00 42300 1.371E+08 1.988E402 3 028E+D2 9.94E R A58 2832 72 159 258 0177 4.09E+ I 05E+00 1190 0.249
240.00 #64.00 1.878E+06 2.723E+02 4.584E+02 1.504E+02 417.7 26.08 58 121 1% 0089 7 45E+01 4 65E+00 13.80 0288

260 00 500 00 2 526E+06 36836402 7 450E+02 2 444E+D3 3457 2158 45 093 02 ao017 1 29E+02 B03E+00 17.90 0.374

267 11 51280 2.736E408 I G6OE+D2 1 2038403 3.948E402 2ma 1447 27 057 a o0 a 000 2.2E02 1 45E+01 27.10 0.568

Heaarmn CHy, M= 88177 Ze = 0.264

P 953 13958 8 03PE-01 1.168E-04 1.084E-04 3 558E-04 7%6.0 4719 2084 4352 222 2208 4 69E-05 2.92E-06 360 09077
8000 11200 7 246E+00 1051E-03 9 924E-04 3 258E-03 7445 45.48 1380 2082 0N 2077 3 B9E-O04 243E05 4.0 0084

5000 -76 00 7 158E+01 1 Q38E-02 1 002E-02 3 269€-02 7262 45 48 82 163 27 86 1908 348609 217E-04 447 0093

-40 00 -40.00 4.355E 02 6.317E-02 6 242E-02 2.048E-01 711.5 “42 633 1B 25.45 1.784 1.94E-02 1.2tE03 an 0103

2000 -4 00 1.859€+03 2.897E01 2.729E-01 8.955E-01 694.8 4336 479 1000 2308 1.582 7 83E-2 477E03 53 o112

000 32.00 5001E+03 8.634E-01 $.171E01 3.009E 00 6772 4228 38t 798 2078 1.424 233E-01 1.45E-02 579 0121

1556 80 00 1 330E404 1 930E+00 2 044E+00 6.707E+00 6636 “.4 3N 669 1903 1.304 4&E0 302602 613 ot2e

20,00 63.00 1.832€404 2 367E .00 2 523E+00 8 279€+00 659 4 4117 307 641 1853 1270 S 65E-01 3 65E-02 623 G130

4000 104 00 3.745E404 5 421E400 5 958E+00 1.955E+01 640.9 40.01 2% 528 16 34 1.120 127E+00 7 S4E-02 667 0139

60.00 140.00 7.617E+04 1 105€+01 1 249E+01 4 0B8E+01 s218 k1.Fg 218 451 1421 0974 2 47E+00 154E-01 n D148

nbp 6373 15571 1013E+05 1 470E401 18684E401 5.525E+01 613.5 3830 204 426 133 oM2 3 24E+00 2 0RE0 7% 0152
6000 176 00 1.409€ 405 2 D43E 01 2 385E401 7 827E+01 BO22 3759 184 383 1215 0833 4 42E 00 2 76E-01 754 0157

100.00 21200 2417E405 3 505E+01 4238E+01 1.391E«02 581 4 3630 154 k¥4l 1017 0697 7 ME+00 4 B3E-0Y 802 0.168

12000 248 00 3 903E+05 5 661E+01 7.123E401 2.397E«02 5588 3488 136 284 a7 0566 1.18E401 7 3MEO1 881 0.180

140 00 284.00 6 008E+05 B 714E+01 1 147E4+02 3 762E+02 5343 338 115 24 645 0 442 1.82E401 1 14E+00 932 0185

180 00 320 00 B BD4E 05 1 290E+02 1791E+02 5 B77E+02 506 3 31 61 97 203 475 0326 2 75E+01 1.72E+00 1022 0213

180.00 356 00 1276E+06 1851E+02 2739E402 8 987E+02 4751 2966 8 169 38 o218 4 10E+01 256E+00 1138 0238

20000 38200 1.785E+06 2 589E+02 4171E02 1.368E+03 43%5 2725 -3 137 176 o1 6.18E+01 A.86E+00 13.06 0273
220.00 428 00 2 447E408 3 549E402 6 549E w02 2 149E402 380 2279 51 107 057 0.039 8.98E+01 6 17E+00 15886 0.3

cp 23428 45370 3012E408 4 369E 402 1 319E+03 4 328E+03 2328 1454 7 057 000 0 000 2 33E+02 145E+01 27.20 0568

tp =trple pont nd p = normal boilling point, ¢ p = crtical point
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Table D.1  Critical and Saturated Properties of Selected Fluids (Continued)

[Torcerature - ~ [vapc- 2ressu-e-P, Vaoor Head-~, =P+ [La.dDesty - LQuic V $Co8ty - [S-rtaze "e~so- - = Vador VISCCSY - g ]
{ c F | Fa [ csa ™M | t | e ] emt [ Pasec.-c [o'sect?- 0 Nmot0' [ wh o Pa sec <10° | of secs? « 9

Mydrogen-n (R 702) H, M=2C018 20 » 0.308

tp 25020 -4 58 7 042€e00 1021E+00 9 337E+00 3 083E401 e 480 2?7 css 2% 0205 1 24E-01 776€03 085 0014

nbp 25277 4293 1013405 1470401 1 482E 02 4 797E402 rn7 440 k] cas 199 0132 * 33E400 8 30EC2 112 (-]

cp  -2399%8 3909 1 316E408 1 908E402 4 454E .03 148°E+0¢ 21 1868 4 cos 000 0000 ICIE-0 1 84E+00 e 09076
Fydrogen Chiorice HCI M= 28481 2c = 0248

tp 11418 73ISR 1 350E+04 1 $58E+00 1 082E « 0 3551E«00 12720 41 706 1475 3% 61 2680 3I7SE0 2ME02 764 0164

10000 14800 3 BOOE 04 § 772640 3 208E+00 1076E+01 12349 noe 534 118 nn 2172 © RE0 8 3E-02 858 0t79

nbp 4500 12100 1 013E406 1 470€+01 0 652E400 2 830E 01 1194 2 7455 407 249 2789 1000 2 S0E«00 1 58E-01 % 0198

2000 11200 1 339€.05 1 9426401 1157E40¢ 3 798E+01 11803 7368 mn 77 239 1808 I 20E.00 200E01 968 J202

4020 76 00 3 488E0S S 058E+01 3 167E+0" 1 030€+02 ARF- X} r007 267 558 2% 1480 4 X0€.00 518601 1078 ozs

~40 00 ~40 00 7 SO5E 05 1102€«C2 7 08E +01 2397E+02 1080 2 668 194 404 1649 1120 1 70E+01 1 08E+00 1187 026

2000 400 1450E406 2 118E402 1 S00E w02 4 920E w02 " 693 141 294 197 0820 3 20€.01 2 00€ +00 1306 0z73

00C 320 2 S50€ 06 ATNZE02 2 853E+02 9 350 402 948 871 102 213 782 0838 5 40E+01 3 I7EQ0 14 42 0301

1558 800C 3782€.08 5 435E402 4 S88E R 1 498E+0) dus 5272 Kl © 88 40 03368 8 81E+0 5 37E400 1878 3%

00 8800 4 202E«08 6 098E+02 5 213E02 t711E403 219 513 72 153 413 22800 8208« 8 06E«00 ‘824 033

40 00 104 00 8 STIE406 9 533EeC2 9 T14EeC2 31376403 L1 Q07 5 109 112 0077 1 80E+02 t 2E01 1955 0 408

cp 5150 12470 8 309E .08 1 205€403 * 883E«03 8 177E+03 4500 2809 «© ceso 000 0000 4 S0E.02 2NEL 4264 0801
Mercury Hg N = 200.81 200978

¢p -3883 <3789 2906E04 4 345608 22E08 7 3R1€08 13891 8 85478 2088 Q9 480 69 33564 308E-08 19309 28 84 0802

2000 400 3986 4 838€ 07 2 390E 08 784108 136480 %9 1847 85 43510 33260 I 0BED? 1 90E 08 k311 2~ 11

000 R0 2720E-02 3857E08 2048E-07 671307 13595 8 848 74 1887 3523 48020 32 604 241E08 15067 R o878

1558 8000 1175t 1 TO4E-03 S 8ED7 2 900E 08 38872 848 35 1864 3478 476 3% 32 543 9 02608 61307 nes2 2 706

2000 68 00 1 70E-0 2 S08E-05 1301808 4 270E-08 35483 64587 1556 R 47530 32569 1 42E-05 8 89€-07 422 0715

4000 104 00 8 626E-01 * 51804 8517E08 218E08 134973 84281 1457 3043 47037 kX1 6 B4E-05 416E-08 309 c 754

0 00 140 00 3838E01 5120605 2681E08 8 798E08 1448 83957 1372 2885 485 43 31 892 256E-24 1 ROE-08 3758 0793

80 00 178 00 1 232€ 01 1787EC3 9 I73E-08 3076E-04 43400 1 836 54 1301 277 480 48 31 553 8 42E-04 S 23608 3985 0832

100 00 2200 3.748E+01 5 43263 2 080E-04 938404 *33518 83353 1241 2592 455 51 N2 242EC3 151E-04 4“7s os72

120 00 26800 1015E02 1472802 7 780E-04 258260 133637 830 %2 188 48 450 52 3087 8 18E<3 I 88E04 Qs 0912

140 00 28400 2491E+02 301302 1916E-03 8 7EQ 13285 8 278 1144 2390 45 52 x 528 148602 9 08E-04 4558 982

160 00 32000 $ 8166402 8 ‘@8E-02 4 37EN 1 423E-02 13204 0 824 55 1104 206 440 50 30 184 310E02 195603 a8 0992

180 00 358 00 1 178E403 1 J09€-01 9 127EQ 2 908E-02 1316C ) 82° 57 1C?70 2% 435 48 29839 827602 3191E0) 4848 1033

200 00 %200 231SE.08 3 358601 1 800E-C2 S 908E 02 3427 81860 192 27 40 4 26 492 118E01 737603 5 & T 074

2000 428 00 4 304E403 8242601 3 0E2 1102€-01 13088 1 831583 102 2113 428 33 2945 2 11ECH 11E02 533 ‘e

2400C 484 00 7 814E403 1 104E+00 S 984E-02 * 9A7ED *30°78 81258 97 206 420 24 28798 IS8EQ 224602 5533 156

26000 500 00 1269E.04 1 870E+C0 1 014E-01 IR ‘29700 805 69 984 2014 41513 20 us S G4E-O1 3 84E-02 4730 1497

28000 53800 2 090E«04 3 04SE «00 1857601 5 438€ 01 ‘NN 806 72 944 1972 41020 28 094 9 8E01 § €02 5929 1238

300 00 57200 3302804 4 TBRE400 2845€-01 8 ST9EC 128747 80374 928 1934 404 85 27 Yay 1 WE00 889€.02 o' 2% ‘280

ndbp 35695 674 59 10136405 1470801 8 1vIEM 2631E+400 127378 795 19 881 1841 39097 26229 3 89E«00 20E0 66 98 ‘39

400 0C 752 00 2102E.08 I 049€4C1 * 897E 0 § 588E+00 126328 788 &4 853 1782 378 7% 25 958 787000 4 73E01 7192 1490

6000C  11120C 2 J4BE 408 3 403E#C2 * §72E+01 6 472E401 *21299 75725 787 1802 32493 2 %5 6 87E401 4 18E.00 9192 1920

8000C 14720C 1 069€+07 1 550E+C3 9 405E +01 3 088E+02 15840 7236 "y 1497 26815 18374 2 59E«R 1 628+01 1M 23

cp 149185 271733 1 510€+08 2 190E+04 279WEQ) 9 18SE+0 $500 & 343135 88 828 000 0000 S 50€.03 3a3E2 W6 45 8280

1P = PO DOIM ~E L = "OrMalDSING POIE S p = CECAl ot
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[Fenceatre - 7 i vagor Prass. e-?, Juc.aCersty = Juciic Vscost - [5sface “e~son -« 25Ct D878y iy Jvapcr Viscosty - ¢ ]
{ < | F [ e [ osa | r ] - [ gt [ erm® Pasec 12% [ibrsectd - 10f] Nm 108 [ o 10r | agm? | em® | Pasec« 3t [of sec » 107

Methane (R 8C) Gy M= 18043 2020200

tp 18248 29648 11726404 1.700€ 00 2 248E+00 8 689€ 00 a5 2 2817 204 427 1783 1208 251E-01 1587602 I 0078

18000 28200 1 596E 04 2 315€400 3 8XEC 1 182€401 4480 797 108 80 1715 1178 3MEot 2 08E-02 s 0080

ndp 16149 25868 1013608 1 4T0E+01 2 445E+01 8 023E+01 2% 2038 114 23 1363 0834 1 RE0 113601 Lx ] 0084

16000 25600 1148406 1 682€401 28 E+01 9 123€+0 4013 224 m 232 1334 2914 2 04E 00 1276 4% 0005

14000 22000 4 424E+05 S 417EDY 1 160E«32 3 808E+02 393 2429 L] 1869 983 0 6aC 7 13E+00 4 4801 L33 0110

12000 16400 1 196E+08 1735E402 I B7E«02 1138403 350 2198 80 .25 LX) 041 1 94E+01 117E00 e 0t

10000 14800 2602€.08 I TT4ES02 8 819E+02 2 003€+02 008 1878 4“ 088 282 079 4 M0E-01 2 B0E 00 08 0188

cp 8257 1168 4 505E.08 6 884E402 2 90E.03 9 482€ 403 1821 1012 16 034 000 0000 1 62€.02 1 01E«01 1648 0344
Metharol CHO M= 32042 e 0204

tp 9756 14361 + 07780V 1542€-05 1 245E-05 4 085€-05 L] 508 14310 007 3138 2149 238€E-08 1 0§07 57 [RA] ]

8000 11200 1777800 2577604 2003€-04 6 835E-04 [ 24 5429 $T70 120 50 3010 2082 3 S5€-05 221E08 L. 0134

8000 7600 2201E.01 IRER 2TMEQ § 962€-03 858 4 5340 pr -] 6764 A6 1982 4 15E-04 2 5€-05 T00 0148

4000 4000 1 TO4E.02 20026 2178E<R 7 HMER 8403 S247 1083 28 2718 1081 207EQ 1 B8E-04 m 0181

2000 400 9 685€ 402 1 405E-01 1197E-01 INTE0 2s0 $150 1918 23 %98 1758 1462 920604 L X)) 0178

000 3200 INVE 8 713E-01 4 M0E-01 1 620€ +00 608 8 50 49 748 1585 2412 1683 5 80E-02 3 S0E03 L AN} 0190

1558 8000 1 00SE «04 1 458€+00 1 208E 400 4 226E +00 7 49467 590 17N &N 1870 138E0 B 47€03 968 0202

€0 68 00 1 208€ «04 1 868E 400 1 656E+00 5 434E 00 4943 858 11 60 258 1548 111801 107602 L 1)) 0205

40 00 104 00 3 532€+04 8 122€400 4 853E.00 1 S27€401 33 A% 916 20568 ‘437 4 43E01 2% 1051 o220

80 00 14000 8 448E 404 12256401 1 141E+01 3 743E+01 4712 358 7% 19233 * 325 101E+Q0 6 20£-02 M2 0234

nbp 64 70 148 48 1013608 1 470E+01 1377E.01 4 S19€ 01 7% 2 483 4 718 1894 1200 1 2E« 7 83E 02 "3 0238

8000 17800 1 806E «06 26208401 2 S08E+01 6 227€+01 7348 4588 2% 24 1785 1210 208E+0 1 3001 192 0249

100 00 21200 3526E406 $ 118E401 S 048E.01 1 658€402 a6 44 40 248 517 1593 1081 3 ME00 2 43€-01 1264 0264

120 00 248 00 8 JA8E 05 9262E40¢ B 4S8E+01 3 1026402 687 Q9 20 422 1434 0900 7 14E+00 4 4E01 ALk 1 0279

14C 00 284 00 1087€406 1876E402 1 87TIER S 490E 402 8822 “a M 161 338 1229 0 842 1 2E+0 75€0 1413 0208

160 00 320 00 1 755E+08 2 545€ 402 2631ER @ 207402 .2 -] 3 46 AFa) 258 1034 0708 1 99E+01 1 24800 1494 o9n2

180 00 356 00 2732€406 3934E402 4 83E.02 13206403 598 9 3728 ” 190 L ¥} 0587 3 19E+01 1 99E.00 1568 032

200 00 200 4 OADE +08 5 800402 ? 449E02 2 444E402 553 ¢ 3452 o4 1 604 04614 5 08«01 317€400 1704 0358

22000 426 00 S BI1E.08 8 4STENQ2 12126403 3975€+03 497 3063 «Q o % 0260 $ 83E+01 $.39E+00 189 025

cp 240 &% 3 006E <08 1 174E403 30RE % 950E +03 Firki 1699 27 058 000 0000 272602 1 70€401 a6 058
Moty Chiordee (R 60) CHGCI M- 30,400 20 « 0000

tp A7 14300 8 TIE02 1 268E04 7 008€02 2 590E-01 ‘128090 TO0 47 24 1R Bed 2442 IMER 109803 ¢70 0140

B000 -11200 4 OR9E o3 § ME-01 37NED 1 224E 400 1010 6373 a7 954 3282 228 127€-01 7 $4E-0Y 7% 0154

4000 7600 1 S00E «04 2 J20€ +00 * S28E 0 S J08E +00 1083 8 5671 402 340 207 1982 4 80EQ" 287602 804 0168

4000 4000 4 058E+04 7 048E 00 4 708E 0 1 570E€C1 1034 ¢ 64 61 30 7% b-1.34 175% 1 2E€+00 7 09€-02 e 9182

nbp R 411 80 10136008 1 470€+01 1 028E+01 3 385E+01 1007 3 s2es M 864 08 157% 2586400 1 5€01 225 0193

2¢ 00 400 12106408 1 754E+01 1 2ME-01 4 043E+01 w7 Q4 3 (X1} 23 15% 288E+00 165601 (X 4 0199

coo 3200 2503E+05 37816401 2 747E+01 9012E4C1 9826 6009 28 567 1912 130 S 90E 00 3 74E-01 1010 [-F 3R]

155 80 00 4 320E+05 8 277EL0 4 734E.01 1 8536402 R 2 58 20 »2 54 1666 1141 9 88«00 8 1601 1067 oz

2000 6300 4 958E 08 7 188E401 5 474E+01 1 796€402 2 57 84 258 538 1597 1064 1 10E+01 8 87E-N 1084 o228

«© 00 04 00 $ 684E 06 1257402 1 003E0R 3291E402 8809 5499 238 499 129 0 885 1 89E0N 1 18E400 1188 024

Contmusd on nest page
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348 Appendix D
Table D.1 Critical and Saturated Propertics of Selected Fluids (Continued)
[Temperature ¥ [vazo: Press.e-2, Vapor Head-n, =P .Liauiz Censty - -, |- qui3 v scosry - [Surtace Ters<n - ~ [Vasor Densty - o, [ vapcr viscesay - o ]
¢ = | ea | pse m 't | kg™ 1 br= | Pasec- 0’ [olsect. P N9 oios | gmd | wret | Pasecsct [orsect <3
Methy! Ctéoride (R 40) CH,Q1 (cortrued)
800C  1400C 14136408  2046E402 17266402  S863E.02 M6 8210 224 . ) 088 3206401 200E400 1286 0262
8000 17600 2180E408 3 181E+02 2 880Ee2 2317602 7827 4888 197 an 719 04 4 90€+01 3 08E+00 1386 0284
10000 21200 3220E.08  4B70E.02  4SME.R2  14REQ) 7208 4508 175 3es 458 9312 750E.01 4 60E 1402 0310
12000 24800 4S83E.08  8882£402 7 278E 02 2 388E+03 6435 4017 152 317 218 0149 120€.02 T 49E+00 18 82 0347
14000 28400  B3T4EWE  D2M4E.02  1I0SELD  42BELI 4079 3 0B Y 140 019 0013 23E.02  149E+0! 1942 00
cp 14310 20959 8 679€ 408 9 688E402 187SE+03 8 152€ 403 3832 288 ® 0ss 000 do0c 3802 227E+01 2788 0581
Neon (R T20) Ne Me20179 L » 2200
1p 26850 41548  43BEO4  62WEQO0  ISOEL0 1162601 12493 7T o9 181 e se7 0360 4MEW0  2TEQ w0 0008
nbp 24606 4108  1013E«06  1470E«01  BSSMEL0  2808E401 12073 7837 128 280 ar 0327  9S0Ee0  S97E01 a8 0007
cp 22870 -3I7988 2864808 I $84E 02 § 623E-02 1 545€403 0 015 17 03 200 000C 4 83E.02 302€+0° 1870 0M9
Nivogen (R 728) Ny 20013 2e = 0262
tp 21000 34500 125304 1817600  1472E.00  4831E.00 5678 5417 39 3 1221 0837  87EQT  421ER 420 0080
20000 32800 S5004E404 S 8BIEL00 7 287E+00 2 424E400 8274 8168 RLA) EY 13 e oers 207€ .00 1 T9E0Y 5.08 0108
nbp 8580 32064 TO13E.05  14ME.01  1Z7EW01 4 1ZE.01 8088 SO 48 157 327 ™ 0800 4010 2 MEQ 53 o112
16000 20200 40708 «06 ¢ T7IEL01 8 834E401 2 144002 789 45 50 104 210 Se 0374 1 90§ 401 1 24E400 (1)) 0138
-18000 -258 00 1 754E406 2 344E402 3 000E +02 9 872€.02 $94 8 ”n L 132 172 o118 815€+01 S 09E 0 *oe 0187
cp 14695 23281  J400E.08  49NE.02 110400 I62EQ3 340 1960 " 040 000 0000  314E«02 1 94EeD1 1910 0 380
Niveus Oxie (R T44A) NO Me 44018 e 20274
H 408 AN 8 T85E404 1274E+01 703E«00  2308E401 1218 50 387 747 40 1474 273E400 1 P0E-01 83 0194
nbp. S0 12728 1013E«05  1470E.01 61816400 2677E.01 12681 7904 34 718 nes 1636 176,00 1 4ED s 0197
8000 11200 1689E«06 2 Q21E+D1 1 374E401 4 S08E 01 12389 773 e 625 2194 1503 483600 3 08E-01 " 0207
4000 7600  4490E«05  85126e01  I90E.0'  128E.02 11711 7INY 218 “ 174 1108 12601 767601 103 02%
4000 -40 00 # SI2E+05 1426E+02 9 140E+01 299002 1008 6847 154 L4 132¢ 0908 2 58E4+0t 1 80E+00 n 0258
2000 400  1868E.06  2707E«02  1OME.Q2 6 164E.02 10130 €326 109 229 018 0827 4TSE01  207E.0 1384 0203
000 20 J203E+08 4 6408402 ISTRER 1174E+03 931 57 00 n 162 540 037 8 L2E+01 8 26E400 1%19 on?
1558 8000 4 M42E.08 6 730E402 5 019€+02 1 909E+03 8134 5078 E ] 123 278 0199 1 38E2 8 59€.00 723 0360
200 6800 5127E«06  74%EW2 670E+0R2  2205E.03 7780 4887 5 114 207 0142 183Ee2 10201 1020 0.300
cp 42 o7 58 7 245E06 1081E+03 1 634E 03 § 3626403 4520 2822 4 oBs 000 0000 4 S2E02 202E.01 073 [ 23]
Catmne-n Gy M= 114250 200208
1p 3877 7019 25ME«0 360604  IMEN 112440 771 4727 2118 410 2808 1901 168E04  1.08E4S T 0089
~40 00 -40 00 1 520€+01 220500 2079E-® S 82XER 7458 “ 5 1430 b 214 axn 177 9 40E-04 S97E-05 45 0005
-2000 -400 0 087€ «01 1 314E-02 1.203E<R2 414302 2314 4508 967 2020 2542 17 $1SE-03 322604 .8 0102
000 3200 401302 SKIEQ2  STORE-2  1873E01 7188 475 714 1491 24 1808 2126 13603 s20 0108
15.56 60 00 1.085€+03 1.574E-01 1569E-01 S 149€-01 706 2 4402 876 120 2158 1508 5 QE-2 3 ME0Y 548 014
2000 6800 1410603 2045601  204E01 672301 7018 &M 548 1140 2185 1477 683E02 4 30E0) 554 o118
000 10400  4120E3  SOTEEQT  8121EQ1  2008E.00 8883 4285 43 909 1967 1348 190E0" 116602 ses 123
6000 14000 1 037E04 * S04E+0C 1878E+00 $177€400 8703 41 64 358 744 178 122¢ 4 5CEQ 281E02 (X4 030
8000 17600  23126.04  3ISIEL0  IMTEWC  11MEL01 8538 4060 2% s22 1599 1006 9UELT  SIIEL2 8358 037
1000 21200  4641E.08  G7BIELOC  747E.00  2451E.01 63802 72 256 538 1420 2970 182Ee00  114E0) 8w 04

Cortnued on next page
1P =MDl DONE ADD = NOMMal Dodkng ot ¢ ¢ = crecal poim
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[Terpe-awe - T [vacor Pessire-P, [vapc: veas-~, =P J.cvabensty - o L o3LIS ¥ ST08My - e [5.ace —e~son ¢ [vapo Censty - [vape Vscesty - .o
[ < [ F - " [T " [ e | o Pasec 1C° [o'sec® - 10| hm 16’ | bk 0" | kg | bt | Pasec- 3t |bf secrt - 109

Octanen  CgH,, (conbrwed)

12000 24800 8 648E 04 1254E401 1427E401 48B1E 08 8178 358 24 447 1248 0854 3 24E«00 202€01 728 0152

nbp 125 68 25822 10136405 1470E+01 1 687E+01 5 534E40° 6128 W2 206 429 1197 080 ITSEN 2MEQ1 7% 0154

14000 28400 1 498E 05 2169€+01 2 547E+01 8 ISBE D 5987 ?y 77 89 s o737 S 41400 IMNeO 768 0180

160 00 320 00 2437E5 3 535E.01 42006401 1 410E+02 781 809 151 315 010 08 8 60E+00 $ 3701 800 0189

18000 356 00 I TTIES $ 481E+01 8 930€+01 2274E 02 5568 1 Mun 128 268 749 0823 1 RE Lk~ 23] 6880 0180

20000 %200 S 8136405 9 141E401 1076E-R 3530E+02 £ -3 N2 100 228 595 0408 1 96E+01 122800 926 0183

22000 428 00 8 036E 08 11888402 1 82E«02 5323402 508 1 3183 92 2 447 0 308 2 88E01 1 80E 400 1010 o2

000 400 1115E+08 1617E402 2076 7 888E402 4741 2880 7 ‘80 308 o241 4 24E 001 265E .00 ‘120 04

260 00 500 00 1 504E «08 2182€.02 ISITER T 154E403 432 2723 23 A 3] 17 0123 8 2ZE-01 3 88E«00 1270 0285

28000 536 00 1 983€+06 2076E402 § 289E.02 © INEL03 w7 389 L * 03 (1] 0045 % 83E401 6 14800 1520 an?

ep 20588 58422 2 488E 408 3 808E 02 1 002E«03 3583E+03 w2 14 49 22 0SS 000 0000 2 RER 1 45E.01 2640 958
Cwygen M TR2) O, Mz 31.008 20+ 0298

tp 21879 38182 1 480E 2 2118602 1139E0R ITMER 13088 8188 2% 175 2% 1+ 542 104E-02 847604 an 2103

20000 32800 1 061E o4 1 588€400 9 018E-01 2 958€ +00 12222 730 325 (124 17 49 11588 S 13E-N 35702 588 0122

nbp 1M 2972 1 CAIE«0S 1 470EC1 © 085€ 00 2971E+01 11410 nay 194 408 1318 C 80t 4 48E«Q0 279E0 658 0148

18000 28200 1387E.08 1082641 123760 4 080E +01t 11281 7030 101 377 ne 0 951 § P0E 0 3 6REO1 72 015C

16000 -256 00 6 711E+06 9 T34EL 8 731E+01 2 208E 402 10168 (XX 23 2% 770 0520 261€401 1 83€+00 "7 0185

14000 22000 2C39E .08 2 058E402 2I7E2 7 791€+02 vee 54 7¢ L] 189 48 [Fz 14 8 10€C1 § 08E 00 1082 [ i

12000 18400 4 770E 08 8 919€402 8 203Ee02 2891E+03 5830 37 02 » 082 013 0008 281E.02 1 7SE01 1774 037

cp 11887 01« 5 043E+08 7 314E402 117583 3 880€403 4381 223 2 054 000 0200 4 38Ee2 2 72E401 %90 054
Pertareo CH,, ™z 72130 2¢: 0200

tp X7 2018 § 205602 7 S80€-08 T141E08 2 343E-08 7582 a2 3400 7101 Ns? 230t 3 4E-06 202€-07 317 0068

2000 -18400 351260 S 093E-05 470E0S 1 569€ 04 408 “r 210 “2s k-2 14 2218 201E05 1 25608 30 oon

10000 -14800 8 976E+0 117¢E-QQ T1MEQS 3 800E-03 7 4574 12% 2611 292 2080 4 08E-04 2 58E0% 3 0061

8000 11200 8 B85E+01 ' 28E-02 1262€.02 4 140E-02 7184 “73 768 842 25 1885 4 REQY 281E04 % 0091

-50 00 7600 S P1EL2 8 400E-02 8 440E-02 2769€-00 L1 24 488 548 1140 2513 17 239E-2 14903 482 0101

~40 00 4000 2500E.03 3 769€-01 3 IECY 1 274E 00 [1 -] 4260 a9 875 278 1581 9 70€-02 810603 528 0110

-2000 -4 00 8 821E403 1379€+0C 1 354€.400 4 441E 00 (2 X} 4 34t 712 2046 1403 306E-01 191E02 873 0120

000 3200 2424404 3518600 38276400 1.258€ 401 (2 1) 4032 8 591 1822 1249 7 64E01 4 B9E 02 618 0129

1558 8000 4 743E 404 8 880€ +00 7 068400 2518E+01 807 238 249 519 16 50 110 1 48E«Q0 9128C2 853 0138

2000 8800 S B58E +O4 8 208E +00 9211E400 3022€401 8203 10 260 501 1801t 1097 1726600 107E01 883 0139

abp o7 9893 1013E408 1470€401 1684E401 § 557€401 8100 acs a7 454 1427 o97e 2 96E 00 1 88€01 700 0148

4C 00 104 0C 1 183605 168740 1 957E+01 6 422€ 40 805§ 3782 191 %8 1388 0949 3 JEOC 2 10E-0* 708 047

6000 1400C 2181E05 3138E+0° 3 773E+01 1 239E 402 5842 47 182 318 178 0805 6 RE0 3 78E-01 758 058

6000 1780C 3 708E.08 $ITTEO 8 7WE 01 2211E402 s881C 02 138 8 970 (1] 1 01E+0* 83101 818 on

100 0C 220C 5 983E408 8 849€40" 1135E402 3723E 402 %9 345 114 2¥ M 05% 1 62E+0° 1 01E+00 880 0t8e

1200C 26430C 9 1086435 1321E+02 1827E+02 5 995E 402 508 ¢ 372 96 201 S64 0 400 252E00° 1 87€00 LX) 097

14000 264 0C 1 333608 19336402 2853E.02 9 IB0E 02 4764 K74 6 ) 406 0278 3 85E0° 2 40€00 036 o216

160 00 3000 1 995E«08 2734E402 4 3885002 1 440€ +03 [~ 2738 6 37 28 064 $91E+0" 3 69€400 163 0243

1800C 35800 2 894E.08 3 782€402 6 882E02 2251E+0) 384 2408 50 * 05 092 0083 $35E+0° S 84E.00 e 07

cp 198 5C 38570 3 389€+08 4 886E 402 1 487E+03 4879E+03 0 14 42 7 cs5s 000 0000 23ER 1 448401 288 0884

tp = irplepont nbp = normal boikng poimt Cp = crical poirt
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Appendix D

Table D.1 Critical and Saturated Properties of Selected Fluids (Continued)

[rmcerature I vacor Prass. 8->, [‘/aoo' Heac-n =P . LeuiC Dersty - o lL-c.-a V-3ECE"Y « [S.Aaze Tonsor - - ]\-’apo- Da-sty -z lvaoc' Vis208 Y - g J
[ ¢ [ = [ 2 | esa | =~ [ = [ ko™ | om | Pasec.t0f [oisscm. 0 Nra10r | bhac® | wgm? T lomt® | 2asec12? Jiofsect?  1cY
Potass-um K M= 30.10 2c = 0179
1p €325 14585 1657E 04 24CAE-CB  2042E-C8 6 700E-08 8276 5166 518 1€ 82 *C9C3 T4 2 J2€-09 1 48E-1C 642 C134
80CC 17630 7OC4E-d4 1016E-07 B 669E-C8 2 B44E-O7 8239 5143 489 1ce 107 93 72398 3 33E-C9 $ 82E-'Q 667 0139
100CC 21200 JJ00E-03 4 786E-C7 4 106E-07 1 347E-06 819 4 5116 457 9 55 ‘Cé 61 73C8 4 16E-08 2 60E-09 696 0148
120CC 24800 1326E-D2 1 923E-C6 1 650E-06 5 443E-06 815¢C 5C 88 42§ 895 g8 7214 1 59€-07 9 90E-09 724 [RE-2]
14000 28400 4 650E-02 6 744E-C6 5BS0E-C6 1 919E-08 8105 50 62 403 84 1C3 66 7124 $ 29€-07 3 30E-08 754 €182
1600C 32000 *451E-01 2 1C4E-08 1835E-05 6 022€-0% 806 C 50 32 3¢ 9N *02 64 7C33 1 58E-06 9 B3E-08 783 0183
18000 35630 4GBSE-O1 S 9I0E-C5S 5 202E.C5 1 7C7E-04 801 5 5003 387 746 ‘cr 32 6943 4 24€.06 2 65E-07 812 0179
20000 39200 1 055€+00 1 530E-C4 1 350E-C4 4 428E-04 796 9 4975 337 708 1C0 00 6852 1 0SE-05 6 §5€-07 a4 0178
25000 48200 8 179E.D0 1 186E-C3 1 DB2E-C) 3 484E.03 7855 4904 295 616 96 70 6626 7 37€.0% 4 80E-06 914 ¢
30000 57230 4417E«01 6 4C7E-C3 5 820€E-C2 ' 909E-02 774 C 4832 261 545 93 43 6 400 3 64E-Cs 227€.C5 988 0 208
35C 00 6620C 1813%.02 2 63I0E-C2 2425E-C2 7 987E.02 7623 47 89 23 487 $C 19 674 1 38€-C3 8 B1E.CE 1062 0222
40000 75200 6014£402 6 723E-C2 B 171E.C2 2 88*E-01 750§ 4685 210 4 40 86 80 5 948 4 25€-0) 2 65E-C4 1437 0237
4500C 84200 1688E+03 2445E-C1 2327E-Cy 7 BME-O° 7386 4611 192 401 83 80 5722 1'2€-02 6 97E.04 1212 0253
S00 00 $320C0 4 125203 5 982E-C1 5 78BE-C*  1899E.CC 7267 4536 178 368 80 20 496 2 57E-C2 t 61E.C3 12 87 0 269
55000 *C2200 9O3MES03 13°CE.00 1289E.0C 4 230ECO 714 6 446 163 34t 76 9C 5270 5 3ME-C2 333.C3 1363 0 285
62000 ‘11230 1 HI5E.O4 2B1GE.CO 2 521E+00 B S99E.00 7C2 4 4383 153 313 7360 5043 1 02E-0* 6 J4€-03 14 39 2 300
70000 ‘29200 5798E.04 8 409E.00 B 723E.00 2862E.C! 6778 423 136 264 €7 00 4591 3 00E-0° 187€-02 18 92 0332
nbp 756 68 1394 02 1013E.05 1 470E.C1 1 587€E+0* 5 '08E+C1 6636 4143 128 268 6326 4338 5C2€-C* 3 14€.02 16 8D S 351
800 00 1472 CO ¢ 490E+05 2 162E+01 2 328E+0* 7 63BE4CH 6528 4078 124 258 60 40 4139 7 *8E.C* 4 48E .02 17 47 0 365
100000 1832350 62398.05 9 O049E.C1 1 057E.02 3 483E.C2 6C* 9 3758 1c? 224 4720 3234 2 83ED0 *67E-01 20 61 0430
+20000 219200 ' 750E+D6 2 539EC2 3 245€.02 1 065E.CI $50 C 34 96 220 34 00 2330 6 85E.0C 4 28€E-01 2382 0497
cp 189985 345° 73 1 670E.07 2422E403 S 430E.0) 2766E.C4 202¢C 1261 47 037 0o0c < 000 2 02E+02 128E+01 4657 2973
Propane (R 290) CCh. W s 44.000 2c 2 0200

“p -*B7 71 30588 3 034E-O4 4 400E-08 4 221E-08 1 305E.0? 7329 4575 10789 225 34 36 26 Z 488 1 88E-08 1 °8E-09 130 9027
'8 00 -292CC 4 275€.C3 6200E-07 €0J1JE-C? * B72E-26 7252 48 27 6041 126 17 35 4 2406 2 438.C7 * 52£.08 148 [VRvi N
<160 00 256 CC 7 584E-01  * 100E-04 1 J087E-C4 3 598E-04 7C8 ¢ 44 02 2039 4259 321 2200 J 56€-08 2 22€-98 199 0 Ca2
L4000 -220CC 2881E+D° ¢ 1SDE-03 4 280E-C) 1 I98E-02 684 9 4276 1001 2090 2915 1997 114€E-03 7 V1€-95 255 0083
'2000 -84 CC I 940E.D2 S 715E-02 € D46E-C2 1 PB4E-DI 664 6 4149 $08 12 69 26 24 1798 1 36€-02 8 5CE-04 315 0 066
-100 00 -*4BCC 2B17E+D3 4 086E-C1 4 461E-C* 1 464E.OC 643§ 40 20 4B 874 2338 1632 8 64E.02 £ 40E-33 38C 0C79
-8000 -*12C0 t 283E.04 1 B62E400 2 1C2E.0C 6 895E00 6227 38 88 31 649 20 87 1410 J 86€E-01 2 22E-22 449 0094
-€0C0 7600 4 24CE+O4 € 'S0E+00 7 195E40C 2 I61E.C1 6009 3752 24 504 17 83 1222 1 0BE«J0 6 73E-22 s 0109
nop -42C4 4367 10°3E.08 +470E+01 1 779E.0°  5838E.0" 580 7 3628 196 409 15 42 1086 2428400 154€-01 590 0123
-4 00 -40C0 1 110E.D5 16°0E«0t 1957€+0' 6422E-C1 5782 36 10 ‘92 420 1615 1038 263E.00 * 64E 01 597 0128
-22 00 <4 00 2448E.05 I 55°E.01 4 SC4E4O' 1478E.C2 554 2 34 60 153 322 12 54 0 863 8 52E+%0 3 44E-N 677 04
< oe 32C0 4 753Ee05 € 894ELD1 9 "73E.CY I 01DE02 528 4 3299 123 256 10 03 G68? * OAE 1 6 48E-21 760 C 59
*5 56 6COC 7 44°E+D5 1079E.02 1458E.02 4 S°'5E.C2 306 ¢ 3162 ic2 24 B3 0557 * 812401 © 01E+0C 882 c-73
2C 20 680C B38°E.05 1 216E402 17°CE.02 S61CE.C2 499§ 312t 97 233 76 Q8524 * BYESQ1 ‘ 13E.0C 874 c 83
4CCO 10400 :37JE«06 - 991E«D2 2 §95E+4C2 G827E.C2 467 3 2917 76 v 59 530 C 363 3 03€+01 * 89E+00 937 096
ECOC 14C00 2122E.0€ 30776402 SCEBE+02 1€59E4C3 4278 26 7C 58 122 316 9216 4 962.01 3 10E+CO ‘CaC ca217
8COC 7600 3 135E+06 4 547E.02 8 569E-0z 28°'Eel3 T3 2329 44 091 123 0085 i §27€.00 t37 c27¢

<p 96 67 206C1 4 242E406 € '53E4D2 1 §76E4C) 64825403 219¢C 1367 21 045 9Co 0099 2 19€ 402 137E40% 21 4¢C 0447
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[Temperature - T ]Vapor Pressure-P, [Vapor Head-h, = Pry JLiquid Denstty - oy JLiquid Viscosty - iy [Surtace Tenson - o Jvapor Density - oy [Vapor Viscostty - g ]
[ T ¢ | Pa 1 psa | m [« | kgm® | bt | Pasecx10° Jiofsech® « 10 Nmo10" | #«10° | kgm® | bmA® | Pasec x10% [t sect® x 10|
Propylsne (R 1270) CCH§ M = 42.080 Ic = 0.289
tp -18526 -301.47 96572E-C4 1 3BBE-07 1269E-07 4 165E-07 7689 4800 13761 287 40 38 38 2630 549E-08 3 43E-09 377 0079
180 00 -292.00 5994E-03 8 693E-07 B8 012E-07 2 629E-06 7628 4762 8310 173 56 37 50 2570  327E-07 2 04E.08 383 0 080
-160 00 -256.00 1227E+00 1 7BOE-04 1.693E-04 5 554E-04 7395 4616 2083 4351 34 21 2344  548E-05 3 42E-06 4n 0086
-14000 -220 00 4 521E+01 6 557E-03 6.435€-03 2 111E-02 7163 4472 892 18 62 30 97 2122 1726-03  107E-04 442 0092
-120 00 -184 00 5945E402 8 622E-02 O 740E-02 2 BGBE-O1 6336 4330 515 1075 2778 1904  197E-02  123E-03 478 ¢ 100
-100 00 -148.00 4 035E+03 5 853E-01 6 t34E-01 2012E+00 6708 4188 352 736 24 66 1690 11BE-DY 7 39E-03 519 0108
8000 -11200 1754E+04 2544E+00 2761E+00 9O059E+00 6478 4044 266 555 2160 1480 4 64E-01 2 90E-02 565 0118
-6000 -76 00 5583E4+04 B8.098E+00 8 122E+00 2 993E.01 624 1 38 96 211 441 18 62 1276  136E+00 B 46E-02 608 0127
nbp -4769 -53 B4 1013E.05 1470E+01 18696E+01 5 S66E.O1 509 1 38 02 185 387 16 82 1163 236E+00  147E-01 6865 0139
<4000 -40 00 1421E+05 20B0E+0! 2417E+01 7 929E+0) 599 4 3742 173 357 1571 1077 323E.00 201E-0% 6.94 0145
2000 -4 00 3067E+05 4 44BE+01 S457E+01 1 790E+02 5721 578 138 288 12 90 0884  664E400 4 15E-03 757 0158
000 3200 5B856E+05 B4SG4EL01 10S6E.02 3 557E402 544 6 34 00 110 229 10 19 D698  124E401 7 71E-O1 817 0171
155 6000 90726405 1316E+02 1 778E.02 5B32E+02 5204 32.49 80 189 816 0559  1G1E+O1  119E+00 873 0182
2000 6800 1019E+06 1478E.02 2025E.02 66456402 5130 3203 85 178 759 0520 214E+01 1 ME+00 893 0186
40.00 104 00 1.652E.06 2395E+02 3 533E+02 1159E403 4767 2976 64 133 514 0352  357E+01  223E.00 1005 0210
6000 140.00 2534E+06 3675E+02 5U79E02 1962E403 4321 26 98 46 096 2.88 0197  590E.01  368E+00 175 0245
8000 17600 3.727E+06 5406E+02 1.034E+03 3393E+03 3675 2294 31 086 091 0062  103E.02  645E400 1423 0297
cp 9242 19836 4 665E+06 6 765E402 21206+03 6984E+03 2235 1395 24 050 000 0.000 223E+02  140E+01 2394 0 500
Sodlum Ne M= 2299 2c = 0.230
tp 10685 22433 26128-05 3 788E.09 2879E-09 9 447E-09 9251 5775 BO6 16 82 197 12 13507  190E-1C 1 18E-1t 8.12 0170
50000 93200 5536E.02 B029E-02 6782E-02 2 225E-01 832 3 5196 285 595 157 80 10813 203E-09  127E-04 17.56 0367
55000 102200 14526403 2 107E-01 1 806E-01 5 924E-01 820 2 51.21 264 552 152 80 10.470 5 04E-03 3 15E.04 18.76 0392
60000 111200 3405E.+03 4.939E-01 4 296E-01 14106400 8082 5045 247 515 147 80 10128 112E-02 7 02E-04 1996 o417
65000 120200 7265E+03 1054400 9.306E-01 30538400 7961 49 70 232 484 142 80 9785 229E-02  143E-03 2116 0442
70000 129200 14328.04 2076E.,00 1862E+00 6 109E+D0 7640 4894 219 458 137 80 9442 433E-02 2 70E-03 2236 0467
75000 1382.00 2636E+04 3 823E.00 3I4B2E+00 1 142E+01 7719 4819 208 435 132 80 9100 7 67E-02 4 79E.03 2356 0492
80000 1472.00 4.57BE+04 6640E400 6 144E+00 2016E+01 7598 4743 198 414 127 80 8757  129E-01 B 03E-02 24 76 0517
85000 1562.00 7561E+04 1097E+01 1031E+01 3 383E+01 7477 4668 190 397 122 80 8414  2056-01  128E-02 2596 0542
nbp 88145 161861 10138405 1470E+01 1396E+01 4 S80E+01 7402 4821 185 387 11966 8199 2 70E-01  16BE-02 2671 0558
90000 165200 1 195E+05 1733E+01 1657E<01 5436E+01 7356 4592 182 381 11780 8072 3 14E-01 1 96E.02 27 16 0567
950 00 174200 1B1BE+05 2636E+01 2562€.01 B405E+01 7235 4516 176 367 112 80 7729 4 64E-01 2 90E-02 28 36 0592
1000 00 183200 26726405 3 876E+01 3 B30E+01 1 257E+02 7114 44 41 170 355 107 80 7387  663E-01 4 14E-02 28 56 0617
1050 00 1922 00 I B812€405 5529E401 5 559E401 1 B24€402 6993 4365 164 343 102 80 7044 9 20E-01 5 74E-02 30 76 0 642
1100 00 2012.00 5.295E+05 7680E+01 7B58E.01 2578E+02 6872 4290 159 333 87 80 6701  124E+00 7 77E.02 3196 0667
115000 210200 7 1826405 10426402 1.085E+02 3 559E.02  675.1 4218 155 324 92 80 6359 1656400  103E.02 3316 0692
120000 2192 0C 9 534E+05 1383E+02 1466E+02 4 BI0E+02 663 1 4139 151 315 87 80 6016  213E+00 1 33E-01 34 38 0718
1250 00 2282.00 1 242E+06 1801E+02 1.944E.02 6380E«02 6511 40 64 147 308 82 80 5674 272E+00 1 70E-01 3556 Q743
1300 00 237200 1589E+06 2 304E.02 2535E+402 8 317E+02 6391 3990 144 300 77 8¢ 533 I 41E+00 21301 w76 0768
1350 00 2462 00 2 001E+06 2 903E.02 3254E+02 1068E+03 6272 3915 141 294 72 80 4988  423E.00 2 BAE-O1 3796 0793
32 00
1400 00 2552 00 24B5E+06 3 604E.02 4 118E«02 1351E+03 6153 3841 138 288 67 80 4646  520E+00 3 24E-07 3916 0818

cp 2459 85 445073 4 136407 5999E,03 2J320E.04 7 612E.04 1818 1135 75 157 000 ¢ 000 1 82E+02 1 13E+01 7500 1566
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Table D.1 Critical and Saturated Propertics of Sclected Fluids (Continued)

[Tempe-awre - ~ [vapor Pressu-e-F, vaoor neaz-n, v ® J-c-dCe-sty -~ [La-dvscesey |S-rtace Te~son 5 Jvaoc: Densey -c; [ vaoor viscosty - g |
[ C [ E | Pa csia r ™ T - [ ome® [ Pasec.cf [brsecs . ol A D) wh 9 [ <ot [ wewd | Pasec10° Jict sectd L 10t

Sulvwe Doaxie (R 764) SOy M 84,050 20 0.200

19 7548 133884 1818E.00 2JUEQ 1 04EQY 3 IED 6082 2048 1293 200 22 20883 8 QE02 4C1E0) a7 0184

4000 760C S 549€403 0 049€-01 3 590E-01 1 178E+00 1576 1 96 39 949 199 »N 2887 207E-01 120602 52 0196

40 00 -40 00 2 090E +04 301E+00 1 391E+00 4 585€ +00 1531 ¢ el 688 1398 M7 234C 718E-01 447602 1048 o219

2000 400 6 Z31E«0¢ 0 033E+00 4279E40C 1 404E+01 1484 8 [ 4.1 7 017 3083 2009 * 97E400 1 23601 1140 0288

ndp -0 1396 + 0136405 1 420E+01 7 075E+00 232'Ee01 1480 4 917 @ [ 24 2880 1560 3 08E«Q0 193E01 168 0248

000 3200 155308 22526401 1103€+01 3819€.01 14382 00 384 78¢ 2680 1822 4 S5E«00 284601 1235 0258

1558 8000 2 880E.05 4 149E+01 2 002E 401 6 $83E 01 134 4 87 0% ¥ 612 as2 1812 8 2E«00 S 19€-01 1309 0273

200 6800 3 J60E «06 4873401 2473E01 8 132€.01 13824 8 30 s 578 268 1583 9 23E400 5 76ELY 13% o278

40 00 104 OC 8 459€.08 § 426E401 S 000E +01 1.840E+02 1384 R4 210 439 1082 1290 1 70€+01 1 06E+00 1429 C 290

60 50 140 00 1 143E 400 1 885E+02 9 268E.0! 308°E«02 12830 7885 160 338 1510 108 3CIE 1 39€+00 153 0320

8 00 178 00 + B83E 408 273'Es02 1 609E R § 279E402 11934 7480 2 258 1t 82 0789 4978401 304E000 16 47 C 344

100 00 21200 2 908E «08 4§ 214E402 2682E-R 0 734E402 1132 69 48 92 * 9 810 C 588 7 68E01 4 79600 1780 0372

120 00 24800 4 200E 08 8 1 79€+02 4 21Ee02 * 405€40) *0147 833% &0 148 490 CRS5 1 22E«L1 7 82€01 1768 0389

140 00 264 00 S 5L 08 8 830E+02 8 952E 02 2281E403 [ 2ed } 54 80 s 167 200 <137 211802 132E+01 2310 0483

cp 187 80 21568 7 884E.08 11438403 18MEQ $ 0E+0) 8281 N » 082 900 ¢ 000 $ 25602 3 26E+01 17 ona
Subhwr Tnoxxdie 50, W 80,068 2e: 0268

e 16 80 8224 2113604 3 065E «00 1 122E+00 3 681Ee00 ‘9 S ARL R ] 1890 N 3480 2384 7 RECY 4 38E-02 1408 0294

2000 68 0 2571E04 3 720€-00 1373600 4 508E 00 1908 8 1196 1772 e 3412 238 8 MELY S 27E02 1422 [X. 14

40 0C 104 00 8 0R4E <04 11748401 4 4Q8E +00 * 478E401 18347 11453 1183 2470 297 2053 249E.C 1%8E-01 1510 oNns

nbp 4475 112588 1013408 1 470E+01 5687€400 1 888E+01 18187 N3¢ 1678 24 899 1987 307E«C 19E01 1531 ox0

60 0C 140 00 2051E+08 297SE 0 1199€+04 3 903€+01 7582 109 78 b 1858 2591 1778 § B3E.0 3 70E-01 1599 0334

60 00 178 00 4 XH2EL5 8 370640 2 BA8E D1 8 752E+01 16789 104 8° 40 1128 2198 150% 130E+0° 812601 1891 038

00 00 21200 8 251E+08 1187E+02 $27°E+0! 1 730E+02 1596 1 96 64 3 745 18 14 1243 2 50E«0* 1 58E+0C 1788 02374

120 00 24800 1 400€ «08 2030E+02 0 48:€401 3 14E402 1508 & 9418 270 563 1448 096t 3 70E+01 231800 1887 0364

140 00 284 CO 21948408 3 142€+02 1581€.02 5 189€402 14148 88 3¢ 200 418 1094 0748 5 60E+0 3 50€400 1958 04?7

180 00 320 00 ILE8 4 803E402 251002 3255E402 13113 8188 158 1 781 0522 8 80E«01 S I7EC 2128 0444

189 0C 356 00 4 SS6E.08 6 608E +02 3 B96ELC2 1 278E403 11923 HO 124 26 453 030 1 37602 ¢ 85E400 2308 0 482

200 00 39200 6 197E«08 $ 980E L2 6 07SE+C2 199363 10403 84 94 108 219 180 0124 2ER 1 45€+01 242 0 582

cp 2170 42348 6 207E«08 1 1908403 1328E403 4358403 830 ¥ g 195 000 0000 6 0E 02 3 93E40" 9355 1984
Trichiorofuormethene (A *1) COWS Me 137308 20+ 027

tp 1111 16800 4 738E 400 6872604 2763E04 9 C15E04 1758 3 10877 4872 101 7% 73 253 4 83E-04 I WEDS 57¢ FRRE]

10000 480C 2210E+01 3206603 1207€-C3 4 28SEC3 1737¢ 108 46 30 6997 3574 2440 21'EQ 1 32€-04 61C 0127

-8C X 1200 2 105E«02 052602 1 263E-C2 4 43EC2 1696 4 108 09 ‘933 08 e 2249 18CE2 T12EC3 681 Cre2

-6C 00 7600 * 23EA0 177481 7 514EC2 2483EC1 18601 10364 *258 27 2985 2052 991E02 6 19ECI 752 c18?

-4C 00 4000 4 S88E .00 72340 3 140E-01 1 030E+00 1695 101 1t 893 1888 a2 1858 IB2E0 2282 82 ¢172

-2C 00 -40C 1 S66E «04 2271E«Q0 1 C12E+00 3 320E+00 15776 949 678 ‘413 2435 1569 * CAE 00 6 47E02 892 G108

coo 3200 4 J0SE «04 § 853€400 2 882E0C 8 8C1E400 1533 9 9576 538 1124 20 84 1483 2 $3E0 1 85ECY 8 0204

1556 €000  7577E.04  1099€40t S 35E.0C  169°Ee0t 1496 7 956 462 966 1957 1341 4 43E+00 2 77EC 108 o021

2000 6800 8 S42E +04 1.297E+01 61285400 201CE«01 1488 ¢ 9292 “ 928 1399 A ) 517E«00 3 eC 10230 oA

~be 2352 T4 34 1013608 1 473E401 € 98CE «OC 2 290€+01 1480 2 R L] 2C0 1883 127¢ 591E«0 3 69EC1 1c70 ¢223

Contnued on next page
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[Torpoawre -7 [vacor Press.re-2, Jvaoc desa-r =P+ | R [-ouo viscosy - S.ace Tensic~ - o vaoc-De~ery -/ [vaes: viscosty
[ ¢ T 1 =28 T oesa | = [+ [ xen? [ om= [ rase: ot [otsecti ot N~ [ otnaadd 1+ kge? 1 om# | Pasec .0 Jof sezw 1 0f
Tricro- M) COF
4C00 10400 17826406  2556Ee01  1247E401 4 091E40° 144008 00 arr 787 18 40 1126 9 71Ee00 8 08E-01 1190 9249
8000 14000  J1G4E.05 4 589E.01  231EH01 76156401 +389 0 877 328 080 1389 0952 184E401 1 026400 1270 0268
8000 700 5277E.05 7 653E+01 4 0QAE 01 < INED2 ‘389 8340 283 592 11 48 0788 2 75E+01 1 72E+00 1310 2274
10000 21200 $293Ee06 12006402 BB21ESO1  2°'72Ee02 12773 974 248 514 013 [T 4 30€ 401 2 63E400 1380 0284
12000 24800 1242€408 1 802€ 402 1 045€ +22 34278402 2128 %70 20 439 490 04y 4 52E+01 407Ee00 1430 0299
16000 28400 1709606  2595E402  1801E402  5254Ee02 ‘1391 712 174 383 480 o 9 73E401 8 08E+00 1560 9328
18000 32000 2 495E .08 3818E402 2aE2 7 942€402 0510 6561 138 283 288 0198 1 48E 02 9 11E«00 17 9C 0374
19000 38800 3IIMHE08  4914Ee02  ITOREL2 ¢ 217Ee0) (311} 5818 % 201 114 oors 229Ee2 1436001 2150 0 e
cp 19805 849 4 400E +08 6 39E 02 § 114EeR 2682€.03 553 9 458 N 270 000 0000 § S4E.02 3 48E 401 N30 0658
Waser (R 118 HLO M= 10,015 2¢ = 0233
1 001 3202 8117E.a2  SU7ZEQR  G2MER  2047E0 1) 8241 1791 74 7568 5184 4 90E-0 3 0IE-04 [ 3-] 0193
444 4000  BIMBELGZ 1218601 BSSIECR 2 BOGEOY 1000 0 240 1540 28 7502 S 143 6 55E00 4 00E-04 'R 0195
1000 5000 1 R 1 781E-01 1253601 4 110601 9997 24 1308 7R T $ 086 S IE® S 87E08 94 0138
1556 6000 17666403  2561E01  1802E0T 5910 9901 8237 1124 ne na 5090 1 33ER 2 28E04 [T~ 0201
2000 6300 2306400  IWEO1  2M9ELY T EIEN 982 6231 1000 x5 274 4084 1 7IEC2 108€-03 (3] 0203
an 700 28026400 3629601 2557E01 B MEED "8 0 8231 (2] 20% T287 “om 1 M4E-2 115€-03 97 0203
2867 [ IGIED $ 084E-01 ISNEN 1172800 o7 8222 8% 794 nre 4914 253E<R 1 56€<Q3 92 0207
3000 6800 4268E.00  B1S8EQT 4 JM8EQT 1 ATESO 58 82158 798 687 712 4879 3 04ER 1 60E03 1001 0209
RZ 9000 41303 BHSIEQT  4933ED1  1616Ee00 9950 8212 782 59 7088 4855 IQER 214603 1008 0210
3778 10000  B545E403  DA9EOT  ETNED!  2208E.00 831 €200 a2 1424 8996 4794 AS7EDR 285603 026 0214
4000 10400 7301E403  1071E«00 7 SBBED1 2 480€400 "2 6104 [14] 1964 90 80 4760 $ 12602 3 2E0 109 0218
4333 11000 8701600 12786400  9O0MBE01T  2968E+00 e e 8156 1S 1283 8308 TR 6 ME-02 I 7TE03 104 0218
@by 1200 1187E«04 1 89E 00 * 204E+00 3 9%0€ +00 9005 [AR4] 358 1164 6313 4689 7 &E02 4 REDY 1081 022
5000 1200 1204E«04 1 790EeD0  1274E400 4 180E+00 sea0 s168 847 1143 6795 4658 $3EDR $ 19603 1062 oz
54 44 130 00 1533604 2223E+00 1 S88E+00 $201E400 L 3] 6155 509 1083 6719 4604 1 0RE-01 6 23E-03 1078 ozs
6000 14000 1993E.04 2891E.00  2067E400 6 783E.00 2 6138 487 975 8024 45% 1 30601 813E-03 1094 0228
8558 150 00 2 564E 04 I718E400 2 887E+0 3 751E400 99C ¢ 6119 4% " 827 4 1 85E-01 1 03€02 112 o2
7000 1500 3 119E«08 45226400  IZS1E.00  1087€e0) 778 6104 08 848 “a “a9 1 $8E01 12402 1nae 0238
7111 16000  3269Ee04  4741E«00  IH12Ee00 1 119Ee0Y 770 [~ I 833 6429 4a08 207E-01 120602 1128 0298
87 17000 4132€404 5 993E+00 4 R7E«00 1 420€e01 N7 60 79 370 774 6328 438 258E-01 1818902 1146 one
8C00 17600 47ITEeD4  BO7IEW0  4971E400 1 BINEWCH e 6087 356 T4 288 LY 293E-01 1 03€-02 1180 0242
822 18000 51796404  7511E«00  S443Es0 1 706EeCH 9702 0057 348 721 827 4207 319E-01 1 99E-02 1187 0244
8778 19000 B 440E«04  G340E.00 G THIES0  2220€lt (T 6034 wn ers 6124 4198 3nEot 2 k02 1187 0240
9000 19400 70126604  1017Ee01  7408EeQ0 2 430€401 9653 6028 38 (1] 60 82 4167 4 2E0 284602 1193 0249
8333 20000 TA7E404 1 153E.01  S418E.00 2 761E«01 628 00 11 308 834 6019 €124 476E-01 297€02 1205 0252
9689 21000 973TEed4 14126401 103BEeDY 3 408ECY 956 3 5970 285 597 5913 4082 $ 76E-01 3 60€-02 ‘228 0256
nbp 1000  2120C  1013Ee05  1470E40%  1078Ee0"  3837E401 958 4 59 83 28 500 5692 4037 $ $4E-01 3 73€-02 ‘228 0256
11600 23000 14326408  2078E.0°  1506E.0*  SOME0 9510 5937 256 533 5697 3900 8 20E-01 S 18E-02 ‘282 0204
12000 24800 19056605  2879E40°  2148E0° 7 040E401 9432 5288 2% ass 5497 3767 112E600 7 00€-02 297 0272
100 22600 2 700E«08 3918E.0 2945E 40! 9 883E401 49 58 36 213 444 5294 je27 1 S0E 00 ¢ MEQ2 ‘33 o027e
Contnued on next pape
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Table D.1 Critical and Saturated Properties of Selected Fluids (Continued)

[Cevperare T Tapc >ess.re-2, [vaoo heso-~ wP-v JLcuc Sersty . [ 3 scesty - [su-ace “ereizn o [vaso- Sensey - g [vepo v scosty -
C | = | pa | psa | M [ [ wor® [ o= | Fasecc10f Jorsecti- 16 Nmi0l ot 0! | wgrd | om | Pasec. d® [t sect . 15f

Water (R 718) MO (contywed)

16000 28400 38126405  52ME€401  IT7ES01 1 305E«02 9262 5762 196 410 50 86 Ja8s 1 96E+00 12901 1967 0208
15000 30200 47STE.0S  BO000E.Q1  S200E401 1 738EeC2 9171 5728 102 EY @7 3340 255Ee® 1 59€-01 1402 0293
16000 32000 B177E05  B9S6E+01  BOMOEeD1 22776402 9078 65 170 354 80 3158 3 20E.0 2 Q€1 1437 0300
17000 33800 7O16Ee06  1148E«02  O992E.01  2950E.02 8975 03 199 332 a4 3043 412€000 257E01 1472 0%7
19000 35600  1002E.08 14536402  1152Ee02 I 779EN02 6871 5538 149 312 @1 2001 S 15E+00 32601 1507 0318
19000 37400  1254E408  1819E+02  1480E402 4 789E.02 s782 5470 141 294 2905 2737 6MEN® 3 90€-01 1542 0322
20000 3200 1564E408 2253402 1V ORER  8011Es02 (1734 5398 134 279 ne 2582 7 $5E€+00 4 90€ 03 1578 0330
21000 41000  1908E+08 27656402  2279E402 7478402 8528 s324 127 288 %W 2428 9S0EX 5 90€ 01 1013 c 7
22000 42000  2318E.08 33626402 28126402 9 228E402 8403 52 46 121 253 007 2206 118E401 7 €01 16 49 0344
23000 44800 27056408  4054E402 3 44SE«B2 1 130E03 8273 5164 18 241 374 2108 1 60E+01 8 72801 1645 082
20000 48400  I3JMSE.08  4BSIE.02 4 192E402 1 37SE.0D 8135 5079 11 23 2840 1948 167401 1 04400 1722 0360
25000 48200 IGTAEL08 5763402 SOTIED2 1 064E0) 7991 4988 106 22 2608 1785 200€401 1 25E600 1759 027
200 S0CO0 4 80008 8 302€+02 8 101Ew2 2 002€40) 7038 “9 10 212 280 1624 237E.00 1 88E+0 178 0378
27000 51800 SSO0E+06  7977E«02 7 305Ee02 2 297E+03 777 792 o7 203 213 1 82 2 81E 01 1 75E400 1838 0384
000C %600 6413E08  9IRE02  STIIEL2  2854E40) 7508 “@s 9 198 1900 1302 3 RE01 207E400 1980 0293
2900C 55400 7430E.08  1CTOE403  1036E.03 3 390E+03 ™2 7 % 107 1687 1142 I91E0 2 44E+00 1928 0402
3000C 57200  9504E.08 1 248403  1229€.03 4 0NED) 7124 “war L] 179 1437 0964 4 8&2Ee01 2 808400 1974 0412
31000  S0C00 UBBIE.O8 14303 1455E400 4 774E402 6910 4313 0”2 17 1208 0829  S4SE.0 3 40€ +00 2028 042¢
3000 B0800  t128E.L7  1636ELI 1 TIED 58546403 6874 4168 78 184 987 0678  648E01 403000 2089 0438
300C 6600 1 205EeC7  1884E.L)  2044Ee3 6 708E403 6410 4002 74 158 badl 0528 7 70E+01 4B1Ew0 2182 0462
34000 64400  ‘4SOESCT 2117400 2436E400 7 994E40) 6108 313 7 147 583 0386 9 27E01 S 79E400 252 0470
35000 88200 < 852407 2396403  2031Ee03 9 817E+0) $747 %8 [ 137 387 0252 1136402 7 08E«0 arn 0495
3600C 68000 % BOSES7  2706E«0)  IGO2E.X 1182E+04 5281 297 & 128 100 o129 144Ee02 1 97E0R0 2554 0533
3700 60800  2103E407  JO0SOE«C) 4 73IE.08 15536404 4531 2229 s2 109 0% o7 2 00E R 1 25€401 %2 0611
cp 37398 0516 22086407 D 190E.03 6 984E.0d  2291Ee04 3zo 2010 » 08 000 0000 AREW2  201Ee0 %00 0818

tp =irple pOoMt NDH « NOmMal DG pant. ¢ p = crtical point
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Table D.2  Properties of Selected Gases

Appendix D

Temperature Gas Density - p Gas Viscosity 4 ideal Qas Specific Heats at Zero Pressure
t At One Atmosphere At One Atmosphere Constant Pressure c, Constam Volume ¢, Rato
< ¥ gm | bma | Pasx1ot | wrescmixiot [ sk | eummer | ukgx | Brumm<R k =c,/c,
Aoetic Acid C,H,0O,
117.90 24422 3.10E+00 1.93E-01 10.8 0.662 1327 0.3169 1189 0.2840 11186
150.00 302.00 2.86E+00 1.79E-O1 11.7 0.731 1402 0.3349 1264 0.3019 1.109
200.00 392.00 237E+00 1.48E-0O1 13.4 0.837 1513 0.3614 1378 0.3284 1.100
250.00 48200 1.77E+00 1.10E-01 151 0.941 1614 0.3855 1476 0.3525 1.093
300.00 §72.00 1.21E+00 7.53E-02 16.7 1.043 1707 0.4077 1569 0.3747 1.088
400.00 752.00 7.01E-01 4.37E-02 19.8 1.236 1872 0.4471 1734 0.4142 1.080
Acetone C,HO

56.29 133.32 2.15E+00 1.34E-01 8.36 0.175 1369 0.3270 1226 0.2929 1.117
100.00 212.00 1.90E+00 1.18E-0O1 9.44 0.197 1502 0.3587 1359 0.3245 1.105
150.00 30200 1.67E+00 1.04E-01 10.7 0.224 1649 0.3938 1506 0.3596 1.085
200.00 392.00 1.50E+00 9.34E-02 12.1 0.252 1788 0.4272 1645 0.3930 1.087
250.00 48200 135E+00 8.44E-02 134 0.280 1920 0.4586 1777 0.4244 1.081
300.00 572.00 1.24E+00 7.71E-02 14.7 0.307 2043 0.4880 1900 0.4538 1.075
350.00 662.00 1.14E+00 7.09E-02 16.0 0.334 2158 0.5154 2015 0.4812 1.071
400.00 752.00 1.05E+00 6.56E-02 17.2 0.360 2264 0.5408 2121 0.5067 1.067
450.00 84200 9.78E-01 6.11E-02 18.4 0.385 2363 0.5645 2220 0.5303 1.064
500.00 932.00 9.15E-01 5.71E-02 196 0.409 2455 0.5864 2312 0.5522 1.062
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81.60
100.00
150.00
200.00
250.00

300.00
350.00
400.00
450.00
500.00

178.88
212.00
302.00
392.00
482.00

572.00
662.00
752.00
842.00
932.00

-119.47

-68.00

32.00
122.00
212.00

302.00
392.00
482.00
§72.00
662.00

752.00
842.00
932.00

1.55E+00
1.47E+00
1.30E+00
1.16E+00
1.05E+00

9.57E-01
8.80E-01
8.14E-01
7.88E-01
7.09E-01

1.73E+00
1.45E+00
1.17E+00
9.87E-01
8.52E-01

7.51E-01
6.71E-01
6.07E-01
5.54E-01
5.09E-01

4.71E-01
4.39E-01
4.10E-01

9.65E-02
9.17E-02
8.09E-02
7.23E-02
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597E-02
5.49E-02
5.08E-02
4.73E-02
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1.08E-01
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7.32E-02
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4 69E-02
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2.56E-02

8.49
8.93
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13.5
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18.7
16.8
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6.34
7.59
9.36
1.1
12.7

14.2
15.7
171
18.6
19.8

2t
223
235

Aowtonitrite CH,N

0177
0.186
0.211
0.235
0.258

0.282
0.305
0.328
0.351
0374

Aocetylene C,; H,

0.132
0.159
0.195
0.231
0.265

0.297
0.328
0.358
0.387
0.414

0.441

0.491

1434
1535
1663
1773
1871

1958
2036
2107
2172
2232

2287
2338
2385

0.3334
0.3428
0.3678
0.3916
0.4143

0.4357
0.4559
0.4748
0.4926
0.5093

0.3426
0.3666
0.3972
0.4235
0.4468

0.4676
0.4863
0.5033
05189
0.5331

0.5463
0.5584
0.5697

1193
1233
1337
1437
15832

1622
1706
1785
1860
1930

1115
1216
1344
1454
1551

1638
1717
1788
1853
1913

1968
2019

0.2850
0.2845
0.3194
0.3433
0.3659

0.3873
0.4075

0.4442
0.4609

0.2663

0.3209
0.3473
0.3705

0.3913
0.4101
0.4271
0.4426
0.4569

0.4700
0.4821
0.4934

357

1.170
1.164
1.151
1.141
1.132

1.125
1.119
1.113
1.108
1.108

1.286

1.208
1.220
1,208

1.195
1.186
1.179
1172
1.167

1.162
1.158
1.155
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Table D.2  Properties of Selected Gases (Continued)

Appendix D

Temperature Gas Denasity - p Gas Viscosity 4 ideal Gas Specific Heats at Zero Pressure
t At One Atmosphere At One Atmosphere Conestant Pressure ¢, Constan Volume ¢, Rato
< ¥ kom | bmie | Pasxict | wrescmixiot | wgk | wmbmeR | koK | BummeR K =cye,
Air (R 729)

-19435 -317.83 437E+00 2.73E-0f1 544 0.114 1001 0.2390 7135 0.1704 1.402
-150.00 -238.00 2.90E+00 1.81E-0t 8.59 0.179 1001 0.2390 7135 0.1704 1.402
-100.00 -148.00 2.06E+00 1.28E-O1 118 0.246 1001 0.2390 71386 0.1704 1.402
-50.00 -58.00 1.59E+00 9.93E-02 146 0.306 1001 0.2390 7136 0.1704 1.402
0.00 32.00 1.30E+00 8.10E-02 17.2 0.360 1001 0.2391 714.2 0.1706 1.402
50.00 12200 1.10E+00 6.84E-02 19.6 0.410 1003 0.2396 716.1 0.1710 1.401
100.00 212,00 9.49E-01 5.92E-02 218 0.458 1007 0.2405 720.1 0.1720 1.399
150.00 30200 836E-01 5.22E02 239 0.499 1013 0.2420 726.4 0.1735 1.385
200.00 392.00 7.48E-01 467E-02 258 0.539 1022 0.2440 734.6 0.1755 1.391
250.00 48200 6.78E-01 4.23E-02 27.6 0.577 1031 0.2464 744.5 0.1778 1.385
300.00 57200 6.19E-01 3.87E-02 294 0.614 1042 0.2490 755.5 0.1804 1.380
350.00 662.00 5.71E-01  3.66E-02 31.0 0.648 1054 0.2518 7671 0.1832 1.374
400.00 752.00 5.30E-01 3.31E02 326 0.681 1066 0.2546 779.0 0.1861 1.366
450.00 84200 4.95E-01 3.09E-02 341 0.713 1078 0.2574 790.9 0.1889 1.363
500.00 932.00 4.84E-01 2.90E-02 356 0.744 1090 0.2602 802.6 0.1917 1.358
60000 111200 4.15E-01 2.58E02 384 0.802 1112 0.2656 824.9 0.1870 1.348
700.00 1292.00 3.76E-01 2.35E-02 410 0.856 1132 0.2705 8454 0.2019 1.339
800.00 1472.00 3.46E-01 2.16E-02 435 0.908 11514 0.2749 863.8 0.2063 1.332
1000.00 1832.00 3.02E-01 1.88€-02 481 1.004 1182 0.2823 895.0 0.2138 1.321
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-28.17

32.00
122.00
212.00
302.00

392.00
482.00
§72.00

662.00
752.00

842.00
932.00

8.89E-01
7.71E-01
6.47E-01
5.59E-01
4 .92E-01

4.39E-01
3.97E-01
3.62E-01

3.36E-01
3.08€-01

2.88E-01
2.66E-01

5.72E+00
4.01E+00
2.83E+00
2.18E+00
1.78E+00

1.51E+00
1.31E+00
1.15E+00
1.03E+00
9 30E-01

8.49E-01
7 81E-01
7.23E-01
6.73E-01
6.29E-01

5.85E-02
4.82E02
4.04E-02
3.49E-02
3.07E-02

2.74E-02
2.48E.02
2.26E-02

2.10E-02
1.93E-02

1.60E-02
1.68E-02

3.57E-01
2.50E-01
1.76E-01
1.36E-01
1.11E-01

9.41E-02
8.15E-02
7.18E-02
6.42E-02
5.81E-02

5.30E-02
4.88E-02
4.51E-02
4.20E-02
3.93€-02

Ammonia (R 717) NH,

8.0
8.0
11.1
129
14.7

16.5
18.4
20.2

21.9
237

255
27.2

7.23
10.2
141
17.7
211

242
27.2
300
326
350

374
39.6
418
439
46.0

0.169
0.194
0.232
0.270
0.308

0.346
0.383
0.421

0.458
0.495

0.532
0.569

Argon (R 740) Ar

0.151
0.213
0.295
0.370
0.441

0.506
0.568
0.626
0.681
0.731

0.780
0.828
0.873
0.917
0.960

1996
2049
2135
2226
2319

2415
2510
2604

2697
2787

2875
2961

520.1
520.1
520.1
520.1
520.1

520.1
520.1
520.1
520.1
520.1

520.1
520.1
520.1
520.1
520.1

0.4767
0.4894
0.5098
0.5316
0.5540

0.5767
0.5995
0.6220

0.6441
0.6657

0.6368
0.7072

0.1242
0.1242
0.1242
0.1242
0.1242

0.1242
0.1242
0.1242
0.1242
0.1242

0.1242
0.1242
0.1242
0.1242
0.1242

1508
1561
1646
1737
1831

1926
2022
2116

2208
2299

2387
2473

312
312
312
312
312

312
312
312
312
312

312
312
312
312
312

0.3601
0.3728
0.3932
0.4149
0.4374

0.4601
0.4828
0.5053

0.5275
0.5491

0.5701
0.5906

0.0745
0.0745
0.0745
0.0745
00745

0.0745
0.0745
0.0745
0.0745
0.0745

0.0745
0.0745
0.0745
0.0745
0.0745

359

1.324
1.313
1.297
1.281
1.267

1.253
1.242
1.231

1.221
1.212

1.205
1.197

1.667
1.667
1.667
1.667
1.667

1.667
1.667
1.667
1.667
1.667

1667
1.667
1667
1.667
1667
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Table D.2 Properties of Selected Gases (Continued)
Temperature Qas Density - p Qas Viscosity ideal Gas Specific Heats at Zero Pressure
1 At One Atmosphere At One Atmosphere Constart Pressure ¢, Constant Volume ¢, Rato
< ¥ km® | et | Pasx10t | t-eecmtxiot | ungk | BummeR | ukgK | Brumm<R K =cle,
Benzene CyH,

80.09 176.16 2.76E+00 1.72E-01 897 0.187 1265 0.3021 1158 0.2766 1.082
100.00 212.00 2.61E+00 1.63E-01 9.48 0.198 1338 0.3196 1232 0.2042 1.086
150.00 30200 2.28E+00 1.43E-01 10.8 0.225 1513 0.3613 1406 0.3358 1.076
200.00 392.00 2.03E+00 1.27E-01 j2.1 0.252 1673 0.3995 1566 0.3741% 1.068
250.00 482.00 1.83E+00 1.15E-01 133 0.278 1819 0.4343 1712 0.4089 1.082
300.00 5§72.00 1.67E+00 1.04E-01 145 0.304 1951 0.4661 1845 0.4406 1.058
350.00 662.00 1.53E+00 9.58E-02 15.7 0.329 2072 0.4949 1965 0.4694 1.054
400.00 752.00 1.42E+00 8.85E-02 16.9 0.354 218t 0.5210 2075 0.4956 1.051
450.00 842.00 1.32E+00 821E-02 18.1 0.378 2281 0.5447 2174 0.5193 1.049
500.00 93200 1.22E+00 7.64E-02 19.3 0.402 237 0.5662 2264 0.5408 1.047

Bromine Br,

58.75 137.75 5.95E+00 3.72E-0t 17.0 0.356 228 0.0544 176 0.0419 1.296
100.00 212.00 5.28E+00 3.30E-01 19.0 0.397 229 0.0547 177 0.0423 1.294
150.00 30200 464E+00 290E-01 214 0.447 230 0.0550 178 0.0426 1.292
200.00 39200 4.14E+00 2.59E-01 238 0.497 231 0.0553 179 0.0428 1.290
250.00 48200 3.74E+00 2.34E-01 26.2 0.547 232 0.0555 180 0.0431 1.289
300.00 572.00 3.41E+00 2.13E-01 28.6 0.597 233 0.0557 181 0.0432 1.287
350.00 662.00 3.13E+00 1.96E-01 31.0 0.647 234 0.0558 182 0.0434 1.286
400.00 752.00 2.90E+00 1.81E-01 33.3 0.696 234 0.0559 182 0.0435 1.286
450.00 84200 2.70E+00 1.88E-01 35.7 0.745 235 0.0560 182 0.0436 1.285
500.00 932.00 2.52E+00 1.58E-01 380 0.793 235 0.0561 183 0.0437 1.285
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Butane-iso (R 600A) C H,q

-11.72 10.90 2.81E+00 1.76E-01 6.66 0.139 1490 0.3560 1347 0.3218 1.106
0.00 3200 268E+00 1.67E-01 6.97 0.146 1549 0.3699 14086 0.3357 1.102
50.00 122.00 2.23E+00 1.40E-01 8.23 0.172 1796 0.4289 1652 0.3947 1.087
10000 212,00 1.92E+00 1.20E-01 9.41 0.196 2033 0.4856 1890 0.4514 1.076
15000 30200 1.69E+00 1.05E-01 10.5 0.220 2257 0.5390 2114 0.5048 1.068
200.00 39200 1.50E+00 9.39E-02 11.6 0.242 2465 0.5888 2322 0.5546 1.062
25000 48200 1.36E.00 8.49E-02 126 0.263 2658 06349 2515 0.6007 1.057
30000 572.00 1.24E+00 7.74E-02 13.5 0.283 2837 0.6775 2693 0.6433 1.063
35000 66200 1.14E+00 7.10E-02 145 0.302 3001 0.7169 2858 0.6827 1.050
400.00 75200 1.05E+00 6.57E-02 15.4 0.321 3154 0.7533 3011 0.7192 1.048
450.00 842.00 9.80E-01 6.11E-02 16.2 0.338 3295 0.7871 3152 0.7528 1.045
50000 932.00 9.16E-01  5.72E-02 171 0.357 3426 0.8184 3283 0.7842 1.044

Butane-n (R 600) CH,,

-0.50 31.10 271E+00 1.69E-01 6.89 0.144 1584 0.3784 1441 0.3442 1.099
0.00 32.00 2.70E+00 1.69E-O1 6.90 0.144 1586 0.3789 1443 0.3448 1.099
50.00 122.00 2.25E+00 1.40E-01 8.17 0171 1815 0.4335 1672 0.3994 1.086
100.00 21200 193E+00 1.20E-01 9.40 0.196 2040 0.4872 1897 0.4530 1.078
150.00 302.00 1.69E+00 1.06E-01 10.6 0.221 2254 0.5385 2111 0.5043 1.068
200.00 392.00 1.51E+00 9.41E02 1.7 0.245 2457 0.5868 2314 0.5526 1.062
250.00 48200 1.36E+00 8.50E-02 128 0.268 2646 06319 2502 0.5977 1.057
300.00 §72.00 1.24E+00 7 75E-02 139 0.290 2821 06738 2678 0.6397 1053
35000 66200 1.14E+400 7.11E-02 14.9 0.311 2984 07128 2841 0.6787 1 080
400.00 752.00 1 05E+00 6.57E-02 15.8 0.332 3136 0 7490 2993 0.7148 1.048
450.00 84200 9.80E-01 6.11E02 16.8 0.351 3277 0.7826 3134 0.7485 1.046

500.00 932.00 9.16E-01 5.72E-02 17.7 0.370 3408 0.8139 3265 0.7797 1.044
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Table D.2 Properties of Selected Gases (Continued)
Temperature Gas Density - p Gas Viscosity 4/ keal Gas Specific Heats at Zero Pressure
t At One Atmosphere At One Atmosphere Constant Pressure ¢, Conetarm Volume ¢, Rato
< - kgm® | lbm | Pasxi0' | IfescMixi0f |  JAgK | BubmoR | JAGK | BrummoR | k=g/e
Carbon Dioxide (R 744) CO,

7848 10926 280E+00 1 75E-01 975 0.204 733 4 01752 544 4 01300 1347
5000  -5800 243E+00 1 52E-01 112 0235 7628 01822 5739 0.137% 1.329
000 3200 198E+00 1 24E-09 138 0 287 8158 0.1949 6269 01497 1.301
5000 12200 167E+00 1 O4E-O1 16 2 0337 8669 02071 6780 01619 1279
15000 30200 127E+00 7 92E-02 206 0430 9570 02266 768 1 01835 1.246
20000 39200 113E+00 7 08E.02 226 0473 9956 02378 806.7 01927 1.234
25000 48200 103E+00 6 40E-02 246 0514 1030 0 2461 8413 02010 1225
30000 57200 936E-01  585E-02 265 0553 1061 02535 8725 02084 1.217
35000 6620C 861E.01  538E-02 283 0 591 1089 0 2602 900 5 0.2151 1210
40000 75200 797E-01 4 98E-02 300 0627 1115 0 2663 9258 02211 1204
45000 84200 742E-01 4 63E-02 317 0662 1138 02717 9488 0 2266 1.199
S0000 93200 694E-01 4 33E.02 333 0695 1159 02767 970 C 02316 1195
60000 111200 614E-01 3 83E-02 363 0759 1195 02854 1006 02403 1188
70000 129200 5S1E-C1 3 44E-02 392 0819 1225 0 2927 1037 02476 1182
80000 147200 5O00E-01 3 12E-02 419 0875 1252 0 2989 1063 02538 1178
100000 183200 4 21E-01  263E-02 469 0979 1293 03089 1105 02638 1171
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46 22
100 00
150 00

250 00

300.00
350.00

450.00
500.00

-191.45
-180 00
-100 00
-50.00

50 00
100 00
150.00

250.00

300.00
350.00
400 00
450.00
500.00

600.00
700.00

1000.00

115.20
212.00
302.00
392.00
482.00

5§72 00
662.00
752 00
842.00
932.00

-312 61
-238.00
-148 00

3200

122 00
21200
302 00
392.00
482.00

572 00
662.00
752.00
842 00
932 00

1112.00
1292.00
1472.00
1832 00

2.95E+00
2.53E-00
2.22E+00
1.98E+00
1.78E+00

1.63E+00
1.49E+00
1.38E4+00
1 23E+00
1.20E+00

4 36E+00
281E-00
1.98E+00
1.53E+00
1.25E+00

1.06E+00
9 .15E-01
8 07E-01
7.21E-01
6.52E-01

5 96E-01
5.48E-01
5 07E-01
4.72E-01
4 42E-01

3.91E-01
3 51E-01
3.18E-01
2.68E-01

Carbon Disulfide CS,

1.84€-01 10.7 0.223
1.58E-01 1285 0.262
1.38E-01 14.3 0.298
1.23E-01 16.0 0.334
1.11E-01 17.7 0.369
1.02E-01 194 0.408
9.33E-02 211 0.440
8.63E-02 227 0.475
8.03E-02 244 0.509
7.50E-02 260 0544

Carbon Monoxide CO

2.72E-01 5.41 0.113
1.75E-01 8 21 0.172
1.24E-01 13 0.235
9.56E-02 14.0 0.293
7.80E-02 16.5 0.345
6.59E-02 18.8 0.393
5.71E-02 209 0.437
5.04E-02 229 0.479
4 50€-02 248 0.519
4.07€E-02 26.6 0.556
3.72E-02 283 0.592
3.42E-02 30.0 0.626
3.17€-02 315 0.659
2.95E-02 33.1 0.690
2.76E-02 345 0.721
2.44E-02 373 0.779
2.19E-02 399 0834
1.99E-02 424 0.886
1.67E-02 471 0.983

610

661
679
694

707
718
728
737
744

1040
1040
1040
1040
1040

1041
1044
1050
1058
1068

1080
1093
1106
1119
1132

1157
1179
1198
1230

0.1458
0.1526
01578
0 1621
0.1658

0 1689
0.1716
0.1738
0.1760
01778

02483
0.2483
0.2483
02483
02484

0.2487
02494

0.2527
0.2552

02580
02611
0 2642
0.2674
02704

02763
0.2816
0.2862
0.2939

5013
5298
5515
569.6
5849

598.0

619.0
6276
635.2

7429
7429
7429
7429
7431

7443
747.4
7531
7613
7716

783.5
796.2

8225
8355

860.0
882.0
901.6
933.7

0.1197
0.1265
0.1317
0.1361
0.1397

0.1428
0.1455
0.1479
0.1499
01517

0.1774
0.1774
0.1774
01774
0.1775

0.1778
0.1785
0.1799
0.1818
0.1843

01871
01902
0.1833
0.1965
0.1995

0.2054
0.2107
0.2153
0.2230

363

1.399
1.397
1.384
1.390
1.385

1.379
1373
1.367
1.361
1.355

1.345
1.337
1.329
1.318
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Table D.2 Properties of Selected Gases (Continued)
Temperature Qas Density - p Gas Visoosity 4 ideal Gas Specific Heats at Zero Pressure
1 At One Atmosphere At One Atmosphere Constant Pressure ¢, Constant Volume ¢, Raso
< ¥ k/m | b | Pasx1o® | mteecmixiot | sAgK | BumeR | JAgK | Brutbm-R K =G/e,
Carbon Tetrachioride CCl,

76.64 169.95 558E+00 3.48E-01 116 0.242 576.5 0.1377 5§22.5 0.1248 1.103
100.00 212.00 519E+00 3.24E-01 12.3 0.257 588.1 0.1405 534.0 0.1275 1.101
150.00 302.00 453E+00 283E-01 138 0.289 608.2 0.1453 554.2 0.1324 1.098
200.00 392.00 4.03E+00 251E-01 15.3 0.318 623.7 0.1490 569.7 0.1361 1.085
250.00 482.00 3.83E+00 2.26E-01 16.7 0.349 636.0 0.1519 58t.9 0.1390 1.093
300.00 572.00 3.30E+00 2.06E-01 18.1 0.378 645.7 0.1542 591.7 0.1413 1.091
350.00 662.00 3.03E+00 1.89E-01 19.4 0.406 653.6 0.1561 599.6 0.1432 1.090
400.00 75200 280E+00 1.75E-0% 20.8 0.434 660.2 0.1577 606.1 0.1448 1.089
450.00 84200 260E+00 1.63E-01 22.0 0.460 665.6 0.1590 611.6 0.1461 1.088
500.00 932.00 243E+00 1.52E01 233 0.486 670.2 0.1601 616.1 0.1472 1.088

Chiorine Cly
-34.03 -29.25 3.68E+00 230E-01 10.7 0.224 462.2 0.1104 3449 0.0824 1.340
0.00 3200 3.21E+00 2.00E-01 12.3 0.257 4723 0.1128 355.0 0.0848 1.330

50.00 12200 2.70E+00 1.69E-0f 145 0.304 4843 0.1157 367.0 0.0877 1.319
100.00 21200 2.33E+00 1.46E-01 16.7 0.349 493.5 01179 376.3 0.0899 1.312
150.00 302.00 2.05E+00 1.2BE-01 18.8 0.382 500.7 0.1196 3834 0.0916 1.308
200.00 39200 1.83E+00 1.14E-01 208 0.435 506.3 0.1209 389.0 0.0929 1.301
250.00 482.00 1.66E+00 1.03E-01 22.8 0.477 5108 0.1220 3935 0.0940 1.298
300.00 572.00 151E+00 9.43E-02 248 0.517 514.4 0.1229 397.1 0.0943 1.295
350.00 662.00 1.39E+00 8.67E-02 26.7 0.557 5174 0.1236 400.1 0.0956 1293
400.00 762.00 1.29E+00 8.02E-02 28.5 0.596 519.9 0.1242 402.6 0.0962 1.291
450.00 84200 1.20E+00 7.46E-02 30.3 0.634 5218 0.1247 404.7 0.0967 1.290
500.00 93200 1.12E+00 6.98E-02 32.1 0.671 523.7 0.1251 406.5 0.0971 1.288
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Chiorodifiuoromethane (R 22) CHCIF,

-40 82 -41.48 4.71E+00 2.94E-01 10.2 0212 563 0.1345 467 0.1115 1.206
0.00 32.00 394E+00 246E-01 11.9 0 249 614 0.1467 518 0.1238 1186
50 00 12200 3.30E+00 206E-0O1 140 0.293 672 0.1606 576 0.1376 1.167
100.00 21200 2B4E+00 1 78E-O1 161 0337 725 0.1732 629 0.1502 1153
150.00 302.00 250E+00 1.56E-O1 182 0.379 773 0.1847 677 0.1617 1.142
200.00 39200 2.23E+00 1 40E-0O1 20.2 0 421 817 0.1951 721 0.1721 1.133
250.00 48200 201E+00 1 26E-01 22.1 0.462 856 0.2045 760 0.1815 1.127
300.00 572.00 1B84E+00 1 15E-01 241 0.503 892 0.2129 795 0.1900 1121
350 00 662.00 1.69E+00 1 06E-O1 26.0 0.543 923 0.2208 827 0.1975 1.116
400.00 76200 157E+00 9.77E-02 27.9 0.582 951 0.2272 855 0.2042 1.112
450.00 84200 1.46E+00 9 10E-02 29.7 0.621 976 02332 880 0.2102 1.109
500 00 932.00 1.36E+00 851E-02 316 0.659 998 0.2384 902 02185 1.107
Chiorotorm CHCI,

61.18 14212 4.50E+00 2.81E-01 113 0.708 579 0.1384 5§10 0.1217 1.137
100.00 21200 3.99E+00 2 49€.01 12.6 0.790 607 01449 537 01283 1.130
150.00 30200 349E+00 2.18E-01 143 0.893 637 0.1522 568 0.1356 1123
200.00 39200 3.11E+00 1 94€-01 169 0995 663 0.1584 594 01418 1117
250.00 48200 280E+00 1.75€-01 175 1.085 686 0.1637 616 0.1471 1.113
300.00 57200 2.55€+00 1.60E-01 191 1.194 705 01683 635 0.1517 1110
350.00 662.00 2.35E+00 1 47E-01 20.7 129 722 0.1724 652 0.1557 1.107
400.00 76200 217E+00 1.36E-01 22.2 1.387 736 0.1759 667 0.1592 1.104
450.00 842.00 202E+00 1.26€-01t 237 1.482 749 0.1790 680 0.1623 1.102
500.00 93200 189E+00 1.18E-01 252 1.575 761 0.1817 691 0.1651 11014
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Table D.2 Properties of Selected Gases (Continued)

Appendix D

Temperature Qas Density - p Gas Visoosity 4 ideal Gas Specific Heats at Zero Pressure

1 At One Atmosphere At One Aimosphere Constant Pressure ¢, Constant Volume c, Ratio

< | ¥ kgm® | bevi® | Pasx10t | mreecmtxiot | urgk | Bummen | gk | Btubmen k =ty
0.00 32.00 7.11E+00 4.44E-01 11.7 0.245 680 0.1624 626 0.1496 1.086
50.00 122.00 5.92E+00 3.69E-O1 13.6 0.285 748 0.1786 694 0.1657 1.078
100.00 212.00 SO09E+00 3 18E-01 156 0.324 807 0.1928 753 0.1800 1.071
150.00 302.00 447E+00 2 79E-01 173 0.362 860 0.2053 606 0.1925 1067
200.00 39200 3.98E+00 248E-01 19.1 0399 906 0.2163 852 0.2035 1063
250.00 48200 3 60E+00 22SE-01 208 0435 946 0.2269 892 0.2130 1.060
300.00 §7200 3.28E+00 2.05E-01 225 0 469 981 02342 927 0.2214 1.058
350.00 66200 302E+00 1.89E-01 241 0.503 1011 02415 957 0 2286 1.056
400.00 75200 260E+00 1.75E-0% 256 0.536 1038 02478 984 0.2350 1.058
460.00 84200 260E+00 1 63E-01 272 0567 1061 0.2534 1007 0.2406 1.053
500.00 93200 244E+00 1.52E-01 28.6 0 598 1082 02584 1028 0.2456 1.052

Chlorotrifluoromethane (R 13) CCIF,

-81.45 -11461 6.94E+00 4 33E.-01 10 4 0.211 505 0.1207 426 0.1017 1187
-50.00 -56.00 585E+00 365E-01 1.3 0.236 550 0.1313 470 0.1122 1.169
0.00 3200 472E+00 295E-01 133 0.27¢9 613 01484 533 0.1274 1.149
50 00 122.00 3.97E+00 2 48E-01 165 0.324 669 0.1597 589 0.1407 1135
100.00 212.00 3.43E+00 2 14E-01 177 0.370 77 0.1713 638 018523 1125
150 00 30200 3.02E+00 1 86E-O1 199 0.417 759 0.1814 680 0.1624 1.117
200.00 392.00 269E+00 1.68E-01 222 0.463 796 0.1901 716 01711 1.111
250.00 482.00 243E+00 1.52E-01 24 4 0.610 827 0.1976 748 0.1786 1.1086
300.00 §72.00 222E+00 1.39E-0! 266 0.555 854 0.2040 775 0.1850 1.103
350.00 66200 2.04E+00 1.28E-01 287 0.600 877 0.2005 798 0.1908 1.100
400.00 75200 189E-00 1.18E-01 308 0643 897 0.2143 818 0 1953 1097
450.00 84200 176E-00 1.10E-01 327 0684 914 02184 835 0.1994 1.095
500 00 93200 1 65E+00 1 03E-01 346 0723 930 0.2221 850 0 2031 1.094
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80 72
100.00
150.00

250 00

300 00
350 00
400 00
450 00
500 00

177 30
212.00
302 00
392 00
482 00

57200
662 00
752 00
842.00
932.00

-21 62
32.00
122.00
21200
302.00

392.00
482 00
572 00
662 00
752 00

842 00
932 00

2.90E+00
2.75E+00
2 42E+00
2.17E+00
1.96E+00

1.79E+00
1.65E+00
1.62E+00
1.42E+00
1.33E+00

6.30E+00
S S84E+00
4.63E+00
3.99E+00
3 50E+00

3.13E+00
2.82E+00
2.57E+00
2 36E+00
2.19E+00

2 04E+00
1 91E+00

Cyclohexane CH,,

1.81E-01
1.72E-01
1.51E-01
1.35€-01
1 22E-01t

1.12E-01
1.03E-01
9 S51E-02
8 85E-02
8 28E-02

Dichlorodiflucromethane (R 12) CCLF,

3.94E-01
3 46E-01
2.89E-01
2 49E-01
2.18E-01

1.95E-01
1.76E-01
1 60E-01
1.48E-01
1 37E-01

1 27E-01
1 19E-01

833
876
9 86
109
120

130
141
151
16.1
171

105
116
13.4
153
171

189
20.7
225
243
26.1

279
297

0174
0.183
0206
0.228
0.251

0272
0294
0.315
0.336
02356

0219
0242
0 280
0319
0.357

0.3985
0.433
04n
0 508
0 546

0.683
0621

1545
1645
1899
2140
2365

2572
2762
2936
3095
3241

642
§78
628
669
701

727
749
767
782
795

806
815

03690
0.3929
04536
05111
0.5648

06143
0.6597
0.7013
07393
07742

0.1294
01380
0 1501
01597
01675

01737
0.1789
0.1832
0.1868
0.1899

01928
01948

737

0.3454
0.3693
0.4300
04875
0.5412

05907
0.6361
06777
07157
0 7506

0.1130
0.1218
01337
01433
0.1510

015673
0.1625
0.1668
0.1704
0.1734

01761
01783

367

1.068
1.064
1.055
1.048
1.044

1040
1.037
1.035
1.033
1031

1.145
1135
1123
111§
1109

1104
1109
1098
1085
1.083
1.092
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Table D.2  Properties of Selected Gases (Continued)

Appendix D

Temperat.re Gas Density - p Gas Viscosity 4 ideal Gas Specific Heats at Zero Pressure
1 At One Atmosphere At One Atmosphere Constant Pressure ¢, Constant Volume ¢, Ratio
< * kym® | ot | Pasx1ot [ mteecmtxict [ ungk | Bummer | ugk | Bumm#r K =G /c,
Ethane (R 170) CyH,

-88.60 -127.48 206E+00 1.2BE-01 6.01 0.126 1372 0.3277 1095 0.2618 1.252
-50.00 -58.00 1.68E+00 1.05E-01 714 0.149 1474 0.3519 1197 0.2859 1.231
0.00 3200 136E+00 8.47E-02 8.68 0.178 1647 0.3934 1370 0.3273 1.202
50.00 122.00 1.14E+00 7.12E02 10.0 0.209 1848 0.4415 1572 0.3754 1176
100.00 212.00 9.85E-01 6.15€-02 11.4 0.238 2061 0.4924 1785 0.4263 1.155
150.00 30200 8.68E-01 5.42E-02 128 0.268 2276 0.5435 1999 0.4775 1.138
200.00 392.00 7.77E-01 4.85E-02 141 0.294 2485 0.5934 2208 0.5274 t.125
250.00 482.00 7.03E-01 4.39E-02 154 0.321 2684 0.8412 2408 0.5751 1.118
300.00 572.00 6.41E-01 4.00E-02 166 0.347 2874 0.6864 2597 0.6204 1.106
350.00 662.00 5.87E-01 3.67E-02 17.9 0.373 3052 0.7290 2776 0.6629 1.100
400.00 752.00 5.40E-01 3.37E-02 19.1 0.398 3219 0.768% 2943 0.7028 1.094
450.00 842.00 5.03E-01 3.14E-02 20.2 0.422 3376 0.8062 3098 0.7402 1.089
500.00 932.00 4.70E-01 2.94E-02 214 0.445 3521 0.8411 3245 0.7750 1.085
600.00 111200 4.16E-01 2.60E-02 235 0.492 3788 0.9041 3509 0.838t 1.079
700.00 1292.00 3.74E-01 2.33E-02 256 0.535 4017 0.9593 3740 0.8833 1.074
80000 1472.00 3.39E-04 2.12E-02 276 0576 4220 1.0079 3943 0.9418 1.070
1000.00 1832.00 2 86E-01 1.78E-02 31.2 0.651 4559 1.0889 4283 1.0229 1.065
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Ethanol CpHeO

78.29 17292 1.65E+00 1.03E-01 104 0.218 1600 0.3822 1420 0.3390 1.127
10000 21200 1.54E+00 9.61E-02 11.0 0.231 1672 0.3994 1492 0.3563 1121
150.00 302.00 1.34E+00 8.38E-02 124 0.259 1834 0.4380 1653 0.3949 1.109
20000 39200 1.19E+00 7.46E-02 13.7 0.287 1987 0.4747 1807 0.4316 1.100
25000 48200 1.08E+00 6.73E-02 150 0.314 2131 0.5090 1951 0.4659 1.093
30000 57200 9.82E-01 6.13E-02 16.3 0.341 2265 0.5409 2084 0.4978 1.087
350.00 66200 9.03E-01 563E-02 17.6 0.367 2389 0.5705 2208 0.6274 1.082
400.00 75200 835E-01 6.21E-02 18.8 0.383 2503 0.5979 2323 0.5548 1.078
45000 84200 7.77E-01 485E-02 200 0.418 2609 0.6232 2429 0.5801 1.074
600.00 93200 7.27E-01 4.64E-02 212 0.443 2707 0.6466 2527 0.6035 1.071

Ethyl Chioride (R 180) C4H,Cl

12.27 5409 2.86E+00 1.79E-01 9.3 0.185 843 0.2253 814 0.1945 1.156

50.00 122.00 2439E+00 1.56E-01 10.5 0.220 1030 0.2460 901 0.2152 1.143
10000 21200 2.14E+00 1.33E-01 121 0.253 1143 0.2730 1014 0.2423 1.127
15000 302.00 1.87E+00 1.17E-01 13.7 0.286 1251 0.2988 1122 0.2680 1.115
200.00 39200 167E+00 1.04E-01 163 0.3920 1352 0.3229 1223 0.2921 1.105
250.00 48200 1.51E+00 9.42E-02 16.9 0.353 1445 0.3452 1317 0.3145 1.098
30000 57200 1.3BE+00 8.59E-02 18.5 0.385 1532 0.3658 1403 0.3350 1.092
35000 66200 1.26E+00 7.89E-02 2.0 0.418 1611 0.3847 1462 0.3540 1.087
400.00 75200 1.17E+00 7.30E-02 21.6 0.451 1684 0.4021 1555 0.3714 1.083
45000 84200 1.09E+00 6.79E-02 23.2 0.484 1751 0.4181 1622 0.3874 1.079
§00.00 93200 1.02E+00 6.35E-02 24.7 0.516 1812 0.4329 1684 0.4021 1.077

Ethylene (R 1150) C/H,

-103.68 -15462 209E+00 1.30E-01 57 0.119 1225 0.2925 928 0.2217 1.319
-100.00 -148.00 2.05E+00 1.28E-01 59 0.122 1230 0.2938 934 0.2230 1.317
-50.00 -58.00 1.56E+00 9.71E-02 7.7 0.160 1333 0.3183 1036 0.2475 1.286
0.00 3200 1.26E+00 7.87E-02 94 0.196 1477 0.3528 1181 0.2820 1.251

50 00 12200 106E+00 6.63E-02 1.0 0230 1644 0.3927 1348 03219 1.220
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Table D.2 Properties of Selected Gases (Continued)

Appendix D

Temperature Gas Density - p Qas Viscosity 4 ideal Gas Specific Heats at Zero Pressure
t At One Atmosphere At One Atmosphere Constant Pressure ¢, Constant Volume ¢, Ratio
< - m® | e | Pasx1ot | wreecmix1ct | umok [ Brummen | gk | Bumomer | kaoe,
Ethylene (R 1150) C,H, (continued)
100.00 21200 9.19E-01 5.73E-02 126 0.263 1819 0.4346 1523 0.3838 1.195
150.00 302.00 8.09E-0t 5.05E-02 141 0.294 1994 0.4762 1697 0.4054 1175
200.00 39200 7.23E-01 4.526-02 155 0.323 2161 0.5162 1865 0.4455 1.159
250.00 48200 6.54E-01 4.08E-02 16.8 0.351 2320 0.5542 2024 0.4834 1.146
300.00 57200 5.97E-O1 3.73E-02 18.1 0.378 2469 0.5897 2172 0.5189 1.136
350.00 662.00 6.49E-01 3.43E-02 18.3 0.404 2607 0.6227 2311 0.5519 1.128
400.00 752.00 5.08E-01 3.17E-02 205 0.429 2735 0.6534 2433 0.5826 1.122
450.00 84200 4.73E-01 2.95E-02 21.7 0.452 2854 0.6817 2558 0.6110 1.116
500.00 93200 4.42E-01 2.76E-02 228 0.475 2964 0.7080 2668 0.6372 1.111
Hellum (R 704) He

-26893  -45207 1.69E+01 1.06E+00 1.2 0.026 5193 1.2404 3116 0.7443 1.667
-250.00 -418.00 2.11E+00 1.32E-01 38 0.079 5193 1.2404 3116 0.7443 1.667
-200.00 -328.00 6.67E-01 4.16€-02 79 0.165 5183 1.2404 3116 0.7443 1.667
-150.00 -238.00 3.96E-01 2.47E-02 11.2 0.235 5193 1.2404 3116 0.7443 1667
-100.00 -148.00 2.82E-O1 1.76E-02 138 0289 5193 1.2404 3116 0.7443 1.667
-50.00 -68.00 2.19E-01 1.36E-02 16.3 0.339 5193 1.2404 3116 0.7443 1.667
0.00 3200 1.79E-01 1.11E-02 18.6 0.388 5193 1.2404 3116 0.7443 1.667
5000 12200 151E-01 9.42E03 208 0438 5193 1.2404 3116 0.7443 1.667
100.00 21200 1 31E-01 8.16E-03 230 0.480 5193 1.2404 3116 0.7443 1.667
150.00 302.00 1.15E-01 7.20E-03 251 0.624 5193 1.2404 3116 0.7443 1.667
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200.00
250.00
300.00
350.00
400.00

450.00
§00.00
600.00
700.00
800.00

1000.00

98 43
100.00
150.00

250.00

300.00
350.00

450 00
500.00

€8.73
100.00
150.00

250.00

392.00 1.03E-01
48200 9.32E-02
57200 8.51E-02
662.00 7.83E-02
752.00 7.25E-02

84200 6.76E-02
93200 6.31E-02
1112.00 5.69E-02
129200 S5.01E-02
1472.00 4.55E-02

183200 3.83E-02

208.17 3.48E+00
21200 3.44E+00
302.00 2.98E+00
392.00 2.63E+00
482.00 2.37E+00

67200 215E+00
662.00 1.97E+00
75200 182E+00
842.00 1.70E+00
932.00 1.58E~00

155.71 3 24E+00
212.00 2.92E+00
302.00 2.54E+00
392.00 2.25E+00
482.00 2.03E+00

6.44E-03 7.2
5 82E-03 292
6.31E-03 311
4.83E-03 330
4.52E-03 348
4.21E-03 36.7
3.94E-03 384
3.49€-03 418
3.13E03 451
2 B4E-03 48 3
2.39E-03 54 1
Heptane-n C;H .,
2.16E-01 76
2.15E-01 7.3
1.86E-01 83
1.64E-01 93
1 48E-01 10.2
1.34E-01 11.2
1.23E-01 121
1.14E-01 129
1.06E-01 13.8
9.89E-02 14.6

Hexane-n CgH.,

2.02E-01
1.83E-01
1.59E-01
1.41E-01
1.27€-01

0.567

0.649
0.689
0.728

0.765
0.802
0874

1 008

1.131

0.15¢
0.1583
0.174
0.194
0.214

0.233
0.252
0.270
0288
0.308

0152
0.171
0.193
0218
0237

5193
5193
5193
5193
5193

6193
5183
5193
5193
5183

5193

1983

2203
2405
2592

2766
2927
3076
3213
3339

1856
1994
2209
2411
2601

1.2404
1.2404
1.2404
1.2404
1.2404

1.2404
1.2404
1.2404
1.2404
1.2404

1.2404

04736
0.4752
0.5262
0.5743
0.6192

0.6607
0.6991
0.7346
0.7673
0.7976

0.4432
0.4763
0.5276
05759
0.6211

3116
3116
3116
3116
3116

3116
3116
3116
3116
3116

3116

1900
1907
2120
2322
2509

2844
2933
3130
3266

1758
1898
2112
2318
2504

0.7443
0.7443
0.7443
0.7443
0.7443

0.7443
0.7443
0.7443
0.7443
0.7443

0.7443

0.4537
0.4554

0.5545
0.5094

0.6409
0.6793
0.7148
0 7475
0.7778

0.0001
0.0001
0.0001
0.0001
0.0001
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1.667
1.867
1.667
1.667
1.667

1.667
1.667
1.867
1.667
1.667

1.667

1.044

1.039
1.038
1.033

1.031
1.029
1.028
1.027
1.028

1088
1.081

1.042
1.039
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Table D.2 Properues of Sclected Gases (Continued)
Temperature QGas Denasity - p Gas Viscoaity 4 ideal Gas Specific Heats at Zerc Pressure
t At One Aimosphere At One Atmoaphere Constant Pressure ¢, Constan Volume ¢, Rato
< ¥ kgm | bm® | Pasxi0' | bleecMx10® |  JkgK | BummeR | JkgK | BrummeR K =Gy/c,
Hexane-n C.H,, (continued)
30000 57200 1.85E+00 1.16E-01 123 0.268 2776 0.6630 2680 0.0002 1.036
350.00 66200 1.69E+00 1.06E-01 13.3 0.278 2938 0.7018 2842 0.0002 1.034
40000 75200 1.87E+00 9.78E-02 14.2 0.297 3088 0.7376 2092 0.0002 1.032
450.00 84200 145E+00 9.07E-02 154 0.316 3227 0.7707 3130 0.0002 1.031
500.00 93200 1.35E4+00 6.43E-02 16.0 0.335 3385 0.8013 3258 0.0002 1.030
Hydrogen-n (R702) H,
-262.77 42299 1.33E+00 8.30E-02 1.1 0.022 14463 3.4545 10339 2.4694 1.399
-250.00 -418.00 1.12E+00 696E-02 13 0.026 14483 3.4545 10339 2.4694 1.399
20000 -328.00 337E-01 210E-02 34 0.070 14483 3.4545 10339 2.4694 1399
15000 -23800 1.99E-01  1.25E-02 48 0.101 14463 34545 1033¢ 2.4694 1.399
-100.00 -148.00 1.42E-01 B.66E-03 6.1 0.127 14463 3.4645 10339 2.4695 1.399
-50.00  -56.00 1.10E-01 6.67E-03 73 0.162 14454 3.4546 10340 2.4696 1399
000 3200 B.99E-02 562E-03 83 0.174 14465 3.4549 10341 24699 1399
5000 12200 7.60E-02 4.75E-03 9.4 0.196 14468 3.4556 10344 2.4706 1.399
10000 21200 6.58E-02 411E03 10.4 0.216 14473 3.4569 10349 24718 1399
15000 30200 S81E-02 3.62E-03 1.3 0.236 14482 3.4589 10357 2.4738 1.398
20000 39200 S5.19E-02 3.24E-03 12.2 0.255 14484 3.4618 10370 24788 1.398
250.00 48200 4.70E-02 293E-03 13.1 0.273 14511 3.4668 10386 2.4807 1397
30000 57200 4.29E-02 2.88E-03 140 0.291 14532 34710 10408 2.4869 1.396
35000 66200 3.94E-02 246E-03 148 0.309 14560 3.4775 10435 2.4925 1.385
40000 76200 365802 2.28E03 15.6 0.326 14503 3.4854 10469 2.5004 1304
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-86.00

0.00
50.00
100.00

150.00
250.00

300.00
350.00

400.00
450.00
500.00

356.95

450.00
500.00
600.00

842.00 3.40€-02
932,00 3.18E-02
1112.00 281E-02
1292.00 2.52E-02
1472.00 2.29E-02

1832.00 1.93E-02

-121.00 2.50E+00
-68.00 2.02E+00
32.00 1.64E+00
122,00 1.38E+00
21200 1.19E+00

302.00 1.05€+00
392.00 9.42E-01
482.00 . 8.51E-01
572.00 7.77E-01
662,00 7.15E-01

762.00 6.62E-01
842,00 6.16E-01
932.00 5.76E-01

674.51 3.89E+00
762.00 3.64E+00
84200 3.39E+00
93200 3.17E+00
1112.00 2.60E+00

2.12E-03 16.4 0.343
1.98E-03 17.2 0.35¢9
1.76E03 18.7 0.391
1.58E-03 20.2 0.422
1.43E03 216 0.452
1.20E-03 244 0.508

Hydrogen Chioride HCI

1.58E-01 78 0.164
1.26E-01 10.8 0.226
1.02E-01 133 0.278
8.62E-02 168 0.329
7.46E-02 18.2 0.379
6.57€-02 205 0.428
5.88E-02 228 0.476
532E02 25.0 0.522
4 85802 27.2 0.687
4.46E-02 29.3 0.611
4.13E-02 31.3 0.655
3.84E-02 334 0.697
3.60E-02 353 0.738
Mercury Hg
2.43E-01 61.8 1.292
2.27E-01 66.2 1.382
2.11E01 71.2 1.487
1.98E-01 76.2 1.592
1.75E-01 86.2 1.800

14632
14678
14789
14926
15090

18493

103.7
103.7
103.7
103.7
103.7

3.4948
3.5058
3.5323
3.5651
3.6042

3.7005

0.1908
0.1908
0.1908
0.1908
0.1909

0.1911
0.1915
0.1922
0.1931
0.1843

0.1957
0.1872
0.1989

0.0248
0.0248
0.0248
0.0248
0.0248

10508
10554

10802
10966

11369

671
571
571
571
571

572
574
577
581
585

591

606

62.23
62.23
62.23
62.23
62.23

2.5098
25207
2.5472
2.5801
26192

2.7154

0.1364
0.1364
0.1364
0.1364
0.1365

0.1367
0.1371
0.1377
0.1387
0.1398

0.1412
0.1427
0.1444

0.0149
0.0149
0.0149
0.0149
0.0149
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1.392
1.391
1.387
1.382
1376

1.363
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Table D.2 Properties of Selected Gases (Continued)

Appendix D

Temperature Gas Density - p Qas Viscosity 4 Idea) Gas Specific Heats at Zero Pressure
1 At One Atmosphere At One Atmosphere Constant Pressure ¢, Constant Volume ¢, Ratio
< - km® | b | Pawx1ot | mreecmtxtot | gk | ewmmer | sk | Buwbm-R K =G /e,
Methane (R 50) CH,

-161.49  -26868 1.82E+00 1.13E-01 45 0.084 2064 0.4929 1545 0.3691 1.335
-150.00 -238.00 1.63E+00 1.02E-01 $.7 0.119 2064 0.4930 1546 0.3692 1.338
10000 -148.00 1.14E+00 7.13E-Q2 73 0.163 2071 0.4946 1653 0.3708 1.334
-50.00  -58.00 B8.80E-01 6.49E-02 8.9 0.185 2103 0.5024 1685 0.3786 1.327
0.00 32.00 7.17E-0¢  4.48E-02 10.4 0.217 2175 0.5196 1657 0.3958 1.313
§0.00 12200 6.06E-01 3.78E-02 11.9 0.248 2268 0.5466 1770 0.4228 1.293
10000 21200 5.23E-01 3.26E-02 13.3 0.278 2434 0.5814 1916 0.4577 1.270
15000 30200 4.62E-01 288E-02 14.7 0.307 2603 0.6218 2085 0.4980 1.249
20000 38200 4.13E-01 2.58E-02 16.0 0.335 2786 0.6653 2267 0.5415 1.228
250.00 48200 3.74E-01  2.33E-02 17.4 0.363 2974 0.7104 2456 0.5866 1.211
300.00 57200 3.41E-01 2.13E-02 18.6 0.389 3164 0.7557 2646 0.6319 1.196
350.00 66200 3.14E-01 1.96E-02 19.9 0.415 3351 0.8004 2833 0.6766 1.183
40000  752.00 290E-01 181E-02 21 0.440 3533 0.8439 3015 0.7201 1172
450.00 84200 270E-01  1.69E-02 222 0.464 3709 0.8858 3190 0.7620 1.162
500.00 932.00 2.53E-01 1.58E-02 233 0.487 3877 0.9259 3388 0.8021 1.164
60000 111200 224E-01 1.40E-02 254 0.531 4189 1.0006 3871 0.8769 1.141
700.00 128200 2.01E-01 1.25E-02 274 0.57 4471 1.0680 3953 0.9442 1131
800.00 1472.00 1.82E-01 1.14E-02 28.1 0.608 4724 1.1284 4206 1.0046 1.123
1000.00 183200 1.54E-01 9.59E-03 322 0.672 5155 1.2312 4637 1.1075 1.112



(7]
~J
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Fluid Properties

Methanol CHO

64.70 148.46 1.22E+00 7.63E-02 114 0.710 1456 0.3478 1197 0.2858 1.217
100.00 21200 1.07E+00 6.65E-02 12.2 0.763 1539 0.3677 1280 0.3057 1.203
150.00 302.00 9.32E-01 582E-02 139 0.870 1663 0.3972 1403 0.3352 1.185
200.00 392.00 8.30E-01 5.18E-02 15.6 0.975 1788 0.4270 1528 0.3650 1.170
250.00 482.00 7.49E-01 4.67E-02 17.3 1.079 1911 0.4563 1651 0.3943 1.157
300.00 572.00 6.83E-01 4 26E-02 18.9 1.182 2028 0.4845 1769 0.4225 1.147
350.00 662.00 6.27E-01 3.92E02 206 1.283 2141 05113 1881 0.4493 1.138
400.00 752.00 S5.81E-01 3.63E-02 22.2 1.384 2247 0.5366 1987 0.4746 1.131
450.00 842,00 5.41E-01 3.37E-02 238 1.484 2346 0.5603 2086 0.4983 1.124
§00.00 932.00 5.06E-01 3.16E-02 253 1.583 2439 0.5825 2180 0.5206 1119

Methyl Chioride (R 40) CH,Cl

-24.22 -11.60 2.55E+00 1.59E-01 93 0.183 744 0.1778 580 0.1384 1.284
0.00 32.00 231E+00 1.44E-01 10.0 0.210 774 0.1849 610 0.1456 1.270
50.00 12200 1.93E+00 1.20E-01 1.8 0.247 842 0.2012 878 0.1618 1.243
100.00 21200 1.66E+00 1.04E-01 13.6 0.284 914 0.2183 749 0.1789 1.220
150.00  302.00 146E+00 9.12E-02 18.3 0.320 985 0.2353 821 0.1960 1.201
20000 39200 1.30E+00 8.15E-02 170 0.356 1054 0.2519 890 0.2125 1.185
250.00 48200 1.18E+00 7.36E-02 18.7 0.391 1120 0.2676 956 0.2282 1172
300.00 572.00 1.08E+00 6.71E-02 204 0.426 1182 0.2823 1017 0.2430 1.162
35000 66200 9.89E-01 6.17E-02 220 0.460 1240 0.2961 1075 0.2567 1.183
400.00 752.00 9.15E-01 §.71E-02 237 0.494 1293 0.3089 1128 0.2696 1.146
450.00 84200 B8.51E-01 531E-02 253 0.528 1343 0.3208 1178 0.2814 1.140

§00.00 93200 7.96E-01 497E-02 269 0.561 1389 0.3318 1225 0.2925 1.134
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Table D.2 Properties of Selected Gases (Continued)

Temperature Qas Density - p QGas Viscosity 4 Idea) Gas Specific Heats at Zero Pressure
t At One Atmosphere At One Atmosphere Constant Pressure ¢, Constart Volume c, Ratio
< | ¥ k/m' | bmit | Paaxic' | ieecMx10' | koK | BummeR | JAgK | BummoR | k=g,
Neon (R 720) Ne

-246.05 -41089 9.56E+00 5.97E-01 47 0.097 1030 0.2460 618 0.1478 1 667
-200.00 -328.00 3.38E+00 2.11E-01 11.5 0.239 1030 0.2460 618 0.1476 1.667
-150.00 -238.00 2.00E+00 1.25E-01 17.0 0.355 1030 0.2460 618 0.1476 1.667
-100.00 -14800 142E+00 8.87E-02 21.7 0.453 1030 0.2460 618 0.1476 1.667
-50.00 -68.00 1.10E+00 6.88E-02 25.9 0.541 1030 0.2460 618 0.1476 1.667
0.00 32.00 S.00E-01 5.62E-02 29.8 0.622 1030 0.2460 618 0.1476 1.667
§0.00 12200 7.61E-01 4.75E-02 334 0.698 1030 0.2460 €18 0.1476 1.667
100.00 21200 6.69E-01  4.11E-02 36.8 0.769 1030 0.2460 618 0.147¢ 1.667
160.00 302.00 5.81E-01 3.63E-02 40.1 0.837 1030 0.2460 618 0.1476 1.667
200.00 39200 5.20E-01 3.24E-02 432 0.902 1030 0.2460 618 0.1476 1.667
250.00 48200 4.70E-01 2.93E-02 46.2 0.964 1030 0.2460 618 0.1476 1.667
30000 57200 4.28E-01 268E-02 4g.1 1.025 1030 0.2460 618 0.1476 1.667
35000 66200 3.95E-01 2.46E-02 51.9 1.083 1030 0.2460 618 0.1476 1.667
400.00 752.00 3.65E-01 2.28E-02 54 6 1.140 1030 0.2460 618 0.1476 1.667
450.00 84200 3.40E-01 212E-02 57.2 1.195 1030 0.2460 618 0.1476 1.667
500.00 93200 3.18E-01 1.99E-02 59.8 1.249 1030 0.2460 618 0.1476 1.667
600.00 111200 2.82E-01 1.76E-02 648 1.353 1030 0.2460 618 0.1478 1.667
700.00 129200 2.53E-01 1.68E-02 69.6 1.453 1030 0.2460 618 0.1476 1.667
800.00 147200 2.29E-01  1.43E-02 74.2 1.550 1030 0.2460 618 0.1478 1.667

1000.00 163200 1.83E-01 121E-02 630 1.733 1030 0.2460 618 0.1476 1.667



Fluid Properties

-195.80
-150.00
-100.00
-50.00
0.00

50.00
100.00
150.00

250.00

300.00
350.00
400.00
450.00
500.00

600.00
700.00

1000.00

-88.48
-50.00
0.00
50.00
100.00

150.00

250.00
300.00
350.00

-320.44
-238.00
-148.00

32.00

122.00
212.00
302.00
392.00
482.00

572.00
862.00
752.00
842.00
932.00

1112.00
1292.00
1472.00
1832.00

-127.26
-68.00
32.00
122.00
212.00

302.00
392.00
482.00
§72.00
662.00

4 61E+00
2.80E+00
1.98E+00
1.53E+00
1.25E+00

1.06E+00
9.15E-01
8.07E-01
7.21E-01
6.62E-01

5.95E-01
5.48E-01
5.07E-01
4.72E-01
4.41E-01

3.91E-01
3.50E-01
3.18E-01
2.68E-01

3.11E+00
2.44E+00
1.98E+00
1.67E+00
1.44E+00

1.27E+00
1.13E+00
1.03E+00
9.36E-01
8.61E-0t

Nitrogen (R 728) N,

2.88E-01
1.75E-01
1.24E-01
9.56E-02
7.81E-02

6.60E-02
5.71E-02
5.04E-02
4.50E-02
4.07E-02

3.72E-02
3.42E-02
3.16E-02
2.95€-02
2.76E-02

2.44E-02
2.19E-02
1.99E-02
1.67E-02

54
84
114
141
16.6

189
21.0
23.1
25.0
268

286
303
320
33.5
351

38.0
408
435
486

Nitrous Oxide (R 744A) N,O

1.94E-01
1.52E-01
1.23E-01
1.04E-01
9.00E-02

7.93E02
7.08E-02
6.41E-02
5.85E-02
5.38E-02

9.44
11.0
13.5
159
18.2

204
224
244
263
28.2

0.197
0.230
0.282
0.332
0.380

0.425

1039
1039
1039

1039

1039
1041
1045
1061
1059

1068
1079
1091
1103
1115

1139
1161
1181
1218

1024
1087

1112

0.2481
0.2481
0.2481
0.2481
0.2481

0.2482
0.2487
0.2495
0.2510
0.2529

0.2552
0.2578
0.2606
0.2635
0.2664

0.2720
0.2773
0.2620
0.2901

0.1788
0.1894
0.2028
0.2150
0.2261

0.2359

0.2524
0.2504
0.2667

918

559

711
758

799

897
923

0.1772
0.1772
0.1772
0.1772
0.1772

0.1774
0.1778
0.1787
0.1801
0.1820

0.1843
0.1869
0.1897
0.1926
0.1955

0.2011

0.2112
0.2192

0.1336
0.1443
0.1576
0.1899
0.1810

0.1908
0.1995
0.2073
0.2143
0.2208
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1.338
1.313
1.286

1.249

1.237
1.226
1.218
1.211
1.205
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Table D.2 Properties of Selected Gases (Continued)

Appendix D

Temperature Gas Denasity - p Qas Viscosity 4 ideal Gas Specific Heats at Zero Pressure

1 At One Atmosphere At One Atmosphere Constant Pressure ¢, Constant Volume ¢, Ratio

< | ¥ kym* | b | Pasx10' | breecMix10' | ukgK | BummeR | JkgK | BuutbmeR k =6,/c,
Nitrous Oxide (R 744A) N,O (comtinued)
400.00 75200 7.97E-01 4.98E-02 299 0.625 1136 0.2713 947 0.2262 1.199
450.00 842.00 7.42E-01 4.83E-02 316 0.660 11857 0.2764 968 0.2313 1.195
500.00 932.00 6.94E-01  4.33E-02 33.2 0.684 1177 0.2810 988 0.2359 1.191
Octane-nC,H,,

125.88 25822 3.75E+00 2.34E-01 7.4 0.461 2097 0.5010 2025 0.4836 1.036
150.00 302.00 345E+00 2.15E-01 77 0.480 2200 0.5254 2127 0.5080 1.034
200.00 39200 3.03E-00 1.89E-O1 86 0.536 2401 0.5734 2328 0.5560 1031
250.00 482.00 2.71E+00 1.69E-O1 95 0.593 2588 0.6181 2515 0.6007 1029
300.00 572.00 246E+00 1.54E-0t 10.4 0.650 2761 0.6594 2688 0.6420 1.027
350.00 662.00 226E+00 1.41E-01 11.3 0.707 2920 0.6975 2848 0.6801 1 026
400.00 752.00 2.08E+00 1.30E-O1 12.2 0.765 3068 0.7327 2095 0.7153 1.024
450.00 842.00 1.93E+00 1.20E-0? 13.2 0.823 3203 0.7651 3131 0.7477 1.023
500.00 932.00 1.79E+00 1.12E-0t 14.1 0.881 3329 0.79514 3256 0.7777 1.022




Fluid Properties

-182.96
-150 00
-100.00

0.00
50 00
100.00
150 00
250.00
300,00
40000
450.00
500 00

600.00
700.00

1000.00

36.07

100.00
150.00
200.00

250.00
300.00
350.00
400.00
450 00

500.00

-297.33 4.48E+00
-238.00 3 21E+00
-146.00 2.26E+00
-68.00 1 75E+0Q
3200 1.43E+00

122.00 1 21E+0Q
21200 1.05E-00
30200 9.22E-01
39200 8 24E-01
482.00 7.45E-0%

§72.00 6 80OE-01
66200 6.26E-01
76200 5.79E-01
84200 5.39E-01
93200 S5.04E-01

111200 4 46E-0t
1292.00 4.01E-01
147200 3.63E-0f
1632.00 3.06E-01

96.93 296E+00
122.00 283E+00
21200 241E+00
302.00 2 11E+00
392.00 1.88E+00

48200 169E~00
572.00 1.54E+00
662.00 141E+00
752.00 131E+00
842.00 1 22E+00

93200 1.14E+00

Oxygen (R 732) O,
2 79E-01 70
2.00E-01 a4
1 41E-01 129
1.09E-01 16.1
8.92E-02 18.0
7.584E-02 217
6.53E-02 243
5.75E-02 26.7
5.14E-02 29.0
4.65E-02 31.2
4.25€-02 333
3.91E-02 354
3.62E-02 374
3.37E-02 39.3
3.15€-02 411
2 79E-02 447
2.50E-02 48 1
2.27E02 513
1.91€-02 575
Pentane-n C4H,y
1 85E-01 7.0
1.76E-01 7.6
1.51E-01 8.7
1.32€-01 98
1.17E-01 109
1.06E-01 119
9.63E-02 128
8 82E-02 138
8.15E-02 147
7.59E-02 165
7.10E-02 16.4

0.148
0.159
0.183
0.208
0227

0.248
0.268
0.288
0.306
0.325

0342

910
914

g21
933
947
962
978

1023
1035
1047

1068
1085
1100
1122

1712
1774
1995
2214
2422

2618
2801
2970
3127
3272

3406

02172
02172
02172
02174
0.2182

0.2200
0.2227
02261

0.2336

0.6253
0.7085
0.7469
0.7818

08135

1597
1658
2307
2503
2855
3012
3157

3291

0.1851
0.15851
01551
0.1553
0.1561

0.1579
0.1607
0.1641
0.1678
0.1716

01783
0.1788
0.1822
0.1852
0.1881

0.1931
0.1972
0.2007
0.2060

03818
0.3961
0.4491
05012
0.8510

0.5978
0.8414
0.6819
0.7194
0.7540

0.7860

379

1.400

1.400
1.400
1397

1.393
1.366
1.378
1.370
1.362

1.354
1.347
1.341
1.335
1.330

1.321
1.315
1.309
1 301

1072
1068
1.061
1.055
1.050



380 Appendix D

Table D.2 Properties of Selected Gases (Continued)

Temperature Gae Density - p Gas Viscosity 4 idea! Gas Specific Hests at Zero Pressure
1 At One Atmosphere At One Atmosphers Constant Pressure ¢, Constar Volume ¢, Rato
< | = km' | bmtt | Pasxiol | mteecmixict | uagK | BummeR | uagK | BuimeR K =Gy/c,

Potassium K
76668 139402 5.02E-01 3.14E-02 16.8 0.351 532 0.1270 319 0.0762 1.666
800.00 1472.00 4.73E-01  2.95E-02 17.7 0.370 532 0.1270 319 0.0762 1.666
1000.00 183200 3.83E-01 2.39E-02 22.3 0.465 532 0.1270 319 0.0762 1.666
120000 219200 3.28E-01 2.05E-02 26.3 0.548 532 0.1271 319 0.0763 1.666
Propane (R 290) C,H,

-42.04 -43.67 242E+00 1.51E-01 59 0123 1384 0.3305 1195 0.2865 1.168

0.00 3200 2.01E+00 1.26E-01 7.6 0.159 1558 0.3722 1370 0.3271 1.138
50.00 122.00 168E+00 1.05E-01 89 0.185 1782 0.4257 1594 0.3806 1.118
100.00 21200 1.45€+00 9.05E-02 10.1 0.211 2009 0.4800 1821 0.4349 1.104
150.00 302.00 1.28E+00 7.96E-02 1.3 0.236 2231 0.5329 2042 0.4878 1.092
200.00 39200 1.14E+00 7.11E-Q2 12,5 0.260 2442 0.5833 2254 0.5383 1.084
250.00 48200 1.03E+00 6.42E-02 13.6 0.285 2641 0.6307 2452 0.5657 1.077
300.00 5§72.00 9.38E-01 5.86E-02 14.8 0.309 2826 0.6750 2637 0.6299 1.0
35000 66200 863E-01 539E02 15.9 0.332 2998 0.7161 2810 0.6711 1.067
400 00 752.00 7.98E-01 4.98E-02 17.0 0.356 3158 0.7543 2970 0.7003 1.063
450.00 84200 7.43E-01 4.64E-02 18.1 0.378 3306 0.7897 3118 0.7447 1.060
50000 93200 695E-01 4.34E-02 19.2 0.401 3444 0.8226 3256 0.7776 1.058
600.00 111200 6.05E-01 3.78E02 21.3 0.444 3681 0.8816 3502 0.8366 1.054
800.00 1472.00 5.00E-O1 3.12E02 25.2 0.527 4092 0.9774 3904 0.9324 1.048

1000:00 1832.00 4.22E-01 2.63E-02 28.8 0.603 4402 1.0514 4213 1.0063 1.045




Fluid Properties

-47.69
0.00
50.00
100.00
150.00

200.00
250.00
300.00
350.00
400.00

450.00
500.00

881.45
1000.00
1100.00
1200 00
1300.00

1400.00
1500 00

-10.02
0.00
50.00
100.00
150.00

-63.84

32.00
122.00
212.00
302.00

392.00
482.00
§72.00
662.00
752.00

842.00
932.00

1618.61
183200
2012 00
2192.00
2372.00

2552 00
2732 00

13 96
32.00
122.00
212.00
302.00

2 36E+00
1 92E+00
1 61E+00
1.38E+00
1 22E+00

1.09E+00
9.83E-01
8.97E-01
8 24E-01
7.63E-01

7 10E-01
6 64E-01

2 70E-01
2.32E-01
1 94E-01
1 94E-01
1.81E-01

1 69E-01
1 69E-01

3.08E+00
297E+00
251E+00
217E+00
1 91E+00

Continued on next page.

Propylene (R 1270) CyH,

1 47E-01
1.20E-01
1.00E-01
8.64E-02
7.60E-02

6 79E-02
6 14E-02
5 60E-02
5.15E-02
4.76E-02

4.43E-02
4 14E-02

1.68E-02
1.45E-02
1.21E-02
1.21E-02
1 13E-02

1.06E-02
9.94E-03

Sodium Na

26.7
281
296
312
328

346
365

0.139
0.165
0.185
0228
0.252

0279
0.305
0.329
0.353
0.375

0397
0.418

0.658
0.687
0618
0.651
0.686

0.723
0762

Sultur Dioxide (R 764) SO,

1.93E-01
1 85e-01
1 56E-01
1.35E-01
1.18E-01

11.9
120
140
162
183

0248
0252
0.293
0.338
0382

1275
1430
1611

1798
1981

2157
2322
2477
2622
2756

2880
2985

600
638

694

03045
03415
0.3848
0.4293
0.4731

0.5161
0.5547
05917
0.6262
0.6582

0.6879
0.7164

0.2117
0.2117
0.2117
0.2117
02117

02117
02118

0.1432
0.1448
0.1524
0.1595
0.1658

1077
1232
1413

1783

1959
2126
2280
2424
2558

2683
2798

528
525
525
526
525

528
526

470
476

538
565

02573
0.2943
03376
0.3821
04289

04679
05078
05445
0.5780
06110

0.6407
0.6683

0.1253
01263
0.1263
0.1263
01253

0.1254
0.1254

0.1122
01138
01214
0.1285
0.1348

1183
1.160
1140
1.123
1111

1101

1083
1087
1.082
1077

1.074
1071

1.689
1.689
1.689
1.689
1.689

1.689
1.689

1.276
1272
1.255
1.241
1.230
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Table D.2 Properties of Selected Gases (Continued)

Appendix D

Temperature Qas Density - p Gas Visoosity 4 kieal Gas Specific Heats at Zero Pressure

1 At One Atmosphere At One Atmosphere Constant Pressure ¢, Constant Volume ¢, Ratic
< [ = kym® | mm | Pasxict | breeomtx1of | wagK | Bummern | wgx | Brwemen K =g/c,
Sultur Dioxide (R 764) SO,(continued)

200.00 39200 170E+00 1.06E-01 203 0.424 718 0.1715 588 0.1408 1.221
250.00 48200 1.54E+00 9.58E-02 223 0.465 739 0.1764 609 0.1454 1.213
300.00 §7200 140E+00 8.73E-02 242 0 504 757 0.1808 627 0.1498 1.207
35000 66200 128E+00 8.01E-02 26.0 0.643 773 0.1846 643 0.1536 1.202
400.00 75200 1.19E+00 7.40E-02 27.8 0 580 787 0.1860 657 0.1570 1.197
450.00 84200 1.10E+00 6.88E-02 29.5 0.617 800 0.1910 670 0.1600 1.194
500.00 93200 1.03E+00 6.42E-02 31.2 0 652 811 0.1937 681 0.1627 1.191
600.00 111200 9.07E-01 6.66E-02 345 0720 830 0.1982 700 0.1672 1.185
70000 129200 8 11E-01 5.06E-02 376 0 786 845 0.2019 7186 0.1709 1.181
800.00 1472.00 7.33E-01 4 57E-02 406 0.849 858 0.2050 728 0.1740 1178
100000 183200 6.13E-01 3.82E-02 463 0.968 878 0.2097 748 0.1787 1174
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Sultur Trioxide SO,
4475 11255 307E+00  1.92E-01 153 0320 655 0.1564 551 01315 1189
50.00 12200  3.02E+00  1.88E-01 154 0.322 660 0.1576 556 0.1328 1.187
10000 21200 261E-00 1.63E-01 174 0.356 708 0.1683 601 0.1435 1173
150.00 302.00 231E+00 1.44E-01 19.1 0.400 743 0.1775 639 0.1527 1.162
20000 39200 206E+00 1 29E-O1 21.2 0.442 776 0.1853 672 0 1608 1.185
250.00 482.00 1.86E+00 1.16E-01 232 0.485 804 0.1924 700 0.1672 1.148
300.00 §72.00 1 70E+00 1.06E-01 252 0.526 828 0.1978 724 0.1730 1.143
35000 66200 1S7E+00  9.77E-02 271 0.567 849 0.2029 746 0.1781 1.139
400.00 75200 145E+00 9.05E-02 290 0.607 868 0.2072 764 0.1824 1.136
45000 84200 135E+00 B.42E-02 309 0.646 884 0.2111 780 01863 1.133
50000 93200 1.26E+00 7.68E-02 328 0684 898 0.2145 794 0.1897 1.131
600.00 1112.00 1.12E+00 6.98E-02 364 0.759 922 0.2202 818 0.1954 1127
700.00 129200 1.00E+00 6.26E-02 398 0 831 941 0.2248 637 0.2000 1.124
80000 147200  9.09E-Of 5.66E-02 43.1 0901 957 0.2286 853 02037 1122
1000.00 1832.00 7.66E-01 4.78E-02 493 1030 981 0.2343 a77 0.2085 1.118
Trichiorofluoromethane (R 11) CCLF

23.82 74.88 S91E+Q0 3.69E-01 10.7 0.223 N 0.1365 511 0.1220 1118
50 00 12200 S31E+00  3.32E-01 124 0.256 591 01413 531 0.1268 1114
10000 21200 4 56E+Q0  2.85E-01 14.3 0299 623 0.1488 563 0.1344 1.108
150.00 30200 4 00E+00  2.50E-01% 16.2 0.338 648 0 1548 588 0.1404 1103
200.00 39200 3.57E+00 2.23E-01 18 1 0.378 668 01596 608 0.1452 1.100
250 00 482.00 3.21€+00 2.01E-Ot 199 0.416 €8s 0.1635 624 0.1491 1.097
300.00 572.00 292E+00 1.82E-01 218 0.455 698 0.1668 638 0.1523 1085
350.00 662 00 2 69E+00 1 68E-01 236 0.493 709 01695 649 0.1550 1093
400.00 75200  2.49E+00 1 55E-01 254 0.531 ne 01717 659 0.1573 1.082
450 00 842.00 2.31E+00 1.45E-01 272 0.569 727 01737 667 0.1592 1091

500.00 93200 217E+00 1 35E-01 29.0 0.606 734 0.1754 674 0.1609 1.090
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Table D.2 Properties of Selected Gases (Continued)
Temperature QGas Density - p Qas Visoosity ideal Gas Specific Heats at Zero Pressure
t At One Atmosphere At One Atmosphere Constam Pressure ¢, Constam Volume ¢, Ratio
< | - k/m® | bma® | Pasxi0' | bleecixi0' [ JAGK | BumbmR | JAgK | Bumm-R K =gy/c,
Wawer (R 718) HLO
10000  212.00 598E-01 3.73E-02 12.3 0.256 1890 0.4514 1429 0.3412 1323
15000 302,00 5.26E-01 3.29E02 14.2 0.296 1912 0.4566 1450 0.3464 1.318
20000 39200 4.66E-01 2$E-02 16.2 0.338 1937 0.4627 1476 0.3524 1.313
25000 48200 4.21E-01 263E-02 18.2 0.381 1965 0.4694 1504 0.3592 1.307
30000 57200 3.84E-01 2.40E-02 20.3 0.424 1996 0.4767 1534 0.3664 1.301
35000 66200 3.53E-01 2.20E-02 224 0.467 2028 0.4843 1566 0.3741 1.295
40000 75200 3.27E-01 204E-02 245 0511 2061 0.4923 1600 0.3821 1289
45000 84200 3.04E-01  1.90E-02 265 0.554 2005 0.5005 1634 0.3903 1.282
50000 93200 284E-01 1.77E02 28.6 0.597 2130 0.5088 1669 0.3986 1.277
60000 111200 252E-01 1.57EQ2 326 0.681 2201 0.5256 1739 0.4153 1.265
700.00 129200 2.26E-01 1.41E02 36.6 0.763 2270 0.5423 1809 0.4321 1.256
800.00 147200 2.05E-01 1.28E-02 404 0.843 2339 0.5567 1878 0.4485 1246
100000 183200 1.72E-01  1.08E-02 487 1.018 2471 0.5901 2009 04799 1.230



Fluid Properties

385

Table D.3 Density and Viscosity of Steam and Compressed Water
{F | plomi® | Z-pwAT | pibtsect? | visec | t°F | piomM | Z-pwRT | yibisectf | vhisec
1 psia 10 psia
32 62.42|5.472E-05] 3.737€-05[ 1.926€-05] 32 62.42[5 472€-04] 3 737E-05 1.926E-05
100 62.00| 4.841E-05| 1.423E-05| 7.385E-06] 100 61.35/4 892E-04] 1 432E-05 7.510E-06
(101.74) 61.96) 4 828E-05| 1.398€-05| 7 260€-06l(193.21)]  60.28|4.268E-04] 6 604€-08] 3.525€6-08
(101.74)] 0.002998]  0.9980| 2.145E-07| 2.302E-03[(193.21)] 0.02603| 0.9884] 2.490E-07| 3.078E-04
200 | 0.002548] 0.9993| 2.528E-07| 3.1926-03| 200 | 0.02575] 0 988%| 2 518E-07] 3.147E-04
300 | 0.002211]  1.0000| 2.963E-07 4.312E-03] 300 | 0.02223] 0.9945) 2.957E-07| 4.279E-04
400 | 0.001954] 1.0001] 3.422E-07| 5.636E-03] 400 | 0.01960] ©0.9970) 3 418E-07| 5.612E-04
600 | 0.001585) 10003 4.374E-07| 8.881E-03] 600 | 0.01587] 0 9990] 4.373E-07| 8.868E-04
800 | 0.001333]  1.0004| 5.3386-07] 1.289E-02] 800 | 0.0133s] ©.9997! 5.337€-07] 1.288E-03
1000 | 0.001150]  1.0004| 6.288€-07] 1.750E-02] 1000 | 0.01151] 1.0000] 6.2806-07] 1.759E-03
1200 | 0.001012] 1 0004] 7.216E-07( 2.295E-02| 1200 | 0.01012| 1.0002| 7.216E-07| 2.295€-03
1400 | 0.000903] 1 0005| 8.115€6-07| 2.8926-02] 1400 [ 0.00903] 10003]8.116€-07] 2 892E-0a
14.696 psia 50 psia
32 62 42| 8 042€-04[ 3.737€-05] 1. 926E-05] 32 62.42| 0.002738] 3.736E-05( 1 926E-05
100 62 00| 7 114E-04] 1.432E-05| 7.432E-06 100 62.00] 0.002420| 1 423E-05| 7 385E-06
200 60.10( 6 226€-04| 6.343€-06/ 3 306€-06 200 £0.13{ 0.002117| 6.337E-06] 3 391E-06
(212 00} 59 816 144E-04| 5.885E-06| 3.166E-06/(281.02)1 57 90| 0.001958) 4.144E-06] 2.303E-06
(21200 003733 o0.9845] 2.565E.07[ 2 211€-04[(28102)] 01175 ©0.9653| 2 84aE-07{ 7 791E-05
300 | 003277 0 991s| 2.954E-07 2.901E-04] 300 0.1140|  0.9694] 2.931E-07| 8.269E-05
400 | 0.02884| 0.9954| 3.417E-07) 3.8126-04] 400 | 0.09938| 0.9820| 3.403E-07| 1 102E-04
600 | 0.02333| 09983 4.373E-07| 6.030E-04| 600 | 0.07981| 0.9929| 4.368E-07| 1 761E-04
800 | 001961 009993} 5337E-07| 8 757€-04] 800 | 006690| 0.9965| 5 IIGE-07| 2 SE6E-04
1000 | 0.01691| 0.9999( 6.289€-07| 1.196E-03] 1000 | 0.05764] 0.9982| 6.290E-07| 3 511E-04
1200 | 0.01487]  1.0001| 7.217E-07| 1.562E-03] 120D | 0 05064| 0.9991| 7.219€-07| 4 586€-04
1400 | 0.01327] 1.0003( 8.116E-07] 1.968€-03] 1400 | 0.04517| 0.9996| a.118E-07| 5.782E-04
100 psia 200 psma
32 62.42] 0.005472] 3.734E-05] 1.925€-05[ 32 62 46| 0010938| 3.731E-05( 1 922E-05
100 62.00| 0.004841)1.423E-05( 7 385E-06| 100 62.03 0.009575| 1.420E-05| 7.380E-06
200 60.13( 0.004234] 6.339E-06( 3.392E-06| 200 60.13{ 0 008468| 6.343E-06| 3.394E-06
300 57 31| 0.002858] 3 831E-06] 2 151E-06| 300 57 34| 0.007712( 3.834E-06| 2 151E-06
(327.82) 55 37| 0 003784] 3.437E-06{ 1 962E-06[(381.80)] 54 38| 0.007341] 2.977E-08| 1 702E-06
(327.82)] 02257 0.9450]3.034€-07] 4.325E-05[(381.80)] ©0.4372] 0.9131] 3.254E-07[ 2.395E-05
400 0.2026| 0.9641] 3 385€-07] 5 375E-05| 400 0.4238] 09221 3.346E-07| 2 540E-05
600 0.1609|  0.9852] 4 362E-07) 8 724E-05| &00 03270] 0 9695| 4 I50E-07| 4.280E-05
800 0.1344|  0.9924| 6 291E-07{ 1.507E-04| 800 0.2709] © 9844 5 335E-07| 6.336E-05
1000 0.1155| 0.9959| 6.291E-07) 1.752E-04| 1000 | 0.2321) 0.9513| 6 295E-07] 8.725E-05
1200 0.1014] o0.9978| 7.221E-07{ 2.291E-04| 1200 | 02034] 09951 7 227E-07| 1.143E-04
1400 | 009042] ©0.9989| 5.122E-07| 2.890E-04] 1400 | 0.1811]  0.9972] B 129E+00] 1. 444E+03
300 psia 400 psia
32 62.46] 0016413 727E 05| 1 920E-05| 32 62.50] 0.02186] 3.724€-05| 1.917E-05
100 62.03) 0.01451] 1 423E-05| 7.3980E-06| 100 62 07| 0.01934| 1 423E-05| 7 376E-06
200 60.17)| ©001269| 6 346E-06| 3 393E-08] 200 60.17| 0.01693| 6.350E-06| 3.396E-06
300 57.34] 0.01157| 3 838E 06] 2.154E-08| 200 57.37| 0.01541 3.841E-08) 2.154E-06
400 53.68| 0.01092] 2 730E-06| 1.636E-06| 400 53 71| ©001455| 2 733€ 06| 1.637E-06
{417.35) 52.94] 0.01085] 2 601E-06] 1.581E-06[(444 60))  51.71] 0.01437} 2.424E-06} 1.508E-08
(a17.35)]  o0e6482] ©0.8863] 3 399E-07] 1.687E-05|(444.60)| 0.8613] 0.8625 3 513E-07| 1.312E-05
600 0.4989]  ©0.9531] 4.335E-07) 2 79BE-05| 600 0.6774] 0 9360| 4 328BE-D7| 2 OSGE-05
800 0.4097| 0.9763|5 333E-07| 4.188E-05| 800 05508 0.9680| 5.332E-07] 3.114E-05
1000 0.2498] 0.9867| 6 298E-07| 5.792E-05| 1000 | 0.4686] 0.9821] 6 302E-07 4.327E-05
1200 03058 0.9924| 7.2336-07| 7.607E-05| 1200 | 0.4090 0.9897| 7 240E-07] 5.695E-05
1400 0.2721 0.9956| 8 136E-07| 9 619E-05| 1400 0.3634 0.9940) B 143E-07} 7.205E-05
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Table D.3 Density and Viscosity of Steam and Compressed Water (Continued)
tF | plavit | 2-pwRT fuibtsec’ | vtisec | t°F | plbma® | Z-pvRT | yibtsectt | v isec

500 psia 1000 psia
32 62.54 0.02731[ 3.721E-05( 1.914E-Q5} 32 62.62{ 0.05455( 3 705E-05] 1.904€-05
100 62.07| 0.02417}1.423€-05} 7.376€-06] 100 62.19] 0.04826| 1 423E-05) 7.362E-06
200 60.20{ 0.02114] 6.354E-06{ 3.396€-06] 200 60.31| 0.04221(6.372E-05{ 3.399E-06
300 57.41) 0.01926] 3.846E-06) 2.155€-06] 300 57.54| 0.03842| 3.862E-06| 2.160€-06
400 53.73| 0.01818| 2 736E-06| 1.638E-06| 400 53 91| 003624| 2.753E-06 1.643€-06
(467.01) 50.63) 0 01790] 2 294E-06] 1 458€-06](544.58)]  46.32] 0.03611] 1.912E-06] 1.328€-06
{467.01)] 1.078051] 0.8406] 3. 608E-07] 1.077€-05}{544.58)] 2238 0.7474| 3 971€-07] 5.710E-0s
600 086326 0.9180{ 4.318£-07 1.609€-05 600 1.947| 0.8142| 4.284E-07| 7.081E-06
800 | 0.694589 0.9598] 5.332€-07) 2.470E-05] 800 1.455| 0.9167| 5.341E-07{ 1.181E-05
1000 | 0.588512| 0.9776| 6.307E-07] 3.448€-05 1000 1.208] 0.9544| 6.335€-07 1.691E-05
1200 { 0.512638| 0.9870( 7 246E-07| 4.548€-05] 1200 1.039] 0.9737| 7.284E-07[ 2.255E-05
1400 | 0455021 0.9924] B.151E-07) 5.763€-05] 1400 | 091735 0.9845| 8.192E-07) 2 873€-05
1500 psia 2000 psia
32 62.74 0.08168] 3.690E-05{ 1 892€-05 32 62.85( 0.1087( 3.675E-05| 1.881E-05
100 62 27| 0 07229) 1 a24€-05| 7 3s8€E-08} 100 62 38| 0.09621] 1.424E-05} 7 344E-0s
200 60.42( 0.06320( 6.390E-06] 3.403E-06{ 200 60 50| 0.08417| 6 408E-06| 3.408E-06
300 57.64] 0.05754] 3 879E-06 2 165E-06] 300 57 77| 0.07654| 3.897E-08{ 2 170E-06
400 5408 00541g|2 733E-06) 1. 626E-06] 400 5423 0.07205| 2 786E-06 1.653E-06
(596.90) 42.63| 0.05594| 1.683€-06{ 1.270€-06} 600 42.88( 0.07392| 1 694E-06{ 1.271E-06
(596.90) a3s08| 0 6s10| 4 284E-07] 3 821€-08)(635.80)1 38 9¢] 0078385 1.507€-05; 1 244E-05
600 3.571] 0.6657| 4.208E-07| 3.872E-06}{63580)) 5311] 0.5774]| 4.615E-07] 2.796E-06
800 2299| 08700| 5.369E-07{ 7.514E-06] 800 3255 08192( 5 421E-07] 5.358E-06
1000 1854 0.9310| 6.375E-07) 1.106€-05} 1000 2537 0.9072] 6.427E-07) 8 151E-06
1200 1581 0 9604(7.329E-07] 1.492E-05} 1200 2137 0.9472] 7 381E-07] 1.111E-05
1400 1.387]  09767| 8.238E-07] 1.911E-05] 1400 1.864|  0.9691| 8.289€-07} 1.431E-05
2500 psia 2000 psia
az 6293 0.1357| 3.661E-05] 1.8726-05] 32 63 05| 0.1625 3.646E-05| 1.860E-05
100 6246 01201|1424E-05| 7 3356-08] 100 62 54| 0.1440) 1.425€-05] 7.331E-06
200 60 61 01050 6 427E-06( 3.412E-06 200 sD &8 0 1259! 6 446E-06{ 3.418E-06
300 57 87|  0.0955} 3 915E.06] 2 177E-06] 300 58.00| 0.1144| 3 933E-06] 2.182E-06
400 54.41) 0.0898( 2.804E-06( 1.658E-06| 400 54.55| 0.1074| 2.821E-06] 1.664E-08
600 43.44] 0.0912] 1.719E-06] 1.273€-06] 600 43.43| 0.1093] 1.746E-06{ 1.292E-06
{668.10) 34.98) 0.1064] 1 335€-06] 1.2286-06{(695 33)] 2917 a.1498] 1.113€-08] 1.228E-08
(668.10) 7.651| 0.4B66| 5.068E-07( 2.131E-06((695.33)]  11.76| 0.3710| 5.968E-07] 1.633E-06
800 4.361| 0.7643| 5 507E-07| 4.063E-06] 800 5684 0.7037| 5. 642E-07| 3.194E-06
1000 3.259)  0.8825| 6.492E-07| 6 408E-06| 1000 4021 08585|6573€-07] 5.259E-08
1200 2.709]  0.9340| 7 442€-07| 8 840E-06] 1200 3.297| 0.9208| 7 510€.07{ 7 329E-06
1400 2348) 0.9616] B 345E-07| 1.144E-05] 1400 2840  0.9540| 8.407E-07] 9.524E-06
4000 psia 5000 psia
32 63.29] 0.2159| 3 619E-05| 1.840E-05] 32 63.29| 0.2699| 3 594E-05] 1 827E-05
100 62 89]  0.1909| 1 427€-05| 7 300E-06| 100 6289 0 2386| 1.428E-05| 7.306E-0s
200 60.98] 0.1670| 6 485E-06] 3.422E-06] 200 60 98| 0.2088| 6 525E-06] 3.443E-06
300 58 22| 0.1519| 3.970€-05| 2 194E-05} 2300 58.82| 0.1879| 4 009E.08| 2 193E.06
400 54 84 0 1425| 2 BS57E-06| 1 676E-06 400 5525 0 1768) 2.894E-06[ 1 6B85E-06
600 44.82)  0.1415| 1.803E-06| 1.294E-06] 600 4566| 0.1736| 1.865E-06{ 1.314E-06
800 9.502] 6.5613| 6 205€-07| 2 101E-06] 800 16 92|  0.3940) 8.026E-07] 1.526E-06
1000 5708 0.8063| 6 789E-07 3 827E-06| 1000 7.622| 0.7548( 7.092E-07| 2 994E-06
1200 4.524( 08948| 7.674€-07| 5 458E-06] 1200 5828 0.8682| 7 875E-07| 4 347E-06
1400 3.844]  0.9398) 8 545E-07] 7.152E-06] 1400 4.878] 0.9257| 8 704E-07| 5.741E-06




Fluid Properties

387

t°C rpkq/m’ l Z =pv/AT l y Pas I v mis 1°C I p kg/m? , Z=pw‘FlT_L p Pas L v mis
0.01 Bar {1 kPa} 0.1 Bar {10 kPa)

0 999.80|7 934E-06] 1. T89E-03] 1.789E-06 0 999.78]7.934E-05) 1.7B9E-03| 1.789E-06
{6.98) 999.89| 7.736E-06] 1 42BE-03| 1 428BE-06] 25 997.02}7.289E-05| 8 905E-04| 8 $32E-07
{6.98) | 0 DO7740 0.9993f 9.385E-06] 1.213E-03] {45.82) 989.62|6.863E-05| 5.888E-04] 5.948E-07

25 0 007271 09995} 9.871E-06( 1.358E-03] (45.82) [0 068150 0.9968( 1.049E-05] 1 539E-04

50 0.006707 Q0 5997 1.063E-05| 1.585E-03] 50 0.067250 0 9970( 1 O62E-05] 1.579E-04
100 0.005808 0.9998| 1.235E-05| 2.127E-03| 100 [0.058150 0.9986( 1.234E-05] 2 122E-04
200 0.004580 0.9999[ 1. 621E-05| 3.539E-03| 200 0.045818 0.9995| 1 620E-05| 3.536E-04
aoo 0.003781 1.0000( 2.030E-05| 5.370E-Q3] 300 |(0.037813 0 9998( 2.030E-05| 5.365E-04
400 0.003219 1.0000} 2 445E-05| 7 596E-03] 400 [0.032192 0.9999| 2 445E-05| 7.595E-04
500 0.002803 1.0000] 2.857E-05| 1.019E-02] 500 |0.028027 0 9999/ 2 857E-05] 1.019E-03
600 0.002482 1.0000| 3.261E-Q5| 1 314E-02} 600 0 0248186 1.0000| 3.261E-05] 1.314E-03
700 0.002227 1.0000] 3.655E-05( 1,642E-02] 700 |0.022266 1.0000] 3. 655E-05| 1.642E-03

1.01325 Bar (101.325 kPa) 5 Bar (500 kPa}

0 999 83 8.039E-04] 1 .782E-03| 1.782E-06 0 1000 03|3 966E-03] 1 791E-03| 1 795E-06

25 997 06| 7.385E-04| 8 908E-04] 8 934E-07 25 997 .24|3 . 644E-03| 8. 907E-04| 8.932E-07

50 988 03/ 6.876E-04| 5 471E-Q4| 5.537E-07 50 988 20|3.393E-03; 5.471F 04| 5.538E-07

75 974.86(6 469E-04| 3.784E-04] 3 882E-07| 100 958.58|3.029E-03] 2 824E-04| 2.946E-Q7
(100.00) 958 .39/ 6.139E-04] 2.B23E-04] 2 946E-07|{151 B7) 915.31|2.7B5E-03] 1.793E-04| { 95%E-07
(100.00}| 0Q.59750 Q 9847] 1.228E-05| 2. 055E-05{{151 87) 2.68677 0.9555] 1 409E-0O5| 5 2B2E-06
200 D 46645 0.9948] 1.618E-05] 3.468E-05| 200 2.3537 0.9728) 1.607E-05| 6 828E-06
360 0.383%8 0.9976) 2.02%9€-05) 5.284E-05] 340 1.9137 U.9877] 2.025E-05; 1.0S8E-05
400 0.32657 0.9987| 2 445E-05| 7 487E-05] 400 1.6200 0.9935| 2.444E-05| 1 509E-05
500 0 28418 0 9593 2.857E-05] 1 OD5S5E-D4] 500 1.4066 0 9962| 2 858E-05; 2.032E-05
600 0.25156 0.9995( 3.216E-05| 1 27BE-04] 600 1.2437 0.9976| 3.263E-05| 2.624E-05
700 0 22567 D 9997 3.655E-05| 1 620E-04] 70Q0 1.1149 0 9985, 3 657E-05| 3 280E-05

10 Bar (1 MPa) 15 Bar {1.5 MPa)

0 1000.29| 7.930E-03| 1.790E-03| 1.789E-06 0 1000.54|1,189E-02) 1.789E-03| 1.788E-06

25 997 47|7 2B6E-03| B 906E-04| 8 929E-07 25 997 .69(1.093E-02| 8.905E-04| 8.926E-07

50 98B.42|6 7B4E-03| 5 472E-04| 5 536E-07 50 988.64|1.017E-02] 5 473E-04| 5.536E-07
100 958 B1|6 056E-D3| 2.826E-04| 2 947E-07| 100 959 05/9.082E-03| 2.827E-04| 2 948E-07

{179 92) 887.15|5 391E-03| 1.494E-04) 1.684E-07|(198 33} B66 69)7.954E-03| 1.34%9E-04( 1.556E-07
(179.92) 51445 0 9296| 1 507E-05] 2.929E-06{(198.33) 7 5920 0 9080 1 572E-05| 2.071E-06

200 4.8566 0.9429| 1 S93E-05| 3 280E-06| 200 7.5510 0.9097| 1.579E-06] 2 091E-07
300 3.8771 0 9751 2 020E-05| 5 210E-06[ 300 5 8950 09619 2.019E-05| 3.425E-086
400 3 2817 0 9869 2 442E-05| 7 487E-06| 40 4.9262 0.9801| 2.441E 05| 4 955E-06
500 2 8241 0 9924| 2 BS58E-05| 1 O12E-05] 500 4 2526 0.9885) 2 858E-05| 6 T21E-0&
§00 2. 4932 0.9953| 3. 264E-05| 1.309E-05 600 3.7486 0.9930| 3.265E-05| 8.710E-08
700 2.2331 0 9971| 3 659E-05| 1 639E-05] 700 3.3546 0.9956| 3.660E-05| 1.091E-05

20 Bar {2 MPa) 25 Bar (2.5 MPa)

0 10600.79| 1.585E-02| 1.787E-03| 1.786E-06 0 1001 05(1 981E-02| 1.780E-03| 1 778E-06

25 997 92| 1.456E-02] B 904E-04| 8 923E-07 25 998 14(1.820E-02| 8.898E-04| 8.915E-07

50 98g 86|t 356E-02| 5 474E-04] 5.536E-07 50 989 081 695E-02| 5 479E-04| 5 S39E-07
100 959.28|1 211E-02| 2 829E-04| 2.945E-07| 100 959 52{1 513E-02| 2 836E-04| 2 956E-07
200 865.08{ 1 OS9E-02| 1 339E-04| 1 548E-07| 200 B6&5 471 323E-02| 1.345E-04| 1.554E-07
(212.42) 849 85| 1 0S0E-02| 1 256E-04| 1.478E-07|{223 99) 835.19|1.305E-02! 1.189E-04| 1 424E-07
(212 .42} 10.041 0 8888} 1 621E-05] 1 614E-06{{223.99) 12.508 0.8711| 1.663E-05| 1 330E-06
300 7.971 0.9485| 2.009E-05( 2.520E-06| 300 10.113 0.9345/ 1 986E-05| 1 964E-06
400 6614 0 9733| 2.440E-05] 3 689E-06{ 400 a.327 0 9664| 2.439E-05| 2.929E-06
500 5.693 0 9845} 2 B6OE-05| 5.024E-06| 500 7.144 ©.9807| 2.861E-05| 4 O0OSE-06
6§00 5010 D 9906| 3 268E-05| 6.523E-06] 600 6278 0 9882 3. 270E-05| 5 209E-08
700 4.47S 0.5541] 3 665E-05| 8.182E-06] 700 5.608 0.9526] 3.668E-05] € 537E-06
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Appendix D

Table D.3 Density and Viscosity of Steam and Compressed Water (Contined)

t°C I p kg/m® [ Z=vaRTT g Pas T v_ms 1°C 1 p kg/m? l Z:pvaTl p Pas T v _mis
50 Bar (5 MPa) 100 Bar {10 MPa)

o 1000.31| 3.965E-02| 1.780E-03| 1 779E-06 0 1004.81|7.894€-02| 1.769E-03| 1.761E-06
25 998.26, 3.640E-02| B.898E-04] 8.914E-07| 25 1001.48|7.257E-02| 8.889E-04| 8.876E-07
50 $60.16| 3.386€-02| 5.479E-04) 5 533E-07 50 992.31(6.757E-02| 5.487E-04| 5.530E-07
100 960.68( 3.022E-02) 2.836E-04| 2.952E-07] 100 962.98/6 G30E-02| 2.849E-04| 2.959E-07
200 867.35|2 640E-02| 1.345€-04( * 551E-07| 200 871.03|5.257€-02| 1.357E-04| 1.558€-07

(263.98) 777.52]2.594E-02]| 9.993E-05| 1.285E-07| 300 715.58|5 283E-02| 8. 642E-05| 1.208€E-07
(263.98) 25.355 0.7955| 1.813E-05| 7.150E-07((311.03); 688.63|5.386E-02| 8 153E-05| 1.184E-07
300 22.073 0.8563| 1 986E-05] 8.997E-07[(311.03)| 55.480 0.6685| 2 038E-05| 3 670E-07
400 17.299 0.9304| 2.438E-05] 1 409E-0O6} 400 38.783 0.8300| 2.449E-05} 6.315E-07
500 14.586 0.9607| 2.867E-05] 1.966E-08| 500 31172 0.8990| 2. 898E-05]| 9.297E-07
600 12 709 0.9763| 3.281E-05| 2.582E-06] 600 26.617 0.9323( 3.309€-05| 1.243E-06
700 11.299 0.9853] 3.679E-05| 3.256E-06] 700 23.414 0.9509| 3.709E-05} 1.584€-08
150 Bar (15 MPa) 200 Bar (20 MPa)

0 1507.28|1.181E-01| 1.759E-03| 1.746E-06 0 1009.73(1.571€-01| 1 749E-03] 1.732E-06
25 1003.671.086E-01| 8.881E-04| B.849E-07 25 1005.84]1.445€-01( 8.874E-04] 8.822E-07
S0 994 4311 011E-0t| 5.495€-04| 5 526E-07 50 996 53|1.346E-01{ 5 504E-04| 5.523€-07
100 965.25|9.024E-02| 2.863E-04| 2.966E-07| 100 967 .48|1 200E-01| 2 876E-04| 2.973E-07
200 874.60|7.854E-02| 1.336E-04] 1.528E-07} 200 878.10(1.043E-01| 1.381E-04] 1.573E-07
300 725.90| 7.812E-02) 8.832E-05| 1.217E-07] 300 735.00/1.029E-01| 9.006E-05{ 1.225E-07

(342.19) 603.50| 8.752E-02| 6 93DE-Q5| 1.148E-07|(365.80)] 491.200[1.381€-01| 5 594E-05| 1. 139€E-07

{342.19) 96.72 0.5461) 2.276E-05| 2 353E-07|{365.80) 170.25 0.3984| 2.729E-05) 1.603E-07

400 63.89 0.7557| 2.49tE-05| 3.899E-07] 400 100.54 0.6403| 2.596E-05| 2.582€-07

500 48.08 0.8743]| 2.927E-05) 6.088E-07} 500 71.93 0.7792| 2 982E-05] 4.146E-07

600 40.15 0.9271| 3.345E-05| 8.331E-07| 600 58.12 0.8539| 3.391E-05{ 5.834E-07

700 34.94 0.9559] 3.746E-05| 1.072E-06; 700 49.84 0.8935| 3.788E-05/ 7.600E-07
250 Bar (25 MPa) 300 Bar (30 MPa)

0 1012 14 0.1959( 1 739E-03| 1.718E-06 0 1014.53 0.1955| 1. 731€-03| 1.706E-06
25 1007.99 0.1802| 8.868E-04}| 8.798E-07] 25 1010.11 0.1799| B.864E-04| 8.775E-07
50 998 .60 0.1679( 5.513E-04{ 5.521E-07 50 1000.66 0.1675( 5.523E-04| 5.519E-07
100 969.68 0.1497| 2.8B9E-04| 2.979E-07| 100 971.86 0.1494| 2 902E-04| 2.986E-Q7
200 881.40 0.1299| 1.393E-04| 1.580E-07[ 200 88470 0 1294| 1.405E-04} 1.588E-07
300 743.300 0.1272| 9.167E-05| 1 233E-07| 300 750.90 0.1259| 9.318E-05{ 1.241E-07
400 166 630 0.4829! 2 90D0OE-05! 1.740E-07| 400 358 05 0.2247| 4 383E-05! 1.224E-07
500 89.900 0 7793| 3.061E-05{ 3.405E-07| 500 115.26 0.6079| 3.171E-05] 2 751E-07
600 70.900 0.8750| 3.450E-05] 4 B66E-07 600 87 48 0.7092| 3.520E-05] 4 024E-07
700 60.080 0.9265] 3 838E-05| 6 388E-07| 700 73.23 0.7601]| 3.893E-05] 5.316E-07

350 Bar (35 MPa) 400 Bar (40 MPa)

0 1016.89 0.2730| 1.722E-03]| 1.693E-086 0 1019 .23 0.3113] 1.714E-03] 1.682E-06
25 t1012.22 0.2513| 8.860E-04| 8.753E-07 25 1014.30 0.2866| 8.858E-04] 8.733E-07
50 1002.69 0.2340| 5.533E-04| 5 518E-07| 50 1004 70 D 2669 5.543€-04} 5 517E-07
100 974.00 0.2087] 2.915E-04| 2.993E-07| 100 976.12 0.2379| 2.928E-04| 3.000E-07
200 887.90 0.1805| 1.416E-04| 1.595€-07| 200 891.00 0.2056| 1.428E-04| 1.603E-07
300 758.00 0.1746| 9.461E-05] 1.248€E-07| 300 764 60 0 1978| 9.598E-05] 1 255€E-07
400 474 90 0 2372| 5 578E-05| 1 .175E-07| 400 523.70 0 2459} 6.129E-05] 1.170E-07
500 144.43 06791 3.319E-05| 2 298E-07( 500 177.97 0 6299| 3.516E-05] 1.976E-07
600 105 15 0.8260] 3 602E-05| 3.426E-07| 600 123.81 0 8017] 3.698E-05]| 2.987E-07
700 86 78 0.8980] 3 958E-05] 4 558E-07| 700 100.71 0.88431 4 025E-05] 3.997E-07




Index

Absolute pressure, 6

Absolute viscosity, 3

Acoustic velocity. 21 2

Adiabatic cxpansion factor, 87

Adiabuatic flow. 68

Airfoil (se¢e Lifting vane)

Amecrican Petroleum Institute
scale, 10

Area change loss. 159

ASME critical low venturi nozzles
(see Venturi nozzle)

ASME flow nozzle (see Flow
nozzle)

ASME orifice meter {see Orifice
meter)

ASME venturi tube (see Venturi
tube)

Atmosphere. 35 2

Atmospheric (standard) pressure, 6

Barometer. 27 -2

Baume scale, 10

Bend loss, 158

Bernoulli equation, 49
Bingham plastic, 2

Boundary layer. 265 -2
Bourdon wube gage, 27 2
Bulk modulus of clasticity, 18
Buoyancy, 36

Cenupoise. 14

Centistoke, 14

Chezy coefficient, 199

Cistern manometer (sce Well
manomeler)

Coeflicient of discharge, 221

Colebrook equation, 148

Compressible flow in pipes.
180 2

Compressible flutds (see Gas
dynamics)

Compression shock wuave, 96

2

P

LY

o
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Conservaiion of energy (see

Lnergy equation)
Conservation of mass (see

Continuity equation)

Continuity equation. 44
Criticad condtions, 70
arca. 70
density, 70
pressure, 70
tecmperature. 70

v

Critical values for rectangular

channels, 204

D’Arcy Weisbach friction Tactor,

[ 4]
Density, 8
Dynamic viscosity. 3

Flastic solid. 2
Llbow flow meoter. 244 2
Energy, 49

grade line, 197

losses m piping systems, 150 2

specific. 49, 203 2
specific internal, S50
specific kinetic, 49 2
specitic potential, 49
Encrgy equation, 35 2

relation with motion equattion.

5
nonflow. S8

and 1deal gas spectfic heat. 61

Enthalpy, 32

Entrance loss, 151
Entropy. 54

Equation of motion., 46 2

one dimensional, steady flow,

A8 2
Equations of state. 16 2
Eulerian method. 43
Exit loss, 159

Ixosphere, 36
Expansion factor, How meters, 221

Fanno line. 102 2

Fitting loss. 151 2

Hlow measurement. 219 2
Flow meters. analysis, 220-2
Flow nosrle. 229 2

classthications, 231
discharge cocfficients, 231
P SR MANSUIPISRS o Ko |
CAPAINION Tdeiud, S
pressure loss, 233

throat tap. 229
uncertainty, 231

witll tap. 230

Fluid. |

dynamtes, 46 2
kinematics. 42
properties. 4 2008 2
statics, 24 2

Force. 8

body, 25

buoyvant. 36

drag. 262
coetficient. 263
cylinder. 275 2
pressure. 263, 268 2
skin friction, 263, 265 2
sphere, 270 2

inertia. 143

filt, 262
cocfficient. 263

viscous, 143

riction factor. 141
Friction loss. 151
Fricttonless flow ., 48
Froude number, 205

Gas. 4

ideal. 17

Gas dynamics, 65 2

arca veloceity relations, 66

2



Index

Hazen Williams equation, 190
Heat, 54

Hydraulic grade line, 197
Hydraulic jump. 208
Hydraulic radius, 48, 200 2

Impulse momentum equation. 65
Inchined manometer, 32
Incompressible fluid. 48

Row analysis, 141
Ionosphere, 35
[sentropic flow functions, 72
[sothermal flow, 134 2

Karman vortex trails, 262, 278

Lagrangian method, 42
Laminar flow, 144
Lifting vane, 283 2

Mach number, 67
Manning relation, 199 2
roughness factor, 201

Manometer, 29 2
Mass, 8

Mass flow rate, 44
Mesosphere, 33
Moody diagram, 143

Natural gas pipelines, 180
Newton, 8
Newton’s law of viscosity, 3
Newton’s second law of motion, §
unsteady flow, 293
Newtonian fluid, 2
Noncircular pipes, 188
Non-newtonian fluid. 2
Normal shock function (see Shock
analysis)
Nozzle, 87.
convergent-divergent, 93 2

(s
=
-

Open channel flow, 196-2
Orifice meter. 236 2
discharge coefficient, 238
expansion factor, 241
pressure loss, 242
tap locations, 237
uncertainty. 241

Pipe flow analysis, 140 2
Pipe sizing, 160 2
Pipe system desig
Pipe system loss,
Pitot tube, 248 2
Plastic, 2
Poise, 13
Pressure, 6 2
sensing devices, 27 2
wdves 1n piping systems, 2962
Pressure- height relations {or ideal
gas, 33
Propeller. 287 2

= i B |
n, 162 2
|

i
59

Resistance cocefticient, 151
Reynolds number, 142
critical. 146
equations, 143 2
Roughness, 149

Saybolt seconds furol (SSF), 14
Saybolt seconds universal (SSU).
14
Saybolt viscometer, 14
Ship resistance. 281 2
Shock analysis, 96 2
Smokestack design, 280
Sonic velocity, 67
Specific gravity, 10
Specific volume, 9
Specific weight, 9
Stagnation, 69
density, 69
pressure, 69
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[Stagnation]
temperature, 69
Stoke, 14
Stratosphere, 35
Strouhal number, 262
Subsonic velocity, 67
Supersonic velocity, 67
Surface tension, 198

Tanks, level changes, 303-2
Temperature, 4 2
Temperature scale, 5
Celsius, 5
Fahrenheit, 5
Kelvin, 5
Rankine, 5
Thermodynamic processes, 14-2
isentropic, 15
isobaric, 15
isometric, 15
isothermal, 15
pressure-height relation, 34-2
polytropic, 15
Thermosphere, 35
Troposphere, 35
Turbulent flow, 148

U-tube manometer. 30
Unsteady flow, 291 2

Vapor, 4
Valve loss, 152-2
Velocity

Index

average, 43

design for piping system, 160-2

profile in a pipe, 43-2

sonic (see Sonic velocity)
Venturi nozzle, 254-2
Venturi tube, 222 -2

classifications, 223-2

discharge coefficients, 224

pressure loss, 226 2

uncertainty, 224 2
Viscometer (see Saybolt
viscomelcer)
Viscosity

dynamic, 3. 11

gas, 13

kinematic, 12

liguid, 13

units, 13-2
Volumetric flow rate, 43

Wake frequency, 278-2
Water hammer, 299- 2
Weber number, 198
Weight, §

Weirs, 211
rectangular, 212
triangular, 215

Well manometer, 31

Work
flow, 50
shaft, 52

stcady flow. 53



