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Knowledge shared is everything.

Knowledge kept is nothing.
—Richard Beere,
Abbot of Glastonbury
(1493-1524)
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PREFACE

This book provides practical and comprehensive infor-
mation on the subject of pressure drop and other
phenomena in fluid flow in pipes. The importance of
piping systems in distribution systems, in industrial
operations, and in modern power plants justifies a book
devoted exclusively to this subject. The emphasis is on
flow in piping components and piping systems where
greatest benefit will derive from accurate prediction of
pressure loss.

A great deal of experimental and theoretical research
on fluid flow in pipes and their components has been
reported over the years. However, the basic methodol-
ogy in fluid flow textbooks is usually fragmented, scat-
tered throughout several chapters and paragraphs; and
useful, practical information is difficult to sort out.
Moreover, textbooks present very little loss coefficient
data, and those that are given are desperately out of
date. Elsewhere, experimental data and published for-
mulas for loss coefficients have provided results that
are in considerable disagreement. Into the bargain,
researchers have not accounted for all possible flow
configurations and their results are not always presented
in a readily useful form. This book addresses and fixes
these deficiencies.

Instead of having to search and read through various
sources, this book provides the user with virtually all the
information required to design and analyze piping
systems. Example problems, their setups, and solutions
are provided throughout the book. Most parts of the
book will be easily understood by those who are not
experts in the field.

Part I (Chapters 1 through 7) contains the essential
methodology required to solve accurately pipe flow
problems. Chapter 1 provides knowledge of the physical
properties of fluids and the nature of fluid flow. Chapter

2 presents the basic principles of conservation of mass,
momentum, and energy, and introduces the concepts of
head loss and energy grade line. Chapter 3 presents
the conventional head loss equation and characterizes
the two sources of head loss—surface friction and
induced turbulence. Several compressible flow calcula-
tion methods are presented in Chapter 4. The straight-
forward setup of series, parallel, and branching flow
networks, including sample problems, is presented in
Chapter 5. Chapter 6 introduces the basic methodology
for solving transient flow problems, with specific exam-
ples. A method to assess the uncertainty associated with
pipe flow calculations is presented in Chapter 7.

Part II (Chapters 8 through 19) presents consistent
and reliable loss coefficient data on flow configurations
most common to piping systems. Experimental test data
and published formulas from worldwide sources are
examined, integrated, and arranged into widely appli-
cable equations—a valuable resource in this computer
age. The results are also presented in straightforward
tables and diagrams. The processes used to select and
develop loss coefficient data for the various flow con-
figurations are presented so the user can judge the
merits of the results and the researcher can identify
areas where further research is needed.

Friction factor, the main element of surface friction
loss, is presented in Chapter 8 as an adjunct to quantify-
ing the various features that contribute to head loss.

The flow configurations presented in Chapters 9
through 14 (entrances, contractions, expansions, exits,
orifices, and flow meters) all exhibit some degree of flow
contraction and/or expansion. As such, they have been
treated as a family; where sufficient data for any one
particular configuration were lacking, they were aug-
mented by sufficient data in another.

XV



Xvi PREFACE

Elbows, pipe bends, coils, and miter bends are pre-
sented in Chapter 15. The intricacies of converging and
diverging flow through pipe junctions (tees) are pre-
sented in Chapter 16. Pipe joints are covered in Chapter
17, and valve information is offered in Chapter 18. The
internal geometry of threaded (screwed) pipe fittings is
discontinuous, creating additional pressure loss; and
they are covered separately in Chapter 19.

Part III (Chapters 20 through 23) examines flow phe-
nomena that can affect the performance of piping
systems. Cavitation, when local pressure falls below the
vapor pressure of a liquid, is studied in Chapter 20.
Chapter 21 provides a brief depiction of flow-induced
vibration in piping systems; water hammer and column
separation are investigated. Situations where tempera-
ture rise in a flowing liquid may be of interest are pre-
sented in Chapter 22. Flow behavior in horizontal
openings at low flow rates is evaluated in Chapter 23.

The book’s nomenclature was selected so that it
would be familiar to engineers worldwide. The book

employs two systems of units: the English gravitational
system (often called the U.S. Customary System or
USCS) and the International System (or SI for Systeme
International). Conversions between and within the two
systems are provided in the appendix.

This book represents industrial experience gained
working together at Aerojet General Corporation,
Liquid Rocket Engine Test Division, and later, working
separately at General Electric Company, Nuclear
Energy Division, and at Westinghouse Electric Cor-
poration, Oceanic Division. We are indebted to the
many engineering colleagues who helped shape our
experience in the field of fluid flow. We especially appre-
ciate Dr. Phillip G. Ellison’s helpful comments and
suggestions.

We acknowledge the understanding and support of
our wives, Bel and Joan.

DonNaLD C. RENNELS
HosarT M. HUDSON



NOMENCLATURE

International System

Symbol Definition English (ST)
Roman Symbols

A Area ft? m?

a Acceleration ft/s* m/s’

a Acoustic velocity ft/s m/s

B Bulk modulus Ib/in? N/m?

C Coefficient Dimensionless

c, Specific heat at constant pressure Btu/lb-°F J/kg-°C
(N-m/kg-°C)

c, Specific heat at constant volume Btu/lb-°F J/kg-°C
(N-m/kg-°C)

D Diameter ft m

d Diameter in mm

E Modulus of elasticity 1b/in? N/m’

E Mechanical energy (per unit time, i.e., power) ft-1b/s N-m/s

e Absolute roughness in mm

F Factor Dimensionless

F Force b N
(kg-m/s?)

f Friction factor (Darcy) Dimensionless

G Mass flow rate per unit area 1b/s-ft? kg/s-m?

g Acceleration of gravity ft/s? m/s

H Head ft m

h Enthalpy Btu/lb J/kg
(N-m/kg)

J Mechanical equivalent of heat ft-1Ib/Btu N-m/J (=1)

K Loss coefficient (i.e., total pressure loss coefficient) Dimensionless

L Length ft m

l Length in mm

In Natural logarithm Dimensionless

log Base-10 logarithm Dimensionless

M Mach number Dimensionless

m Mass* slug kg

(Ib-s¥/ft)
(Continued)

xvii
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NOMENCLATURE

International System

Symbol Definition English (ST)

m Molecular weight Ib/mol, kg/moly,

m Mass flow rate” slug/s kg/s

(Ibe-s/tt)

m Moisture content Dimensionless

N Froude number Dimensionless

Nge Reynolds number Dimensionless

n Number of mols Dimensionless

n Ellipse major/minor axis ratio Dimensionless

P Pressure 1b/ft? N/m?
(pascal)

p Pressure 1b/in? N/cm?

p Pitch in mm

0 Volumetric flow rate ft/s m’/s

Q Heat flux Btu/s Jis
(N-m/s)

q Volumetric flow rate gal/min —

R Individual gas constant ft-1b/1b-°R* N-m/kg-K

R Universal gas constant ft-Ib/mol-°R* N-m/mol-K

Ry Pressure ratio Dimensionless

R Radius ft m

r Radius in mm

T Absolute temperature °R K

t Common temperature °F °C

t Time S S

t Thickness in mm

U Internal energy Btu/lb N-m/kg

u Local velocity ft/s m/s

Vv Average velocity ft/s m/s

\Y Volume ft? m’

v Specific volume ft¥/1b m’/kg

w Weight flow rate Ib/h N/h

w Weight b N

W Weight flow rate 1b/s N/s

X Horizontal distance ft m

Y Expansion factor Dimensionless

y Radial location of local velocity in mm

y Vertical distance ft m

Z Elevation ft m

z Compressibility factor Dimensionless

Greek Symbols

a Bend angle or diffuser included angle degrees degrees

B Diameter ratio Dimensionless

Y Ratio of specific heats c,/c, Dimensionless

A Finite difference (prefix) Dimensionless

£ Absolute roughness ft m

0 Momentum correction factor Dimensionless

A Jet contraction ratio Dimensionless

u Absolute (dynamic) viscosity Ib-sec/ft? N-sec/m’
(Pascal-sec)

v Kinematic viscosity ft*/sec m?/sec

b/ pi (3.14159 ...) Dimensionless

P Mass density slug/ft’ kg/m’

(Ibg-sec?/ft*)



NOMENCLATURE Xix

Units
International System
Symbol Definition English (ST)
P Weight density Iby/ft? N/m’
o Uncertainty % %
[0} Kinetic energy correction factor Dimensionless
73 Angle degrees degrees
w Acentric factor Dimensionless
Subscripts
0 Orifice or nozzle throat Not defined
1 Inlet or upstream Not defined
2 Outlet or downstream Not defined
a Atmosphere Not defined
b Velocity profile function exponent Not defined
b Bend Not defined
c Critical state Not defined
r Reduced value Not defined
t Total Not defined
X Component in x-direction Not defined
y Component in y-direction Not defined
z Component in z-direction Not defined
Superscripts

! Absolute value or derivative Not defined (e.g., f)
- Average of initial and final values Not defined (e.g., X)

Time derivative (rate) Not defined (e.g., w)

“ See Section 1.1 in Chapter 1, “Fundamentals,” for the treatment of these units. There are instances identified in the text where Ib,, is used instead
of Ib; to simplify formulas for use with the English system and SI.

ABBREVIATION AND DEFINITION

Btu British thermal unit min minutes

cP centipoise mol moles

ft feet kg kilograms
g grams m meters

h hours mm millimeters
in inches N newtons

J joules P poise

b pounds s seconds



PART 1

METHODOLOGY

PROLOGUE

Part I of this work consists of Chapters 1 through 7.
These chapters, with the exception of Chapters 5-7,
establish the basic “rules of the road,” so to speak.

Chapter 1, “Fundamentals,” discloses the systems of
units that are used throughout the book, nomenclature
and meanings of fluid properties, important dimension-
less ratios, equations of state, and expositions of flow
velocity and flow regimes.

Chapter 2, “Conservation Equations,” elaborates on
the conservation equations, that is, conservation of mass,
of momentum and of energy. The general energy equa-
tion, head loss, and grade lines are treated under con-
servation of energy.

Chapter 3, “Incompressible Flow,” expounds on how
the particulars of incompressible flow (i.e., flow of
liquids) became known through the breakthroughs of
Julius Weisbach (head loss formula, 1845), Osborne
Reynolds (the Reynolds number, 1883), and Ludwig
Prandtl (boundary layers and the smooth pipe friction
factor formula, 1904-1929). Johann Nikuradse’s artifi-
cially roughened pipe experiments provided data (1933)

to flesh out Prandtl’s smooth pipe friction factor formula
and Theodor von Karmén’s complete turbulence
formula (1930). Discrepancies between Nikuradse’s
artificially roughened pipe data and data on commercial
pipe were resolved by Cyril F. Colebrook and Cedric
M. White (1937). Colebrook published a semiration-
al formula for random roughness (1939) that is still
used today.

Chapter 4, “Compressible Flow,” gives several ways
to calculate head loss in compressible flow in pipes using
approximate formulas derived from incompressible
flow formulas. It culminates in giving theoretical formu-
las for compressible flow using either the Mach number
or absolute pressure. While the formulas are compli-
cated enough to resist explicit solution, ways are given
to solve them by trial-and-error methods.

Chapter 5, “Network Analysis,” gives methods to
solve distribution of flow in networks. Chapter 6, “Tran-
sient Analysis,” provides methods for solving flow
problems whose flow rates are not constant. Chapter 7,
“Uncertainty Analysis,” gives methods for estimating
the probable error or uncertainty in predicting pressure
drop and flow rate.

Pipe Flow: A Practical and Comprehensive Guide, First Edition. Donald C. Rennels and Hobart M. Hudson.

© 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.



FUNDAMENTALS

In this chapter we consider the fundamentals concern-
ing fluid flow systems, such as the systems of units
employed in this work, the physical properties of fluids,
and the nature of fluid flow.

1.1 SYSTEMS OF UNITS

This book employs two systems of units: the U.S. Cus-
tomary System (or USCS) and the International System
(or SI, for Systeme International). The latter is based on
the metric system, a system devised in France during the
French Revolution in the late 1700s, but uses interna-
tionally standardized physical constants. Conversions
between the systems may be found in Appendix C.

The USCS is virtually indistinguishable from the
English gravitational system. There is some confusion in
regard to the differences. Some authors imply that in
USCS the slug is basic and the pound is derived, while
others hold that the pound is basic and the slug is
derived. In the English gravitational system the latter is
assumed. For general engineering use it does not matter
which is basic, because both systems agree that there is
the slug for mass, the pound for force, the foot for length,
and the second for time. This is all that need concern us
in this work. The SI, derived from the metric system and
having a much shorter pedigree, is consequently much
more standardized.

Much confusion has resulted from the use in both
English and metric systems of the same terms for the
units of force and mass. To help eliminate the ambiguity

owing to this double use the following treatment has
been adopted.
The equation relating force, mass, and acceleration is

F =ma, (1.1)

where F, m, and a are defined in the nomenclature. In
SI the unit of mass, the kilogram, is basic. The unit of
force is derived by means of the equation above and is
given a unique name, the newton. Mass is never referred
to by force units and vice versa. In the English gravita-
tional system (which predates the USCS) and the USCS,
a similar set of units is available and familiar to engi-
neers, but it is not uniformly used. The unit of force, the
pound, can be considered to be basic and the unit of
mass derived by means of the relation above. It is often
called the slug. While the slug is not often used, its inser-
tion here need not pose any inconvenience. Where mass
units are called for they may be easily obtained from
the pound-force unit by the use of Equation 1.1. By use
of these conventions any fundamental equation given in
this book may be used with either SI or English units.
It should be noted that Equation 1.1 returns, in the
English gravitational system, a mass with units of Ib;-s?/
ft. This is not easily recognizable, so the engineering
community has somewhat arbitrarily chosen the term
“slug” to name the mass instead of 1bi-s*/ft. Similarly, in
SI, the force that comes out of the equation has units of
kg-m/s’>, and this force has been given the name
“newton.” The equation does not contain a factor that
transforms 1bs-s¥ft to “slugs” or kg-m/s2 to “newtons.”

Pipe Flow: A Practical and Comprehensive Guide, First Edition. Donald C. Rennels and Hobart M. Hudson.
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4 FUNDAMENTALS

We knowingly or unknowingly assume that there is an
implicit conversion factor that changes the names of
these units. This factor for SI is N/(kg-m/s?)/(kg), and in
the English gravitational system it is Iby/slug-ft/s*. If you
call these conversion factors “C,,” Equation 1.1 becomes:

F newtons = [C,, N/(kg-m/s*)][m kg]x [a(m/s)],
or
F 1b; =[C,, 1b/(slug-ft/s*)][m-slug] x [a(ft/s*)].

The numeric value of the conversion factor is 1.000, so
it does not change the number obtained, but only the
name of the number. This may be the reason many
writers subscript the g with a ¢ to obtain g., when a is
the acceleration of gravity.

Unfortunately the modern engineer must deal with
mixed units and nomenclature used in some current
practice and remaining from past practice. Conversions
are offered in Appendix C that can help the user to
work with mixed units. (Some secondary equations are
given in which the units are mixed for the convenience
of users of the English gravitational system. These equa-
tions and the units they require will be clearly indicated
in the text.) Appendix C gives the important base units
and derived units used here as well as the most fre-
quently used conversions between systems.

1.2 FLUID PROPERTIES

Understanding the subject of pressure loss in fluid flow
requires an understanding of the fluid properties that
cause it. The principal concepts of interest in pressure loss
due to flow are pressure, density, velocity, energy, and
viscosity. Of secondary interest are temperature and heat.

1.2.1 Pressure

Pressure: The force per unit area exerted by a fluid
on an arbitrarily defined boundary or surface,
usually the walls of the conduit in which the fluid
is flowing, or its cross section. Pressures are mea-
sured and quoted in different ways. A picture of
pressure relationships can be gained from a
diagram such as that of Figure 1.1, in which are
shown two typical pressures, one above, and the
other below, atmospheric pressure.*

Absolute Pressure: The pressure measured with
respect to a datum of absolute zero pressure in
which there are no fluid forces imposed on the
boundary.’

* In the English system of units, pressure p is expressed in pounds per

square inch, or psi.
" Absolute pressure is often expressed as psia in the English system.

Any Pressure

above Atmosphere f
Gauge
Pressure
Atmospheric Pressure
Absolute T (Varies with Weather
Pressure and Altitude)
(Gauge + Vacuum
Barometric) Any Pressure
Barometric below Atmosphere
Pressure
Absolute
Pressure
Absolute Zero Pressure l

(Perfect Vacuum)

FIGURE 1.1. Pressure relationships.

Atmospheric Pressure: The absolute pressure of the
local atmosphere.

Standard Atmospheric Pressure: The absolute pres-
sure of the standard atmosphere at mean sea
level. Standard atmospheric pressure, or one
atmosphere, is 14.696 1b/in*, 760.0 mm of mercury,
1.01325 x 10° N/m? (pascals), or 1.01325 bar.

Barometric Pressure: A barometer is an instrument
used to measure atmospheric pressure by using
water, air, or mercury. Thus atmospheric pressure
is often called barometric pressure.

Critical Pressure: The pressure of a pure substance
at its critical state; where the density of the satu-
rated liquid is the same as the density of the satu-
rated vapor. At pressures higher than the critical,
a liquid may be heated from a low temperature to
a very high one without any discontinuity indicat-
ing a change from the liquid to vapor phase. Values
of critical pressure for selected gases are given in
Appendix D.3.

Differential Pressure: The calculated or measured
difference in pressure between any two points of
interest.

Gauge Pressure: The pressure measured with respect
to local atmospheric pressure. This is the pres-
sure read by the common pressure gauge whose
detecting element is a coil of flattened tube.
(Sometimes this pressure is relative to standard
atmospheric pressure. The reader is advised to
determine which datum is used in other works or
information sources.)*

‘ Differential pressure is often expressed as psid in the English system.
§ Gauge pressure is often expressed as psig in the English system.



Static Pressure
Pressure
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FIGURE 1.2. Total and static pressure.

T Pitot Total
KTube

Total Pressure: The pressure resulting from a moving
fluid being brought to rest isentropically (without
loss), as, for example, against a blunt object. (The
kinetic energy of motion is converted to pressure
when the fluid is brought to rest.) Total pressure
is also known as stagnation pressure and pitot
pressure (see Fig. 1.2).

Static Pressure: The pressure in a moving fluid before
it is brought to rest. A pipe wall tap samples static
pressure (see Fig. 1.2).

Vacuum: A pressure below local atmospheric pres-
sure; often expressed as a negative pressure with
respect to standard atmospheric pressure.

Vapor Pressure: The absolute pressure of a pure
vapor in equilibrium with its liquid phase.

1.2.2 Density

Mass Density: The amount of material contained in
a unit volume, measured in terms of its mass.

Weight Density: The amount of material contained
in a unit volume, measured in terms of the
force (weight) standard gravity exerts on the con-
tained mass.

Specific Volume: The volume occupied by a unit
mass or weight of material. (Which means it must
be inferred from the units used. In the English
system they will be ft*/Ib[force]; in SI they will be
m’/kg[mass].)

1.2.3 Velocity

Velocity: The speed of motion of a fluid with respect
to a uniform datum. In pressure drop consider-
ations it is usually used loosely with no direction
implied. However, in impulse-momentum con-
siderations, direction is an essential part of the
measurement.

FLUID PROPERTIES 5

Average Velocity: A derived speed of a moving fluid
whose various regions are not moving at the same
speed but which accounts for the mass flux over
the cross section of interest through which the
fluid is moving.

Local Velocity: The actual speed of a moving fluid at
a particular point of interest.

1.2.4 Energy

Energy (Work Energy): A measure of the ability of a
substance to do or absorb work. It is usually measured
in foot-pounds or newton-meters. (Newton-meters is
also known as joules in SI.) Energy may exist in five
forms: (1) potential, owing to a substance’s elevation
above an arbitrary datum; (2) pressure, which is
a measure of a fluid’s ability to lift some of itself to a
level above an arbitrary datum or propel some of
itself to a velocity; (3) kinetic, which resides in a sub-
stance’s speed or velocity; (4) heat, which ultimately is
a measure of the kinetic energy of the molecules of
a substance; and (5) work. Work, in the case of fluid
flow, is actually an effect of pressure moving some
resistance. The work may be added to or subtracted
from a fluid to change the status of the other four forms
of energy. Pressure energy is sometimes called flow
work because of its role in transferring work from one
end of a conduit to another. Heat is considered sepa-
rately below.

1.2.5 Viscosity

Viscosity: The resistance offered by a fluid to relative
motion, or shearing, between its parts.

Absolute Viscosity: The frictional or shearing force
per unit area of relatively moving surfaces per unit
velocity for a unit separation of the surfaces. It is
also called coefficient of viscosity and dynamic
viscosity.

Kinematic Viscosity: Absolute viscosity per unit
mass per unit volume of the flowing fluid. (A
fluid’s kinematic viscosity is its absolute viscosity
divided by its mass density.)

1.2.6 Temperature

Temperature: In most fluid flow problems, tempera-
ture will refer simply to warmth (or lack of it),
such as is perceived by our sense of touch and will
be used to establish other fluid properties such as
density and viscosity. It is usually measured on a
somewhat arbitrary scale. The English system
commonly uses the Fahrenheit scale, devised by
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the fifteenth-century German physicist Gabriel
Fahrenheit [1]. It is based on the lowest tempera-
ture he could attain with a salt and ice mixture
(assigned a value of 0°F) and human body tem-
perature (to which he tried to assign a value of
96°F). This did not work out well and he ended up
assigning 32°F to the melting point of ice and
212°F to the boiling point of water. The SI tem-
perature scale (the Kelvin scale) is an absolute
scale using the centigrade degree. The centigrade
scale was devised by Swedish astronomer Anders
Celsius in 1742 and incorporated into the metric
system adopted in France at the close of the
French Revolution [1]. On this scale—officially
called Celsius since 1948—the melting point and
boiling point of water at standard atmospheric
pressure were assigned values of 0 and 100°C
respectively.

Absolute Temperature: Temperature measured from
absolute zero. It was noted in the late 1700s by
the French physicist Jacques Charles (1746-1823)
that gases expand and contract in direct propor-
tion to their temperature changes. On a suitably
chosen scale their volumes are thus directly pro-
portional to their temperatures. The extrapolated
temperature of zero volume according to the
kinetic theory of gases is also the point at which
molecular activity—and hence heat content—
vanishes. No lower temperature is possible and so
this temperature is called absolute zero. Two tem-
perature scales based on this zero point are in
common use. One, utilizing the Fahrenheit degree,
is called the Rankine scale; temperatures on this
scale are marked °R. The other, utilizing the
Celsius degree, is called the Kelvin scale and its
temperatures are marked K. The temperature
0°F corresponds to 459.67°R, and 0°C is identical
to 273.15 K. Absolute zero is thus —459.67°F
or —273.15°C.

Critical Temperature: The temperature of a pure
substance at its critical state, above which its gas
phase cannot be liquefied by the application of
pressure, because at the critical temperature the
latent heat of vaporization vanishes and the liquid
cannot be distinguished from the gas. Values of
critical temperature for selected gases are given in
Appendix D.3.

1.2.7 Heat

Heat (Heat Energy): Heat is the measure of thermal
energy contained in a substance. In fluid flow
problems generally only sensible heat (i.e., heat

obvious to the sense of touch or yielding a change
in temperature) is of interest. It can be measured
in the same units as work energy and indeed is
interchangeable with energy. Usually heat is mea-
sured in units related to the heat-temperature
relationship of water. In the English system the
unit is the British thermal unit (usually abbrevi-
ated Btu). In ST it is the kilocalorie. The conversion
to mechanical energy is the mechanical equivalent
of heat. Its value is given in Appendix C.1.

Specific Heat: The measure of the change of heat
capacity of a unit weight or mass of a substance
for a unit change of temperature. It is almost
always expressed in heat units, that is, Btu or
kilocalories. The units of specific heat are thus Btu/
1b-R (or Btu/lb-F) and kcal/kg-K (or kcal/kg-C).

1.3 IMPORTANT DIMENSIONLESS RATIOS

Researchers have devised many dimensionless ratios in
order to describe the behavior of physical processes. The
most important to us in analyzing pressure drop in fluid
systems are described in the succeeding sections.

1.3.1 Reynolds Number

Named for the British engineer Osborne Reynolds
(1842-1912), the Reynolds number is the ratio of
momentum forces to viscous forces. It is extremely
important in quantifying pressure drop in fluids flowing
in closed conduits. It is given by:

Ne =YPPv _ WD (prolish),  (1.2a)
ug  ugA

Ng, = VYDp,, _mD (SI). (1.2b)
u uHA

1.3.2 Relative Roughness

This quantity, as with the Reynolds number above,
is extremely important in finding pressure drop in
fluids flowing in pipes. It is rarely, if ever, assigned a
symbol; but for illustration here let it be called Rg. It is
defined as:

RR 257

where ¢1is the absolute roughness of the pipe inner wall
and D is the pipe inside diameter. (In practice it is
usually just called &/D.)



1.3.3 Loss Coefficient

The loss coefficient, or resistance coefficient, is the
measure of pressure drop in fluid systems. It is defined as:

K:f%, (1.3)

where:
K = loss coefficient measured in velocity heads,

f = Darcy friction factor,

L = length of pipe stretch for which the resistance coef-
ficient applies, and

D = inside diameter of the pipe stretch.

More will be said about f and K in Chapters 3 and 8.

1.3.4 Mach Number

Named for the Czech physicist Ernst Mach (1838-1916),
the Mach number is the ratio of the local fluid velocity
u to the acoustic velocity A. It is very useful in describ-
ing compressible flow phenomena. It is given by:

M=

A (1.4a)

The average velocity V is usually substituted when the
flow is in a conduit and the velocity profile is fairly flat.
With this convention, the equation becomes:

M==.

- (1.4b)

1.3.5 Froude Number

The Froude number Ny, specifies the ratio of inertia
force to gravity force on an element of fluid. It is named
for William Froude, an English engineer and naval
architect (1810-1879), who, in the later half of the nine-
teenth century, pioneered in the investigation of ship
resistance by use of models. The Froude number is used
in the investigation of similarity between ships and
models of them. In this role, it is defined as the ratio of
the velocity of a surface wave and the flow velocity. Our
interest is in its application to pipe flow where the pipe
is not flowing full. In this context it is expressed as:

|4 |4

JgD  J2gR’

where V is the characteristic velocity, g is the accelera-
tion of gravity, D is the pipe diameter, and R is the pipe
radius. The Froude number, unlike the Reynolds
number, is independent of viscosity and so it applies to
inviscid flow analysis.

Ny = (1.5)
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1.3.6 Reduced Pressure

Reduced pressure, along with reduced temperature
(described below), is useful in quantifying departures
from the ideal state in gases. Reduced pressure is
given by:

where P is the pressure of interest and P, is critical
pressure.

1.3.7 Reduced Temperature

As with reduced pressure described above, reduced
temperature helps to reduce the state point of most
gases to a common base, making it possible to quantify
departures of most gases from the ideal equation
describing the relationship between pressure, tempera-
ture, volume, and quantity of substance (the equation
of state, described below). Reduced temperature is
given by:

T, =

>

T
T.

where T is the temperature of interest and 7, is critical
temperature.

1.4 EQUATIONS OF STATE

This section presents various equations which describe
the physical properties of fluids—principally the fluid’s
density as a function of pressure and temperature.

1.4.1 Equation of State of Liquids

An “equation of state of liquids” is not commonly
expressed. This is because in usual engineering fluid-
flow problems, the volume properties of the liquid are
scarcely affected by changes in temperature or pressure
in the flow path. Where their properties are significantly
affected it is customary (because it is easiest and suffi-
ciently accurate) to break the problem into small enough
segments wherein the properties may be considered to
be constant. Where this approach is not satisfactory, as,
for instance, when dealing with liquids at pressures
above the critical pressure, equations of state of liquids
are available in the literature. Attention is directed to
the works by Reid et al. [2] and Poling et al. [3], pro-
duced a quarter-century apart, which reflect the growth
in information available in the literature on this subject.
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1.4.2 Equation of State of Gases

Because gases exhibit large changes in volume, pressure,
or temperature for comparable changes in one or both
of the remaining of these three important variables, it
has been necessary to formulate a workable expression
relating them. The expression is called the equation of
state. Two-variable relationships were discovered by
Robert Boyle (1627-1691) and by Jacques Charles
(1746-1823) and Joseph Gay-Lussac (1778-1850), which
were soon combined into the perfect gas law:

PV =mRT, (1.6a)
where m = mass of the gas, V is the volume, and R is the
individual gas constant; or

PV =nRT, (1.6b)
where 7 = number of mols of gas considered and R is
the universal gas constant. (In the English system Eg.
1.6a is usually written PV = wRT, where w = weight, Ib,
and the R used is expressed in weight units.)

Equation 1.6 adequately describes real gas behavior
when pressure is low with respect to the critical pressure
and temperature is high with respect to the critical
temperature. However, with increasing pressure or
decreasing temperature, or both, this relation departs
increasingly from real gas behavior. A coefficient can be
added to account for the departure, called the compress-
ibility factor:

PV =zmRT, 1.7)

where z is a function of the temperature and pressure
of the gas. Dutch physicist Johannes van der Waals
(1837-1923) noted that when z is plotted versus reduced
pressure, that is, actual pressure divided by the critical
pressure, for constant reduced temperature, that is,
actual temperature divided by the critical temperature,
the plotted points for any given reduced temperature
for most gases fall into a narrow band [4]. If a line is
faired through each band for each reduced temperature,
a chart called a compressibility chart is obtained. A plot
of this kind was published by L. C. Nelson and E. F.
Obert in 1954 [5]. An example is shown in Figure 1.3
[3].* Many attempts have been made to find an analytic

* Large charts of the compressibility factor are available. One is
reprinted by Poling et al [3]. Where more precision is desired, a com-
puter program, called M/PROPS, which calculates many fluid proper-
ties, including density, viscosity, entropy, and acoustic velocity, was
published by the National Bureau of Standards (now the National
Institute of Standards and Technology) and is available from the
Department of Commerce.

function, an equation of state, to describe this behavior,
with varying success. Most of these “real gas” equations
of state are limited in range of applicability. Two particu-
larly attractive equations (solutions for z), suitable for
wide ranges of pressure and temperature, the Redlich—
Kwong equation and the Lee—Kesler equation, are
described in Appendix D. Scores more are described by
Poling et al. [3]. The utility of these equations is illus-
trated in Chapter 4, “Compressible Flow.”

1.5 FLUID VELOCITY

As stated in Section 1.2, velocity (so called; more accu-
rately it would be called speed) is usually considered to
be uniform over the cross section of flow. In reality, it is
not. The fluid in contact with the conduit wall must
be at zero velocity, and velocity ordinarily increases
toward the center. The assumption of uniform velocity
immensely simplifies fluid flow calculations. There is
an inaccuracy introduced by this assumption, but,
fortunately, it usually does not affect the confidence
level of fluid flow computations. The inaccuracies can
be quantified and will be considered in the follow-
ing chapter.

Another assumption that is usually made is that the
velocity is one-dimensional, that is, that radial compo-
nents of flow velocities are inconsequential. Inaccura-
cies introduced by this assumption are small and are
absorbed by the loss coefficients.

1.6 FLOW REGIMES

In the study of fluid flow it has long been recognized
that there are two distinct kinds of flow or flow regimes.
The first is characterized by preservation of layers or
laminae in the flow stream. This kind of flow is called
laminar or streamline flow. In cylindrical conduits the
layers are cylindrical, the local velocities are strictly par-
allel to the conduit axis, and they vary parabolically in
velocity from zero at the wall to a maximum at the
center. The second is characterized by destruction and
mixing of the layers seen in laminar flow, and the local
motions in the fluid are chaotic or turbulent. This kind
of flow is thus appropriately called turbulent flow. In
circular conduits the axial velocity distribution is more
nearly uniform than it is in laminar flow, although
local velocity at the pipe wall is still zero. Laminar
and turbulent flow velocity profiles are illustrated in
Figure 1.4. Because their effects will be treated in the
following chapter you need to know that these two
types of flow exist.
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FIGURE 14. Velocity profiles.
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CONSERVATION EQUATIONS

This chapter will consider the equations for conserva-
tion of mass, energy and momentum, velocity profiles,
and correction factors for momentum and energy. In
general, the English gravitational system uses weight
flow rate (W), and the International System of Units (SI)
uses mass flow rate ().

2.1 CONSERVATION OF MASS

The continuity equation is simply a statement that there
is as much fluid flowing out of a system under consider-
ation as there is flowing into it. It assumes that mass is
conserved and that fluid is not being stored or released
from storage within the system. The equations for weight
rate of flow and mass rate of flow are:

w=AVp,, (2.1a)

m=AVp,. (2.1b)
When the continuity equation holds, the inlet flow rate
is equal to the outlet flow rate, so that

Al‘/l(pw )1 = A2V2 (pw )2’ (223)

AVi(pm)1 = AV (P (2.2b)
These equations are expressions of the continuity
equation.

In these equations it is customary to assume that the
velocity profile is flat, that is, the velocity in the fluid

flowing in a conduit is the same everywhere in the cross
section. The velocity that accounts for all the weight flux
(or mass flux) across the cross section of the conduit is
the average velocity.

The velocity profile is, of course, not flat across the
cross section! Does this assumption therefore cause an
error in the continuity equation? No, because we use
the same relation to define the average velocity as to
determine the weight flux through the cross section.
The same cannot be said, however, for the momentum
flux or the energy flux as we shall discover in the
next sections.

2.2 CONSERVATION OF MOMENTUM

The momentum equation is a statement that a fluid
stream, as it relates to fluid flow when acted upon by
external forces whose sum is not zero, must acquire a
change in velocity. The amount of this force may be
found by use of the momentum equation. It is thus an
application of Newton’s second law of motion (Eq. 1.1).

Consider an axisymmetric reducing flow passage as
illustrated in Figure 2.1. Assume that velocity distribu-
tion is uniform at any cross section of the stream tube.
P A, is the axial force acting on the fluid in the control
volume owing to absolute pressure P; acting over area
Ay; P,A, is the axial force owing to absolute pressure P,
acting over area A,; and Fis the apparent residual force
owing to the diminishing stream pressure acting over
the axial projection of the outer control volume bound-
ary and to the frictional resistance on the surface of

Pipe Flow: A Practical and Comprehensive Guide, First Edition. Donald C. Rennels and Hobart M. Hudson.
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Stream Tube Control Volume

FIGURE 2.1. Axisymmetric reducing flow passage.

the stream tube. The terms wV; /g and wV, / g are the
entering fluid momentum and exiting fluid momentum,
respectively.

The sum of these axial forces is:

ZF:P1A1_P2A2_FX.

The sum of the forces is equal to the change in the
momentum of the fluid between the inlet and outlet of
the control volume:

AR
g g

>F

w
=_(‘/1_V2)9
8

S F=mV, -V, =m(V, - V,).

Combining the axial force equation with the change in
momentum equations gives:

F.=PA -PA+2(V, -V,
14

Fx = PlA] _P2A2 +m(‘/] _Vz)

In this derivation, an axisymmetric stream tube shape
was chosen so that only axial forces need be considered.
Because both force and velocity are vector quantities,
that is, they include both quantity and direction, the
momentum equation can be written for each of the
three orthogonal directions:

w
F.=(PA), —(PA), +§(V1 -V2). or

F.=(PA )X —(PA, )x +m(Vi =V3),,

w
F,=(PA), —(PAy), +§(V1 -V;), or

F, = (PlAl)y _(PzAz)y + (V- VZ)ya

FIGURE 2.2. Nonaxisymmetric reducing flow passage.

w
F.=(PA), - (PA4,), +E(Vl -V;), or
F. =(PA )Z - (R A, )Z +m(V, - V,)..

Usually a nonaxisymmetric stream tube lies in a single
plane so that an analysis in two directions is sufficient.
For the stream tube shown in Figure 2.2 the momentum
equations become:

F.,=PA -PA, cosa+K(Vl —V,cosaxr) or
8

F.=PA —PA,coso+r(V;—V,cosa),

. w .
F,=-PA;sinoc——V,sina or
8
F,=-PA;sino—mV, sina.

The angle y describing the orientation of F is:

= arctan !
Y= 7

X

2.3 THE MOMENTUM FLUX
CORRECTION FACTOR

Up to this point it has been assumed that velocity dis-
tribution in the fluid has been uniform across a plane
normal to the direction of flow, when in fact it never is
(Section 1.5). An assessment of the error incurred by
this assumption in the momentum equation is in order.
The total momentum at a given cross section of the
stream tube is, assuming a flat velocity profile,

mV =(AVp)V = AV?p,

where V is the average fluid velocity. In an infinitely thin
cylinder centered on the pipe center, this becomes the
following differential equation,
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FIGURE 2.3. Plot of fully turbulent velocity profile for f = 0.024.
udm = u’pdA, Ludwig Prandtl, Johann Nikuradse, and Theodor von

where u is the local velocity. If we integrate this differ-
ential equation over the total cross sectional area A
where the fluid velocity is not uniform throughout, we
will arrive at a value that is not equal to mV. We need
to introduce a correction factor:
Judn'fz = oV, 2.3)
where 6 is the momentum flux correction factor. For an
axisymmetric velocity distribution the mass flow is:

dm=updA =up(2rrdr),
i = jdm - 2npjurdr, (2.4)

where r is the radius from the center of the pipe to the
local velocity. The momentum flux is given by:

udm = u’ pdA = u*p(2rrdr),

Judn"z = 27th. u’rdr. (2.5)
Combining Equations 2.3-2.5, we obtain:
27tpj u’rdr = 927:ij urdr,
or
1 Juzrdr
0=— . (2.6)
4 J.urdr

Karman, during the period from 1926 to 1932, deter-
mined an equation for the velocity profile in pipe flow.
From that equation Robert P. Benedict [1] shows that
the velocity profile can be expressed as*:

i=1+3.75\/z+2.5\/zlnl.
v 8 8 R

The plot of this equation is shown in Figure 2.3. It will
be seen that the slope of the curve is not zero at the pipe
centerline. About this, Hunter Rouse [2] says that
“[these equations] do not give a zero slope of the veloc-
ity distribution curve at the center line. This is a defect
in the formulas, which, from a practical viewpoint, is
nevertheless of little significance. The equations actually
portray the true velocity distribution in the central
region of the flow very well, although they were derived
for the region near the wall.”

Street et al. [3] give the following formulas for veloc-
ity profile and the resulting average velocity:

2.7)

u Y
— =5.75log;, =+8.5,
%4 g €

4 R
—=5.75log;, —+4.75,
% g1 €

€

JF

* The development of this equation is given in Appendix F.



16 CONSERVATION EQUATIONS
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FIGURE 2.4. Momentum flux correction factor versus fric-
tion factor (for turbulent flow).

V* is the “friction velocity,” V*= /7y / p,,, Where 1, is
the wall shear stress and p,, is the mass density (in either
the English gravitational system or SI). By combining
these three equations the following equation is
obtained*:

v 1
logi, 2 +——— +0.607231
R
. 2Jf . 2.8)

4 0044943

2Jf

When Equation 2.8 is evaluated and compared with
Equation 2.7, the difference is scarcely discernible. With
either of these equations, performing the indicated inte-
grations and ratio in Equation 2.6, the momentum flux
correction factor is found to be:

0 =1+0.9765f.

A plot of this equation (for turbulent flow) is shown in
Figure 2.4.

With a friction factor of 0.04, 61s about 1.038. Because
most friction factors encountered in engineering work
are less than 0.04, the error attendant to assuming a flat
velocity profile is therefore usually negligible. Laminar
flow, however, is an exception. Here the velocity profile
is parabolic, and performing the indicated integrations
and subsequent divisions yields 6 = 1.333, a value which
cannot be ignored. Other exceptions occur where the
velocity profile is badly distorted, such as at the efflux
of a conical expander.

* The development of this equation is given in Appendix F.
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FIGURE 2.5. Energy fluxes.

2.4 CONSERVATION OF ENERGY

The energy equation is of paramount importance in our
mathematical model of fluid flow losses. It accounts for
the various energy changes within a flow system, or a
portion of interest, and enables us to formulate a math-
ematical relationship that will provide consistently
accurate predictions of pressure drop within it. The
energy equation presents few difficulties once these
energies have been identified.

As its name implies, the energy equation rests on the
law of conservation of energy. This law, when applied to
the steady flow of any real fluid, states that the rate of
flow of energy entering a system is equal to that leaving
the system. Figure 2.5 shows a hypothetical flow system
with the fluid properties and circumstances and the
energy fluxes affecting the energy balance.

In order to relate the energy inflows and outflows in
a system it is necessary to put them in common units. It
is convenient for this discussion to express energy in
work units such as foot-pounds or newton-meters, and
unit energies in terms of foot-pounds per pound of fluid,
or newton-meters per newton. From Figure 2.5 it is seen
that five kinds of energy flux must be considered: poten-
tial, pressure, kinetic, heat, and work.

2.4.1 Potential Energy

Every unit of fluid lifted above an arbitrary datum
required a certain amount of work to lift it there. If
the unit of fluid quantity is pounds (or newtons), the
work required (in a uniform gravity field) is its weight
times the height it was lifted, ft-1b (or N-m). Thus the
unit energy is ft-Ib/Ib or ft (or N-m/N or m), equal
numerically and dimensionally to its elevation Z
above the datum. This is called the elevation or poten-
tial head.



2.42 Pressure Energy

Pressure is commonly expressed as force per unit area—
for example, Ib/in?, 1b/ft*, or N/m? (pascals). If the fluid’s
pressure is divided by its weight density, its potential for
doing work is expressed in potential energy terms. Con-
sistent units will eliminate mixed unit problems. Thus
1b/ft* and N/m? yield:

Plp, = (Ib/f2)/(Ib/fe) = ft,
Plp,, =(N/m?)/(N/m*) =m.

As an example, a fluid under pressure P can be lifted in
a manometer to a height P/p,, or P/p,. This is called the
pressure head.

2.4.3 Kinetic Energy

The simple equations of motion show that in the absence
of air or other resistance any body dropped from one
elevation to another lower elevation acquires a velocity
equal to the square root of twice the product of the
elevation difference and the acceleration of gravity,
that is,

V =42gAZ.

Conversely, any body moving with velocity V can, if the
velocity can be directed upward, attain a height of:

AZ=V?/2g. (2.9)

A fluid’s energy of motion is thus V*2g ft-1b/Ib or simply
ft (or N-m/N or m). This is called the velocity head. The
symbol is Hyg.

In the hypothetical flow system shown in Figure 2.5
we might assume that every molecule of fluid is passing
through the conduit, at any one cross section, at the
same velocity. In such a case the fluid’s average velocity
would be the same as that of any particle of the flow,
and its kinetic energy would be accurately described by
Equation 2.9, where V is the fluid’s average velocity. A
real fluid, however, never flows in quite this fashion. At
the wall of the conduit its velocity always approaches
zero and it increases to a maximum at the center of the
conduit for fully developed flow. The kinetic energies of
its parts vary depending on their locations in the cross
section. Because the square of the average is not the
same as the average of the squares, a correction factor
¢ must be included if the average velocity is used to
calculate the kinetic energy of the flowing fluid:

HKE = ¢v2 /2g.
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The correction factor will be treated in more detail in a
later section, but suffice it to say now that ¢ is required
to measure precisely the kinetic energy of the fluid.

2.4.4 Heat Energy

The English physicist James Prescott Joule (1818-1889)
showed conclusively in experiments conducted between
1843 and 1850 that heat is equivalent to work. The physi-
cal constant relating the two is denoted here by the
symbol J.To convert common heat units (Btu/Ib or kcal/
kN) to specific work units (ft or m) the heat units are
multiplied by J in the proper units. Because transferred
heat flux Q is usually calculated in heat units and the
energy equation is usually set up with work units, it is
convenient to convert the heat units to work units:

JO-= (ft—lb)(@) _ ft-1b ’
Btu S S

3 (N-m)(kcal) _ N-m
kcal S s

The units in the foregoing expression, now in work units
per unit time, must be further converted to potential
energy units:

JQ _ftlb/s _ftlb _

- — =ft, (2.10a)
w Ib/s Ib

_ N-m/s _N-m _ m (2.10b)
N/s N

Internal heat energy, that is, heat energy possessed by
the fluid upon entering the flow system or leaving it, like
transferred heat, is usually expressed in heat units;
but unlike transferred heat it is treated on a per-unit-
weight basis or a per-unit-mass basis. (For this discus-
sion let us continue to treat the individual terms of the
general energy equation on a per-unit-weight basis.)
Internal heat energy, or simply internal energy, denoted
by the symbol U, is converted to potential energy units
as follows:
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2.4.5 Mechanical Work Energy

The mechanical work done on the fluid in the flow
system by a pump and, as in the case of heat flux, the
work done by the fluid in a turbine must be expressed
in power units, or work per unit time, to maintain dimen-
sional homogeneity in the energy equation. These units
may be converted to potential energy units as they were
in the case of heat flux (Eq. 2.10a and 2.10b):

E, ftlb/s _ftlb

= —=ft
w 1b/s Ib

_ N-m/s _N-m _

~ Nis N

The same conversion also applies to turbine work, E7.

The mechanical work energy is often called “flow
work,” because without flow there is no work performed.
In the case of the pump, flow work is added to the flow,
and in the case of the turbine, flow work is subtracted
from the flow.

2.5 GENERAL ENERGY EQUATION

Having defined the energy fluxes in the hypothetical
flow system in common units, we may now write the
energy balance:

2
%+¢]2L+21+JU1+JQ+E—.P
» w W
P Y & L o g @1
B eV U, =2 T
(pw)> 28 wooow

Equation 2.11a is set up for weight units in either the
English gravitational system (where Ib; is basic) or SI
(where the kilogram mass is basic) but using newtons as
the force unit. For SI in mass units, the equation is:

2
P 0Ve,, JU IO Er

(Puhg 28 g

2
B, oV + 7, + 0 IO B

C(Pm)rg 28 g

me. me (2.11b)

mg  mg

As shown in Chapter 1, the units of p,,, m, and r1 are
changed to force units when multiplied by g, and this
entity may not be easily recognized by the user. For this
reason a conversion factor called C, may be inserted
into the conversion to change the name of the entity.
This factor for SI is N/(m/s?)/(kg), and if you call it “C,,”
Equation 1.1 becomes:

F Newtons = [C, N/(m/s* /kg)[m kg x a(m/s*)].

With this convention, each term in the SI General
Energy Equation has the units of meters.

Other forms of energy, such as chemical, electric, or
atomic, may need reckoning in a particular flow problem.
Their inclusion should present no difficulties if they are
treated as the five forms shown here have been.

The first three terms on each side of Equation 2.11a
and 2.11b are called the Bernoulli terms, after Swiss
mathematician Daniel Bernoulli (1700-1782), and are
referred to as heads—P/p is called the pressure head,
¢V?*2g is called the velocity head, and Z is called the
elevation or potential head.

2.6 HEAD LOSS

The general energy equation as given above (Eq.2.11a
and 2.11b) is valid for any real fluid. There is, however,
an observation that should be made here. Consider the
most elementary flow system: a horizontal pipe of con-
stant cross section, without pump or turbine, and without
external heat transfer, carrying a fluid from one end to
the other. Let us also assume that changes of fluid pres-
sure or temperature do not affect the fluid density
during its passage through the flow system. (This kind
of flow is called incompressible flow and it is very closely
approximated by the flow of most liquids.) By the con-
tinuity equation (Eq. 2.2a and 2.2b), the average veloc-
ity does not change; therefore the ¢V?2g terms are
equal on both sides of Equation 2.11 and may be
dropped. The elevation does not change from one side
of the equation to the other, so the Z terms may be
dropped. Without pump or turbine work the E/w terms
may be dropped. Without external transferred heat
the JQ/w terms may be dropped. This leaves only the
P/p terms and the JU terms. Collect the JU terms
and lump them into one term called AJU; the resulting
equation is:

BB s,

P P2

Again, as in Equation 2.11, p is either p,, or p,,, depend-
ing on the units chosen. The pressure head change is
equal to the thermal energy term, AJU! In this illustra-
tion, we could have included the other Bernoulli or
head terms and shown that AJU is equal to the change
in total head. Appropriately enough, the change is called
head loss, or H;. In the general energy equation, where
there is external heat transfer, only a portion of AJU is
owing to head loss. But since we have observed that in
incompressible flow the thermal terms usually do not
affect the fluid density appreciably, we may drop the
thermal terms altogether except for the portion that



accounts for the loss of head, that is, H;. Then we may
write a simplified energy equation:

2 2
5+M+ZI+E_.P:§+M+ZZ+E_'T+HL,
w

p 28 woop 28
(2.12)

where p is either p, or p,, depending on the units
chosen, as in Equation 2.11. Head loss is not a loss of
total energy; it is a loss of useful mechanical energy
by conversion of mechanical energy to heat energy.
This energy is seldom recoverable, and, because in
the study of pressure drop in liquid systems the heat
energy is usually of no interest, the head loss term
represents the loss of useful energy. (It would be an
exceptional case indeed where this lost heat energy
could be partially recovered, say, by a low tempera-
ture, low pressure organic vapor turbine system, or a
heating system.)

When a compressible fluid is flowing these general-
izations cannot be made because there are significant
conversions of heat energy to mechanical energy. Still,
however, there are simplifications that can be made to
make the general energy equation appear less formi-
dable.These will be introduced in a later section (Section
2.8). Head loss will be treated in detail in the following
chapters.

2.7 THE KINETIC ENERGY
CORRECTION FACTOR

In Section 2.3 it was noted that the kinetic energy
term requires a correction factor if the velocity profile
is not flat and the energy is computed from the aver-
age velocity V. The value of the correction factor
is important if an accurate energy balance is to be
obtained. The expression for the kinetic energy correc-
tion factor may be derived in very much the same
fashion as the momentum correction factor was. The
total kinetic energy flux at a given cross section of the
stream tube is:

Juzdm = oV, (2.13)

where ¢ is the kinetic energy correction factor, V is the
average velocity, and u is the local velocity. For an axi-
symmetric velocity distribution in a circular duct, the
mass flow is given by Equation 2.4:

m= Jdm = 27tpj urdr. (2.4, repeated)
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The local kinetic energy flux is:
wdm=u*(updA)=u’p2rrdr.

The total kinetic energy flux may be found by integrat-
ing along the radius:

J’ Wdrin = 2npju3rdr. (2.14)
Combining Equations 2.13, 2.4, and 2.14 yields:
1 Iu3rdr
2np_[u3rdr =¢V? 27er.urdr, o= 2 (2.15)

Jurdr .

Robert P. Benedict [1] gives the following equation for
velocity profile:

2o+ 3.75\/Z + 2.5\/Z InZ. (27, repeated)
% 8 8 R

Using this equation, by performing the integrations
indicated in Equation 2.15, Benedict obtains the follow-
ing equation for the energy correction factor. It is (with
coefficients rounded to four decimal places):

¢=1+2.9297f —1.5537 %,

A plot of this equation (for turbulent flow) is given in
Figure 2.6.
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FIGURE 2.6. Kinetic energy correction factor versus friction
factor (for turbulent flow).
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In laminar flow, where the velocity profile is para-
bolic and is not a function of friction factor, the evalu-
ation of Equation 2.15 may be accomplished analytically
to show that ¢ = 2.000. When analyzing a laminar flow
system, it is important therefore to include ¢. Turbulent
flow, however, is present throughout the operating range
of most modern piping systems and consideration of the
kinetic energy correction factor is much less important
as will be seen in the following section.

2.8 CONVENTIONAL HEAD LOSS

By convention the kinetic energy correction factor ¢ is
dropped in engineering computations because its value
is close to 1. The head loss term in the incompressible
general energy equation is defined by ignoring the ¢
coefficient so that the equation becomes:

2 2
Bidiizale B Bz B, a6

pi 8 wo P

where, as in Equation 2.11, p is either p,, or p,,, depend-
ing on the units chosen. Notations (H; ) and (H,); will
be used momentarily to distinguish the conventional
value from the exact value. By solving Equations 2.16
and 2.12 simultaneously, conventional head loss is seen
to be:

(Hi)e = (L) +(@ =D 3~

It is evident that conventional head loss equals exact
head loss when there is no change in flow area and thus,
inherently, V, = V; and ¢, = ¢;. When there is contrac-
tion of the flow passage as shown in Figure 2.7a, the
contraction causes V, to exceed V; while flattening of
the velocity profile causes ¢, to approach 1 more closely

Velocity Profile

Flattenedj
\

—
_______ Il —= 3
——3 —3 =3
2
Va>7 0> < ¢y Va<i 0,> ¢,
(a) (b)
FIGURE2.7. Velocity profiles.(a) Contraction. (b) Expansion.

Velocity Profile
Rounded

Il

[

than ¢, does, so that (¢, — 1) exceeds (¢, — 1). Thus for
a contraction the two effects tend to cancel, minimizing
the difference between conventional and exact head
losses. In Figure 2.7b, illustrating flow through an
enlargement, again it is seen that the changes in velocity
and kinetic energy correction factor are opposite,
tending to minimize the difference between conven-
tional and exact head losses. Finally it should be noted
that head loss values are founded on or supported by
experimental data, the evaluation of which is based
upon the omission of the ¢ term in the velocity head.
The net result of these effects is to markedly decrease
the adverse influence of the uniform velocity assump-
tion on fluid flow computations.

2.9 GRADE LINES

It is helpful in visualizing the head loss process and the
terms used in describing it if the various terms of the
energy equation are plotted on the ordinate of a graph
with length of the flow passage plotted on the abscissa.
Figure 2.8 shows an example for flow through a pipe
with an upward slope and a change in diameter.

The top line, variously called the Energy Line, Energy
Grade Line, or Total Head Line (though “Total Useful
Head Line” might be more appropriate), represents the
sum of the elevation, pressure, and velocity heads. A
pitot probe inserted in the flow would cause a column
of the flowing fluid to rise in a manometer to that line
as shown. If a pump or turbine were placed in the line
as shown in Figure 2.5 there would be an appropriate
rise or fall of the energy line representing the energy
added to or subtracted from the flow.

The line below it represents the Piezometric Head
Line or Hydraulic Grade Line. It is everywhere lower
than the energy line by the value V*2g or the velocity
head, and it is the line to which a static pressure tap (or
piezometer) will cause a column of the flowing fluid
to rise.

Note in Figure 2.8 that the energy grade line dips at
the sudden enlargement of the pipe owing to a loss of
mechanical energy cause by turbulence downstream of
the enlargement. The energy grade line downstream is
positioned closer to the hydraulic grade line, reflecting
the lower flow velocity due to the increase in pipe cross
section. Note also that the hydraulic grade line rises
rather abruptly downstream of the enlargement, indi-
cating that not all of the kinetic energy difference before
and after the enlargement is lost, but some is recovered
and converted to pressure energy. Finally, note that
energy and hydraulic grade lines are parallel as long as
the pipe cross section remains constant, and that both
lines slope downward to the right (in the direction of
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FIGURE 2.8. Grade lines.

flow), more steeply for the smaller, higher velocity pipe,
as pipe friction converts mechanical energy to unavail-
able heat energy.

The following generalizations may be deduced:

1. The energy line for a real fluid will always slope
downward in the direction of flow except where
mechanical energy is added by a pump.

2. The vertical drop in the energy line represents the
loss of total head or mechanical energy.

3. The energy line and the hydraulic grade line are
coincident and lie in the free surface of a body of
liquid at rest (as, for instance, in a reservoir).
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INCOMPRESSIBLE FLOW

This chapter will explore kinds of flow, such as laminar
and turbulent, the development of understanding of
pressure losses in incompressible flow and the equations
to describe them, and sources of pressure loss.

3.1 CONVENTIONAL HEAD LOSS

As was established in the previous chapter, if the
fluid pressure and temperature do not appreciably
affect the fluid density, the thermal terms of the gen-
eral energy equation may be dropped, excepting
one term called head loss (H;). The head loss term
designates the mechanical energy (embodied in the
Bernoulli terms P/p, $V?/2g, and Z) that is converted to
thermal energy due to frictional resistance to flow. The
resulting equation very closely describes the flow of
most liquids. Further, when we neglect the kinetic
energy correction factor, we obtain the conventional
general energy equation:

2 2
A +V—1+ZI+E i +V—2+ZZ+E—.T+HL.
w

(pv), 28 W (P 28

Now, for convenience and simplicity, assume that the
flow line is level so that Z, equals Z,, and that there is
no pump or turbine. Then the energy equation is simpli-
fied to:

2 2
A +V—‘= L +V—2+HL
(pw) 28 (pu), 28

or

g PP VE-VE
(pw) (Pu)y 28

For ordinary liquids under ordinary conditions, as
indicated above, change of specific weight is so modest
for flow-induced temperature and pressure changes
that (p,); may be equated to (p,),. Making this
simplification,

_B-P, VP-VP

H
o 28

(3.1)

Remember that H, is a loss in the general energy equa-
tion; therefore, it represents a drop in the Energy Grade
Line. Because there is no change in flow velocity when
there is no change in flow area, this equation shows that
pressure loss is directly proportional to head loss in a
level constant area flow duct.

3.2 SOURCES OF HEAD LOSS

As was seen in Chapter 2, head loss amounts to a con-
version of available mechanical energy to unavailable
heat energy. Two principal sources of this conversion
may be identified: (1) surface friction and (2) induced
turbulence due to fittings and other changes in the flow
path, such as valves.

Pipe Flow: A Practical and Comprehensive Guide, First Edition. Donald C. Rennels and Hobart M. Hudson.

© 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.

23



24 INCOMPRESSIBLE FLOW

3.2.1 Surface Friction Loss

Effort is required to cause a fluid to flow through a
conduit. Whenever there is relative motion between two
bodies in contact there is frictional resistance, and fluid
flow in conduits is no exception.

The problem of a rational treatment of surface fric-
tion has been under investigation since at least the late
1700s. Some of the early experimenters recognized there
are two flow regimes—one in which flow moves on in a
tranquil, quiescent fashion, and one in which the flow is
chaotic. The former has been named streamline or
laminar flow, because the various axial layers of the fluid
remain intact as the flow proceeds. The latter has been
named furbulent flow, because layers in the flow conduit
do not remain intact but are constantly being mixed due
to turbulence, that is, chaotic motions in the flow.

Gradual progress in understanding surface friction
started with the recognition that friction loss—at least
for the turbulent regime—is approximately propor-
tional to the square of the flow velocity. But the first
rational formulation of pressure loss in flow of fluids in
conduits was found for the laminar regime. A similar
formulation for the turbulent region was not far behind.

3.2.1.1 Laminar Flow While most of the early
researchers experimented in the turbulent regime, two
very successful ones experimented in the laminar
regime. Gotthilf Hagen (1797-1884), a German hydrau-
lic engineer, published in 1839 a paper quantifying pres-
sure loss in laminar flow. Independently, Jean Poiseuille
(1797-1869), a French physician hoping to quantify flow
losses in blood vessels, working at the same time, dis-
covered the same governing relations. He published his
work in 1841. The law governing pressure drop in
laminar flow that they found is now called the Hagen—
Poiseuille law in their honor [1,2]. It is:

32ulLV
HL= ‘LL 5 -
pwD

Although Hagen observed a transition in which his tran-
quil flow became chaotic or turbulent, he did not succeed
in his attempts to understand why it happened.

3.2.1.2 Turbulent Flow One of the earlier fluid flow
experimenters was Antoine de Chézy (1718-1798), a
French hydraulic engineer. Chézy, in his analyses for the
Yvette River aqueduct project in France in about 1770,
made use of the fact that head loss—for aqueducts—is
approximately proportional to the square of the flow
velocity [3]. His formula was:

V =C~RS,

where
R = hydraulic radius of conduit or channel,

S = slope of conduit = H,/L,
L = conduit length, and
C = VI/(RS)" from observation of other channels.

While Chézy’s formula was developed for open channel
flow, it is noteworthy that it can be applied to pipe
flow as well. His equation can be rearranged and
expressed as:

Although Chézy’s formula is dimensionally homoge-
neous, and Chézy recognized that C changed from
channel to channel, it does not appear that he knew how
it changed. It is ironic that Chézy’s work on this formula
was not published until 1897 in the United States by
Clemens Herschel [3].

Gaspard Riche de Prony (1755-1839), another
French engineer (famous for the Prony brake), pub-
lished a formula in 1804 which may be expressed as [3]:

2
HL :(i"'b)AV—,
|4 D2g

where a and b are dimensionless coefficients. However,
the equation is not dimensionally homogeneous. Prony
believed that the formula for pressure loss in pipes was
a power series in V, and his formula above was a first
approximation using the second and third terms.
Henry Darcy (1803-1858), yet another French engi-
neer, in 1857 proposed the following formula for smooth

pipes [4]:

H, =(a£+bijv+(b£+c£2)v2,
D D? D D

in which a, b, and ¢ are dimensionless coefficients. The
first term was dropped for rough pipes and the coeffi-
cients changed somewhat. However, Darcy’s formula
was not dimensionally homogeneous either.

Julius Weisbach (1806-1871), a German engineer,
published his formula in 1845 [5]:

LV?
H =f——: 32
= 5o (32)

Weisbach was the first to write a dimensionally homo-
geneous formula for surface friction pressure drop
incorporating a dimensionless “friction factor” and the



2g divisor. His formula was so successful that it is
still the formula in modern use. Darcy is usually given
credit or joint credit for the formula, and the friction
factor f in Weisbach’s formula is usually called the
Darcy friction factor.* In fact, though, Darcy’s con-
tribution was not the formula but the recognition that
fluid resistance depends on the type and condition of
the boundary material. However, neither Weisbach
nor any of the other pioneers mentioned had any
rational basis for the proportionality factors, or “fric-
tion factors,” in their equations. The group fL/D is
called the resistance (or loss) coefficient and given the
symbol K. More will be said about f and K in Chapters
4 and 8.

3.2.1.3 Reynolds Number The next breakthrough
came when Osborne Reynolds (1842-1912), a British
engineer, showed in 1883 that the transition between
laminar, or streamline, flow and turbulent flow occurs at
a fairly definite value of a dimensionless number he had
developed. The number named after him is the Reyn-
olds number [6]:

_VDp,, wp,

Nk, =—" (English)  (1.2a, repeated)
g gUA

Nge = VDpu _ rpm (SD). (1.2b, repeated)
u HA

The Reynolds number is the ratio of momentum forces
to viscous forces in the flow. It is now known that when
the viscous forces predominate, the flow is laminar;
when the momentum forces predominate, the viscous
flow breaks down and becomes turbulent.

3.2.1.4 Friction Factors

The Laminar Flow Friction Factor Using Reynolds’
new dimensionless number, a friction factor for use in
Weisbach’s friction head equation may be found for the
laminar flow regime. Grouping the variables of the Reyn-
olds number in the Hagen—Poiseuille law and grouping
the remaining variables as in Weisbach’s equation yields
the following formula for laminar friction factor:

64

f=NRe'

(3.3)

The laminar friction factor is a function of Reynolds
number alone, and is independent of any other factor.

* This nomenclature is necessary to distinguish it from other friction
factors in use, especially the Fanning friction factor, which is one-
quarter the Darcy friction factor.
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The Turbulent Flow Friction Factor 1t was not until the
early 1930s that the friction factor for turbulent flow was
reduced to a rational basis. Ludwig Prandtl (1875-1953),
aresearcher at the University of Gottingen in Germany,
through his work on velocity distribution, showed that
the formula for friction factor for turbulent flow in
smooth pipes should take the form [7]:

%:AlogNRe\/?—B or %=Alog10(CNRe)\/?’

where A, B, and C are constants. At that time, Johann
Nikuradse (1894-1979), an engineer on Prandtl’s labo-
ratory staff at Gottingen, was experimenting with flow
in artificially roughened pipes. His research provided
data to define the constants in Prandtl’s equation [8,9]:

1 Needf (L 0 251

_:21 = _
N X BN e YN 7

At the same time, Theodor von Kdrmén (1881-1963), a
Hungarian engineer working as a professor at the Uni-
versity of Gottingen, also used Nikuradse’s data to
determine that for rough pipes flowing with complete
turbulence, the friction factor is independent of Reyn-
olds number and is equal to [10]:

L=210g103.72 or L:—ZlogmL. (3.5)
€

Jr Jr 3.7D

Nikuradse’s work, published in 1933, showed that, for
pipes roughened on the inside circumference with
uniform sand grains, the friction factor followed the
Hagen—Poiseuille law up to the critical Reynolds
number, then rose up to the smooth pipe friction factor
formulated by Prandtl, followed it down for a range of
Reynolds numbers, then rose up again to meet the
friction factor for turbulent flow formulated by von
Karman (Fig. 3.1).

His results, while duplicating results with smooth
pipe and with rough pipe at high Reynolds numbers,
unfortunately did not duplicate results with commercial
pipe at intermediate Reynolds numbers. Friction factor
results with commercial pipe, for increasing Reynolds
numbers, yielded friction factors that followed the
Hagen—Poiseuille law until rising abruptly at the critical
Reynolds number (Ng, = 2100), then declined gradually
in the transition zone to fair into the complete turbu-
lence friction factor. Nikuradse’s friction factor, on the
other hand, after the abrupt rise at the critical Reynolds
number, rose only to the smooth pipe line and followed
it before rising to fair into the complete turbulence
factor (compare Figs. 3.1 and 3.2).
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FIGURE 3.1. Nikuradse’s uniform sand grain results [8].

Two British scientists, Cyril F. Colebrook (1910-1997)
and Cedric M. White (1898-1993), showed experimen-
tally in 1937 [11] that Nikuradse’s results were due to
the uniformity of roughness in his pipes. Artificially
roughened pipes with nonuniform sand grains dupli-
cated very well the behavior of commercial pipes.
Prandtl’s boundary layer theory, which held that there
is always a laminar flow boundary layer that thins as
Reynolds number increases, explained the reason for
the difference. In the critical zone, general laminar flow
breaks up into a turbulent core and a laminar boundary
layer next to the pipe wall. At this point in Nikuradse’s
pipes the uniform sand grains remained submerged in
the boundary layer and were hidden to the turbulent
core flow, and the friction factor was the same as for
smooth pipe. With increasing Reynolds number, the
boundary layer thinned until the sand grains began to
emerge, and the friction factor transitioned from the
smooth pipe value to the rough pipe value. With com-
mercial pipe,on the other hand, the largest of the various
sizes of protuberances were never submerged in the

laminar boundary layer after the critical Reynolds
number was passed and so the flow behaved somewhat
like that for rough pipe from the beginning. For this
reason the friction factor remained higher than for
smooth pipe, but because many of the smaller protuber-
ances remained submerged, it declined on increasing
Reynolds number somewhat like that for smooth pipe
until the rough pipe value was reached.

Upon a serendipitous suggestion by White, Cole-
brook [12] proposed an empirical combination of the
Prandtl and von Kéarman formulas (Egs. 3.4 and 3.5)
obtained by inverting and adding the arguments of the
logarithms. The resulting expression modeled very accu-
rately commercial pipe behavior in the turbulent regime.
Their formula, published in 1939, is:

€ 2.51 ) (3:6)

L (—+
I 859D Ne T

(Note that Prandtl’s smooth pipe formula is slightly out
of context when used in this formula; nevertheless, we
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28 INCOMPRESSIBLE FLOW

will call it the “Prandtl term” because of its origin.) Soon
afterwards (1944), Lewis F. Moody [13] published a
design chart based on the Colebrook—White formula.
The formula and chart (Fig. 3.2) have been so successful
that they are still in use today. The chart is popularly
known as the “Moody Chart.” See also the diagram in
Part II, Chapter 8.

3.2.2 Induced Turbulence

The second source of pressure losses in pipe flow, in
contrast to pipe friction, is induced turbulence. These
losses are often referred to as local losses or sometimes
as minor losses, although they are usually far from
minor. When turbulence in excess of that normally
present in the flow is caused by the flow passage shape,
the energy resident in the turbulence is not usually
recovered as mechanical energy and is consequently
converted to heat. As shown in Chapter 2, mechanical
energy converted to heat is described in the energy
equation by the head loss term, H;.

A particular solution to the local loss problem ante-
dates the Darcy—Weisbach equation; this is the Borda
sudden expansion loss. Jean-Charles de Borda, by rea-
soning, predicted in 1766 the head loss due to a sudden
expansion. In modern terms his prediction may be
written as:

2 2
2g A2

This equation is often called the Borda—Carnot equa-
tion. Experiments proved Borda to be correct for the
turbulent flow case.

Note that the head loss in Borda’s equation is
proportional to V{?/2g times a geometry-dependent
constant. This arrangement has been found to be
generally true in subsequent pressure loss work. If we
denote the geometry-dependent constant as K, the
general case of induced turbulence head loss may be
written as:

2
H, = k. (3.7)
2g

K is known as the resistance coefficient or loss coefficient.
As shown in Chapter 2, V %/2g is the velocity head, so
that K is the head loss measured in velocity heads.

Making use of the fact that V ?/2g is the velocity head,
the Weisbach equation (Eq. 3.2) may also be written
using the loss coefficient K. Factoring the V?/2g term
from the equation shows that Equation 3.7 may be used
to describe pipe friction when:

L

K=f—. 1.3, ted
fD (1.3, repeated)

Equation 3.1 may be rearranged as:

PPy, WV2

P 2g

Using the identity A,V = A,V, we may write:

P-P _ H, _V_lz{l_(ﬁ)z}_
P 2g AZ

This is valid when there is a change in the flow area.
Substituting Equation 3.7 for H; and rearranging gives:

2 2
P—p =Py K1—1+(ﬁ) . (3.8)
2g A,

The loss coefficient for induced turbulence—*local
losses”—is ordinarily based on the inlet size, which
controls the inlet velocity. With that convention, the
loss coefficient is subscripted with a 1, denoting the inlet,
and the velocity in the equation must also be the inlet
velocity, as shown. If it is desired to base the loss
coefficient on the outlet velocity, then the last three
steps yield:

Using the identity w = AVp,, we can write:

w2

V2= yoes

Substituting this into Equation 3.8 yields:

.2 2
P
nglzpw A2

If the loss coefficient is based on the outlet size, the
pressure drop equation becomes:

.2 2
A-ne o3 ]
8A42Pw 1

If the inlet and outlet areas are the same (A; = A,), the
formula reduces to:

P-P=

WZ

2gA%p,,

A-b=K



Unfortunately, this form is often used in practice even
if the inlet and outlet areas are different.

While the head loss for induced turbulence is slightly
dependent on the surface roughness, usually—unlike
pipe friction—the feature geometry is by far the most
important, and, after that, the Reynolds number. Part IT
gives K for a number of important pipe fittings and
arrangements.

3.2.3 Summing Loss Coefficients

Pressure losses in incompressible flow are additive. If a
piping stretch has various contributors to the overall
pressure loss with different areas, it will be convenient
to have a formula for the overall pressure loss in terms
of the characteristics of the individual pressure loss con-
tributors. We may write:

APps =AP,+ AP, +AP.+...+ AP,

Substituting for the individual APs results in:

.2 .2 .2
APoAZ(KW—Z +(1< LA, (U (L g
28A°py ), 28A°py ), 28A°p,, ).

)2
| K|
ngsz n

The Ks themselves are based on different areas, so we
cannot add them. However, if we factor out w”/2gAp,
we get:

.2 2 2 2 2
AP, =2 (KA K,,A—+KCA—+...+K,1A—).

[ P +
2gA*w A? A? 2 A2

Each K, as modified by the ratio of the square of the
ratio of the “standardized” area (A) to the actual area
(A, Ay, A, o1 A,), can be added. We say that the resis-
tance coefficients are referred to the standardized area
(that is, A). The general form is:

A? d*
K:K,l? or K:Kay, (39)

where

K =standardized K (usable in the AP formula with
Ay),

K , = actual K (usable with A, in the AP formula),

A = standardized area,

A, = actual area,

d = standardized diameter, and

d, = actual diameter.
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Usually the “standardized” area is the area of the most
important feature, usually pipe, in the stretch being
considered.*
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COMPRESSIBLE FLOW

This chapter deals with finding the pressure drop in
ducts flowing a compressible fluid. Six methods of
finding the pressure drop are offered, ranging from
approximate methods of varying accuracy to analytical
methods with absolute accuracy within the assumptions
made. Units used are mainly English gravitational units,
but International System (SI) units can be substituted
if dimensional homogeneity is maintained. (English
gravitational units use 1by, ft, and s as basic. This system
is very nearly the same as the United States customary
system (USCS) units, which use slug, ft, and s as basic.
In either the USCS system or the English gravitational
system, lb; = slugs x g, where g is the acceleration of
gravity in ft/s)

41 PROBLEM SOLUTION METHODS

As pointed out in Chapter 2, in incompressible flow
without heat exchanger input or output the thermal
terms may be equated to head loss. In compressible flow,
however, such is not the case because there are signifi-
cant conversions of heat energy to mechanical energy.
Some methods for finding the pressure loss for a com-
pressible fluid flowing in a duct are given below. Hori-
zontal ducts are considered because the density of the
flowing compressible fluid is usually low enough to
neglect its effect on static pressure with modest changes
in elevation.

It should be noted that each of the methods outlined
below require the flow path to have a constant cross-

sectional area. Procedures are given in Section 4.3.1.5 or
at the end of Section 4.3.2 on how to handle changes in
cross-sectional area.

Compressible flow may be treated in six principal
fashions:

1. If the pressure drop is small compared to the
system pressure, variation in flowing fluid density
with changing system pressure may be ignored
and the pressure drop found by incompressible
flow formulas. This technique works well for pres-
sure drops below about 10% of the inlet pressure,
and it works for either isothermal flow or adiabatic
flow. The formula is given in Section 4.2.1 below.

2. For pressure drops up to about 40% of the inlet
pressure, and for resistance coefficient K = 10 or
greater (or for smaller drops if K is smaller),
incompressible flow formulas work fairly well if
the fluid properties are determined at the average
of inlet and outlet conditions. This also works with
isothermal or adiabatic flow. The formula for this
method is given early in Section 4.2.2 below, with
an error chart for the adiabatic case.

3. For pressure drops up to about 40% of the inlet
pressure, and for resistance coefficient K =6 or
greater, incompressible formulas work fairly well
if the inlet and outlet pressures and their average
are used in determining the pressure drop. This
method is similar to the average properties method
described above but takes more into account to

Pipe Flow: A Practical and Comprehensive Guide, First Edition. Donald C. Rennels and Hobart M. Hudson.
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32 COMPRESSIBLE FLOW

estimate the pressure drop. The formula for this
method is given in the later part of Section 4.2.2
below, with an error chart for the adiabatic case.

4. Incompressible flow formulas may be used with
“expansion factors,” correction factors to account
for compressible flow behavior. The correction
factors are generally presented in the form of
charts giving the factor (“Y”) as a function of the
relative pressure drop (AP/Pi). While conve-
nient, this method suffers from the disadvantage
of requiring a different set of expansion factors for
each value of the isentropic exponent ¥. This is not
a serious disadvantage for low pressure flow for
many gases, but at higher pressures and/or lower
temperatures the isentropic exponent varies con-
siderably from its usual, ambient condition value.
This technique is valid only for adiabatic flow in
constant-area ducts. Formulas and charts are given
in Section 4.2.3 below.

5. The ideal equation for compressible flow with fric-
tion may be used directly, using Mach number as
a parameter. Indeed, this is the method used to
determine the expansion factors used in method
(4) above. The disadvantage of this method is that
it usually requires a dedicated computer program
to use, but for those who do not consider this to
be a disadvantage they are presented. (The equa-
tions are considered to be ideal because the veloc-
ity profile is assumed to be flat and therefore 6 and
¢ are unity, and the fluid’s properties are assumed
to be constant. The viscosity is also assumed to be
constant so that friction factor does not change.)
The equation for isothermal flow is different from
the one for adiabatic flow. These formulas are
shown in Sections 4.3.1 and 4.4 below.

6. The ideal equation for compressible flow with fric-
tion, using static pressures and temperatures at the
inlet and outlet as parameters, is presented. This
method is mathematically similar to the method
for adiabatic flow in (5) above but the Mach
number is not used. This method is given in Section
4.3.2 below.

4.2 APPROXIMATE COMPRESSIBLE FLOW
USING INCOMPRESSIBLE FLOW EQUATIONS

This section demonstrates the use and accuracy of three
approximate methods.

4.2.1 Using Inlet or Outlet Properties

This method works fairly well for pressure drops that
are below 10% of the inlet pressure.

Neglecting elevation head Z, the energy equation for
incompressible flow in a duct is:

PPy VIVE

, (3.1, rearranged)
pw 2g

where
P, =inlet static pressure, Ib/ft*,

P, = outlet static pressure, Ib/ft?,

p, = flowing fluid specific weight, Ib/ft’,
H,; =loss of head, ft-1b/lb,

V, =inlet velocity, ft/s,

V, = outlet velocity, ft/s, and

g = acceleration of gravity, 32.1740 ft/s*.

By multiplying both sides of the equation by p, we may
write:

Vi -V3
Pl—Pz=pw(HL— —2 ]

2g

Noting that p,, = 1/v we may change this to:

2 2
H—Jﬁ:l[HL—KL—KL} 4.1)
v 2g

When we substitute the formula for H;, which is

2
Ly Kl, (3.2, repeated)
D2g 2g
into Equation 4.1 we obtain:

Pl—P2=1(K

; 42)

V:_Vi-vi
26 28 )

If we refer all the resistance coefficients K in the stretch
of duct we are considering to the area at point 1 and
sum the terms, we make the head loss term specific, and
making this distinction changes Equation 4.2 to:

R—PZ=1(K

'2¢ 2g 2g

.
v

Factor out V/*/2g and we obtain:

2 2
a_g:Xqu4+EJ. (43)
2gv

Because AVp, =w, which for uniform flow is constant
throughout the duct, we may write:
, o Wwr o wh?

T A2 pz ToA

(4.4)



APPROXIMATE COMPRESSIBLE FLOW USING INCOMPRESSIBLE FLOW EQUATIONS 33

If we substitute Equation 4.4 for V* in Equation 4.3,
it becomes:

-2

w2y A?
P-P="" K -1+2L | 4.5
e A]ZZg[ ! A%j (45)

Because we have assumed that the specific volume
changes negligibly, and noting that A; must equal A,,
then the last two terms in the parenthetical expression
drop out and the equation becomes:

w2y

P-PB=K——.
1= 1 A2g

(4.6)

This equation is valid for incompressible flow. If it is
used for compressible flow we should write it as:

W2y

P-P=K——.
112 AP2g

4.7)

4.2.2 Using Average of Inlet and Outlet Properties

There are two methods presented here that use the
average of the inlet and outlet properties of the flowing
fluid. Specific volume is the best property to average.
The first method is called the simple method because it
assumes that the fluid specific volume is constant
throughout the flow path. The second method is called
the comprehensive method, and it is similar to the
simple method except that it accounts for the effect of
specific volume on velocity head.

In using the formulas for these methods, it must be
recognized that they work satisfactorily only if the duct
area is constant, or if the change in area is gradual, as
in a fabricated reducer or expander. However, fabri-
cated reducers and expanders are better described in
Chapters 10 and 11. Using the formulas there for K and
using the technique shown in Section 4.3.1.5 or at the
end of Section 4.3.2 is encouraged.

4.2.2.1 Simple Average Properties The general en-
ergy equation for this problem was given in Section 4.2.1:

_ 2 Y2
AP _ H, - vi-vs , (3.1, rearranged)
pw 2g
and transformed to:
-2 2
P-P :¥ K, —1+A—12 . (4.5, repeated)
Af2g Aj

This is valid for incompressible flow. If we use it for
compressible flow, using the average specific volume
instead of the specific volume at the inlet or outlet, using

A=A,=A, and K = K, = K,, the equation should be
written as:

w2y
P-P=K——, 4.8
1 2 A22g ( )
where
_ Vit
y=——
2

Equation 4.8 is the simple formula for pressure drop
using the average specific volume. In order to imple-
ment the equation it is necessary to know the tempera-
tures at the inlet and outlet as well as the respective
pressures in order to determine the inlet and outlet fluid
specific volumes. For Equation 4.8 (constant-area duct),
the temperature at one end may be estimated from the
temperature at the other using the following approxi-
mate equation:

TZ Pz (y-Dly
— = Fpp| — , 4.9
=~ o ( £ j (49)
where
T, = duct inlet absolute temperature,

T, = duct outlet absolute temperature,
P; = duct inlet absolute pressure,

P, = duct outlet absolute pressure, and
Fpr = a+ b(Py/Py) + c(Py/Py)>.

In this equation, Fpy is a parabolic fit of the ratio of 7,/T;
in adiabatic flow with friction as determined by the
equations in Section 4.3.1 to the temperature ratio 7,/T}
in a nonflow adiabatic process. The product of Fpr and
the nonflow adiabatic temperature ratio (7,/T;)""”
yields an approximate value of the adiabatic flow tem-
perature ratio. It is then possible to determine the values
of inlet and outlet specific volumes from gas or steam
tables, or by the ideal gas equation v = RT/P.

The constants in Equation 4.9 and its limits of appli-
cability are given in Table 4.1, in which AP is P; — P,.

The error between the results using Equation 4.8 and
using the ideal theoretical formula given in Section

TABLE 4.1. Constants and Limits for Fp,

Y a b c Limits

1.4 1.650 —-1.090 0.4412 For 20 < K < 100:
AP/P, 0.4

1.3 1.496 —0.8209 0.3265 For 3 < K <20:
AP/P;£0.3
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FIGURE 4.1. Error in simple average properties formula.

4.3.1, as a function of AP/P, for several values of K, is
shown in Figure 4.1. The chart assumes no error in the
correction factor Fpg. Note that the method gives good
results for higher values of K, and gives poor results at
lower values of K, especially with increasing pressure
ratio AP/P;.

4.2.2.2 Comprehensive Average Properties This
method is similar to the simple method, but it does not
assume constant specific volume throughout the flow
path. The unknown fluid temperature, and hence the
specific volume v, may be estimated using the same
relations given in the preceding section (Eq. 4.9).
Defining v as v = (v; +v,) /2, we can then modify the
general case for the pressure drop (Eq. 4.2) to:
2 2 2
P-P= %[KV——V—l +V—2} (4.2, modified)
v 2g 2g 2g

and by the application of Equation 4.4, V* =wv/A?,
using the v applicable to each station, the equation
becomes:

P_p 1 X w? Wi Wi
PG| T 2gA? 2gA? 2gA’ |
Factoring out w?*v?/2gA? yields:

Wiy vi o2

P-P~—Y Kk -2
e 25'142(1 P2 vzj

The expected error between the results using the com-
prehensive average properties formula (Eq. 4.10) and

(4.10)

using the ideal theoretical formula given in Section 4.3.1
is shown in Figure 4.2. The chart assumes no error in
Equation 4.9. When compared to the previous simple
average properties method, this method gives fairly
good results for higher values of K, and gives poor, but
improved, results at lower values of K with increasing
pressure ratio AP/P;.

For some problems the influence of elevation may
not be negligible. For these, the AP due to elevation
difference can be added:

=2 2 2
P-P :K(K—V—w”—z)é(zz 7).
1% 14 1%

ZgAZ =2 =2

4.2.3 Using Expansion Factors

As in all the other pressure drop equations in Chapter
4, the expansion factor method must be used for
constant-area ducts. Ordinarily it is also reserved for
adiabatic flow and it will be so treated here.

The formula for pressure drop with incompressible
flow in a horizontal pipe was given in Section 4.2.1:

w2y

P-P =K .
112 2gA

(4.6, repeated)

Using the specific weight p, it is:

WZ

P-P=K ,
1= 12 2¢A%p,

(4.11)

where
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FIGURE 4.2. Error in comprehensive average properties formula.

w = weight flow rate of fluid through the duct, Ib/s, and
A = duct cross-sectional area, ft’.

The comparable equation for incompressible flow rate
in a constant-area duct, as given by many fluid mechan-
ics texts, is:

W =0.52547 | A0Pw (412)
K
where
d = duct diameter, inches,
Ap = static pressure drop, Ib/in* = p; — p,,
p» = flowing fluid specific weight, 1b/ft3, and

0.525 = lumped conversion constants
=m+2g/48=0.525021.

(The symbol p, used here for specific weight is often
called weight density or simply density, and the symbol
p, without the subscript, is often used for it. Care should
be taken to distinguish between specific weight, or
weight density, and mass density.) The fluid mechanics
texts mentioned above adapt Equation 4.12 to com-
pressible flow by adding an expansion factor Y:

W =0.525Yd | 2PP g spsy [ BP0 (a13)
K Kv,

where
(p.): = fluid density at the inlet, Ib/ft’, and

vy = fluid specific volume at the inlet, ft*/1b.

The comparable adaptation to Equation 4.11, using the
same Y, is:

Kw?
P-Pb=—r—r—. 4.14
1 2 YZ 2gA2(,0w)1 ( )
The value of Y may be computed from:
2
Y= \/ Ky . . (4.15)
(Pl _I)Z)ZgA (pw)l

To calculate Y utilizing the theoretical, ideal equation,
by way of a computer program using d and returning p,
P2, Vi and w, let us make use of the relation AVp, =w
(Eq. 2.1a) to calculate (p,,)::

w
) = —— (Ib/ft).
(Pw AV, ( )

Also:

nd?

" 4(144)

(with d inches, A ft?).

The program solution returns p, — p, = Ap in 1b/in% so:

P, — P, = 144Ap.
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Substituting these into Equation 4.15, we obtain: Diatomic gases, such as nitrogen, oxygen, and hydrogen,
typically have a ratio of specific heats () close to 1.4,
and polyatomic gases, such as carbon dioxide, methane,

_ Kw? AV | KWV, 4(144) and steam, have a ratio of specific heats of about 1.3.
h 144Ap2gA* W B 144Ap2g rd® If yis not constant, you may not want to use these
- - charts. You may need to determine the average value

= /4K—WV12 = \/Z fKW‘;l of y to determine if it is close to the chart value. To
2mgApd mg \ Apd utilize the charts, known values of Ap and p; may be

} KwV, used to find Ap/py; from this Y may be read from the

=0.14067 W chart, and, using Equation 4.13, the flow rate w may

be found. If w is known but Ap is not, then it must be

estimated, and the resulting w must be compared
Charts of expansion factor Y versus Ap/p,; (or AP/P;, with the known value. From these, a correction in Ap
because Ap/p; = AP/P,) prepared this way are given in may be found and the process repeated until the flow
Figure 4.3, for y=1.4, and in Figure 4.4, for y=1.3. rates match.

1.00 TTTT]
| |
N
NN \: S
NS
N,
NN R R —
NN R R R —
N NN NSRS )
0.90 NN NN R R
. N N NONN NN
N N TN N NN NSNS
AN 3 NN NN N INS
N NN NONNINSA TN
N\ S NN NN TN
YNIN N NN NN NN
ANANEAN N N N NN NN NN
N N N N NN NN
S YN N NN NS NN
0.80 - P e P S
B AN \ N N NUITNNI NN NI
NN N N N N N N N
= N ™ N
% N N L N N N NN N ~ N
F NEAN \\ NI NN NN N TN
N
\| N N TN
8 L N N N NN NN N TN
‘B N D N N N NN N NG
g N N L N 4 \\ N L \\ N g N \\ \\‘ —\
ol \ L\ N SERRLN \\ N i) ,/00,,,
5 0.70 NN N N DR
= NN Y N N N >/ J)
N N N N S '\‘6‘*5? 0
N 1N N,
N b -
N \\ \\ ’/’ ¢ !
N 5 K
N, N,
N HW b
N N |1
N A ] /
~
. P N VAR
0.60 Sonic Limit Line TN/ 3
T
0.50
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Relative Static Pressure Drop Ap/p,

FIGURE 4.3. Expansion factor for y=1.4.



ADIABATIC COMPRESSIBLE FLOW WITH FRICTION: IDEAL EQUATION 37

|| |
1] \S\\ D
MRNNANINSSSY
\ N \K\§\\\\
\\:\\\Q\:QSSEEEEEEQ\ —
\ \\\ NSRS -
NN RNONNRRNRSR .
N \\\ \\\\\\\\\\\\:\
0.90 \ N NON NN NN
NN N N NN NSNS
N Y N N TINONUTINSNL TN
LUNTTINON NON RN NN
ANEA NN NN NN TN
——7———7—————7————7—5\—7\———>> >><——>> —>\Ex<z \E\<E>s;3:<:————————————7————7————7—————7———7—————7——
NN N NN N
>~ N N NUONON NN NN
0 80 \ N N N NN NN N N
= Y 3 L N NIINNTINNIITNN N
8 N\ A N, ‘\; N ‘\\ N ‘\\ ™ ™ ™
ccé ANEAN N N N N NN N N
L ) ) D NI TN NN NN N TN
= \ \ N, N N NN NN N
=] N ] \ N N ~N N NN NN
‘7 L x N N N NN NN N N
% N h \\ A ™N S \\\ ™ ™ N
o N NN NN N NSNS N DSt P
&5 0.70 R N SN 7 0
N N \\, T & ! (
N L=
b \\ \\\ ’\'q ﬁi
N ‘\ N \\ iy » \}T*’ K
N N v
X \\ \\ g
N HBE
N NE .J‘
0.60 Sonic Limit Line TH »’,,/.9
e s e
0.50
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Relative Static Pressure Drop Ap/p,
FIGURE 4.4. Expansion factor for y=1.3.
4.3 ADIABATIC COMPRESSIBLE FLOW WITH
FRICTION: IDEAL EQUATION Liax 1-M? Y+ ll (y+ 1)M2 K
fave = + n = Kiimit»

D yM* 2y (1Y,
Two theoretical equations are presented for pressure 2

drop in compressible flow in constant-area ducts. One (4.16)
uses Mach number as the variable and the other uses

pressure. Methods are offered for trial-and-error solu- where

tions to equations that cannot be solved explicitly. fae = average Darcy friction factor along the duct,

L.« = maximum attainable duct length with M at the
4.3.1 Using Mach Number as a Parameter inlet, ft (or m),

. . . D = duct diameter, ft (or m),
Street et al. [1] give the following relation for a constant-

area duct flowing a gas with sonic velocity at the exit:* v =ratio of specific heats of flowing gas, and

M = Mach number of the gas flow at the duct inlet.

In the development of this equation, f is assumed to be
* Asher H. Shapiro also gives this equation. a constant, and f,,. is taken as a reasonable value for f.
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In actuality, of course, since fluid temperature changes
continuously along the duct, the fluid viscosity also
changes, and then so does the Reynolds number—
resulting in a varying friction factor. But it turns out that
the variation is modest enough to be easily handled by
using the average friction factor.

Notice that f,,.Ly./D in the equation above is in the
form of K = fL/D, so that it may be called Kj;,;, indicat-
ing that if K exceeds Ky, L will exceed L, Which is
forbidden. In so doing, however, we must remember
that K is a symbol for friction and induced turbulence
(or local) losses, but in this context the local losses must
be generated without any changes of flow cross section.
This restriction nearly eliminates any local losses except
those exhibited by bends.

The following solution techniques are very difficult if
attempted by hand. A computer program incorporating
the techniques and formulas given makes the solutions
easy. The same may be said of the compressibility factor
equations presented in Appendix D, especially the Lee—
Kesler compressibility factor equation. If a computer
program is not available to make the desired calcula-
tions and the compressibility factor may be neglected
because the system pressures are modest and the fluid
static temperature is reasonably higher than the critical
temperature, then a spreadsheet may be employed to
find the correct Mach number from Equation 4.16. The
technique is described at the end of Section 4.3.2. Both
Equation 4.16 and Equation 4.24 are relatively easy to
solve because both have only one unknown—»M,,,, in
Equation 4.16 and 7, in Equation 4.24.

Area changes should be handled as given in Section
4.3.1.5 or at the end of Section 4.3.2.

4.3.1.1 Solution when Static Pressure and Static
Temperature Are Known Equation 4.16 may be used
to find the L, of the duct if the essential duct data are
available: flow rate, inlet static pressure, inlet static tem-
perature, duct diameter, friction factor, and gas ratio of
specific heats, molecular weight, and compressibility
factor. The Mach number of a gas flowing in a duct
(assuming a flat velocity profile) is:

M= i = % (1.4b, repeated)

Using m for molecular weight in the proper units, the
equation for the acoustic velocity A is:

A= 1}J/ngT (R in weight units [English]), (4.17a)
m
[ R =. :
A =,|yz—T (R in mass units [SI]).
m

(4.17b)

In these two equations, m is not mass, but molecular
weight; m is in Ib/mol,, for English units, and is in kg/moly,
for SI units. The compressibility factor z may be evalu-
ated using one of the formulas found in Appendix D, or,
alternatively, found from a chart of z as a function of
reduced pressure and reduced temperature, such as the
Nelson—-Obert chart. Utilizing Equations 1.3b, 4.17a,
and 4.17b and V from AVp,, =n1 or AVp, =w (Eq.2.1a
and 2.1b), we may write:

w W

M _vV_ ZRT (English),  (4.18a)
A Ap, A AP ygm
V
ST 4.18b
“AC Ap,,,A AP\/ - (D). (4.18b)

(In these formulas, care must be taken to distinguish
between acoustic velocity A and flow area A; and while
i is mass flow rate, m is molecular weight.*) Using this
Mach number, evaluated at the duct inlet, L,,,, becomes
immediately available from Equation 4.16.

Equation 4.16 may not be violated. The length of the
duct may not exceed L,,,, where sonic velocity (M = 1)
occurs at the exit. However, if the length of the duct is
less than L, as given by Equation 4.16, then the exit
Mach number will be less than unity. This is the most
frequently encountered case.

Consider a gas receiver discharging through a round
duct of known length L, to a lower pressure region
and suppose that the pressure conditions are such that
the discharging gas exits from the duct at subsonic
velocity (see Fig. 4.5). Assume that friction factor f and
diameter D are constant. If we know the flowing condi-
tions at one end—either end—of the duct (flow rate,
duct diameter, pressure, and temperature) we may find
the Mach number M there using Equation 4.18 and then
use Equation 4.16 to find the (fL/D)jmi or Kjmy at that
end of the duct. (By Eq. 1.3, this can be called K at
that end. Remember that because fand D are constant,
K in this context is simply length with a constant coef-
ficient.) Note that since the flow exits from the duct
subsonically, this K, includes a virtual length of duct
at which the flow would attain sonic velocity (provided
that the pressure at the virtual outlet is low enough).
Now, because f/D is constant, K is proportional to L so
that we can write:

(K1 )imit = Kiine + (K5 timi -

* Strictly speaking, kg/kg mol is molecular mass and Ib/lb mol is
molecular weight, but the term “molecular weight” is often used in
both SI and the English system. The molecular mass and the molecular
weight are numerically equal.
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FIGURE 4.5. Subsonic constant-area gas flow duct.

In Figure 4.5, (K{)mi corresponds to L;, and (K5)imi
corresponds to L,, the virtual portion of the duct.
Knowing the line resistance coefficient K, and limit
resistance coefficient (K )i at one end of the duct
enables us to find the limit resistance coefficient at the
other end of the duct. Then, since Kj;,;; 1s associated with
M at that end by Equation 4.16, we may find M at that
end by solving the equation.

It must be noted that Equation 4.16 cannot be solved
explicitly. A satisfactory solution can, however, be
obtained using a trial-and-error method. Such a solution
is undesirably tedious by hand, but it is easy using a
programmable calculator or a computer. A solution
technique is shown in Appendix E, Section E.2, suitable
for implementation in a computer program. A tech-
nique using a spreadsheet is given in Section 4.5 for
another explicitly unsolvable equation with one vari-
able which is also applicable to Equation 4.16.

Once the unknown Mach number is found, the accom-
panying pressure and temperature may be found. The
static pressure, in terms of the local Mach number and
the static pressure P- at the location where Mach number
is unity (that is, where velocity is sonic), is given by:

(4.19)

Taking the ratio of the expression evaluated for M = M,
to that for M = M, yields:

P M, [1+M3(y-1)/2

P M \1+Mi(y-1)/2’
from which the desired pressure is easily found. The
static temperature is available similarly from:

(4.20)

I___ v+l

T. is the static temperature when the accompanying
Mach number is unity. The ratio of the inlet and outlet
static temperatures is thus:

£:1+M22(y—1)/2, (4.22)
T, 1+Mi(y-1)/2
from which the desired temperature is easily found.

The foregoing relationships are useful if the static
pressure and static temperature at one end of the duct
are known. If one or the other of the static values is not
known, but the corresponding total value is known (and
this is often, if not usually, the case) these equations may
still be solved, but account must be made for the diver-
gence between total and static values. For instance, if a
gas in a pressurized vessel is allowed to escape to atmo-
sphere through a duct and it attains sonic velocity at the
end of the conduit, the static pressure at the outlet end
of the duct may be as low as half its total pressure and
static temperature may be as low as 80% of its total
temperature.

There are three cases in which the required static
values are not all known: (1) static pressure and total
temperature are known; (2) total pressure and total tem-
perature are known; and (3) total pressure and static
temperature are known. These will be considered in
order. We must make use of the following relationships:

1;
y P —
1+ M*(y-1)/2

p= F
[1+ M2 (y=1)/2]"""°

where T, P, T,, P,, and M are local values, 7" and P are
static values, and 7, and P, are total values.

Now, in order to simplify the equations, let us recast
the equations for Mach number (Eq. 4.18a and 4.18b)
in the following form:

M =BT /P, (4.23)

where

4.3.1.2 Solution when Static Pressure and Total
Temperature Are Known Now, if static pressure and
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total temperature are known, substitute the expression
for static temperature 7, in terms of total temperature
T,, in place of T; then:

yB_ T
P\1+ M (y—1)/2

This equation is a quadratic in M * whose solution is:

2 - N1+20-D(BT 1P) -1
y-1 ‘

Note the similarity of the expression BT, /P in this
equation to that for Mach number M in Equation 4.23.
They are identical except that the one above contains
T, while Equation 4.23 contains simply 7. Let us
therefore call the expression (and similar expressions
utilizing the available temperature and pressure,
whether they be static or total) “core Mach number,”
Mo, because of its similarity to the simple expres-
sion for Mach number based on static values, and
because it is the “core” of the expression for Mach
number when values other than static values are uti-
lized. Then, for the static pressure and total temperature
case, we may write:

w2 VL2 =DM —1

y—1

This M? may now be substituted into Equation 4.16 to
find the f,cLma/D or Kjni, and from thence to find the
Mach number at the other end of the duct. Using Equa-
tions 4.19 through 4.22 in the preceding section, the
unknown pressures and temperatures may be found at
both ends of the pipe.

4.3.1.3 Solution when Total Pressure and Total
Temperature Are Known If total pressure and total
temperature are known at one end of the duct, the
expressions for static pressure in terms of total pressure
and static temperature in terms of total temperature
may be substituted into Equation 4.23 to obtain:

M? = M2, [1+ M (y 1) /2] 7V,

where M. is again defined as the result of evaluating
Equation 4.23 with the available temperature and pres-
sure (total pressure and total temperature in this case)
instead of with strictly the static values.

The foregoing formula presents a problem—it is
another of those equations that cannot be solved explic-
itly. As described in Section 4.3.1.1 regarding Equation
4.16, a satisfactory solution can be obtained using a trial-
and-error method with a programmable calculator or

computer. In this case, however, the solution is a little
more complicated than that for Equation 4.16. There
are some added constraints that must be observed, but
within these constraints the solution for M? is easily
found, and having found it the unknown pressures and
temperatures can be found by applying Equations 4.16
through 4.22 in Section 4.3.1.1. A trial-and-error solu-
tion technique applicable to the equation above is
described in Section 4.3.2 using a spreadsheet. A com-
puter program solution technique is also shown in
Appendix E, Section E.3.

4.3.1.4 Solution when Total Pressure and Static
Temperature Are Known 1If total pressure and static
temperature are known at one end of the duct, the
expression for static pressure in terms of total pressure
may be substituted into Equation 4.23 to obtain:

M2 = M2, [1+ M (y=1) /2]

where M., is again defined as the result of evaluating
Equation 4.18 with the available temperature and pres-
sure (total pressure and static temperature in this case)
instead of with strictly the static values.

The detailed derivation and solution technique
are given in Appendix E, Section E.4. The derivation
is very similar to that for the total pressure/total tem-
perature case in Section 4.3.1.3 above, and the solution
technique and caveats are identical. A solution tech-
nique using a spreadsheet is also described in Section
4.5 below.

4.3.1.5 Treating Changes in Area While Street et
al.’s adiabatic flow with friction equation is valid only
for constant-area ducts, transitions between pipe sizes
are as easy to handle as they are in incompressible flow
calculations. For an expansion or contraction, it may
be assumed that the change of area is negotiated
isentropically (that is, without losses) so that the total
pressure at the inlet and outlet of the fitting are the
same. (Total temperature will always be the same in
adiabatic flow.) Then another calculation may be made
on the new size of pipe, using the total conditions at the
adjacent end of the previous run of pipe. To account for
the local loss in the fitting, the equivalent length of
the fitting’s resistance coefficient in the smaller pipe
should be determined, whether it is upstream or down-
stream, and added to that stretch’s length. It is recom-
mended that the smaller pipe be used for determining
the energy loss because loss coefficients of contractions
and expansions found in Part II are based on the veloc-
ity in (or diameter of) the smaller pipe.

For calculating pressure drop in valves, it is recom-
mended that a commercial valve sizing program be
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used, which will check for choking in the valve. If the
equations given above are used to write a computer
program running under the Microsoft Windows operat-
ing system, that program and the valve program may be
run concurrently. The user may switch back and forth
between both programs by pressing Alt+Tab, thereby
avoiding having to reenter much of the same data in the
compressible flow pressure drop program when switch-
ing back to it.

If such a program is unavailable to the user, it is very
important to consider area reductions and increases
within the valve where choking may occur. Such choking
can have a profound effect on the energy losses within
the valve.

4.3.2 Using Static Pressure and Temperature
as Parameters

Richard Turton [2] gives the following equations:

f

L_y=I(PRTZ-PTY 1 _ 1 \ y+l PRD
D 2y ©-Tn \RT, BT) v BL
(4.24)

= \/ 2y gPPm(  T-T, (425)
y-1 zR \BT-RT? |
where

f = Darcy friction factor,

L = duct length, ft or m,

D = duct diameter, ft or m,

Yy = gas ratio of specific heats, dimensionless,

P, = duct stretch inlet static pressure, 1b/ft* or N/m?,

P, = duct stretch outlet static pressure, 1b/ft*> or N/m?,

T, = duct stretch inlet static temperature, °R or °K,

T, = duct stretch outlet static temperature, °R or °K,

m = molecular weight of flowing gas, Ib/mol,, or kg/
mol,,

G = gas weight velocity, Ib/s-ft> or gas mass velocity
kg/s-m?,

g = acceleration of gravity, ft/sec’, used for English
units only,

z = gas compressibility factor, dimensionless, and

R = universal gas constant, ft-Ib/mol;,-°R or N-m/
mol,-°K.

(Asin Eq. 4.16, fL/D may be called K. The equation for
G in the reference lacks g and z. The g is added to obtain
dimensional homogeneity when using English units,and
the z is added to account for real gas density.)

In Turton’s equations, it is imperative to observe that
area is constant, and that P is static absolute pressure,

and T is static absolute temperature. A consistent set of
units must be used, either USCS or SI. The gas flow
cannot be choked unless it is at the end of the duct.

The friction factor in Equation 4.24 is assumed to be
constant along the length of the pipe, which is tanta-
mount to assuming fully developed turbulent flow
throughout, and constant fluid viscosity. Because of
these assumptions, the average f should be used. Solu-
tion of these equations may be accomplished provided
sufficient input data are available.

The most likely potential variables are P, and T}, P,
and 7>, G, and f. Length and diameter of the duct could
be variables, but probably will be specified in the design
problem. A typical problem might be solved by estimat-
ing f, solving Equation 4.24 for the unknown value
(usually T3), then solving Equation 4.25 for flow rate G.
(The weight or mass flow rate may be found by multi-
plying G by the duct area.) Then the estimate of f can
be checked; if it is different from the assumed f, the
procedure should be repeated. Since the dependence of
fon G is usually quite weak, the iterative procedure will
converge rapidly.

Because Equation 4.24 cannot be solved explicitly,
it must be solved using a trial-and-error method.
(See Street et al’s Mach number-based equation
[Section 4.3]). The solution, however, can be consider-
ably more difficult than that for Equation 4.16. While
Equation 4.16 ordinarily has one unknown variable,
Equation 4.24 can have two—for instance, P, and 7; if
P, and T, are known (or P; and T, if P, and T,
are known). However, the equation is given for the
situation where P, and P, are known, so that the only
unknown variable is 7,. (You may refer to Appendix
E, Section E.1.2 for a solution technique using a
computer program for a similar problem that can be
adapted to this one.) Because Turton’s equation and
Street et al.’s equation can be equated, and both accu-
rately model the same phenomenon, with the same
input data, the results must be the same (and are). The
same warnings are valid: for instance, Mach number at
the outlet cannot exceed unity, and there may be no
solution because the chosen variables result in a super-
sonic velocity at the outlet. If the inlet and outlet static
values of pressure and/or temperature are not known in
every instance while the total values are, the equations
given for the relationships between static and total
values can be used in the trial-and-error solution process.
For solution by spreadsheet, see the suggested method
in Section 4.5 below. When two unknowns exist,
multiple solutions can be plotted to help solve the final
variable.

Where the adiabatic compressible flow negotiates a
change in area, the formulas above do not apply. This
eventuality may be treated as discussed in Section



42 COMPRESSIBLE FLOW

4.3.1.5, “Treating Changes in Area.” For those wishing
to work with static pressures as in Turton’s formula
above, a formula relating area change with pressure
change for isentropic flow (reversible adiabatic flow) in
terms of static pressures follows:

20y _ (y+1)/y
e Ay \/ng[(Pz/Pl) (Po/P)TOT] g otish),

n(y=D=(A /A (P P)*7]

20y _ (y+1)/y
mzAz\/zm[(B/Pl) (PIR)T™ o,

vi(y=D[1=(A/ A (P P)7]

where
w = weight flow rate, Ib/s, for English units,

m = mass flow rate, kg/s, for SI units,
A, = inlet area, ft*> or m?,
A, = outlet area, ft*> or m?,

g = acceleration of gravity, ft/s*, used for English units
only,

P, = inlet static pressure, Ib/ft* or N/m?,

P, = outlet static pressure 1b/ft> or N/m?,

y = ratio of specific heats (dimensionless), and
v, = inlet specific volume, ft*/Ib or m/kg.

This formula will give the pressure change across an
area change for isentropic flow—that is, with no flow
losses. This is equivalent to assuming that the total pres-
sure downstream of the area change is the same as that
upstream. To account for the head loss in the area
change, add a length of pipe to the upstream or down-
stream pipe (preferably the smaller pipe), which has
a K (i.e., fL/D) equal to the K of the fitting with the
head loss.

It may be noted that the equation given above cannot
be solved explicitly. However, if a computer program is
not available to execute the recommendations given in
Section 4.3.1.5 above, the equation can be solved by a
trial-and-error technique described below.

Rearrange the equation by squaring and factoring
out the known constants:

Wwhi(y=1) _[(B /P —(P/ R) V7]
2gyPA}  [1=(A 1A (P P)YY]

(for English),

m*vi(y-1) _[(P/P)Y" — (P P)"V'T]
2yPA}  [1-(A /A (P P)Y7]

(for SI).

The group of known constants on the left side of
the equation must be evaluated for comparison with the

trial evaluation of the group on the right side of the
equation. Separate evaluation of (A/A,)% 2/y and
(y+ 1)/y will also aid in the solution. Using a spread-
sheet, the right-hand group may be easily evaluated and
the value of the left-hand group subtracted from it.
Evaluation with a complete range of possible pressure
ratios is recommended, as 0.1 < P,/P; < 1.0. The calcu-
lated difference will in all probability bracket the final
solution, which is when the calculated difference is zero.
Another set of solutions with a very restricted range
about zero may then be evaluated, which will show a
good approximation of the correct value of P,/P;. A
chart may be constructed in the spreadsheet to help
visualize this value. Then an additional single line of
calculation may be used to try, by experimental adjust-
ment of P,/Py, to get a difference in the two sides of the
equation as close to zero as possible, say 1 x 107 or less.
When this is attained, a very nearly correct solution of
P,/P, will be revealed—closer than the precision of the
calculated values. Knowing this will allow proceeding
with solution of the pressure drop in the next section of
pipe with the different area. If the value of P,/P; is close
to 1 then the value of K, of the area change fitting may
be calculated from:

44 ISOTHERMAL COMPRESSIBLE FLOW
WITH FRICTION: IDEAL EQUATION

To obtain isothermal flow in a pipe the heat transferred
out of the fluid through the pipe walls and the energy
converted into heat by the friction process must be
adjusted so that the temperature remains constant. Such
an adjustment is approximated naturally in uninsulated
pipes where velocities are low (well below the sonic)
and where temperatures inside and outside the pipe are
of the same order. Often the flow of gases in long pipe-
lines may be treated isothermally.

Street et al. [1] give the following equation for iso-
thermal compressible flow in a constant-area duct:

i RT P L
PP ="y 2 (for En lish),
1 2 2 Az( P, fD) ( glish)
(4.26a)
-2
Pf-Pf:m—IfT(zlnﬁ+ f£) (for SI),  (4.26b)
P, D
and
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2 _ p2
W= Agl i PP2 7 (for English), (4.27a)
\/RT 2In 2 +f =
P, ' D
2 _ p2
m=A A PP2 7 (for SI), (4.27b)
RT|2Int+f—
P, ' D

where P, and P, are the inlet and outlet absolute static
pressures, respectively.

Generally the solution of these equations must be
accomplished by trial and error. Frequently the first
term (2In[P,/P;]) of the parenthesis quantity is so small
in comparison with f/d that it may be neglected, thus
allowing a preliminary direct solution. It is then much
easier to obtain a value of P, and use it to approximate
the first term of the parenthesis, shortening the trial-
and-error process as a result. (A spreadsheet method
similar to that given in Section 4.5 may be employed to
make the solution relatively easy.)

Because the weight flow rate, w, through the pipe
line is constant and given by w=AVp, at all sections,
the Reynolds number, which is given by

N, = YDp _ @, (1.2, repeated)

M uA

is also constant inasmuch as y varies hardly at all if there
is no temperature change. In English units u is in 1b,/
ft-s. (The viscosity does change with pressure, but the
change is very small if the pressure change is small.)
Therefore, with isothermal flow, the friction factor is
virtually constant in the duct even though the velocity
of the gas will increase and its density decrease as the
pressure drops along the flow path.

An important limitation to these equations occurs for
large pressure drops (P, << P;). There is a point beyond
which a reduction of fi/d (or K) is required for further
reduction of P,; therefore, if K is held constant, the pres-
sure cannot drop below this point and thus the equation
is applicable only between the pressure P, and the limit-
ing value of P,.

Equation 4.26 may be written in terms of Mach
number, M:

2
%=1—}/M12 [ZIn%+f£}.
M, "D

4.28
i (428)

Per Street et al., the limiting value of M, may be found
by differentiating Equation 4.28 with respect to / and
setting dP,/d!l equal to infinity. The result is:

M2 =\[1 y

Equations 4.26, 4.27, and 4.28 are therefore applicable
only where M) < M, <+/1/y.

45 EXAMPLE PROBLEM: COMPRESSIBLE
FLOW THROUGH PIPE

Using Richard Turton’s Equations 4.24 and 4.25 and
a spreadsheet, determine the flow of nitrogen gas
through a 4” schedule 40 pipe. In his original paper
Turton states:

This paper introduces two previously unpublished rela-
tionships for adiabatic frictional flow in pipes. These
equations allow the direct evaluation of the flow rate
for the situation when upstream conditions and down-
stream pressure are known.

Let us assume that the pipe is 100 ft long and its
upstream pressure and temperature are 100 psia
(14,400 1b/ft?) and 530°R, respectively. The downstream
pressure is 84.056 psia (12,104 1b/ft?). The inside diam-
eter of 4” Sch 40 pipe is 4.026 in, and its cross-sectional
flow area is 12.730 in® or 0.088405 ft*>. The molecular
weight of nitrogen is 28.013 Ib/moly, and its ratio of
specific heats is 1.400. The universal gas constant R is
1545.31 ft-lb/mol;,°R. The equations are:

5 %\ non \En BL) y A

£_7‘1(Plszz—PzzT12 ]( 1 1 J_?""llnPsz
(4.24, repeated)

L-T
PT? -PT;

G- \/ 2y gPlszm(

N iz ), (4.25, repeated)
Y- Z

where

f = Darcy friction factor,*

L = duct length, ft,

D = duct diameter, ft

y = gas ratio of specific heats

P, = duct inlet static pressure, Ib/ft

P, = duct outlet static pressure, Ib/ft?

T, = duct inlet static temperature, °R

T, = duct outlet static temperature, °R,

m = molecular weight of flowing gas, Ib/moly,
G = gas weight velocity, Ib/s-ft*

g = acceleration of gravity, ft/s*

z = gas compressibility factor, dimensionless, and

R = universal gas constant, ft-Ib/molj,-°R.

* Having worked this problem before, we can “guess” that f = 0.016466.
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To evaluate Equation 4.24 we must rearrange it as
follows:

3 ,y_l P]ZTZZ —P22T]2 1 1 B
=23 | )

T,-T PT, PIT,
yel PL_ L
y PT, 'D

where f(T,) reads “function of 7,” and is supposed to
equal zero when the right value of 7, is entered. This is
where the trial and error comes in. We must try a range
of values for 7, to find the one that yields f(7,) = 0. The
spreadsheet is admirably suited to doing that.

The spreadsheet used to solve Equation 4.24 is
shown in Figure 4.6. The cells above the double line
delineating “Initial Search” results indicate input data
and preliminary information used in the spreadsheet.
For instance, the first cell after “P,” has the formula
=100%*144, resulting in the 14,400 listed, and the cell
after “(P,)*” has the formula =B4*2 because cell B4 is
where 14,400 is stored. The cell under “1st Paren” has

the formula =(($E$4*A13"2-SE$5)/(A13-$B$3))*$G$3

because it evaluates the term

yﬁ(ﬁﬁ—ﬁﬁ)
2y L-T, )

using the value in cell E4 containing P? and the first
trial 75 in cell A13 to calculate P2T?, subtracts the value
for PT{ stored in cell E5, and divides the result by
T, — Ty, which is stored in cell B3.The §$ signs before the
cell numbers and line numbers indicate that these cells
have fixed contents (e.g., the contents of cell E5, P*T¢,
never changes and $E$5 nomenclature guarantees that
it never changes. Cells that are intended to change from
line to line lack the dollar sign.) The cell under “2nd
Paren” similarly evaluates:

(3
PT, PT)

The columns labeled “I1st Term” and “2nd Term”
evaluate:

7_1(1')12T22 -PT? j[ 11 j and 7+1ln AT,
2y T,-T P, BT,
while the column labeled f(T,) subtracts the latter from
the former and also subtracts fL/D to yield the value of
the function.

Next, the formulas in line 13 need to be copied into
line 14 and beyond by selecting the first line and pasting

it into a number of lines following. The formula in the
first column increases the value of 7; by 0.5°R in each
subsequent row. When sufficient rows are added the
value reported in the last column will change from posi-
tive to negative, indicating that the value of the function
has passed through zero. Then another range of rows
can be added as shown, with the increment of 7, reduced
drastically by, say, a factor of 10 as in the spreadsheet
facsimile shown. This will pinpoint the value of 7, that
yields f(T,) = 0 much more closely. Plots as shown of
f(T,) versus T, may be constructed by the spreadsheet
plot function to visualize where this occurs. Finally, a
single line of calculations may be added to “zero in” on
the desired result much more closely by changing 7, by
very small values.

From the first plot of results of the search (see Fig.
4.7), it can be seen that T, for f{T,) =0 lies between
528.2°R £ T, £ 528.4°R. From the second plot (see Fig.
4.8),it can be seen that 528.26°R < T, < 528.30°R. In the
spreadsheet, 528.26°R may be entered on a new line and
the following cell formulas copied to this new line. Then
the 528.26 can be incremented in 0.01°R steps by hand
until f(T,) crosses zero, and the resulting 7, = 528.270
can be incremented by 0.001°R steps until f(7,) crosses
zero again, and so on. Finally, the spreadsheet indicates
that 7, = 527.27804°R £ 0.000014°R, which is a whole
lot closer than we need to know.

This calculation was duplicated to five significant
figures using a dedicated Microsoft QuickBASIC 4.5
program from which we obtained the “guess” that
f=0.016466.

We can check these calculations using a hand-held
calculator:

P2T? — PRT?  (14,400)%(521.27804)% —(12,104)*(530)
.-T, 528.27804 — 530
=-9.707418x10"2,

_ 272 _ p272
y2 1(RT; I;le ):0.142857(—9.707418><1012)
Y 2~ h

=-1386774x102 (OK),

1 1 1 1
( P, P, j‘ (14,400)2528.27804  (12,104)*530
=-3.749756x107"> (OK),

y+1, BT _14+1, 14,400(528.27804)
y PT, 14 12,104(530)
=1.714286(1.185824) =0.2921794 (OK),
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Solving Turton’s Equation (4)

P; 14,400 | Ib/ft® (P1)* = 2.07360E+08 (y-1)2y= 0.142857143
P, = 12,104 | Ib/ft? (P2)X(Th)* = 4.11538E+13 (y+N)ly= 1.714285714
y= 1.4 (P2)*(Ty) = 7.76486E+10
f= 0.016466 P, T, = 6.41512E+06
L 100 | ft z= 0.99859
D= 0.3355 | ft fLID = 4.907898659
T 1st Paren 2nd Paren 1st Term 2nd Term f(T2)
529.5 -4.85252E+12 -3.77082E-12 1.82980E+01 2.96140E-01 1.30939E+01
529.0 -2.41058E+12 -3.76221E-12 9.06912E+00 2.94521E-01 3.86670E+00
528.5 -1.59661E+12 -3.75359E-12 5.99303E+00 2.92899E-01 7.92228E-01
528.0 -1.18963E+12 -3.74495E-12 4.45512E+00 2.91277E-01 -7.44054E-01
527.5 -9.45454E+11 -3.73629E-12 3.53249E+00 2.89653E-01 -1.66506E+00
527.0 -7.82672E+11 -3.72762E-12 2.91750E+00 2.88027E-01 -2.27842E+00 '(C_)
526.5 -6.66404E+11 -3.71893E-12 2.47831E+00 2.86400E-01 -2.71599E+00
526.0 -5.79206E+11 -3.71022E-12 2.14898E+00 2.84771E-01 -3.04369E+00 ®
525.5 -5.11389E+11 -3.70150E-12 1.89290E+00 2.83141E-01 -3.29813E+00 O
525.0 -4.57138E+11 -3.69276E-12 1.68810E+00 2.81509E-01 -3.50131E+00 U)
524.5 -4.12754E+11 -3.68400E-12 1.52059E+00 2.79875E-01 -3.66719E+00 —
524.0 -3.75769E+11 -3.67523E-12 1.38104E+00 2.78240E-01 -3.80510E+00 C_U
523.5 -3.44477E+11 -3.66644E-12 1.26300E+00 2.76604E-01 -3.92150E+00 g
523.0 -3.17657E+11 -3.65763E-12 1.16187E+00 2.74966E-01 -4.02099E+00 C
522.5 -2.94415E+11 -3.64881E-12 1.07426E+00 2.73326E-01 -4.10696E+00 -
522.0 -2.74081E+11 -3.63997E-12 9.97644E-01 2.71685E-01 -4.18194E+00
521.5 -2.56140E+11 -3.63111E-12 9.30072E-01 2.70042E-01 -4.24787E+00
521.0 -2.40194E+11 -3.62223E-12 8.70040E-01 2.68398E-01 -4.30626E+00
520.5 -2.25929E+11 -3.61334E-12 8.16357E-01 2.66752E-01 -4.35829E+00
528.50 -1.59661E+12 -3.75359E-12 5.99303E+00 2.92899E-01 7.92228E-01
528.45 -1.54410E+12 -3.75273E-12 5.79458E+00 2.92737E-01 5.93942E-01
528.40 -1.49487E+12 -3.75186E-12 5.60854E+00 2.92575E-01 4.08062E-01
528.35 -1.44862E+12 -3.75100E-12 5.43377E+00 2.92413E-01 2.33458E-01 c
528.30 -1.40509E+12 -3.75014E-12 5.26929E+00 2.92251E-01 6.91366E-02 &)
528.25 -1.36405E+12 -3.74927E-12 5.11420E+00 2.92088E-01 -8.57842E-02 —
528.20 -1.32529E+12 -3.74841E-12 4.96774E+00 2.91926E-01 -2.32088E-01 ©
528.15 -1.28863E+12 -3.74754E-12 4.82919E+00 2.91764E-01 -3.70473E-01 D
528.10 -1.25389E+12 -3.74668E-12 4.69794E+00 2.91602E-01 -5.01564E-01 (D
528.05 -1.22094E+12 -3.74581E-12 4.57341E+00 2.91439E-01 -6.25923E-01 ()]
528.00 -1.18963E+12 -3.74495E-12 4.45512E+00 2.91277E-01 -7.44054E-01 (-
527.95 -1.15986E+12 -3.74408E-12 4.34260E+00 2.91115E-01 -8.56414E-01 LE
527.90 -1.13150E+12 -3.74322E-12 4.23544E+00 2.90952E-01 -9.63414E-01
527.85 -1.10445E+12 -3.74235E-12 4.13326E+00 2.90790E-01 -1.06543E+00
527.80 -1.07864E+12 -3.74149E-12 4.03573E+00 2.90627E-01 -1.16280E+00
527.75 -1.05398E+12 -3.74062E-12 3.94253E+00 2.90465E-01 -1.25583E+00
528.27804 -1.38677E+12 -3.74976E-12 5.20006E+00 2.92179E-01 -1.39575E-05 | Final Search

FIGURE 4.6. Spreadsheet solution.
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FIGURE 4.8. Second plot.

Finally, using these results we can find the flow rate

y—1( PXT? - PT?
2y ( .,-T, )(Psz P )
=-1.386774x10"(-3.749756x107"*) (OK)
=520006 (OK),

7—1(P]2T22 — P2T? j( 11 j_ y+1lnP1T2 —f£
2y L-T P'T, P'T y BLi D
=5.20006 —0.2921794 — 4.907898659
=-1.39575x107° + round-off error (OK).

using Equation 4.25.
A portion of the contents of the root, namely

2y ,-T,
y-1\ BT -P'T} |

is the reciprocal of a portion of the first term in Equa-
tion 4.24, whose value is —1.386774 x 10", except that
the terms in the denominator are reversed, changing the




sign; the value is thus +1.386774 x 10". If we invert this
we get +7.2109807". The remaining part of the root is:

gP’Pim
ZR

>

whose value is (including the compressibility factor of
0.99859 reported by the QuickBASIC program):

gP2Pm _ 32.1740(14,400)?(12,104)228.0134
zR 1545.31(0.99859)
=1.77440x10%.

Now we can evaluate Equation 4.25:

G \/ 2y ngP;m(
y-1 2zR

L-T j
P -PT )

G:\/ 2y gPPm(_ T,-T,
,}/_ 1 ZR P22]*12 _ P]ZTZZ

=/+7.210980x 1073(1.77440x 10'°)
=1.27952x10* =113.116 Ib/s-ft> = 113.12 Ib/s-ft2.

The weight flow rate is the product of this weight veloc-
ity and the pipe cross-sectional area, which is 0.088405 ft*:

w=113.116(0.088405) = 10.00002 1b/s.

This weight velocity for a 4” Sch 40 pipe is functionally
identical to the 10.000 1b/s input into the QuickBASIC
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program (whose output values are rounded to five sig-
nificant figure precision).
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NETWORK ANALYSIS

A piping system is regularly made up of a number of
piping elements that may be arranged in series flow, in
parallel flow, or in branching flow. Series flow, where
only one flow rate is involved, is rather straightforward.
In parallel flow, two or more series combinations of
piping elements diverge and then come together again
downstream. In branching flow, a number of piping ele-
ments are combined in various series and parallel flow
arrangements that, unlike parallel flow, do not necessar-
ily come together again. Branching flow can be extremely
complicated to analyze. The three types of flow network
arrangements are examined in this chapter. Two example
problems are presented to illustrate the setup and solu-
tion of pipe flow network arrangements.

Friction factor depends on pipe size, surface rough-
ness, and Reynolds number, and can vary from pipe
section to pipe section in parallel and branching flow
networks. Differences in friction factor are usually large
enough to justify extra computation. A simple approach
is to first assign a common friction factor, say 0.020 or
0.030 to each pipe section. After initial network solu-
tion, compute Reynolds numbers and reassign friction
factor in each pipe section using the Colebrook—White
equation (Eq.8.3). One or two iterations may then be
needed to obtain a satisfactory solution. Another
approach is to assume fully turbulent flow friction
factors (Eq.8.2) as a first approximation for each pipe
section, followed by network solution and, perhaps,
further iterations as described above.

Note that there is essentially one fundamental com-
position of fluid flow equations. It is suggested that each

problem be worked out using the fundamental flow
relationships presented in this book. The blind use of
special formulae is not recommended. Calculated results
can be converted to other units as appropriate after the
flow network equations are solved. Unit conversions are
available in Appendix C.2.

5.1 COUPLING EFFECTS

Calculation procedures for flow losses in piping systems
are normally based on simple one-dimensional flow
concepts using loss coefficients realized by experiment.
The basic loss coefficients are for isolated components
having sufficiently long inlet and outlet lengths of
straight pipe to ensure that fully developed flow exists
at the inlet to the component and redevelops again
downstream of the component. However, when piping
components are close coupled, interaction effects, or
coupling effects, may appreciably affect their perfor-
mance. Coupling effects may not completely disappear
unless the components are separated by a spacer (a
straight pipe section) of 30 pipe diameters or more. In
practice, 4 or 5 pipe diameters may be sufficient to
reduce coupling effects to a negligible level.

One method adopted to account for the close cou-
pling of two pipe components is to multiply the sum of
their loss coefficients by a correction factor. The correc-
tion factors are frequently less than unity; ignoring them
often leads to an overestimation of pressure loss. An
exception to this rule is a bend located upstream of a
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diffuser where the nonuniform flow pattern at the dif-
fuser entrance prevents normal pressure recovery. Like-
wise, a bend located downstream of a diffuser can cause
premature flow separation from the diffuser wall and
affect the symmetry of pressure recovery. Another
exception is two or more elbows or bends in different
planes (a twisted S-form).

Data for a number of close-coupled piping compo-
nents are available in the literature; see Corp and Hart-
well [1], Idel’chik [2], Murikami, et al. [3], and Miller [4].

5.2 SERIES FLOW

In series flow two or more piping elements are con-
nected so that the fluid flows through one element and
then another. Only one flow rate is involved. By reason,
overall head loss for a number of piping elements con-
nected in series is additive:
2 2 2
(H1)overan = K1V—1+K2V—2+...+KN&,
28 2g 28

where the subscript y denotes the Nth pipe element.
Letting the subscript r denote a reference location that
may or may not be an actual geometric location in the
piping arrangement, the continuity relationships are:

Al‘/l = A2V2 =...= ANVN = ARVR.

When each term is expressed in terms of a common
reference area and a common reference velocity, there
results:

Ax Y (AR )2 (AR )Z Vi
H = K| — | + K| — | +...+ Ky — | |—.
( L)Overall |: 1( A] ) 2 Az N AN 2g

By use of the continuity equations, the equation for
head loss of a number of piping elements connected in
series is:
w2
(H 1) overan :[Kl/Alz+K2/A§+...+KN/A§]2—2,
8Pw

and the pressure loss equation is simply:

02
APOVmH=[K1/A12+K2/A22+...+KN/A§]2WP. (5.1)
3

w

Equation 5.1 is the broad-spectrum equation for pres-
sure loss of piping elements in series. When the resis-
tance of all piping elements is based on the same
reference area A the loss coefficients are directly addi-
tive and the pressure loss is given by Equation 5.2:

wZ

APoveran = | K1 + Ky +.. .+ Ky |————.
Overall [ 1 2 N]ngwA2

(5.2)

5.3 PARALLEL FLOW

In parallel flow, two or more flow streams diverge and
then converge downstream so that the flow divides
among the pipe sections. The head loss is the same in
every pipe section, and the individual flow rates are
accumulative.* Overall resistance for a number N of
piping sections connected in parallel is not a simple
additive process.

To begin, the sum of the flow rates through each pipe
section must equal the total flow into and out of the
parallel network (the continuity principle):

wTotal = Wl + Wz +...+ WN' (53)

The pressure loss equation, or its equivalent, must be
satisfied for each pipe section (the energy principle):

K P2
AI)Overall = (_2) Mot 5 (54)
A Opverall 2gpw
.2
AP = (ﬁz) W (5.5)
A® ) 2gp,
-2
AP, = (ﬁz) Wi (5.6)
A 2 2gpw
and
-2
AP, = (ﬁz) L (5.7)
A N 2gpw

where K in this case represents the sum of the indi-
vidual flow elements within each pipe section. The alge-
braic sum of the head loss across each pipe section is
the equal:

APOVerall = Af)l = APz =...= APN (58)

Substitution of Equations 5.4,5.5,5.6 and 5.7 into Equa-
tion 5.3 and taking into account Equation 5.8 gives:

(A/VK) (A/JE)1+(A/JE)2+...+(A/JE)

Overall N’
* Vessels, reservoirs, or flow manifolds may be required at the diver-
gent and convergent points to truly make the head loss the same in
every pipe section when there are more than two parallel flow
sections.



Inverting and squaring both sides gives:

(K/Az )Overall =
2
1
1 1 1
+ Fot———
J(K1AY),  (KIA?), JK A%y

(5.9)

Equation 5.9 is the general equation for pressure loss of
pipe sections in parallel. If the individual loss coeffi-
cients are based on one common reference area, the
overall loss coefficient is:

1

K Overall = 1

1 1
—_—t =ttt
JK, VK, JKx

If all individual loss coefficients for each pipe section
are equal to the same K, the overall loss coefficient
is simply:

K

K Overall =

NZ°

The individual flow rates for each pipe section may be
determined as:

Wi =W (K/Az)ovcrall Wy =W (K/Az)Overall
1 Total (K/Az)l s YV2 Total (K/A2)2 LR}

(K/A2 )Overall
(K/1A?)y

If the individual loss coefficients for each pipe section

are based on one common reference area, the flow
rates are:

KOVerall KOVerall
Wi = Wrgtal s Wa = Wroal K, e

K Overall

WN = Wrotal

Finally, if all section loss coefficients are equal, the flow
rates are simply:

W1:W2:...
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5.4 BRANCHING FLOW

A branching network is basically a number of piping
sections combined in various series and parallel arrange-
ments, but the branches do not necessarily come together
again. Simple branching networks can often be solved
by applying the methods given in Sections 5.2 and 5.3
for series and parallel flow. When the number of
branches is large, the solution involves careful set up of
the governing equations, and requires the aid of a com-
puter program.

The solution of branching flow problems requires the
application of conservation of mass and conservation of
energy principles. In short, continuity and energy equa-
tions are set up to produce an arrangement of simulta-
neous equations that can be solved to calculate pressures
and flow rates within the branching network.

The key step in setting up a particular branching flow
problem is to create a flow schematic or an isometric
diagram depicting the network. From this all flow junc-
tions and terminal energy points can be identified and
labeled; these points are called nodes. For diverging and
converging flow junctions (tees), locate the node in the
common channel. Indicate a flow direction for every
branch, and identify and label its flow rate. If flow direc-
tion is uncertain and you are using a computer program
for solution, enter the energy equation in the form of
P, = P + CKw|w|, where || is the absolute value of
flow rate.

Complex branching flow problems require the simul-
taneous solution of a number of continuity and energy
equations. Several general-purpose computational soft-
ware programs can easily solve simultaneous equations.
Spreadsheets, however, require complicated macros to
solve a complex flow network and experience has shown
that errors are prevalent. Consequently, if a spreadsheet
is used, the solution should be carefully checked to show
that it is in fact a correct solution.

Virtually all branching network problems can be
solved using the methodology presented in this chapter.
The possible arrangement of network flow problems is
infinite. Two example problems are presented herein to
illustrate the setup and solution of branching flow
networks.

5.5 EXAMPLE PROBLEM: RING SPARGER

A ring sparger, as shown in Figure 5.1, is located above
the test bay of a liquid rocket engine test stand to
provide a shower of water in the event of a leak of
rocket propellant or in the event of a fire. The sparger
consists of two arm sections (headers) formed of 6” steel
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- Symmetrical

_ Centerline

about

FIGURE 5.1. Ring sparger.

pipe. Each header contains six equally spaced spray
nozzles mounted atop 3” 90° elbows.

A network flow model of the ring sparger is devel-
oped in order to evaluate the uniformity of flow among
the individual spray nozzles, to determine the pressure
distribution within the header, and to determine the
pressure at the inlet tee. As shown in Figure 5.2, only
one arm is modeled because of flow symmetry about the
inlet tee. The nodes are shown in Figure 5.2 as heavy
dots and are numbered from 0 to 7.

5.51 Ground Rules and Assumptions

The water temperature is 70°F.

The total flow rate to the sparger is 6000 gpm.

According to the manufacturer, the loss coefficient
Ky, of the flow nozzles is 10 in terms of velocity
head in 3” schedule 40 pipe.

Node 0 is located at the inlet to the sparger. Nodes
1-6 are located within the sparger arm just upstream
of the diverging branches (i.e., in the common
channel). Node 7 is located inside the test bay
outside the sparger and is at atmospheric pressure.

+ Ignore coupling effects.

+ Use Equation 16.18 to model pressure loss through
the inlet tee. Assume that the radius ratio r/d of the
branch edge equals 0.20.

+ Use Equation 16.7 to model pressure loss due to
diverging flow through run at Nodes 1 through 6.

Spray Nozzle (may
be tilted downward)

3” Sch 40
90° LR

6” Sch 40 Pipe

+ Use Equation 16.15 to model pressure loss due to
diverging flow through branch at Nodes 1 through
6. Assume that the branch edge is sharp (radius
ratio r/d equals zero).

5.5.2 Input Parameters

p. = 62.31 Ib/ft®
o =30°

d; = 3.068 in

ds = 6.065 in
£:=0.0173

£, =0.0149

g = 32.174 /s>

KNOZ = 10

K =057

p7 =0 psig

qumy = 6000 gpm
rR,'ng = 60 in

rdfﬂ, =0.20

Weight density of 70°F water

Angular separation of spray nozzles

Inside diameter of 3” schedule 40
pipe

Inside diameter of 6” schedule 40
pipe

Friction factor for fully turbulent
flow in 3” elbow

Friction factor for fully turbulent
flow in 6” pipe

Acceleration of gravity

Loss coefficient of spray nozzles in
terms of velocity in 3” pipe

Coefficient for sharp-edged opening
into 90° long radius (LR) elbow in
terms of velocity in 3” pipe

Gage pressure within test bay
Total water flow rate to ring sparger
Centerline radius of ring sparger

Rounding radius r/d of branch edge
of inlet tee
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W34 = W45 + WnN4 NOde 4, (5)
W45 = W56 + Wns Node 5, (6)
WSG = WN() NOde 6 (7)
5.5.4.2 Energy Equations
Flow through header pipe:
Wi Ko
DPo=D1 + 288g;1 A62 (KTee + 230 )s (8)
FIGURE 5.2. Ring sparger network flow diagram. =
pi=D +#(1 6209870 _ 064 W01
553 Initial Calculations 8pw G Wiz W )
, Wiy
o = ma’/180 Angular separation of 0.03—% W, o T Kaor j
= 0.05236 rad spray nozzles in radians
— 2 ” A
As= (7r/4)(d3/122) Flow area of 3" schedule 40 Dy = py+—22 — "3 162-09822 Wi o eaiz le
=0.05134 ft pipe gpPwAs W3 w23 10)
Ag = (m/4)(d/12)* Flow area of 6” schedule 40 W, (
= 0.20063 ft’ pipe 00378 +Kar
K =0.223 Loss coefficient of 3” sch ,
40, 90° LR elbow (Table Wi Wzs
; per— 16009822 642
15.2) i P g8 e, A2 [ Wae W o
Kp.=1.59-2% + Inlet tee pressure drop W,
(1.18 ~1.84Jrd, + coefficient (Equation 0.03—+ e, +Ksoe )
16 rdyy, )2~ 1.68+ 1.6-18)/ for , .
1.04\rd, ~1.16 rd S 0L Pi=psto—t— (1 620982 0 6425
—6.09 288ngA6 Was W45 (12)
=0.57 Loss coefficient for sharp- 0. 03— + K j
edged entrance from Wiy
Equation 9.3 for input .2
. . W W45
into Equation 16.15 Ps = Ds +m(l 62-0. 98 B _0.64—2
Ko = f50(ring  ds ) + Loss coefficient of 30° &P Wss W% (13)
(0.10+2.4f;)sin(ct/2) + header pipe segment 0. 03@+ K j
6.6f; [ [sin(/2) + (Equation 15.1) Wis
sin(ot/ 2)]/ Flow through spray nozzles:
(riing /s )™ = 0.13 ,
o . p=pr =S o811 )8y g
Wspray = Total weight flow rate to 288gp,, A2 Voni ) de
(Pw - Gspray ) 448.83 ring sparger d & (14)
=833.01b/s L 12d—2—1 08— o Ky + K +KNOZ},
5.5.4 Network Equations pi=pat W—[(Q 81-1.13 &) d +1.00+
o . . 288gpr3 WNZ d
5.5.4.1 Continuity Equations J & (15)
1122 -1.08 =+ Ky + Ky + Ko, |,
Wepmay = 201 Node 0, (1) d ag T }
Wor = Wy +WN1 NOde 1, (2) pl =p7 WN |:(O 81 1 13@)d_3 1 OO+
. . 288gpr3 WN3 d6
W]2 = W23 + WNZ NOde 2, (3) d d (16)
1122 -1.08= + Kpy + Ky + Ko, |
W23 = W34 +wn3 NOde 3, (4) d6 d E H N :l
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TABLE 5.1. Calculated Flow Rate

qspray 4qn1 qne qns qna qns qne
(wSpray) (WNI) (WNZ) (WNS) (WN4) (WNS) (WNﬁ)
Flow rate, gpm 6000 481 490 499 506 511 513
(Ib/s) (833.0) (66.8) (68.1) (693) (702) (709) (712
; TABLE 5.2. Calculated Header Pressure
=D W—Ko g1-1.1313¢ )dS +1.00+
288gp,, A3 Wng ) dg (17) Po Pv P> Ps Pi DPs Ds
112 ;ig 1.08 Z_z K+ Ky + KNOZ} Pressure, psig 80.7 34.6 363 374 391 40.1 407
6
P =prt Wi 081-1.1 3 d3 & 004 Note that header pressures and _noz.zle ﬂqws inc_rease
288gpw A2 Vons ) d2 along the length of the header pipe in this particular
d & (18) manifold design. Header pressure increases because
11222 -1.08= e + Kpnr + Ky + K NOZ} velocity head is converted to pressure head within the
6 sparger arm as flow is removed through the branches,
) p and this increase in pressure is greater than the drop in
pi=p —[(0 81-1.13 w56) 3 11.00+ pressure due to friction and local loss between the
288gp, A3 Vine ) di (19) header branches. If friction and local losses between the
d; a3 branches were increased so that they overcome the con-
112" d, -1 O8d + Knr + K + Koz |, version of velocity head into pressure head, header

5.5.5 Solution

There are 19 equations and 19 unknowns (po, p1, P2, P,
Dias D3> D> Wot> Wiz, Woz, Wi, Was, Wse, Wi, W2s W3, Wss
Wys, and wye). Thus the equations can be solved simul-
taneously. Several general-purpose computational soft-
ware programs are capable of solving simultaneous
equations.* Because of the repetitive nature of the
equations, and because the branches “come together” at
a common node, the solution may also be obtained by
compiling a Basic or Fortran computer program, or by
employing a spreadsheet program.

Calculated flow rates and header pressures are given
in Tables 5.1 and 5.2.

A check of Reynolds numbers revealed that flow is
fully turbulent throughout the ring sparger. Thus there
was no need to adjust pipe friction factors.

The nozzle flow rates are fairly uniform so adequate
spray coverage is assured. The inlet pressure p, is within
the pressure capacity of the water supply system and the
internal pressure of the sparger is well within the pres-
sure capacity of schedule 40 steel pipe.

* The simultaneous equations in the example problems in this chapter
were solved using Mathcad (PTC Corporation, Needham, MA), a soft-
ware program used in engineering and other areas of technical comput-
ing. Be aware that some versions may limit the number of simultaneous
equations that can be solved to fifty or less. Another computational
software program, Mathematica (Wolfram Research, Champaign, IL),
is also capable of solving simultaneous equations. Both programs have
extensive capabilities and have first-rate user’s manuals.

pressure and nozzle flows would decrease along the
length of the header.

5.6 EXAMPLE PROBLEM:
CORE SPRAY SYSTEM

Two independent core spray systems are designed to
cool the core of a nuclear reactor in the event of a loss
of coolant accident (LOCA), in which a break is postu-
lated in any steam or liquid line that forms part of the
reactor coolant pressure boundary. The core spray pump
draws water from a suppression chamber located below
the reactor vessel and injects it into the reactor vessel
through spargers (pipe manifolds with spray nozzles)
located above the reactor core as shown in Figures 5.3
and 5.4. To enhance plant safety, the core spray system
contains redundant pumps, valves, spargers, and so on,
and can draw water from an alternate source, but these
features are not shown for simplicity. A minimum flow
bypass line protects the pump when it operates at or
near shutoff head.

Vessel pressure and core flow begin to decrease and
water level begins to drop immediately after the start of
the postulated LOCA event. The core spray pump is
initiated at the beginning of the blowdown period and
the injection valve is opened when the pressure in the
reactor vessel reaches 120 psia. The core spray system
continues to provide cooling water to the top of the core
as the vessel pressure drops to or near atmospheric. The
purpose of this analysis is to:
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FIGURE 5.3. Core spray system.
‘\WSparger
Core Spray In-Vessel Piping
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In-Vessel Tee
(1 0” X 1 OH)

FIGURE 5.4. In-vessel piping and spargers.

1. Demonstrate that bypass flow rate is at least 15%
of rated flow when the bypass valve is open and
the injection valve is closed during initial operation
of the core spray pump.

2. Determine core spray injection flow rate when the
injection valve is opened, the bypass line valve
remains open,and the vessel pressure progressively
drops from 120 to 14.7 psia

3. Determine core spray injection flow rate when the
injection valve is opened, the bypass line valve is
closed, and the vessel pressure progressively drops
from 120 to 14.7 psia.

Pipe surface conditions can deteriorate over time. The
uncertainties of pipe pressure drop calculations are
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increased by the somewhat unpredictable change in
pipe surface roughness, and therefore in friction factor,
due to the effects of age and usage.* As an exercise,
perform this analysis assuming two different pipe
surface roughness: (1) new, clean steel pipe and (2) mod-
erately corroded steel pipe.

5.6.1 New, Clean Steel Pipe

Calculate core spray system flow rate assuming new,
clean steel pipe during initial operation.

5.6.1.1 Ground Rules and Assumptions

+ The design, or rated, flow rate of the core spray
system is 4000 gpm.

+ The absolute roughness e of the pipe is equal to
0.00180 in.

+ The suppression chamber pressure p; is 14.70 psia,
the water temperature is 120°F, and the water level
is minimum.

+ The strainer in the pump suction line may fill with
debris during the LOCA event; assume a loss coef-
ficient of 6.0 based on a “dirty” strainer.

+ A curve fit of the manufacturer’s head versus flow

rate curve of the centrifugal pump provides the
following quadratic equation:

2
=169, 20 o0, 001
0.0015 NT _,
p2 %WPumpa

where the test speed NT of the pump was 3540 rpm.
The operating speed NO is 3600 rpm during the
LOCA event.

+ The diameter ratio of the high beta flow nozzle in
the 10” injection line is 0.520.

+ The diameter ratio of the sharp-edged orifice in the
3” bypass line is 0.460.

+ The sparger pressure drop was measured as 16 psid
at a test flow rate of 2000 gpm in 80°F water.

+ For simplicity, Nodes 3 and 4 are located at the same
elevation as Node 2 in the network flow model.

« At Nodes 4 and 5, assume the radius ratio r/d of the
branch edges equals 0.10 for the diverging flow tees.

+ At Node 4, use Equation 16.7 for pressure loss for
diverging flow through run, and use Equation 16.15
for pressure loss for diverging flow through branch.

* See Section 8.6 for a discussion of age and usage on pipe-carrying
capacity.



56 NETWORK ANALYSIS

+ At Node 5, use Equation 16.18 for pressure loss for
diverging flow from branch into run.

5.6.1.2 Input Parameters All loss coefficients are in
terms of velocity in their respective pipe sections unless

otherwise noted.

B, = 0.460

By =0.520

Ap e = 16 psid
p,=61.71 b/t

Pres = 62.22 1b/ft?
u=1.168 - 107 Ib-s/ft?
Az =0.04587 ft?

Ag = 0.2006 ft*

Ay = 0.4987 ft?

A, =0.7056 ft?

Ay = 0.9940 ft?

d; =2.900 in
ds =6.065 in
d10 =9.562 in

dp=11.374in
dy, =13.500 in
Elev, = 18 ft
Elev, =0 ft

Elevs =98 ft
f2=0.0175

£, =0.0149

Diameter ratio d./d; of orifice
in 3” bypass line

Diameter ratio di/d,, of flow
nozzle in 10” injection line

Sparger test pressure drop

Density of water at 120°F during
postulated LOCA (Appen-
dixA)

Density of water at 80°F sparger
test condition (Appendix A)

Viscosity of water at 120°F
(Appendix A)

Flow area of 3” schedule 80
pipe (Appendix B)

Flow area of 6” schedule 40
pipe (Appendix B)

Flow area of 10” schedule 80
pipe (Appendix B)

Flow area of 12” schedule 80
pipe (Appendix B)

Flow area of 14” schedule 10
pipe (Appendix B)

Inside diameter of 3” schedule
80 pipe (Appendix B)

Inside diameter of 6” schedule
40 pipe (Appendix B)

Inside diameter of 10” schedule
80 pipe (Appendix B)

Inside diameter of 12” schedule
80 pipe (Appendix B)

Inside diameter of 14” schedule
10 pipe (Appendix B)

Elevation of minimum water
level in suppression chamber

Elevation of core spray pump
suction inlet

Elevation of core spray sparger

Friction factor for fully turbu-
lent flow in 3” schedule 80
pipe for e of 0.00180 in
(Equation 8.2 or Table 15.3)

Friction factor for fully turbu-
lent flow in 6” schedule 40

1o = 0.0136
f12 = 00131
f14 = 00127

g =32.174 ft/s?
Kcvave = 1.20

KExitS = 100
KFN = 0563
KLREII3 = 0218

K remo = 0.183

Kirpm> = 0.179

KLREIIM =0.177

K,=2.05

Ksreus = 0.275

KStrainer = 60

KVa/ve3 =0.20

KValvelO =0.20

pipe for e of 0.00180 in
(Equation 8.2 or Table 15.2)

Friction factor for fully turbu-
lent flow in 10” schedule 80
pipe for e of 0.00180 in
(Equation 8.2 or Table 15.3)

Friction factor for fully turbu-
lent flow in 12”7 schedule 80
pipe for e of 0.00180 in
(Equation 8.2 or Table 15.3)

Friction factor for fully turbu-
lent flow in 14” schedule 10
pipe for e of 0.00180 in
(Equation 8.2 or Table 15.1)

Acceleration of gravity

Loss coefficient of swing check
valves in 10” injection line

Loss coefficient of 3” bypass
line exit into suppression
pool (Section 12.1)

Loss coefficient of flow nozzle
in injection line in terms of
the velocity in the nozzle
constriction (Diagram 14.1)

Loss coefficient for fully turbu-
lent flow in 3” schedule 80,
90° LR elbow (Table 15.3)

Loss coefficient for fully turbu-
lent flow in 10” schedule 80,
90° LR elbow (Table 15.3)

Loss coefficient for fully turbu-
lent flow in 12” schedule 10,
90° LR elbow (Table 15.1)

Loss coefficient for fully turbu-
lent flow in 14” schedule 10,
90° LR elbow (Table 15.1)

Loss coefficient of sharp-edged
orifice in bypass line in terms
of velocity in the orifice con-
striction (Diagram 13.2)

Loss coefficient for fully turbu-
lent flow in 6” schedule 40,
90° short radius (SR) elbow
(Table 15.2)

Loss coefficient of “dirty”
strainer

Loss coefficient of open gate
valve in bypass line (input
10" for closed valve)

Loss coefficient of open gate
valve in injection line (input
10" for closed valve)



Kyaners = 0.20 Loss coefficient of open gate

valve in pump suction line

L, =40 ft Pump suction line straight pipe
length

L;y=91t Pump discharge line straight
pipe length

L,s=145 ft Injection line straight pipe
length

Ls; =12 ft In-vessel line straight pipe
length

L,; =60 ft Bypass line straight pipe length

NO = 3600 rpm Operating speed of pump
during LOCA

NT = 3540 rpm Test speed of pump

p1=14.7 psia Suppression chamber pressure

ps=120to 14.7 psia  Reactor vessel pressure—
progressively decreasing to
atmospheric pressure during

LOCA

s = 2000 gpm Sparger test flow rate

rd = 0.10 Radius ratio r/d of branch edge
of diverging tees at Nodes 4

and 5

5.6.1.3 Initial Calculations Loss coefficient of
bypass line orifice in terms of velocity in 3” pipe:

K, 205

K rifice — o4
orfice = g4 0.460°

=45.78.

Loss coefficient of injection line flow nozzle in terms of
velocity in 10” pipe:

K ownoz = @ = &634 =7.694.
Biv  0.520
Calculate K’ for input into Equation 16.15:

K’ =0.57-1.07rd;’* = 2.13rd; +8.24rd}* —8.84rd; +
2.90rd;"* =0.204.

Calculate loss coefficient of sparger based on test data:

W _ pTesthESl _ 6222 X 2000 — 277 25 lb/s
T T 448.83 448.83 ' ’
K _ 288 ngestAgApTest
Sparger — W% ,

_ 288x32.174x62.31x0.2006* x 16

=4.83.
277.25
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5.6.1.4 Adjusted Parameters* After initial solution
of the simultaneous equations, a check of Reynolds
number revealed that flow is not fully turbulent through-
out the system. Accordingly, pipe friction factors were
adjusted upward using the Colebrook—White formula
(Equation 8.3):

f:=0.0180 Adjusted friction factor in 3” schedule 80
pipe

fs=0.0153 Adjusted friction factor in 6” schedule 40
pipe

fio=0.0140 Adjusted friction factor in 10” schedule 80
pipe

fi2=0.0137 Adjusted friction factor in 12” schedule 80
pipe

fi4=0.0134 Adjusted friction factor in 14” schedule 10
pipe

Also, elbow loss coefficients were adjusted upward in

direct proportion to friction factor increase per Equa-
tion 15.2:

K res =0.225 3" schedule 80, 90° LR elbow
Krene = 0.282  6” schedule 40, 90° SR elbow
Kiremo = 0.189  10” schedule 80, 90° LR elbow
K rem> = 0.187 12”7 schedule 80, 90° LR elbow
K rems = 0187 14”7 schedule 10, 90° LR elbow

5.6.1.5 Network Flow Equations Continuity equa-
tions:

wPump = Wln]-ed + WBypgm NOde 4, (1)
Weparger = Winjeer /2 Node 5. ()
Energy equations:

L1,2

K rainer+K alve +4K + +1
~ .\ St Valve 14 LREIl 14 ,fl4 d]4/12
prep 288--p, - Al
Whump + %(Elevz — Elev,),

3)

NO? NO . 0.0021 .
P2=D3— 5.16- Pw NT2 + 0~063ﬁwPump - p—wW}Z)ump +

0.0015 NT
2 WPumpa
P, NO

(4)

* Friction factors and elbow loss coefficients will vary slightly as a
function of valve lineup and vessel pressure from the representative
values shown here.
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3-Kiremo + fiz dll:/’;z .

umps 5
288-g-pW-A122 Weump ()

P3=pst

1.62 — 0,98 pumr _

WInject
W3 W? ;
0.64—2" 40,03 -
Wlnject WPump .2 6
288 A2 Inject + ( )
*8 Pw Afo
K riownoz + Kvawe1o + 2 Kcpvakve +

Lys
6-K + -
rrentz + fio /12

288-g-p,, - Ay

Ps=pst

2
WIn/'ect +

%(ElevS — Elev,),

22
Wln/'ect
02

WSparger

1.59 +(1.18—1.84\/E+1.16rd)

Winieet_ 1,68 +1.04/rd —1.16rd

WSparger .2
= + argers
Ps5 = Ds 288~g'pW~Agz Wiparg
™)
L A6*
Ksreus + fo S 2
. di/12" A8, @®
Ps = P7 288gpw A62 Spargers
KSparger -2
= W argers 9
p7 pS 288ngA62 Sparg ( )
: 4
[0.81—1.13Wjdi+1.00+
wBypaxs 12
3
1.12é—1.08%+K93
Ps=pit . ! 2 wlziypaxs +
288-g-p- A2 (10)
Ly,

Korifice + Kyawes + 4 Kprens + Kpvi + f3 d,/12
3

288-g-p-A?

legypass + ﬁ(Ele\/] - Elev2 )

5.6.1.6 Solution There are 10 equations and 10
unknowns (pz, Ps, Pa» Ps> Pé> P1> Weumps Winject» Wsparger @and
Waypass). A general-purpose computational software
program was used to perform the simultaneous solution
of equations 1 through 10. After initial solution, Reyn-
olds number was calculated for each pipe section. Pipe
friction factors,and elbow loss coefficients, were adjusted
accordingly and the solution was repeated to improve

the accuracy of the results. The following three cases
were investigated:

1. Initial operation of the core spray system was simu-
lated by opening the bypassline valve (Ky,..s = 0.20)
and closing the injection line valve (Kygye0=10").
For this valve lineup, bypass flow rate of 624 gpm
exceeded 15% of rated core spray flow.

2. The bypass valve remained open (Ky,.; = 0.20),
the injection valve was opened (Kyuue1o = 0.20),
and vessel pressure was progressively decreased
from 120 to 14.7 psia to simulate core spray injec-
tion during the postulated LOCA.

3. In this case, the bypass valve was closed (Kyues =
10'%),theinjection valve was opened (K yupe10 = 0.20),
and vessel pressure was progressively decreased
from 120 to 14.7 psia to simulate core spray injec-
tion during the postulated LOCA.

Calculated flow rates are shown in Table 5.3. Core spray
injection flow rate as a function of vessel pressure is
shown in Figure 15.5.

The calculated results show that the core spray
system will indeed deliver at least 4000 gpm of cooling
water to the top of the reactor core during the postu-
lated LOCA event with the bypass valve open. Closing
the bypass valve will increase injection flow by over
300 gpm.

Net positive suction head (NPSH), another impor-
tant aspect of core spray system performance, is evalu-
ated as an example problem in Chapter 20.

5.6.2 Moderately Corroded Steel Pipe

Calculate core spray system flow rate assuming moder-
ately corroded steel pipe. The analysis is basically the
same as for new, clean steel pipe except as indicated
below.

5.6.2.1 Ground Rules and Assumptions

+ The absolute roughness e of the pipe is equal to
0.0130 in.*

+ The remaining ground rules and assumption are
the same as above for new, clean steel pipe.

5.6.2.2 Input Parameters No changes are necessary.

* In practice, core spray system piping is kept full with demineralized
water. It is a closed system so that original oxygen content is soon
depleted. In addition, surveillance tests are performed periodically.
Assuming that the absolute roughness increases to 0.0130 in is very
conservative.
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TABLE 5.3. Core Spray System Flow during a Postulated LOCA (New, Clean Steel Pipe—e = 0.00180 in)

Injection valve Closed Open Open
Bypass valve Open Open Closed
Vessel pressure, psia 120 120 90 60 30 14.7 120 90 60 30 14.7
Qpump, gpm (Ib/s) 624 4622 4905 5163 5400 5514 4474 4768 5038 5287 5407
(86) (635) (674) (710) (742) (758) (615) (656) (693) (727) (743)
OBypass» gpm (1b/s) 624 486 459 430 399 382 0 0 0 0 0
(86) (67) (63) (59) (55) (53)
QOnject> gpm (1b/s) 0 4136 4446 4733 5001 5132 4474 4768 5038 5287 5407
(569) (611) (651) (688) (706) (615) (656) (693) (727) (744)
120 Y
\\\ N
100 N AN
N AN
fg %0 é \\\ By 3a§iValve Closed
e g N N
5 5 N N
2 60 & N N
;*:’ ?’E Bypass Valve Ope‘n \\
© =)
2 40 S N N
g NEEN
20 - \\
—-——————————-—I14.7Ips1al-———--—— 4 —t —N—
) mn
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Core Spray Injection Flow Rate (gpm)

FIGURE 5.5. Core spray injection flow rate versus vessel pressure (new, clean steel pipe—e = 0.00180 in).

5.6.2.3 Adjusted Parameters* After initial solution
of the simultaneous equations, a check of Reynolds
number revealed that flow is not fully turbulent through-
out the system. Accordingly, pipe friction factors were
adjusted upward using the Colebrook—White formula
(Equation 8.3).

£2=0.0296  Adjusted friction factor in 3” schedule 80
pipe

fo=0.0240  Adjusted friction factor in 6” schedule 40
pipe

fio=0.0213 Adjusted friction factor in 10” schedule 80
pipe

fi2=0.0204 Adjusted friction factor in 12” schedule 80
pipe

fi4=0.0197 Adjusted friction factor in 14” schedule 10
pipe

* Friction factors and elbow loss coefficients will vary slightly as a
function of valve lineup and vessel pressure from the representative
values shown here.

Also, elbow loss coefficients were adjusted upward in
direct proportion to friction factor increase per Equa-
tion 15.2.

Kires = 0.396
Kisrens = 0.437
K remo = 0.307
K rem> = 0.298
K rema = 0.292

3” schedule 80, 90° LR elbow
6” schedule 40, 90° SR elbow
10” schedule 80, 90° LR elbow
12” schedule 80, 90° LR elbow
14” schedule 10, 90° LR elbow

5.6.2.4 Network Flow Equations No changes are
necessary.

5.6.2.5 Solution Calculated flow rates are shown in
Table 5.4. Core spray injection flow rate as a function of
vessel pressure is shown in Figure 15.6.

The calculated results show that the core spray
system will still deliver at least 4000 gpm of cooling
water to the top of the reactor core during the postu-
lated LOCA in the event the absolute roughness e of
the pipe increases to 0.0130 inch.
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TABLE 5.4. Core Spray System Flow during a Postulated LOCA (Moderately Corroded Pipe—e = 0.0130 in)

Injection valve Closed Open Open
Bypass valve Open Open Closed
Vessel pressure, psia 120 120 90 60 30 14.7 120 90 60 30 14.7
Qpump, gpm (Ib/s) 605 4550 4831 5088 5323 5436 4393 4687 4955 5202 5322
(83) (625) (664) (699) (732) (747) (604) (644) (681) (715) (732)
OBypass» gpm (1b/s) 605 475 450 424 395 380 0 0 0 0 0
(83) (65) (62) (58) (54) (52)
QOnject> gpm (Ib/s) 0 4075 4381 4664 4928 5056 4393 4687 4955 5202 5322
(560) (602) (641) (678) (695) (604) (644) (681) (715) (732)
120 <
AN
100 AN AN
NEEN
@: %0 z \\ Bypass\Valve Closed
o —_—
H NN
n 5 NHERN
£ g_ Bypass Valve Ogen \\
3 2 N N
g 40 g = -
> N N\
N
20
— + 4 —|— == =147 psia- o — -+ = P —|—
) m
3500 4000 4500 5000 5500

Core Spray Injection Flow Rate (gpm)

FIGURE 5.6. Core spray injection flow rate versus vessel pressure (moderately corroded steel pipe—e = 0.0130 in).

NPSH, another important aspect of core spray system
performance, is evaluated as an example problem in
Chapter 20.
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TRANSIENT ANALYSIS

In the analysis of unsteady flow, or transient flow, pro-
cesses, the system is abandoned in favor of a control
volume. Attention is given to a fixed region in space, not
to a fixed mass in motion. The control volume, defined
by an imaginary closed boundary, is set up to surround
the equipment under study. Both mass and energy may
cross the boundary. Momentum or other properties may
be involved, but herein we are considering only mass
and energy. We are considering only bulk flows. Bulk
flows are characterized by negligible propagation effects.
Propagation effects can be thought of as “startup”
effects where momentum or other properties play a
role. They are generally of short duration. According to
F. J. Moody [1]: “Propagation effects probably are not
important in analyses when ¢, [propagation time] is less
than about 0.1 ¢, [bulk disturbance time].”

In transient flow processes the principles of mass and
energy conservation are of utmost importance. The
rates at which mass and energy enter the control volume
may not be the same as the rates of flow of mass and
energy out of the control volume. Furthermore, the
rates of flow may vary with time.

Transient analysis is a complex and wide-ranging
topic. Books by F. J. Moody [1] and J. A. Fox [2] may be
particularly helpful. There are many software programs
that can solve a variety of hydraulic transient problems.
The attempt here is to introduce the subject by describ-
ing the basic methodology and providing example prob-
lems that may be useful in their own right.

6.1 METHODOLOGY

It is virtually impossible to set up a completely general
set of equations that suit all transient flow processes.
Nonetheless, as a first step the control volume must be
defined to fit the physical situation. From that, the
instantaneous rate at which mass enters the control
volume may be equated to those at which mass leaves
the control volume and at which mass is stored within
the control volume:

Total mass inflow rate = total mass outflow rate +

total mass storage rate.

Similarly, the instantaneous rate at which energy enters
the control volume may be equated to those at which
energy leaves the control volume and at which energy
is stored within the control volume:

Total energy inflow rate = total energy outflow rate +

total energy storage rate.

Differential equations may be written from consider-
ation of mass and energy principles to simulate the
physical situation over a finite interval of time. It is
convenient to choose a scheme in which the flow prop-
erties are continuous in space and time. Sometimes,
however, fluid properties or physical arrangement
may be discontinuous so that the problem must be split

Pipe Flow: A Practical and Comprehensive Guide, First Edition. Donald C. Rennels and Hobart M. Hudson.
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into two or more parts. It is possible to integrate these
equations when the relations between the several vari-
ables and time are known. Often closed-form integra-
tion is difficult or impossible. In that case, a computer
program may be developed to perform the integration
using time-step interval processes.*

Transient analysis involving an incompressible fluid
may be straightforward, while that involving a com-
pressible fluid may be complex. Several examples of
setting up and solving transient flow problems are pre-
sented in the following sections. The examples provide
solutions to practical problems. The principals demon-
strated in the example problems can be applied to other
transient flow problems.

6.2 EXAMPLE PROBLEM: VESSEL
DRAIN TIMES

The draining of vessels presents interesting applications
of the conservation of mass and energy principles. In
these problems, the walls of the vessel and discharge
piping make up the control volume. The driving force
may be due to pressure as well as gravity.

6.2.1 Upright Cylindrical Vessel

Consider the upright cylindrical vessel of radius R in
Figure 6.1. The initial liquid surface height is Y;. Gravity
and pressure draining occurs from a pipe outlet located
a vertical distance Y, from the bottom of the vessel.’
The vessel may be pressurized at a constant value Py
and the pressure at the pipe discharge may be Pp.
Determine the time ¢ (in seconds) required to drain
the vessel.

The change of liquid mass within the cylindrical
vessel can be expressed as:

. d
W:prvd_f, (6.1)

where p, is the density of the fluid and Ay is the cross-
sectional area of the vessel. The flow rate w through the
drain line can be expressed as:

* General purpose programming languages such as FORTRAN and
BASIC, as well as technical calculation software such as Mathcad
(PTC Corporation, Needham, MA) and Mathematica (Wolfram
Research, Champaign, IL), can be used to perform time-step integra-
tion. Spreadsheet programs may also be used. See Section 6.4 for an
example time-step integration problem solved using Mathcad.

"Y, may be positive or negative. When the pipe outlet is located
above the bottom of the vessel, Y, is negative, and the equation for
a partially drained upright cylindrical vessel is employed.

!
T
i Py
A4 i
!
i dy
] v
i A
—T
e
i
i v
Yp
A
i — Fp
w

FIGURE 6.1. Drain from an upright cylindrical vessel.

. 2gp, A}
w=\/—g';; [P, - P, +p. (Yo + )], (6.2)
P

where Ap is the flow area of the pipe and K is the total
loss coefficient of the drain line.*

Substitution of Equation 6.2 into Equation 6.1, letting
A, = R?, and rearranging yields:

2
dt = R dy. (6.3)

\/ZgA,% \/PV Py .,
KP pw

The integral form of Equation 6.3 within the limits
y=Y,and y =0is:

TR? v 1

dt = dy, 6.4

J. \/25'141: 'L \/CAH+y Y 9
K,

where

CAH = YD .

w

Integration of Equation 6.4 yields the general equation
for drain time from an upright cylindrical vessel:

z=2ﬂ—R22(\/CAH+Y, —JCu). (6.5)

2gAp
Kp

* Drain line losses typically include surface friction loss as well as pipe
entrance, pipe exit, valve, and fitting losses (see Part II).



FIGURE 6.2. Drain from a spherical vessel.

The time to partially drain the vessel can be obtained
by integrating Equation 6.4 within the limits y = Y; and
vy = Y., where Y, is an intermediate height between Y;
and 0. Thus, the equation for a partially drained upright
cylindrical vessel is:

2nR?
2gA}
K,

=

(NCarr +Y; =NCarr + Y0 ).

6.2.2 Spherical Vessel

A degree of complexity is added to the drain problem
when considering a spherical vessel because the cross-
sectional area of the vessel varies with height. A spheri-
cal vessel of radius R is shown in Figure 6.2. The initial
liquid surface height Y; may be located anywhere
between +R and —R. Gravity and pressure draining
occurs from a pipe outlet located a vertical distance Y
from the bottom of the vessel. The vessel may be pres-
surized at a constant value Py and the pressure at the
pipe discharge may be Pj,. Determine the time ¢ (in
seconds) required to drain the vessel.

As was the case for the cylindrical vessel, the change
of liquid mass within the vessel can be expressed as:

w= prVﬂv

6.1, ted
— (6.1, repeated)

where p, is the density of the fluid. The cross-sectional
area of the vessel Ay varies with height y as expressed
below:

Ay =1 (R* = ). (6.6)

The flow rate w through the drain line can be ex-
pressed as:
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_ [2gp,Ap
w:J%[PV—PDWW(YNRH)], (6.7)
P

where A, is the flow area of the pipe and K is the loss
coefficient of the drain line. Substitution and rearrang-
ing of Equations 6.1, 6.6 and 6.7 yields:

7T(R2—y2)

dt=

2 f—

VO PPy ey
KP pw

dy. (6.8)

The integral form of Equation 6.8 within the limits
y=yrand y =-R is:

Y) 2 _ 4,2
far=—Z_T" Ry 4, (69
\/2gA1% R JCoy + R+
K,
where
CAH:PV_PD+YD.

w

Integration of Equation 6.9 yields the drain time for a
spherical vessel:

2nR?
tz—(\/CAH +R+Y, _\/CAH )
2gA}

Kp

[8(Cayy + R)’ —4(Cuyy + R)Y,; +3Y7]
2% JCan +R+Y, —[8(Can +R) +

2gA}
157 [4(Can + R)R+3RCoy
P

The time to partially drain the vessel can be obtained
by integrating Equation 6.9 within the limits y = Y; and
y = Y., Where Y}, is an intermediate height between Y;
and —R. Thus, the equation for a partially drained spher-
ical vessel is:

2nR?
2gA}
Kp

=

(NCanr +R+Y; =Cuyy + R+Y, )

[8(Cuyr + R) —4(Cay +R)Y,; +3Y7]
—2—”2 JCu +R+Y; —[8(Cay +R) + )
20A
15 /—f{; 4(Cop +R) Y +3Y2 NCoy + R+ Y,
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FIGURE 6.3. Drain from a cylindrical vessel with elliptical
heads.

6.2.3 Upright Cylindrical Vessel with
Elliptical Heads

Consider the cylindrical vessel with elliptical heads in
Figure 6.3. The ratio of the major axis to the minor
axis of the elliptical head is denoted by n. Note that
n=1 represents a hemispherical head. Assume that
the initial liquid surface height Y; is located within the
cylindrical region of the vessel. Draining occurs from a
pipe outlet located a vertical distance Y, from the
bottom of the vessel. The vessel may be pressurized at
a constant value Py and the pressure at the pipe dis-
charge may be Pp. Determine the time ¢ required to
drain the vessel.

The preceding drain problems for cylindrical and
spherical vessels are revisited in order to obtain solu-
tions. As before, the change of liquid mass within the
vessel can be expressed as:

. dy

w prv d[ [}
where p, is the weight density of the fluid. Because of
discontinuity in geometry at the interface between the
cylinder and the elliptical head, the problem is split into
two parts. Accordingly, the total time ¢ is the sum of the
time #c,, to drain the cylindrical section, and the time #,
to drain the bottom head:

(6.1, repeated)

t=[Cy[ +ZBH'

In the case of the cylindrical region of the vessel, the
cross-sectional area A, remains constant with height. The
flow rate w through the drain line can be expressed as:

2
= ng;;—wAp[Pv —Py+p, (YD +£+yﬂ, (6.10)
n

P

where Ap is the flow area of the pipe and Kp is the
loss coefficient of the drain line. Substitution and rear-
ranging of Equations 6.1 and 6.10 and letting Ay = 7R
yields:

2
\/ZgAP\/PV PD+YD+R+y
P

To determine drain time for the cylindrical region of the
vessel, we employ the integral form of Equation 6.11
within the limits y = Y, and y = 0:

dy. (6.11)

2 Y;
far=-E R [ 1R dy,  (6.12)
284y \/C +—+
\/KP aH T y
where
Cor =2X=P0 1y,

pw

Integration of Equation 6.12 yields the time #,, to drain
the cylindrical region of the vessel:

2
tCyl:ﬂ \/CAH +£+Yv1_\/CAH +E . (613)
28A}p n n

Kp

In the case of the elliptical bottom head region of the
vessel, the cross-sectional area varies with height y as
expressed below:

Ay = (R*—n?y?). (6.14)
In this case, the flow rate through the drain line can be
expressed as:

w=\/2‘g}’2—WAD[PV—PD+pW(YD+§+yﬂ. (6.15)

P

Substitution and rearrangement of Equations 6.1, 6.14
and 6.15 yields:

(RZ _n2y2)

\/ngP\/pV PD+Y +R+y
Pw

To determine drain time fzy, of the elliptical bottom
head region of the vessel we employ the integral
form of Equation 6.16 within the limits y =0 and
y =-R/n:

dy. (6.16)




0 2 2.2

far= 27TA2 [ R0Y 4y (617)
8¢ "\/C +—+
\/KP M

where

Cyy =2 ="Po y

w

Integration of Equation 6.17 yields the time 3y, to drain
the elliptical bottom head region of the vessel:

2nR? f R
Igy = ( Can +——\/CAP]
[2gA} n
Kp
2
(S(CAH +£) ),/CAH +5
n n

2
_277:—” _|:8(CAH +£) +

S}

15,2847 B
Ky R\R R —
n/n n
(6.18)

In conclusion, the results of Equations 6.13 (tCyl) and
6.18 (tBH) are added to obtain the total time ¢ to drain
a cylindrical vessel with elliptical heads when pressure,
as well as gravity, provides the driving force. It is left to
the reader to adapt these equations for the case when
the vessel is partially drained.

6.3 EXAMPLE PROBLEM: POSITIVE
DISPLACEMENT PUMP

Assume that a container with fixed volume V holds a
perfect gas at an initial absolute pressure of P, and an
initial absolute temperature of 7). As shown in Figure
6.4, a positive displacement pump removes gas from the
container at a constant volumetric flow rate D ft¥/s (or
m?/s) when the volume is measured at the pump inlet
pressure and temperature. Assume no pressure drop in
the discharge line and no appreciable storage in the

Container

FIGURE 6.4. Positive displacement pump and container.
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discharge line and pump. Gravitation effects are slight
and are neglected. The problem is developed in the
English system of units. In the International System of
Units (SI), substitute mass m for weight w.*

The walls of the container, pump and discharge line,
and a section a-a across the end of the pump discharge
line, form the boundary of the control volume in this
problem. First assume no heat transfer through the
boundary—then assume heat transfer.

6.3.1 No Heat Transfer

The weight w of gas within the container at any given
time is:
124

w=—-

T (6.19)

where R is the individual gas constant. The rate at which
this gas is removed from the container at a particular
time is:

dw_ P @V _PD
dt RT\ dt )., RT
Differentiation of Equation 6.19 yields:
d_W:a_Wd_P+a_Wd_T+a_Wd_V’ (621)
dt oP dt OdT dt oV dt
and
ow_V ow__ PV éw_ P (6.22)

P RT' 9T RT* oV RT
Substituting Equation 6.22 into Equation 6.21 and rear-
ranging gives:

dw_V dP PV dT . P dV

dt RT> dt  RT di’

In this problem there is no change of volume (dV/dt = 0).
Therefore:

dw_ V dP PV dT

“v_ . 6.23
dt RT dt RT? dt (6:23)

Substitution of Equation 6.20 into Equation 6.23 and
rearrangement yields:

dt =——dT-—_dPp.

(6.24)
DT  DP

We employ the integral form of Equation 6.24:

t -

[far=Y[ L Y ndP
4 DJo T DJn P’

* This example problem is an enlargement of a problem presented by
Mackey et al. [3].
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Integration yields:

=t == [(InR ~InP)~(InT, ~InT;)]

:X[lnpl T, }_v PT,

——-In— |[=—In .
Dl P T, D PT
Then,
D(t2-1)
wm_BL_ 7V (6.25)
w, BT

In addition to the mass balance, there is an energy
balance to satisfy. The rate at which the internal energy
of the gas in the container is decreasing at a particular
time must equal the rate at which energy is crossing the
control volume. Assume that gravitational potential
energy and kinetic energy are insignificant.

The rate at which the internal energy is decreasing is:

_aVdp

-dQ= .
R dt

The rate at which energy crosses the prescribed section
a in the form of internal energy and flow work is:

c,PD
dQ=-"—. 6.26
Q= (6:26)
The energy balance is:
_&VdpP _c¢,PD (6.27)
R dt R

For constant specific heats, y = ¢,/c,, the integral form of
Equation 6.27 can be expressed as:

1421

Integration yields:

InP,-InP :%(tz—tl) (6.28)

or

V(lnP -1InP)
h-ty=——2 1

YD
Rearranging Equation 6.28 also yields:

P yD(2-11)

=e Vv
P,

6.3.2 Heat Transfer

Assume that there is heat transfer to the control volume
at the instantaneous rate H Btu/s (or J/s) at a particular
time. The same mass balance holds as in the case of no
heat transfer:

D(t2-t1)
s N % =e V . (6.25,repeated)
ws 244

The rate at which the internal energy of the gas in the
container is decreasing is:

¢, VdP
—do=-22Y2" _§H
Q R dt

The rate at which energy crosses the prescribed section
a in the form of internal energy and flow work is:

c,PD
dQ=-2"—"—,
Q R

(6.26, repeated)

The new energy balance is:

qoGVdP ¢DP
R di R

The integral form can be expressed as:

[N A
s\ P R R In P’

Partial integration yields:

¢,V(InP-InP)
R n P

IzEdr— c,D(t, —tl)‘

(6.29)

For constant specific heats, y= ¢,/c,, and rearranging,
Equation 6.29 becomes:

_V(nk-InR) R =H

L—t —dt.
yD cpDJdy P
Then,
yD(r-t1) R (2H
B v vl

P,

It is possible to integrate the residual differential equa-
tion when the relations between heat transfer H and the
several variables and time are known. A numerical or
time-step integration may then be employed to obtain
the solution.
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FIGURE 6.5. Drain from an upright cylindrical vessel
(repeated).

64 EXAMPLE PROBLEM:
TIME-STEP INTEGRATION

Numerical integration is the approximate computation
of an integral using numerical techniques. The term is
sometimes used to describe the numerical solution of
differential equations using a time-step integration
process. Herein the time-step process will be demon-
strated by obtaining particular solutions to the differen-
tial equation developed in Section 6.2.1 representing
drain time from an upright cylindrical vessel.

6.4.1 Upright Cylindrical Vessel Drain Problem

Consider the upright cylindrical vessel shown in Figure
6.5. The radius of the vessel is 6 ft. The vessel contains
70°F water at an initial height of 20 ft. The vessel pres-
sure is constantly maintained at 100 Ib/in”. The drain
line discharges to atmosphere from an outlet located a
distance of 4 ft below the bottom of the vessel. The loss
coefficient of the drain line is based on velocity in the
6” schedule 40 drain pipe.
The input parameters are:

R=6ft Vessel radius
Y; =20 ft Initial height of water
Y,=4ft Vertical distance of drain line

exit from bottom of vessel
Py (= 100 1b/in?)
= 14,400 1b/ft?
Py (= 14.7 1b/in?)
=2117 Ib/ft?
Ap=0.20063 ft?

Vessel pressure
Atmospheric pressure

Drain line flow area
(6” schedule 40 pipe)

Drain line loss coefficient
Density of 70°F water

K=5
p. = 62.31 Ib/ft?
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6.4.2 Direct Solution

Equation 6.5 can be employed to directly solve for the
drain time.

3 2X X6
- \/2><32.174><O.20062
5
144002117 144002117
[\/ 62.31 +4+20_\/ 62.31 +4j
=216.38s.

6.4.3 Time-Step Solution

Now calculate the drain time ¢ using Equation 6.3, the
integral form of Equation 6.5, assuming progressively
smaller time steps Az.*

Several programs are available to perform step-by-
step integration. They are all similar in that they form a
loop to repeatedly execute a calculation until a certain
condition is met. The one shown below, uses a “while”
loop, a programming feature found in Mathcad' as well
as in other computational programs.

y=Y;
t=0 Sets transient start time
at zero

Sets initial water level

At=10s (=1 s) (=0.1 s) Sets time-step interval
(three intervals will

be used)

while y > 0 Sets condition to be met

dy = (('\lngP /Kp

\/((PV_PD)/pW)+YD +y)

Repeatedly calculates
Equation 6.3

(rearranged)
| TR*)At
t=t+At Resets time
y=y—dy Resets water level;

continues execution
while y > 0
The condition is met
when y <0 (three
solutions for three
time step intervals)

t=220s (=217 s) (=216.4 5)

* In this application, At is substituted for dr. When At is small, At = dt,
and the closer the time-step interval is to zero the better the results
are, provided the precision of the arithmetic (as in significant figures)
does not start providing inaccurate answers.

" Mathcad is a computational software program used in engineering
and other areas of technical computing. The Mathcad Professional
version may be needed to provide the programming tools required to
solve time-step problems.
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Setting the time step at 10 seconds would likely provide
a sufficiently accurate answer for this simple computa-
tion. Other computations, such as a transient analysis
program that simulates a loss of coolant accident
(LOCA) in a nuclear power plant, would use small time
steps, and would simultaneously track pressure, tem-
perature, phase change, fluid density, flow rate, and so
on, in addition to water level.
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UNCERTAINTY

Uncertainty is the probable range of error. The uncer-
tainty associated with hydraulic analysis may be defined
as the statistical difference between calculated pressure
drop and true pressure drop. It may also be defined as
the statistical difference between calculated flow rate
and frue flow rate.*

There is uncertainty associated with practically every
variable involved in calculating pressure drop or flow
rate. In the uncertainty analysis, it is assumed that the
individual errors have an equal probability of being posi-
tive or negative; and further, that the probability density
function describing the uncertainty is normally distrib-
uted. This is done for three reasons: first, these assump-
tions simplify the mathematical manipulations required;
second, the existing knowledge regarding the uncertainty
of the various errors does not allow a more sophisticated
treatment; and finally, this allows convenient expression
of the results. With these assumptions, the combined
value of the various errors can be determined and
expressed as +1 (or 2 or 3) standard deviation(s) of the
mean (or calculated) pressure drop or flow rate.

7.1 ERROR SOURCES

The predominant source of error in the calculation of
pressure drop or flow rate is associated with the loss
coefficients of the various elements within the flow
system. The accuracy of loss coefficients is subject to

* There is somewhat of a difficulty here because we also have uncer-
tainty associated with determining the true value. Perhaps we should
say that the uncertainty is the difference between the calculated value
and the measured value. Then that could encompass errors not only
in calculating but also in measuring.

dimensional and surface roughness differences, experi-
mental and theoretical variations, and to uncertainties
associated with modeling the loss coefficient over a wide
range of variables.

Suggested 3-sigma values of uncertainty associated
with the loss coefficients documented in Part II are
given in Table 7.1." The uncertainty values are expressed
as percentage. They reflect the authors’ judgment based
on selecting, developing, and formulating the loss coef-
ficients for the various flow elements.

The suggested uncertainty values for tees are for
normal ranges of flow and diameter ratio. Higher values
may be appropriate outside of these ranges. It should
be noted that some loss coefficient values in junctions
pass through zero so that uncertainty values on a per-
centage basis are unrealistic. Fixed uncertainty values
may be appropriate under these conditions.

7.2 PRESSURE DROP UNCERTAINTY

The basic pressure drop equation for a pipe section can

be expressed as:

Af Ww?
! j +p.(Zy-2Zy). (7.1)

P-P=|K -1+ |- 2
112 ( 1 A2 Pep A

In pressure drop analysis the values of flow rate, density,
and flow area are established so that they contain little
or no uncertainty. Assuming a normal distribution of
error, the percentage uncertainty of calculated pressure

" If a data distribution is approximately normal, then 3 sigma (or three
standard deviations) accounts for 99.73% of the data set.
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TABLE 7.1. Suggested Uncertainty Values

Three-Sigma
Uncertainty (%)

Friction factor

Laminar flow 5
Turbulent flow
Smooth 5
Known surface roughness 10
Unknown surface roughness >10
Entrances
Sharp-edged 6
Round-edged 10
Bevel-edged 25
Through an orifice
Sharp-edged 5
Round-edged 10
Thick-edged 15
Bevel-edged 25
Contractions
Sudden 8
Rounded 15
Conical 15
Beveled 25
Smooth 10
Pipe reducer—contracting 20
Expansions
Sudden 5
Conical diffuser
o <20° 10
20° < o < 40° 10-20
40° < o0 < 180° 15
Stepped conical diffuser 20
Two-stage conical diffuser 20
Curved wall diffuser 20
Pipe reducer—expanding 20
Exits
From a straight pipe 5
From a conical diffuser 15
From an orifice
Sharp-edged 5
Round-edged 10
Thick-edged 15
Bevel-edged 25
From a smooth nozzle 5

Three-Sigma
Uncertainty (%)

Orifices

Sharp-edged 5

Round-edged 10

Bevel-edged 25

Thick-edged 15

Multihole 20

Noncircular 20
Flow meters

Flow nozzle 5

Venturi tube 15

Nozzle/Venturi 15
Bends

Elbows and pipe bends

<90° 10
>90° 15

Coils 15

Miter bends 15
Tees

Diverging flow through run 10

Diverging flow through branch 15

Diverging flow from branch 15

Converging flow through run 20

Converging flow through branch 10

Converging flow into branch 15
Joints

Welds protrusion 25

Backing rings 15

Misalignment 25
Valves

Specified 5

Estimated 20-100
Threaded fittings

Reducers—contracting 20-50

Reducers—expanding 20

Elbows 30

Tees 30

Note: The designer may select higher uncertainty values based on the needs of his equipment, applicable codes, local engineering practice, and

design margins to meet customer/hardware performance requirements..

drop in a pipe section composed of n different elements
can be determined by:

n

Y (NioiK;)’
op=til (7.2)

n

Y NK;

where N, is the number of like or similar elements that
share a common loss coefficient K.* The percentage
uncertainty o,y can be based on one, two, or three stan-
dard deviation(s).

* Treat surface friction as a single element unless there are size or
surface roughness differences along the length of the pipe section.



7.3 FLOW RATE UNCERTAINTY

The basic flow rate equation for a pipe section can be
expressed as:

2gp. At
S o
(K] -1+ 1412j
A;

In this case the values of pressure drop, density, and
flow area are established so they contain little or no
uncertainty. Assuming a normal distribution of error,
the percentage uncertainty of calculated flow rate of a
pipe section composed of n different elements can be
determined by:

W= [P-P+p.(Zi-2,)].  (13)

o, = L S N (74)

where, as before, N, is the number of like or similar ele-
ments that share a common loss coefficient K.* The
percentage uncertainty o, can be based on one, two, or
three standard deviation(s).

74 EXAMPLE PROBLEM: PRESSURE DROP

Water at 70 F is flowing at the rate of 125 Ib/s through
the 4” schedule 40 pipe section shown in Figure 7.1.
In accordance with Equations 7.1 and 7.2 and
Table 7.1, calculate pressure drop in the pipe section
within 3-sigma uncertainty assuming new, clean steel

pipe.

* See previous note.

90" LR Elbow (4)

Gate Valve (2)
— 7,

4" Sch 40 Pipe (35 1)
2

2z
45° LR Elbow
FIGURE 7.1. Four-inch pipe section.

Check Valve
z ™
—
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7.4.1 Input Data
w=1251b/s Z,=5001ft Z,=100ft

p. =62.301b/ft* (Table A.1)

1 =2.037x107° 1b-s/ft*> (Table A.1)

4” Schedule 40 Pipe (New, Clean Steel)
L=35ft € =0.00015 ft (Table 8.1)
D =0.3355ft (Table B.1) A =0.0884 ft* (Table B.1)

fr =0.0163(initially assume fully turbulent flow)

(Table 15.2)
Nee =2 —7238%10° (Eq. 1.2a)
HEA

)
e 2.41

=21 _—t =0.01702 (Eq.8.3

f [ Og10[3.7D Ne ,—fT ﬂ (Eq )

2
f=[2logm[L+ 241 H = 0.01700

37D  Ngf
K, =1.774

45° LR Elbow

N, =1 0,=10% Kr=0.144 (Table 15.2)

K, = fLKT =0.150

T

90° LR Elbow

N;=4 0,=10% Ky;=0211(Table 15.2)

K; = fLKT =0.220

T

Check Valve

Ny,=1 0,=5% K, =1.20 (specified)

Gate Valve

Ns;=2 o05=5% K;5=0.20 (specified)
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7.4.2 Solution

Kiow =Ni1K; + N, K, + N3K5 + Ny K, + NsK
=1x1.774+1x0.144 +4x0.211+1x1.20+2x0.20
=4.404

KrpuW?
= Lol +pu(Z2-2y)

P —P - Y
( 1 2)Mcan 2gpr2

_ 4.404x125°
2%32.174x62.30x0.08814>
=2196 Ib/ft* + 312 Ib/ ft*

=2508 Ib/ft*

+62.30(5-0)

(P1= P2y = 15.251b/in? +2.16 Ib/in?
=17.411b/in?

\/(N@Kl ) +(Naoo K, ) +
o = J(N:0:K;)" +(NiouKs )" +(Ns0sKs)’
P UNK, + NLK, + N3K; + NLK, + NKs

\/(1><10><1.774)2 +(1x10%0.144)° +

(4x10x0.211)" +(1x5x1.20)* +(2x5%0.20)*
4.404

=4.743%

4.743
-p,=15.25| 1%
P1— D2 ( 100

j+ 2.16

(p1 = P2)yy, =16.69 1b/in?
(P1 = P2y, =18.151b/in?

Based on the loss coefficient values and 3-sigma uncer-
tainties assigned to the various piping elements, the pre-
dicted pressure drop in the pipe section ranges from
16.69 to 18.15 1b/in*.

7.5 EXAMPLE PROBLEM: FLOW RATE

A 14-in pipeline connects two reservoirs as shown in
Figure 7.2. Calculate the flow rate in the pipeline within
3-sigma uncertainty in accordance with Equations 7.3
and 7.4 and Table 7.1. Assume new, clean steel pipe and
water temperature of 70°.

P,

Globe Valve (2)

14" Sch 40 Pipe (2000 ft)

S —
90° LR Elbow (14) W
P,

— 7,

FIGURE 7.2. Fourteen-inch pipeline.

7.5.1 Input Data
P, =62301b/ft> (Table A.1)

1 =2.037x107 Ib/s/ft* (Table A.1)
Z, =500 ft
Z, =100 ft
P, = P, = Atmospheric
14” Schedule 40 Pipe (New, Clean Steel)
L=2000ft &=0.00015ft (Table 8.1)
D =1.0937 ft (Table B.1) A =0.9394 ft* (Table B.1)

fr =0.0127 (initially assume fully turbulent flow)
(Table 15.2)

N,=1 6,=10% Klz%:23.23 (Eq. 1.3)

Rounded Entrance

N2 :1 (o) :10% K2 2010
(Diagram 9.2 for r/d =0.24)

Globe Valve
N;=2 03;=5% K;=3.50 (specified)
90° LR Elbow
N,=14 0,=10% K;=0.175 (Table 15.2)
Exit

Ns;=1 o05=K5=1.00 (Section 12.1)



7.5.2 Solution

Krow =N1K; + N, K, + N3 K5 + Ny Ky +NsKs
=1x2323+1x0.10+2%x3.50+14x0.175+1x1.00
=33.77

. [2gpA?
W:\/ (1d p(Z,-2,)

Total

2
:\/2><32.174><62.30><0.9394 %62.30(500—100)

33.77
=16161b/s

Ng. = WD =2.870 x 10°(calculate Reynolds number
HgA and iterate on friction factor)

-2
€ 241
=21 ——+——=|| =0.01320 (Eq.83
f { 0g10[3'7D N ,—fT H (Eq.8.3)

)
F=| 21080 —E—+—2M_ 1| ~0.01319
37D NeAf

K, = % =24.13 (Eq. 1.3)

T

(Eq. 1.3)

Kiow =Ni1K; + N, K, + N3K5 + N, K, + NsK
=1x24.13+1x0.10+2%x3.50+14x0.182+1x1.00
=34.77
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. 2gpA?
WhMean =\/ gp p(Z1 _ZZ)
KTotal

~ \/2><32.174><62.30><O.93942
34.77

% 62.30(500—100)

=15921b/s

\/(N101K1) +(N20'2K2) +

(N303K; ) +(N,0,K, ) +(NsosKs)
" 2(N,K, +N,K, +N;K; + N, K, +N;Ks)
\/1><10><24 13)* +(1x15%0.10)* +

2x5%3.50)> +(14x10x0.182) + (1x6x1.00)*
2x34.77

W

=3.526%

W= 1592><(1 + 3.26 )

WMin = 1536 lb/s
Wiae =1648 1b/s

Based on the loss coefficient values of the various piping
elements and their assigned 3-sigma uncertainties, the
predicted flow rate in the pipeline ranges from 1536 to
1648 1b/s.*

* One further iteration on friction factor resulted in predicted flow
rate within the range of 1534-1646 1b/s.



PART 11

LOSS COEFFICIENTS

PROLOGUE

As explained in Chapter 2, head loss represents a con-
version of available mechanical energy to unavailable
heat energy. The two principal sources of this conver-
sion are: (1) surface friction and (2) induced turbulence
due to pipe fittings and other changes in the flow path,
such as flow meters and valves. The gradual process
leading to understanding and quantifying surface fric-
tion was presented in Chapter 3. Its basic feature, fric-
tion factor, is presented in Chapter 8 as an adjunct to
quantifying the various features that contribute to head
loss. Induced turbulence, in the form of loss coefficients
(or resistance coefficients), is dealt with in the remain-
ing chapters of Part II.

Chapters 9 through 19 present rational and compre-
hensive investigations of pipe flow configurations com-
monly encountered by the professional engineer.
Experimental test data and formulas for loss coeffi-
cients from worldwide sources are evaluated, integrated,
and developed into widely applicable equations. The
processes used to select and develop loss coefficient
data for the various flow configurations are described
so the reader can judge their merit and understand their
limitations. The end results are presented in straightfor-
ward tables and diagrams located at the end of each
chapter, where a user familiar with the work can quickly
find them.

The flow configurations presented in Chapters 9
through 14—“Entrances,” “Contractions,” “Expan-
sions,” “Exits,” “Orifices,” and “Flow Meters”—all ex-

hibit some degree of flow contraction and/or expansion.
Assuch,they were treated as a family; they share semiem-
pirical formulas that were rationally tailored to meet
the specifics of the various flow configurations. Where
sufficient data for a particular flow configuration were
lacking, they were augmented by ample data in a related
configuration.

Bends, tees, joints, and valves are treated in Chapters
15 through 18, respectively. The loss coefficient data in
Part IT are on the whole applicable to pipe components
with butt weld, socket weld, flanged, or otherwise
smooth-walled end connections. However, the internal
geometry of threaded fittings is discontinuous, creating
additional pressure loss, and they are covered separately
in Chapter 19.

The loss coefficient data are independent of the kind
of fluid as long as it is homogeneous and incompressible.
The data are valid for turbulent flow conditions com-
monly encountered throughout the operating range of
most industrial piping systems. The effect of Reynolds
number on loss coefficients is mainly evident at its small
values. The loss coefficient values are generally appli-
cable to Reynolds numbers greater than 10°, but they
can be used with some loss of accuracy at lower Reyn-
olds numbers in the turbulent flow regime.

In the case of laminar flow, the data can be used for
rough estimates and only when the Reynolds number
is greater than 100. In the case of compressible flow,
they can be applied at Mach numbers up to approxi-
mately 0.3 with little or no loss of accuracy. They
may be used at higher subsonic velocities up to about

Pipe Flow: A Practical and Comprehensive Guide, First Edition. Donald C. Rennels and Hobart M. Hudson.

© 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.

75



76 LOSS COEFFICIENTS

Mach number 0.8 with decreased accuracy. In addition,
the data can be applied to square passages or to rectan-
gular passages of low aspect ratio with moderate loss
of accuracy.

The loss coefficient always represents the number of
velocity heads, V?*/2g, lost. The numerical value of any
loss coefficient is intimately related to the inherent
velocity in the associated pressure drop equation. In
many cases the relationship is self-evident and the loss
coefficient is simply labeled as K. In cases where there

is a change in flow area a subscript is used to denote the
relationship. For example, in the case of a contraction,
K, indicates that the loss coefficient is related to the
velocity at point 2, the downstream velocity. In the
case of flow through tees, a subscript—two numbers
separated by a comma—defines the flow path, and a
sub-subscript defines the related velocity. For instance,
K ,, indicates that pressure loss is from point 1 to point
2 and the loss coefficient is related to the velocity at
point 2.



SURFACE FRICTION

The gradual process leading to understanding and quan-
tifying surface friction was presented in Chapter 3.
Surface friction and its main element, friction factor, are
further considered in this chapter as an adjunct to quan-
tifying the various features that contribute to head loss.
The loss coefficient due to surface friction (analogous
to the loss coefficient due to local loss) is expressed as:
L
K=f—=. (1.3, repeated)
D
Thus the product of the friction factor fand the geomet-
ric factor L/D (or I/d) represents the number of velocity
heads lost due to surface friction. The friction factor
under discussion here is that corresponding to fully
developed velocity profiles that are encountered only
after 20 or more pipe diameters downstream of a pipe
inlet or other major disturbance. In practice, this condi-
tion is rarely met. However, satisfactory results are gen-
erally obtained ignoring this limitation.

8.1 FRICTION FACTOR

The relationship of friction factor to the Reynolds
number and surface roughness has three distinct differ-
ing regions of application.

8.1.1 Laminar Flow Region

As identified in Chapter 3, an expression for laminar
flow friction factor was developed by the mid-1800s:

64

f=NRe‘

(3.3, repeated)

Note that fis a function of the pipe Reynolds number
only. Protrusions on the pipe surface do not cause tur-
bulence in laminar flow. For laminar flow, pipes of dif-
ferent surface roughness have the same friction factor
for the same Reynolds number.

The upper range of Reynolds number for laminar
flow is somewhat indefinite, being dependent upon
several incidental conditions, and may be as high as
4000. However, such high values are of little practical
interest, and the engineer may take the upper limit
of laminar flow to be defined by a Reynolds number
of 2100.

8.1.2 Critical Zone

For pipe Reynolds numbers between 2100 and 3000 to
4000, the friction factor can have large uncertainties and
is highly indeterminate. Hence this region is called the
critical zone. The flow in this zone may be laminar or
turbulent (or an unsteady mix of both) depending on
the pipe entrance, initial disturbances, and pipe rough-
ness. This transition region from laminar to turbulent
flow is accompanied by a considerable increase in fric-
tion factor, and thereby in pressure drop in the pipe. As
a rule, however, pipes flowing significant amounts of
fluid, and which have measurable pressure loss, have a
Reynolds number much greater than 3000 or 4000. Not-
withstanding, the engineer may on occasion have to
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78 SURFACE FRICTION

make a conservative selection of friction factor when
pipe flow operates within the critical zone.

8.1.3 Turbulent Flow Region

Turbulent flow occurs more frequently in engineering
applications, hence the greater interest in this flow
region. Whereas the friction factor is independent of
surface roughness in laminar flow, roughness is of fun-
damental importance in turbulent flow except in the
case of smooth pipes.

8.1.3.1 Smooth Pipes For turbulent flow, if the
surface roughness is very slight, as for glass tubes, drawn
metal tubing, or so-called perfectly smooth pipes, the
friction factor is essentially a function of Reynolds
number only.* Analytical and experimental work in the
early 1930s led to the following implicit formula for
friction factor for turbulent flow in smooth pipes:

1 log 2.51
\/? 10— = NRe\/f

Squaring and inverting yields:

e

8.1.3.2 Rough Pipes Also in the early 1930s, analyti-
cal and experimental work for rough pipe in the fully
turbulent region, where friction factor is no longer a
function of Reynolds number, resulted in the following
formula:

(3.4, repeated)

L
g T%®%3ap >

where ¢ (or e) is the surface roughness, or more aptly,
the absolute roughness, of the pipe walls, and the ratio
&/D (or e/d) is termed the relative roughness of the pipe.
Squaring and inverting Equation 3.5 yields:

f= [210&0 ( 37 D)T. (8.2)

(3.5, repeated)

8.2 THE COLEBROOK-WHITE EQUATION

If solutions to the equations for turbulent flow friction
factor in smooth and rough pipes are plotted on a single

* It should be noted that drawn metal tubing is assigned an absolute
roughness value of 0.000060 in (see Table 8.1). All the same, drawn
metal tubes effectively act as smooth pipes except at very high Reyn-
olds number.

graph, a noticeably sharp intersection between the two
regions is apparent. In reality, Nikuradse’s artificially
roughened pipe results show a jump from the laminar
friction factor directly to the smooth pipe friction factor
followed by a gradual transition to the rough pipe fric-
tion factor (Fig. 3.1), whereas actual commercial pipes
do not show this kind of jump. Instead, commercial
pipes show a jump from the laminar friction factor to a
point above the rough pipe friction factor, then,
on increasing Reynolds numbers, the friction factor
gradually settles down to the rough pipe number. Cole-
brook and White [1] showed experimentally that this
behavior is due to commercial pipe’s randomly sized
roughness protuberances (as opposed to Nikuradse’s
uniform roughness imparted by the uniform sand grains
he used to roughen his pipes), and their formula mimics
this behavior, albeit not analytically, but empirically.
Building on their own work and on the work of
other researchers in the 1930s, Colebrook and White [2]
developed an expression that bridged this intersection
quite well:

j. (3.6, repeated)

1 e [—+—
N G AN

It is worthy of note that, while the friction factor is not
available explicitly in the Colebrook—White equation,
solution by a trial-and-error method is very easy in
a computer program. Squaring and inverting Equation
3.6 yields:

P 251 \T°
r=|2tone 3554 gy )|
e 251\
“Jonel 50 gy )|

If a guessed friction factor, say 0.02, is introduced on
the right side of the equation and the equation solved
for the friction factor on the left side, a better estimate
of the friction factor is obtained. If this better estimate
is substituted on the right side and the equation solved
again, an even better estimate is obtained. After three
to five iterations, the solved friction factor is accurate to
four significant figures or better. If, however, the com-
putation time consumed in this many iterations is bur-
densome, the number of iterations may be reduced to
two or three, because the Colebrook—White equation
itself is limited to an accuracy estimated by experiment-
ers as £3%. The desire for four significant figure accu-
racy is thus likely unwarranted.

(8.3)



8.3 THE MOODY CHART

The various equations for friction factor, although suit-
ably summarizing the data on pipe flow, were hardly
suitable for engineering use in the days prior to the use
of computers. It was opportune to introduce a compos-
ite plot for presentation of the friction factor.

As described in Chapter 3, in 1944 American engi-
neer L.F. Moody [3] developed a composite plot of all
regions of interest for presentation of the friction factor
in a suitable form for engineering use. The chart is
repeated at the end of this chapter for convenience (see
Diagram 8.1). Other friction factor charts have been
developed over the years. The “Moody Chart” is still the
popular choice and is still in use today.

8.4 EXPLICIT FRICTION FACTOR
FORMULATIONS

Because of Moody’s work and the demonstrated appli-
cability of the Colebrook—White equation over a wide
range of Reynolds numbers and relative roughness,
Equation 8.3 has become the accepted standard for cal-
culating friction factor in the turbulent flow region.
Clearly, however, it suffers from being an implicit equa-
tion in f and thus requires charts, tables, or successive
approximations to extract the value of f. While the
Moody Chart is sufficient for the numerical solution of
specific engineering problems, cases arise where we
need not only specific values but an explicit formulation
for the friction factor. For example, in dealing with total
losses in a system in which friction is only one of a
number of factors, in handling a problem involving the
solution of simultaneous equations, or in any problem
where we want a direct analytical solution, we may need
an explicit expression for friction factor as a function of
the controlling variables.

Moody quickly recognized the need for an explicit
equation for friction factor and was possibly the first to
provide one. Since the end of the 1940s, many alternative
explicit equations have been developed to avoid the
iterative process inherent in the Colebrook—White equa-
tion. Several are offered herein. These approximations
vary in the degree of accuracy depending on the com-
plexity of their functional forms; the more complex ones
usually providing friction factor estimates of higher accu-
racy. These formulas may be used on their own merit or
may be used as the first guess in the Colebrook—White
equation to reduce the number of necessary iterations.

8.4.1 Moody’s Approximate Formula

In 1947, Moody [4] proposed the following approximate
formulation for friction factor:
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106 )3

NRe ) :|

Moody noted that the formula agrees with the
Colebrook—White equation for fwithin an error of +5%

for values of Ng. from 4000 to 107, and for values of &/ D
up to 0.01 or values of fup to 0.05.

f= 0.0055{1+(20,000§+

8.4.2 Wood’s Approximate Formula

In 1966, Wood [5] proposed an explicit formula which
is valid for N, > 10,000 and for &/D within 10~° and 0.04:

0.025
f= 0.094(ij +0.532 488 (i)
D p \D

Wood noted that the accuracy of the formula in the
specified range is between —4% and +6%.

0.44
1. 62 £/D)"134
N

8.4.3 The Churchill 1973 and Swamee and
Jain Formulas

Stuart Churchill [6] developed an empirical formula by
substituting for Prandtl’s implicit smooth pipe formula
(Eq.3.4) an explicit one proposed by Nikuradse in 1932—

1
"~ [1.81og,o(Ng. / )

—in the Colebrook—White equation to obtain:

/= {210&0{37D (leg}}z

Churchill’s explicit formula was published in 1973. In
1976, Swamee and Jain [7] published an almost identical
formula, in which the constant in the coefficient of the
smooth pipe term was tweaked slightly (6.97 vs. 7),
perhaps to obtain better accuracy. Their formula gives a
friction factor within 3% of that from the Colebrook-
White equation for &D from 0.000001 to 0.01 and for
Ng. from 5000 to 10%. If either the Churchill or the
Swamee and Jain formula is used for the first guess in
the Colebrook—White equation the number of cycles
necessary to close for four significant figure accuracy is
reduced significantly.

8.4.4 Chen’s Formula

Chen [8] proposed an accurate formula encompassing
all the normal ranges of Ny, and &D within the turbu-
lent region:
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e 50452
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Chen published this explicit formula in 1979.

8.4.5 Shacham’s Formula

By substituting f = 0.03 in the right hand side of Equa-
tion 8.3, and substituting the result in Equation 8.3
again, Shacham [9] devised the empirical formula

e 502 e 145\
=<{-21 — 1 + ,
! { Og”[&w Nie Ogm(s.m NReﬂ}

thus obtaining the effect of two iterations of Equation
8.3. Shacham published this explicit formula in 1980.

8.4.6 Barr’s Formula

In 1981, Barr [10] proposed the following explicit
formula:

-2

4.5181ogy (N7Re )

€
37D+ N0.52 € 0.7
' Nge| 1+ -3¢ (—)
29 \D

f =12 10g10

8.4.7 Haaland’s Formulas

In 1983, Haaland [11] proposed a variation in the effects
of the relative roughness by the following expression:

f= {—1.810g10 Lff_j + ( 3.50) | }} .84

In deference to experiments using smooth pipes (as
in natural gas pipelines) that showed that the transi-
tion from the smooth to the rough regime is much
more abrupt than indicated by the Colebrook-
White equation, Haaland also proposed the following
formulation:

2] )

where with n = 3 the formulation gives values of f that
are close to the completely abrupt transition between

smooth and rough pipe flow as recommended by the
American Gas Association [12].

8.4.8 Manadilli’s Formula

In 1997, Manadilli [13] proposed the following explicit
formula valid for Ng, ranging from 5235 to 10°® and for
any value of &D:

€ 95  96.82\T"
=|-2lo + - .
d [ g“)(3.7D NE  Neo ﬂ
8.4.9 Romeo’s Formula

Romeo et al. [14] proposed the following explicit
formula in 2002:

-2
f= ‘:_2 logy, ( £ 5.0272 A):| ’

37065D  Nge
where
£ 4.567
A = lOgm e—
3.827D  Nge

( € )049924 ( 53326 )0.9345
logy || =—=—— +| ———— .
7.7918D 208.815+ Ng.

8.4.10 Evaluation of Explicit Alternatives to the
Colebrook—White Equation

With the exception of the early formulations by Moody
and Wood, the explicit formulas accurately reproduce
the implicit Colebrook—White equation.

In 2009, Yildirim [15] presented the results of a
computer-based analysis of a number of explicit alterna-
tives to the Colebrook—White equation. According to
Yildirim’s statistical analyses, the formulas by Chen,
Barr, Haaland, and Romeo et al. are the most accurate
of the formulas presented above.* Among these for-
mulas, Haaland’s formulation appears to be the most
convenient one to use. Because of its accuracy and
simplicity, Equation 8.4 is recommended for practical
use as an explicit alternative to the Colebrook—
White equation.

* The Chen, Barr, Haaland, and Romeo formulas had extreme values
of mean relative error of less than 1.2% and extreme values of
maximum relative errors of less than 4.7% for different &/D values
ranging from 1x 10 to 5x 10 and for Ng. values ranging from
4 x 10° to 10°® for a 20 x 500 grid. Over most of the entire grid, the
relative errors were less than one-half the extreme values.



8.5 ALL-REGIME FRICTION
FACTOR FORMULAS

In 1977 Churchill [16] published a formula covering all
flow regimes—Ilaminar, critical, transition, and fully
turbulent—and for any relative roughness. It is based
on his 1973 formula and on earlier work with his col-
laborator, R. Usagi. It also incorporates the laminar flow
friction factor formula of Hagen and Poiseuille, and a fit
of the data of Wilson and Azad [17] in the critical zone.
Churchill’s formula is smooth and continuous.

8.5.1 Churchill’s 1977 Formula

Churchill’s 1977 all-regime friction factor formula is:

g 2 1 112
fo =8|:(NR~] +(A+B)3/2} s (8.5)
where
16
1 37,530\
A=[2457In and B= (’—j .
NRC

( 7 )0'9+0.27£
Nie D

In this formula Churchill used a friction factor that is
one-eighth of the customary Darcy friction factor. The
multiplier outside the brackets transforms Churchill’s
factor into the Darcy factor, hence the , subscript on f
(which is used here only to emphasize that this work
always uses the Darcy friction factor).

The laminar zone friction factor formula is recogniz-
able in the first term within the brackets in Equation
8.5. The 1973 Churchill formula is recognizable as the
expression for A, and the critical zone fit of Wilson and
Azad is embodied as the expression for B.* Churchill’s
1977 function is shown plotted against a backdrop of the
Moody chart in Figure 8.1. The figure shows that Equa-
tion 8.5 yields excellent agreement with the Hagen—
Poiseuille law, Nikuradse’s results in the critical zone,
and von Kdrmén’s formula for complete turbulence,
though there is some disagreement in the transition
zone.

This formula (or the modification described below)
is highly recommended when one is not sure if the
Reynolds number is in the turbulent region.

* As noted in Section 8.3, the engineer must make conservative selec-
tion of friction factor when pipe flow operates within the critical zone.
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8.5.2 Modifications to Churchill’s 1977 Formula

A linearized Hoerl function curve fit for 1/\/? for
smooth pipes is:

L = _2 log]o |:0883

Jf

This is a much better fit than Prandtl’s proposed fit used
by Churchill. When the argument for the logarithm is
substituted in the Churchill formula for (7/Ng.)"’, the
resulting formula gives better fidelity to the Colebrook—
White equation for &D < 0.002 in the transition zone,
and especially for &D = 0.

The modified Churchill formula resulting is:

64\ 1 12
fo= ( j * |
Nge (A+B)

(ln NRe )1.282 :|

1.007
N Re

where

1
0883(In Ny )" 0.27¢

1.007
Re D

A =|0.86871In

and

16
B (13, 269) '
N Re
In Figure 8.1 it may be observed that the 1977 Churchill
formula exhibits some upward “curl” in the transition
region from the critical zone to a Reynolds number of
about 10°. Schroeder [18] makes a case that the
Colebrook—White equation itself already predicts a
higher than observed friction factor in this region. This
curl can be largely eliminated by the addition of a sub-
tractive term, 110&/Ng.D, to the Colebrook—White
group in the Churchill equation. Then the Churchill
equation becomes:

64\ . 112
f”{(zvmj +(A+B)”} 689

where

1
0.883(In Ng.)'™®  0.27e  110¢
NR D NeD

A=|0.8687In
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FIGURE 8.1. The Churchill friction factor equation at &D = 0.015, 0.002 and 0.0001 (Eq. 8.5).
and 8.6.1 New, Clean Pipe

16
B:(13’269) '
NRe

Figure 8.2 shows the results of this modification of
Churchill’s 1977 formulation. A case can be made that
by incorporating the linearized Hoerl function curve fit
and by eliminating the curl, the modified Churchill
formula is equal to the more accurate of the explicit
formulas evaluated in Section 8.4.

8.6 SURFACE ROUGHNESS

Surface roughness is defined as irregularities in the
surface texture of the pipe inner wall. The degree of
roughness is a function of the pipe material, its manu-
facturing process, and the environment to which it has
been exposed. Establishing the correct surface rough-
ness, or absolute roughness, of pipe is essential to reduce
uncertainty in estimating friction factor necessary for
calculating pressure loss in pipe.

Typical values of absolute roughness for new, clean pipe
are given in Table 8.1. These values may be sufficient for
initial operation, for piping systems that contain noncor-
rosive fluid, or for closely monitored piping systems that
are cleaned as necessary. Aside from these conditions,
corrosion and scale buildup can considerably increase
the absolute roughness of pipe, resulting in significantly
reduced carrying capacity.

8.6.2 The Relationship between Absolute Roughness
and Friction Factor

The absolute roughness € of new, clean carbon steel pipe
may be taken as 0.000150 ft, the absolute roughness of
moderately corroded carbon steel pipe with small depo-
sitions of scale may be taken as 0.00130 ft, and the abso-
lute roughness of heavily corroded carbon steel pipe
with large depositions of scale may be taken as 0.0100 ft.
Using the Colebrook—White equation (Eq. 8.3), the fric-
tion factor of carbon steel pipe was calculated at these
three surface roughness conditions as a function of pipe
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FIGURE 8.2. The Churchill friction factor equation at &/D = 0.015, 0.002 and 0.0001, with reduced curl (Eq. 8.6).

TABLE 8.1. Typical Values of Absolute Roughness for New, Clean Pipe

English System International System of Units (ST)

Pipe or Lining Material e (inch) € (feet) e (mm), or € (meter x 10°)
Asbestos cement 0.000096 0.000008 0.0024
Carbon steel, commercial 0.0018 0.00015 0.045
Concrete, smoothed 0.012 0.0010 0.30
Concrete, ordinary 0.040 0.0033 1.0
Concrete, coarse 0.12 0.010 3.0
Glass tube 0.000060 0.0000050 0.0015
Iron, cast, uncoated 0.0102 0.00085 0.26
Iron, cast, asphalted 0.0048 0.00040 0.12
Iron, cast, cement lined 0.000096 0.000008 0.0024
Iron, cast, bituminous lined 0.000096 0.000008 0.0024
Iron, cast, centrifugally spun 0.00012 0.000010 0.030
Iron, galvanized 0.0060 0.00050 0.15
Iron, wrought 0.0022 0.00018 0.060
Fiberglass 0.00020 0.000010 0.005
Polyvinyl chloride (PVC) and plastic 0.000060-0.00024 0.0000005-0.000020 0.0015-0.0060
Stainless steel, commercial 0.0018 0.00015 0.045
Steel, riveted 0.036-0.36 0.0030-0.030 0.90-9.0
Tubing, drawn (aluminum, brass, copper, 0.000060 0.0000050 0.0015

lead, etc.)
Wood stave 0.0072-0.036 0.00060-0.0030 0.18-0.90

It should be noted that relative roughness, e/d or &D, is dimensionless—it is important to ensure that absolute roughness and the internal diameter
are in the same units.
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TABLE 8.2. Friction Factor as a Function of Pipe Size, Condition, and Reynolds Number

SURFACE FRICTION

Nominal Pipe Size

Friction Factor for Commercial Carbon Steel Pipe
(Percent Increase)

New, Clean Pipe

Moderately Corroded Pipe

Heavily Corroded Pipe”

£=0.000150 feet

£=10.00130 feet

£=0.0100 feet

(Schedule 40) 10* 10° 10° 10* 10° 10° 10* 10° 10°
1 00334 00227 00225 00478  0.0436  0.0436 0.1112 0.1097 0.1097
— — — (43%)  (92%)  (94%)  (233%)  (383%)  (387%)
2 00322 00193 00190 00405  0.0346  0.0345 0.0788 0.0768 0.0768
— — — (26%)  (79%)  (82%)  (145%)  (254%)  (304%)
4 00316 00168 00163  0.0363  0.0283  0.0282 0.0600 0.0571 0.0570
— — — (15%)  (68%)  (73%) (90%) (239%)  (250%)
8 00312 00149 00141 00337 00235  0.0233 0.0480 0.0438 0.0437
— — — (8%) (57%)  (65%) (54%) (193%)  (210%)
16” 00311 00137 00124 00324 00201  0.0198 0.0410 0.0353 0.0352
— — — (4%) 47%)  (60%) (32%) (157%)  (183%)
37 00310 00128 00109 00317 00173  0.0168 0.0363 0.0284 0.0283
— — — %) (35%)  (54%) (17%) (122%)  (160%)

¢ Values in italics may be out of range of Equation 8.3.

size and Reynolds number. The calculated results,
presented in Table 8.2, reveal that increase in surface
roughness due to age and usage can result in signifi-
cant increase in friction factor. It is evident that in-
creased surface roughness becomes more important as
Reynolds number increases, and becomes less impor-
tant as pipe diameter increases. The calculated results in
Table 8.2 provide an appreciation and understanding of
these relationships.

8.6.3 Inherent Margin

Piping system design practice often provides pressure
drop margin and this margin may be sufficient to accom-
modate increased pressure loss due to increased surface
roughness.

1. At least initially, the absolute roughness of the
pipe walls may be less than the assumed value.

2. Historical sources have often provided conserva-
tive loss coefficient data for pipe fittings.

3. A conservatively large pipe size is utilized; for
example, a 10” pipe size (or 117, which is not avail-
able) may have been sufficient, but a 12” pipe size
is selected.

4. Actual equipment (pumps, valves, etc.) perfor-
mance may exceed specified performance.

5. Surface friction accounts for only a portion of total
system resistance.

6. The designer arbitrarily chose to increase absolute
roughness in initial pressure loss calculations.

Nonetheless, the designer is advised to search the litera-
ture for pipe aging data specific to her or his application,
and possibly add contingency depending on the circum-
stances, the scope of the work, and the need for being
conservative in design.

8.6.4 Loss of Flow Area

The encrustation of pipe with scale, dirt, sludge, tuber-
cules, or other foreign bodies results in a reduction of
pipe diameter (and flow area) in addition to increase in
surface roughness. By and large, the effect of loss of flow
area is much less significant than increased surface
roughness and may be ignored except in extreme cases.

8.6.5 Machined Surfaces

The absolute roughness of newly machined or otherwise
manufactured surfaces (other than pipe and tubing) may
be taken to be twice the root mean square (RMS) surface
finish. Thus the absolute roughness of a surface machined
to a finish of 250 micro-inch is taken to be 0.000500 in.
There is no certain basis for applying this rule except that
it appears to be reasonable and seems to work well. Take
into account the possible effects of age and usage on
machined surfaces just as you would for pipe.



8.7 NONCIRCULAR PASSAGES

The foregoing friction factor equations for circular
pipes may be adapted to noncircular passages through
the use of the hydraulic diameter. The hydraulic diam-
eter, d,, is an arbitrary definition of a value calculated
so that the ratio of pressure forces acting over the flow
area to the frictional forces acting along the wetted
perimeter* is the same for circular and noncircular pas-
sages. It turns out that a multiplier of 4 is necessary to
satisfy this definition. For example, applying the defini-
tion to a circular passage produces:

2

47'L'd
dy=—3% -4

wd

as should be the case. The calculated hydraulic diameter
of several noncircular flow passages follow.
For a square passage of width w,

* The wetted perimeter is the perimeter of the flow passage in contact
with the fluid. The hydraulic diameter concept is particularly impor-
tant in open channel flow calculations.
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For a rectangular passage of width w and length /,

awl 2wl

dy=—"— .
"T2w+l) wel

For a slit of width w and (infinite) length /,

4wl
h:i—Zw

20

For an annulus of outer diameter d, and inner diameter
dij

T
4" (@2~
4( o )

d ==
" n(d, +d)

d, —d.

The hydraulic diameter d,, is substituted for d in Equa-
tion 1.3 (loss coefficient due to surface friction), as well
asin the various friction factor equations and the “Moody
Chart.” The hydraulic diameter is also used when com-
puting Reynolds number for noncircular flow passages.

" Additional correction factors are required to accurately calculate
friction factor for flow through an annulus. These correction factors,
available in the literature, differentiate between concentric and
eccentric alignment of the annulus, and between laminar versus
turbulent flow.
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ENTRANCES

Pressure loss at the entrance into a straight pipe or
passage of constant cross section is governed by several
parameters: the distance from the pipe edge to the wall
in which it is installed; the thickness of the inlet pipe
edge; the angle at which the pipe is mounted into the
wall; and, most definitely, rounding or beveling of the
edge of the pipe inlet.

The entrance is a special form of contraction (see
Chapter 10). A most important parameter for contrac-
tions is f, the ratio of downstream diameter d, to
upstream diameter d;,. In the case of an entrance,
however, the upstream diameter d; goes to infinity so
that S goes to zero. With this key fact, loss coefficient
equations developed in Chapter 10 for contractions can
be adapted to various entrance configurations.*

It was long accepted that the loss coefficient of a
sharp-edged flush-mounted entrance takes on a value
of 0.50, or even as low a value as 0.43. Analyses support-
ing these values took into account expansion loss from
measured or theoretical contraction factors, but did not
account for loss due to the onrush of fluid into the pipe
to form the contraction. Early test data seemed to
support these values. This may have been because (1)
the entrance edges may not have been truly sharp,” (2)
test apparatus and test methods were not refined, and
(3) of preconceived notions as to what the test results

* The loss coefficient equations developed in Chapter 13 for orifices
can also be adapted to various entrance configurations as evident in
Section 9.4.

" See discussion regarding edge sharpness of orifices in Section 13.3.1.

should be. In any case, it is demonstrated in Chapter 10
that the loss coefficient for a sharp-edged contraction—a
flush-mounted, sharp-edged entrance in this case—can
take on values higher than the long accepted values.*
Accordingly, certain test results and formulas in this
chapter are adjusted upwards to conform to a currently
accepted value of 0.57.

9.1 SHARP-EDGED ENTRANCE

The loss that arises from a sharp-edged entrance may
be thought of as arising out of three effects. The first is
the contraction of the main flow into the pipe and sub-
sequent separation from the pipe wall leading up to a
vena contracta. The second is the expansion loss of the
main flow from the vena contracta to reattachment at
the pipe wall. The third is the readjustment of the veloc-
ity profile downstream of the vena contracta and beyond
the reattachment point.

9.1.1 Flush Mounted

A sharp-edged entrance is illustrated in Figure 9.1. The
following expression was developed in Chapter 10 for
the loss coefficient of a sharp-edged contraction in a
straight pipe:

K, =0.0696(1-B°)A> +(2-1)°,  (10.4, repeated)

* The test data of Benedict, et al. [1] clearly show this.
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FIGURE 9.1. Flush-mounted sharp-edged entrance.

Y

L—’El

FIGURE 9.2. Sharp-edged entrance mounted at a distance.

where the diameter ratio 8= d,/d,, and where the jet
contraction coefficient A is given by:

A=1+0.622(1-0.2158> -0.7858°).  (10.3, repeated)
In the case of a flush-mounted pipe entrance, d; equals
infinity, which means that 8 equals 0 and A4 equals 1.622.

Thus the loss coefficient for a flush-mounted sharp-
edged entrance becomes:

K =0.57.

As previously noted, the loss coefficient for a sharp-
edged contraction—a flush-mounted, sharp-edged
entrance in this case—can take on values higher than
the oft-cited value of 0.50.

9.1.2 Mounted at a Distance

The loss coefficient K of the entry of a straight pipe
extending a distance into a reservoir from its wall (see
Fig. 9.2) is a function of the relative wall thickness t/d
of the pipe, and on the relative distance //d from the pipe
edge to the wall.* In actuality, the effect of distance
from the wall practically ceases at //d equal to 0.5. It has

* A short cylindrical tube, extending into a reservoir from its wall, is
known as Borda’s mouthpiece. If the wall of the tube is thin, or its
inner edge is sharp, the contraction of the jet is found to be greater
than in a jet from a sharp-edged orifice or from a flush mounted sharp-
edged entrance. If the tube terminates outside the wall and its length
is about equal to its diameter or less, the liquid in the reservoir will
issue from the tube without touching its sides. Historically and aca-
demically of interest, in point of fact, Borda’s mouthpiece has no
practical value.

1.2
| @
1.0 O Harris [2] Reported Test Data
o hd ° Adjusted Test Data
(o] °
0.8 ®
o
K o ®
[ ]
06 o L ¢ ¢ ¢ ¢ ¢
o
P ¢ o o 9 o
0.4
0 0.05 0.10

Relative Thickness (t/d)
FIGURE 9.3. Pipe intake mounted at //d > 0.5.

long been accepted that K is maximum and equal to one
velocity head for a pipe edge of infinitesimal thickness
and an infinite distance from the wall. Its minimum
value is created by a thick inlet edge, or by a pipe entry
flush mounted to the wall, and, as worked out in the
previous section, is equal to the value of 0.57.

Test datareported by Harris [2] for an intake mounted
at a relative distance //d equal to 3.3 from the wall are
shown in Figure 9.3. Harris’ data are adjusted upwards
by 0.12 to be consistent with a value of 0.57 at relative
wall thickness t/d equal to or greater than 0.05. Note
that this adjustment increases the minimum and
maximum values above their long-held values.

A curve fit of Harris’s adjusted data provides the
following equation for the loss coefficient of a pipe
intake mounted at a distance //d equal to or greater than
0.5 as a function of pipe wall thickness to diameter
ration t/d:

t t)’ ty
K=112-22—+216| — | +80| —| (t/d<0.05).
d d d

(9.1)

The results of Equation 9.1 are presented in Diagram
9.1 as a function of thickness-to-diameter ratio t/d
ranging from 0 to 0.05.

9.1.3 Mounted at an Angle

The loss coefficient of a truly sharp-edged entrance
mounted at an angle o from the wall (see Fig. 9.4) can
be determined from Weisbach’s formula [3], modified
on the basis that the value at a 90° angle is 0.57 rather
than 0.50:

K =0.57+0.30cosa +0.20cos? a.



FIGURE 9.4. Mounted at an angle.

In practice, the edge may not be truly sharp and a value
less than 0.57 may be substituted as the first term in
Equation 9.2. The equation is not reliable at values of o
less than 20°.

9.2 ROUNDED ENTRANCE

Rounding the inlet edge of a pipe entrance (see Fig.9.5)
streamlines the contraction of the main flow into the
pipe and diminishes or prevents flow stream separation
from the wall downstream of the entrance section so
that the vena contracta is reduced or eliminated. Thus
head loss is substantially reduced.

The following expression for the loss coefficient of a
rounded contraction in a straight pipe was developed in
Chapter 10 for the case where the rounding ratio r/d, is
equal to or less than 1:

K, = 0.0696(1 - 0.569di)(1 - \/Zﬁj(l— BY)A2 +(A-1)

(r/d, £1),
(10.6, repeated)

where the diameter ratio 8 = d,/d;, and where the jet
contraction coefficient A is given by:

4
r r
A=1+0.622|1-0.30,|— —0.70—
" ( d, d, ] (10.7, repeated)

(1-0.2158> —0.7858°).

In the case of a pipe entrance, d; goes to infinity so that
B equals 0. Thus the loss coefficient of a flush-mounted
rounded entrance simplifies to:

K= 0.0696(1—0.5693)12 +(A-17 (r1d<1), (9.2)

where the jet contraction coefficient A is given by:

4
A=1+0.622 1—0.3o\ﬁ—0.701 .
d d
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FIGURE 9.5. Flush-mounted rounded entrance.

For the case of a generously rounded entrance where
rld is equal to or greater than 1, the jet contraction ratio
A equals 1, and the loss coefficient for a flush-mounted
rounded entrance becomes:

K=003 (r/d=1).

Over the years a wide range of loss coefficient values
for flush-mounted round-edged entrances has been
reported by various authors. Early values may stem
from test data such as those reported by Hamilton [4]
in 1929. Hamilton’s test results, shown in Figure 9.6, may
have been influenced by preconceived notions that the
loss coefficient of a sharp-edged entrance is 0.43 (see
Harris [2]), and that full suppression of head loss takes
place with rounding radius r greater than 0.14d. It is true
that a rounding radius r greater than about 0.14d pre-
vents flow stream separation from the wall and, thereby,
alleviates a significant expansion loss from a vena con-
tracta to reattachment at the pipe wall. However,
increase in rounding radius r beyond 0.14d continues to
reduce head loss due to contraction of fluid into the pipe
and reduces subsequent downstream readjustment of
the velocity profile. Based on data presented in Chapter
10 for rounded contractions (see Diagram 10.1), reduc-
tion in head loss continues up to a rounding radius of
1.0d. The results of Equation 9.2 are compared with
Hamilton’s test data in Figure 9.6.

Equation 9.2 is presented in Diagram 9.2 as a func-
tion of rounding ratio r/d ranging from 0 to 1.0. A useful
curve fit of Equation 9.2 for r/d < 1.0 is given by:

K=057-1.07(r/d)"”* -213(r/d)+824(r /1 d)’"” -

8.48(r/d) +2.90(r/d)".
9.3)

Equation 9.3 is used in Section 16.1.2 to characterize the
effect of rounding the edge of the branch to main
channel connection of a tee.

9.3 BEVELED ENTRANCE

Beveling (or chamfering) the inlet edge of a pipe
entrance, as shown in Figure 9.7, reduces the head loss.
The important parameters are the nondimensional bevel
length to diameter ratio, //d and the bevel angle y.
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FIGURE 9.6. Comparison of Equation 8.3 with loss coefficient data from Hamilton [4].

FIGURE 9.7. Flush mounted beveled entrance.

There is little or no credible data for a beveled
entrance. The equations in this section are related to
similar equations developed in Section 13.4 for beveled
orifices. The following approximate equation was devel-
oped for a beveled entrance of length / and angle y:

K, = 0.0696(1— G, é) 22 +(A-1), (9.4)

where the jet contraction coefficient A is given by:

o
A=1+0.622 1—1.5cb(5) )

and where C,, a function of bevel angle yin degrees and
bevel length to diameter ratio //d, is given by:

1
C. =(1_£j(£)1+1/d2‘
90 /A 90

The results of Equation 9.4 are presented in Diagram
9.3 as a function of bevel length to diameter ratio I//d
ranging from zero to one.

9.4 ENTRANCE THROUGH AN ORIFICE

Loss coefficient equations developed in Chapter 13 for
various orifice configurations in a transition section can
be adapted to represent a pipe entrance through an
orifice from a reservoir by recognizing that d, is in effect
equal to infinity so that d,/d;, or 3, goes to zero.

Note that the loss coefficients (K,s) presented in this
section are based on the velocity (or flow area) of the
orifice restriction. When summing the loss coefficients
in a piping stretch they must be transformed to the
“standardized” area used in the AP formula; usually the
pipe flow area (see Section 3.2.3):

4
K=K, d—
dq

A2

K=Kz

K, or (3.8, repeated)

9.4.1 Sharp-Edged Orifice

A sharp-edged orifice in an entrance section is illus-
trated in Figure 9.8. Equation 13.5 for a sharp-edged
orifice in a transition section can be transformed into a
pipe entrance. Because fis equal to zero, the jet velocity



FIGURE 9.8. Entrance through a sharp-edged orifice.

FIGURE 9.9. Entrance through a round-edged orifice.

ratio A is equal to 1.622, and the loss coefficient turns
out to be:

d, T
K, =0.183+|1.622—[ % | |. (9.5)
d

The results of Equation 9.5 are shown as the uppermost
curves in Diagrams 9.4 and 9.5.

9.4.2 Round-Edged Orifice

A round-edged orifice in an entrance section is illus-
trated in Figure 9.9. Equation 13.8 for a round-edged
orifice in a transition section can be transformed into a
pipe entrance. Because fis equal to zero, the jet velocity
ratio Ais equal to 1.622, and the loss coefficient equation
turns out to be:

23\2
K, =0.0696(1—o.569dij/12+(1—(%) J (rld, <1)

’ (9.6)

where the jet contraction coefficient A is given by:

4
2=1+0.622|1-030 |——-070| .
\d, d,

For the case of a generously rounded orifice where
rld, > 1,the jet contraction ratio A = 1 and the loss coef-
ficient becomes:

2\2
K, =0.o30+(1—(%") ] (rld, >1).
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FIGURE 9.10. Entrance through a thick-edged orifice.

The results of Equation 9.6 are presented in Diagram
9.4 as a function of rounding ratio r/d ranging from zero
to one.

9.4.3 Thick-Edged Orifice

A thick-edged orifice in an entrance section is illus-
trated in Figure 9.10. Equation 13.16 for a thick-edged
orifice in a transition section can be transformed into a
pipe entrance where the thickness t is less than or equal
to 1.4d:

2 2
K, =0.183+C,h[1.622—(%°j } +

(1—C,h){0.387+{1—(%)2} } (t/d, <1.4),

where C, is given by:

t 25 PN 45
Cy = 1—0.50(—) —0.50(—) .
1.4d 1.4d

For thickness t equal to or greater than 1.4d,, surface
friction loss becomes significant and the loss coefficient
can be determined from the following equation:

(9.7)

272

K, =0.57+{1—(d—°) } i (1—1.4) (t/d, >1.4).
d d

The results of Equation 9.7 are presented in Diagram

9.5 as a function of thickness ratio t/d ranging from zero

to 1.4.

9.4.4 Beveled Orifice

A beveled orifice in an entrance section is illustrated in
Figure 9.11. Equation 9.4 for a beveled entrance can be
transformed into an entrance through a beveled orifice
by substituting A — (d,/d)* for A -1 in the last term of
the equation:

I d VT
K, z0.0696(1—Cb d—]ﬂ{x—(;") } . (98)

(o]
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FIGURE 9.11. Entrance through a beveled orifice.

where the jet contraction coefficient A is given by:

-4y
A=1+0.622 1—Cb(di) )

(9]

and where C,, is given by:

1
(-
90 /1 90

The results of Equation 9.8 for an entrance through a
45° beveled orifice are presented in Diagram 9.6 as a
function of bevel length to diameter ratio //d, ranging
from zero to one.
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DIAGRAM 9.1. Loss coefficient K of a sharp-edged entrance mounted at a distance.
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CONTRACTIONS

Flow through a sudden or sharp-edged contraction is
shownin Figure 10.1.The flow accelerates as it approaches
the contraction and the outer filaments adjacent to the
wall achieve a high inward radial velocity of about the
same order as the axial velocity. The high radially inward
velocity causes the jet to contract and the flow stream
to separate from the wall. The point of minimum cross-
sectional flow area in the separated region is called the
vena contracta. The jet subsequently decelerates and
expands to fill the passage. Rounding, tapering, or bevel-
ing the entrance section reduces the high radially inward
velocity and substantially reduces the head loss.

10.1 FLOW MODEL

Taking the total head loss H, of a contraction as the sum
of the losses in the acceleration and deceleration regions,
and treating them as a gradual contraction and a sudden
expansion respectively,* gives:

2 2 _ 2
H, :KZV_ZZKaCCV_C+M’ (10.1)
2g 2g 2g

where V¢ is the local velocity at the vena contracta and
V, is the velocity in the downstream pipe. The first term
on the right represents the gradual acceleration of the
fluid to the vena contracta and K, is the loss coefficient
for the acceleration portion of the flow. The second term

* This treatment was suggested by Vennard [1].

represents the sudden expansion of the fluid stream
downstream of the vena contracta.’
Re-arrangement of Equation 10.1 gives:

2 2

Kook YY),

Vi W\,

The ratio V/V, can be expressed as the jet velocity ratio

A and the equation becomes:
Ky = Koo A2 + (A1) (10.2)

Undoubtedly, the universal velocity profile exists at the
vena contracta as well as in the fully developed flow
regions in the upstream and downstream pipes. None-
theless, the simple assumption is made that the velocity
profile is uniform at the vena contracta and in the pipes.
Successful correlation with test data in the following
sections and chapters validates this simplification.

Equation 10.2 allows for expressing the loss coeffi-
cient of various types of contractions (sharp edged,
rounded, conical, etc.) by the use of suitable terms for
A and K, based on available data. Additionally, the jet
velocity ratio A can be used to determine the local veloc-
ity and, thereby, to estimate the local pressure at the
vena contracta.

A term, the so-called beta ratio S, is used to describe
contractions and expansions. For a pipe (or circular)

" The sudden expansion term derives from Equation 11.5, the Borda-
Carnot equation.
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Acceleration ——}«—— Deceleration

B = dyd,
1
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A P e |

— Vena Contracta

FIGURE 10.1. Sudden contraction.

contraction it is simply the ratio of the smaller diameter
to the larger diameter:

ﬂ=dz/d1.

In the case of a noncircular passage, an effective beta
ratio can be calculated as a ratio of flow areas:

ﬂ=\[A2/A1.

Contraction losses are less sensitive to upstream condi-
tions than expansion losses. A pointed velocity profile
ahead of a contraction actually reduces the loss. Con-
traction losses are relatively insensitive to downstream
conditions.

10.2 SHARP-EDGED CONTRACTION

Early measurements by Weisbach [2] accurately estab-
lished the magnitude of the jet contraction coefficient
Cc (ratio of jet contraction area Ac to area A,) in free
discharge water tests through sharp-edged, or sudden,
contractions. They were found, for flows at high Reyn-
olds numbers, to be dependent upon the area ratio
A,/A,.Von Mises [3] analytically confirmed these exper-
imental values for two-dimensional orifice flow. Kir-
choff [4] gave a theoretical minimum jet contraction
coefficient, at A,/A,; =0, for a perfect liquid passing
through a long slit or a circular opening as Cc =
n/(r+2) = 0.611. Weisbach’s measurements as well as
measurements by Freeman [5] in free discharge water
tests of square ring nozzles* are shown in Table 10.1.

The free discharge data are represented in Figure 10.2
in the form of a jet velocity ratio A which is simply the
reciprocal of the jet contraction coefficient Cc. A curve fit
of Weisbach’s data’ yields the jet velocity ratio as:

* “Square ring nozzles” or square-edged nozzles evolved from the
mistaken belief that sharp edges increased the reach of fire nozzles.
" Freeman’s data were not employed because the contraction was
preceded by a conical converging section (or nozzle).

TABLE 10.1. Jet Contraction Coefficient

AylA, Cc (Weisbach) Cc (Freeman)
0.0 0.617 -
0.1 0.624 0.632
0.2 0.632 0.644
0.3 0.643 0.659
0.4 0.659 0.676
0.5 0.681 0.696
0.6 0.712 0.717
0.7 0.755 0.744
0.8 0.813 0.784
0.9 0.892 0.890
1.0 1.000 1.000
1.7
1.6 ]
Ol T4
S0 o,
= O
%
3
213 —— Equation 10.3
3 © Kirchoff [4] (Theoretical) \
2 O  Weisbach [2] (Test)
3 1.2 ¢ Freeman [5] (Test) \
Q
1.1
\
10 )\
1.0 0.2 0.4 0.6 0.8 1.0
Diameter Ratio 8 =d,/d,
FIGURE 10.2. Jet velocity ratio curve fit.
A= 1+O.622(1—O.215ﬁ2 —0.785ﬁ5), (10.3)

where [ is the ratio of the downstream diameter d, to
the upstream diameter d;. Equation 10.3 closely matches
Weisbach’s data as shown in Figure 10.2.

A wide range of loss coefficient values for sharp-
edged contractions is found in the literature. Histori-
cally, the maximum value did not exceed 0.5. Benedict
et al. [6] report experimental results that belie this
notion. Benedict et al.’s test data were used to develop
the following expression for the loss coefficient of sharp-
edged contractions:

K, =0.0696(1- ) A> +(A-1)’, (10.4)
where 8= d,/d, and where the jet velocity ratio A is
given by:

A=1+0.622(1-0.2158*-0.7858°).  (10.3, repeated)



As evident in Figure 10.3, Equation 10.4 closely models
Benedict et al.’s test data. This equation was developed
in parallel with a similar expression for sharp-edged
orifices in Chapter 13 (see Eq. 13.3). The only difference
between the two equations is that the (A — 1)* expansion
term in Equation 10.4 has been replaced with a (4 — )?
expansion term in Equation 13.3. The acceleration term
is the same in both cases. However, the vena contracta
expands to the original flow area in the case of flow
through an orifice in a straight pipe, whereas it expands
to a new downstream flow area in the case of flow
through a contraction.

Note that the maximum loss coefficient for a sharp-
edged contraction can take on values above 0.5. This
oft-quoted value was derived from a mean discharge
coefficient of 0.815 assigned by Weisbach [2] in the mid-
nineteenth century. The discharge coefficient is the
actual flow divided by the ideal flow. The derivation is
K =1/C}-1=0.506, where Cp, = 0.815.

The relative magnitudes of the acceleration and
deceleration portions of the total loss coefficient are
shown as dotted lines in Figure 10.3. The loss produced
by deceleration is noticeably greater than the loss pro-
duced by acceleration even though the decrease of
velocity of the former is less than the increase of veloc-
ity of the latter. This is an example of the characteristic
efficiency associated with acceleration and the ineffi-
ciency associated with deceleration in fluid flow.

The jet velocity ratio A was developed from test data
for free discharge from nozzles or orifices. It was not
developed for internal (or confined) flow in piping
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systems. Although the source of A is imperfect, it gives
specific results that match test data for internal incom-
pressible flow quite well.

10.3 ROUNDED CONTRACTION

The head loss of a contraction can be reduced by round-
ing the inlet edge of the entrance to the narrow section
(see Fig. 10.4). Rounding diminishes or prevents flow
stream separation from the wall downstream of the
entrance section and thus substantially reduces the
head loss.

The rounding contour may be the arc of a circle, or
it may take the form of an ellipse, lemniscate, or other
smoothly curved shape. For a circular inlet, the rounding
radius r is simply the radius of the circle. In the case of
an elliptical inlet contour, the rounding radius can be
expressed as:

r=3r’n,

where r; and r, are the semimajor (longitudinal) and
semiminor (radial) axes, respectively.*

Observations indicate that a rounding radius r greater
than about 0.14d, prevents flow stream separation from
the wall. Even so, further increase in r reduces loss due
to acceleration of fluid into the contraction, as well as
loss due to downstream readjustment of the velocity

(10.5)

* There is no theoretical basis for this relationship, but it is reasonable
and it works quite well.

0.6 ——T—T l
b —~— I~
O =
— s\
0.5 B~
Koo Wy

\\

0.4 N
"""" | Deceleration | . . \
K2 ‘ | ‘ ............... "(\
0.3 ) \
Equation 10.4 || | [™.. N\
— — — Benedict [6] Equation “\\

02 ® Benedict [6] Test Data N\

..... Acceleration N
o | =D
0

0 0.2 0.4 0.6

Diameter Ratio 8 =d,/d,
FIGURE 10.3. Comparison of Equation 10.4 with Benedict’s test data.
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d] —>

Circular Rounding

dl —> —— dz

Elliptical Rounding

FIGURE 10.4. Rounded contraction.

profile. As the rounding radius r approaches 1.0d, the
head loss becomes minimal.

The following formulation for the loss coefficient of
a rounded contraction was derived from a formulation
for round-edged orifices that was developed in Section
13.3. The difference between the two formulations is in
the sudden expansion term. As was the case for sharp-
edged contractions, the sudden expansion term (A — §)?
for orifices has simply been replaced with (A — 1) for
contractions. Thus, the following expression was devel-
oped for the loss coefficient of a rounded contraction
for the case where the rounding ratio r/d, is equal to or
less than 1:

K, = 0.0696(1 - 0.5695)(1 - \/dzﬂj(l — )2 +(A-1)

(rid, <1),
(10.6)

where the diameter ratio f3 = d,/d,, and where the jet
contraction coefficient A is given by:

4
2=1+0.622|1 —0.30F—0.70L
d, d (10.7)
(1-0.2158> - 0.7858°).

For the case of a generously rounded nozzle where r/d,
is equal to or greater than 1, the jet contraction ratio A4
equals 1 and the loss coefficient for a rounded contrac-
tion becomes:

K, =0.030(1-B)(1-B*) (r/dy=1).  (10.8)

Loss coefficients of rounded contractions can be deter-
mined from Diagram 10.1. The dashed line in Diagram
10.1 represents the boundary where full rounding
cannot be achieved by simple circular rounding. In this
case, an ellipse, lemniscate, or other noncircular curved
shape may be employed to achieve a rounding radius
ratio r/d, approaching, equal to, or greater than 1 (see
Eq. 10.5). The parameters at which circular rounding is
limited because of geometry restrictions are given by:

FIGURE 10.5. Conical contraction.

1
and
1l = 1/p-1 :
2

104 CONICAL CONTRACTION

Pressure loss in a contracting passage can be materially
reduced by providing a gradually converging, conical
section as shown in Figure 10.5.

The main geometric considerations of conical con-
tractions are the diameter ratio § = d,/d;, the divergence
angle o, and the length / of the conical section.* These
variables are interrelated as follows:

I d-d, d,(1/B-1)
2tan(a/2) 2tan(o/2)

(10.9)

and

oa=2 atan(uj =2 atan(l/ﬁ_lj. (10.10)
21 2l/d,

Surface friction losses may be significant for long
stretches at small included angle. The loss coefficient

* In the following equations « is generally expressed in radians; the
modifications for using degrees is obvious.



FIGURE 10.6. Surface friction loss.

equation for conical contractions may be conveniently
written in the form of:

Kz = KfrZ +Kcon27 (1011)

where K, represents the surface friction loss and K,,,»
represents the local loss.

10.4.1 Surface Friction Loss

A theoretical equation for surface friction loss coeffi-
cient K;, in a conical contraction has been reported
by several investigators including Levin and Claremont
[7]. Tt is a classic equation of early hydraulic analysis.
Referring to Figure 10.6, the head loss due to surface
friction in terms of the velocity at point 2 can be
expressed as:

2
dhy = L8 (10.12)
2r2g
From geometry considerations:
dr (10.13)

dlzm

The velocity profile along the length of the contraction
can be expressed as:

2
M:VZ(&) .
r

Substitution of Equations 10.13 and 10.14 into Equation
10.12 gives:

(10.14)

f Vi RS
hy=——~— 22 10.15
> 2sin(0y/2) 2g (10.15)

The integral form of Equation 10.15 within the limits
r=R,tor=R,is:

MRV
~ 2sin(a/2) 2g

2 .
Ry I’S
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Integration yields

R V_ZZ(L_ 1 )_ﬁ(l—R;‘/R;‘)V_;
?7 2sin(a/2) 2g \4R!  4R!) ™ 8sin(a/2) 2g
Recognizing that B* = R}/ R} yields:

o JO=B) V2
7 8sin(a/2) 2g”

or

f(1-B%)

727 8sin(ar/2) (10.16)
where the friction factor fis based on the relative rough-
ness of the conical surface and the hydraulic diameter
and Reynolds number at the cone exit. This formulation
appears to adequately represent surface friction loss in
a conical contraction. It is also employed to represent
surface friction loss in diverging conical sections (Section
11.2) in bevel-edged entrance sections (Section 9.3) and
in flow meters (Chapter 14).

Equation 10.16 is plotted as a function of diameter
ratio f and divergence angle « in Diagram 10.2 for
a friction factor f of 0.020. Because Kj, is directly
proportional to f, the surface friction loss coefficient
can be determined by simple proportion for other
values of f. It is evident that surface friction loss
may generally be ignored at large included angles or at
small stretches.

10.4.2 Local Loss

The coefficient of local loss can be determined as
follows:

Koy =0.0696sin(a/2)(1- f)A* +(A-1)%,  (10.17)
where the jet contraction ratio A is given by:
A=1+0.622(a/180)" (1-0.2158* - 0.7858°).  (10.18)

Equation 10.17 is compared to test data reported by
Levin and Clermont [7]* in Figure 10.7. Note that at
divergence angle azequal to 180°, Equation 10.17 evolves
into the straightforward equation for a sharp-edged
contraction (see Eq. 10.4).

* Levin and Clermont used the theoretical equation for surface fric-
tion in a conical contraction (Eq. 10.15) to remove surface friction loss
from their test results. Thus their reported data are for local loss only.
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0.5 }
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FIGURE 10.7. Comparison of Equation 10.17 with Levin and Clermont’s data.
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FIGURE 10.8. Beveled contraction.

In this flow configuration the sharpness of the corner
or edge between the cone and the downstream passage
becomes important. Equation 10.17 assumes the corners
are absolutely sharp. If this is not the case, and the
corners are generously rounded, rounding of the corners
can be taken into account by measuring or estimating
the rounding radius and incorporating the coefficients
from the rounded contraction of Section 10.2 into the
above equations.

Equation 10.17 is plotted as a function of diameter
ratio 8 and divergence angle o in Diagram 10.3. Equa-
tion 10.17 is also plotted as a function of diameter ratio
B and length ratio //d, in Diagram 10.4.

10.5 BEVELED CONTRACTION

Beveling (or chamfering) the inlet edge of the entrance
to the narrow section of a contraction, as illustrated in
Figure 10.8, reduces the head loss. The important param-

eters are the nondimensional bevel length to diameter
ratio //d, and the included angle o. The equations devel-
oped in this section are related to similar equations for
beveled entrances in Section 9.3 and bevel-edged ori-
fices in Section 13.5. There are little or no credible
data on beveled flow configurations so the equations are
tentative. The beveled contraction transforms into
sharp-edged inlets at o= 0° and at o= 180°. A limit is
reached as the bevel length increases to that of a conical
contraction.

The loss coefficient of a contraction with a bevel of
length / and included angle « can be tentatively deter-
mined as*:

K, = 0.0696[1+ Cy(sin (ar/2)-1)](1- B°) A + (A -1)’,
(10.19)

where the diameter ratio 8= d,/d,, where the jet con-
traction coefficient 4 is given by:

A=1+ 0.622{1 +Cy ((i)4/5 - 1]}
180 (10.20)
(1-0.21582 - 0.7858°),

and where Cj is the ratio of bevel length / to the length
of a conical contraction of corresponding diameter ratio
and included angle.

* In the following equations « is generally expressed in radians; the
modifications for using degrees are obvious.



With the aid of Equation 10.9, the ratio is deter-
mined as:

:LZﬂtan(a/2)

C
T4 1-B

(10.21)

Equation 10.19 assumes the corners of the bevel are
absolutely sharp. Keep in mind that substantial round-
ing or chamfering may be applied to the edges of manu-
factured items. If such is the case, the loss coefficient
may best be determined by treating the bevel as a
rounded contraction, or as somewhere between a
rounded contraction and a sharply edged bevel.

Beveled contraction loss coefficients for included
angles o equal to 30°, 60°, 90°, 120°, and 150° can be
approximately determined from Diagrams 10.5 through
10.9. The dashed lines in each diagram represent the
boundary where the length of the bevel is limited by
geometry. The parameters at which the bevel is limited
are given by:

1
ﬂlimit = l—
1+2—tan(o/2)
d,
and
[ 1/6-1

d21imi1 - 2tan((x/2) '

As can be confirmed by comparison with Diagram 10.3,
this lower limit is consistent with the loss coefficient of
a conical contraction of corresponding divergence angle.
Surface friction loss may become significant for long
stretches at small included angle. It may be taken into
account by utilizing Equation 10.16.

10.6 SMOOTH CONTRACTION

The resistance of contractions can be greatly reduced
by providing a curvilinear transition section from the
larger section to the smaller section (see Fig. 10.9).
The entrance and exit contours may follow the arc of

d [~ e | e

!: 1 >

FIGURE 10.9. Smooth contraction.
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circles or other smooth curves. The convergent entrance
section of a classical or Herschel Venturi tube is an
example. The fluid stream does not separate from the
walls and the losses are small and mainly due to surface
friction.
The loss coefficient of a smooth contraction is effec-
tively determined as wholly due to surface friction losses:
K=K, = (1-F)
2= Ry =—"—,
8sin (o /2)

(10.16, repeated)
where the effective included angle & can be determined
using Equation 10.10. The friction factor fis the friction
factor as determined by the relative roughness of the
surface of the cone, and the hydraulic diameter and
Reynolds number at the cone exit.

10.7 PIPE REDUCER: CONTRACTING

Standard butt-weld pipe reducers, American National
Standards Institute (ANSI) reducers, are commonly
used to join pipe sections of different diameters (see Fig.
10.10). Industry standards define the length of butt-weld
reducers but there are no standards regarding the
dimensions of the straight and conical sections, or the
curvature of the transition sections. As a rule, however,
the fittings are generously rounded at the intersections
of the conical and straight sections so that they resemble
smooth contractions.

In any case, the losses are small and primarily due to
surface friction. They may be simply accounted for by
adding one-half the length of the reducer to the length
of straight pipe attached at each end of the reducer. If
actual dimensions are known and more accuracy is
required, employ Equation 10.16 or Diagram 10.3 to
estimate the loss coefficient more accurately. In the case
of an eccentric reducer, use Equation 10.10 to calculate
the equivalent divergence angle o for a concentric
reducer and use that value in the appropriate equation
or diagram.

Where little or no rounding is provided, as may be
the case for large, specially constructed reducers, the
losses are best evaluated as a conical contraction using
Equation 10.11.

—~—_

__/—

Concentric

FIGURE 10.10. Welded pipe reducer—contracting.

Eccentric
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EXPANSIONS

Flow through a sudden or abrupt expansion in a piping
system (see Fig. 11.1) gives rise to an increase in static
pressure at the expense of a drop in kinetic energy. A
“potential” core forms in the expanded section. Initially
the core has a relatively flat velocity profile. This core
spreads out and is separated from the remaining fluid
by a surface of separation which disintegrates into pow-
erful eddies in a recirculation or free-mixing stall region.
The eddies develop and gradually disappear, and the
core expands radially over the section until reattach-
ment to the wall occurs.

Many experimental investigations have been con-
ducted for confined flow in sudden expansions (some-
times referred to as backward facing steps). Test results
show that for incompressible, fully developed turbulent
flow in circular ducts the reattachment length-to-step
height ratio, L/S, ranges from 6 to 9. Many authors
assume that complete pressure recovery takes place at
the reattachment point. However, beyond the reattach-
ment point, the velocity profile continues to change
until a moderately developed turbulent flow profile is
achieved at distance ratios L/S on the order of 12-16.

Using a divergent connecting passage, or diffuser to
make the transition from a passage of smaller cross
section to a passage of larger cross section can substan-
tially reduce expansion losses. The primary purpose of
a diffuser is to convert kinetic energy of flow (or dynamic
head) into static pressure (or static head) with minimum
loss of total pressure. Much data, intimately related to
the presence or absence of flow separation, or stall, are

available in the literature on the performance and
design of straight, two-, and three-dimensional diffusers.
Herein, we are simply concerned with loss of total pres-
sure, or the loss coefficient, of three-dimensional diffus-
ers, with or without appreciable stall.

The information presented in this chapter is based
on incompressible flow. The information is based on
symmetrical inlet conditions between the extremes of
uniform velocity and of fully developed turbulent flow
at the inlet to the expansion, and assumes a reasonable
length of downstream straight pipe. Data on a number
of inlet and outlet flow conditions may be found in the
literature (see the section “Further Reading” at the end
of this chapter).

11.1 SUDDEN EXPANSION

A sudden axisymmetric expansion is shown in Figure
11.2. The energy, momentum, and continuity equations
are applied to predict losses through the sudden expan-
sion. While focus is directed to a single circular passage,
this treatment is general and applies to both single and
multiple passage expansions. The passage may actually
be of any cross-sectional shape.

In the constant density fluid case, the continuity rela-
tionship for flow rate w through the control volume
abed is given by:

W= p, AV = poAsVi. (11.1)

Pipe Flow: A Practical and Comprehensive Guide, First Edition. Donald C. Rennels and Hobart M. Hudson.
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In practice, the velocity distribution is seldom uniform
or flat over the cross section. For the moment, assume
uniform velocity profile at the inlet and exit of the
control volume. The energy balance is given by:

A VE_B VP

+H;.
pv 28 pu 28

Solving for the head loss H; gives:

_ 2 2
P e S S (11.2)
pv 28 2g

Nusselt [1] proved experimentally that for subsonic flow
the pressure on the downstream face of the enlargement
is equal to the static pressure in the stream just prior to
expansion. Assuming that the hydrostatic pressures P;
and P, are evenly distributed over the surfaces ab and
cd, respectively, and that the wall friction forces along
the control volume are negligible, the momentum
balance across the control volume is given by:

AR -p) =22 T (11.3)

and substituting w = p, A,V, from the continuity equa-
tion (Eq. 11.1) into Equation 11.3 gives:

P-P _Vi-ViV,
P g

(11.4)

Substitution of Equation 11.4 into Equation 11.2 gives:

2 _ 2 _ 2
g, = YiZ2VarVe (VimVa) gy
2g 2g

which is a classic formula of early analytical hydraulics
and is termed the Borda—Carnot equation, after those
who contributed to its original development. Borda
[2] was the first to understand the mechanical pro-
cess and to find a mathematical solution. His for-
mula, in the version of Carnot, is still valid in modern
hydrodynamics.*

Substitution of the continuity relationships into
Equation 11.5 and letting H, = K,V{*/2g gives:

Ky =(1-AJA) = (1- ), (11.6)

where the beta ratio 8 is equal to the ratio of the small
diameter to the large diameter, or d,/d,. This is the famil-
iar equation for the loss coefficient of a sudden expan-
sion. The engineer generally applies these equations
without a correction coefficient (see Section 2.6). The
Borda—Carnot equation is plotted in Diagram 11.1. This
is an important equation in pipe flow analysis. The utility
of the sudden expansion equation is evident throughout
Chapters 9 through 14. The Borda—Carnot equation has
been experimentally confirmed for incompressible flow
many times over the years.

In practice, the velocity profile entering a sudden
expansion is not always uniform or follows the power
law. This affects the actual losses and can considerably
increase them. Several investigators present data to
account for the effect of various axisymmetric (or non-
uniform) inlet velocity distributions on diffuser loss (see
“Further Reading” section).

The Borda—Carnot equation cannot be applied with
accuracy to compressible flow where the Mach number
at the inlet is greater than about 0.2. Benedict et al. [3]
give generalized analytical solutions for incompressible,
subsonic, and supercritical flow across an abrupt en-
largement. Benedict et al. also present experimental
verification of the solution, including tests involving
high beta ratios.

11.2 STRAIGHT CONICAL DIFFUSER

A diffuser is a gradually expanding section that is used
to make the transition from a smaller flow passage to a
larger one as shown in Figure 11.3. The primary purpose

* Borda did not exclusively deal with sudden expansion losses in his
paper; rather, he determined the time it takes to fill a submerged
vessel with liquid through an orifice in the bottom.
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FIGURE 11.3. Straight conical diffuser.

of a diffuser is to recover fluid static pressure with
minimal loss of total pressure while reducing the flow
velocity. The increase in the cross-sectional area of the
diffuser causes a drop in the average flow velocity, and
a portion of the kinetic energy of the flow is converted
into the potential energy of pressure. An efficient dif-
fuser is one that converts the highest possible percent-
age of kinetic energy into pressure energy within a given
limitation on diffuser length / or divergence (or included)
angle a.

The performance level of a diffuser is intimately
related to the presence or absence of flow separation
(or stall). Regions of stalled flow in a diffuser block the
flow, cause low pressure recovery, and may result in
severe flow asymmetry, severe unsteadiness, or both.
Consequently, much study has centered on the presence
or absence of stall, rather than directly on the important
design consideration, at least in piping design, of
maximum pressure recovery.

The main geometric considerations of conical diffus-
ers with straight walls are the divergence angle ¢, the
beta ratio J, and the length / of the conical section.
These quantities are interrelated as follows:

l_ dz_dl _dl(l/ﬁ_]‘)
2tan(a/2) 2tan(a/2)’

oa=2 atan(u) =2 atan(l/ﬁ_l).
2-1 21/d,
Much data on the diffuser has been reported in terms
of diffuser efficiency 1y, which is the ratio of the actual
static pressure recovery across the diffuser to the ideal
pressure recovery. However, here we present diffuser
data in terms of the loss coefficient. The relationship

between loss coefficient K; and efficiency ny of a dif-
fuser is given by:

Ky =(1-n)(1-p%).

At small divergence angles, separation, if present, occurs
near the outlet of the diffuser section and usually starts

and
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from only one portion of the wall. Separation may alter-
nate from one location to another. At larger divergence
angles, the point at which separation occurs progresses
toward the inlet of the diffuser section and a major
portion of the diffuser is occupied by an extensive
region of reverse circulation. At diffuser angles above
40° to 50° the main flow is separated from the diffuser
walls over the whole perimeter and the resulting turbu-
lence produces losses greater than for a sudden enlarge-
ment. Where, in the design of hydraulic passages, it is
necessary for these values of diffuser angle to be
exceeded, a sudden enlargement of section will give a
more efficient and steady transformation of energy than
will a conical diffuser.

The loss coefficient of conical diffusers depends on
many parameters besides divergence angle o and beta
ratio B. It depends on the boundary layer thickness at
the entrance; the shape of the velocity profile at the
entrance; the degree of flow turbulence at the entrance;
the flow regime; and the length of straight down-
stream pipe.

A thicker boundary layer at the entrance to the dif-
fuser tends to increase the loss coefficient. Nonuniform
velocity profile at the entrance, particularly if it is dis-
torted, can cause earlier onset of flow separation from
the wall and greatly increase the loss coefficient. A
convex or pointed velocity profile, such as in laminar
flow, with maximum velocity at the center and reduced
velocities at the walls, aggravates the onset and the
extent of flow separation.

Swirl (or tangential rotation of flow) is sometimes
present in conical diffusers as a result of rotating
machinery, or close-coupled elbows or bends. Swirl has
little effect on the performance of separation-free
diffusers, but can have a beneficial effect on the perfor-
mance of diffusers that are moderately or badly sepa-
rated. The swirl flow apparently helps to spread the core
flow to the walls of the diffuser, which yields a more
uniform exit velocity profile.

For diffusers discharging into a downstream passage
(as is under consideration here), significant pressure
recovery continues beyond the diffuser exit. A straight
downstream length (or tailpipe length) of two to four
pipe diameters is usually sufficient to provide near
maximal possible recovery; the longer length is required
at higher diffuser angles. Design measures that may
improve diffuser performance are the use of stepped
diffusers and two-stage diffusers. These multistage dif-
fusers are treated in the next section.

A great deal of data on flow in diverging passages
has been amassed in the last 100 years. Much of this data
have been on two-dimensional and rectangular diffusers
and most data have been on diffusers which discharge
into a large plenum (free discharge). Some data are
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available for conical diffusers which act solely as expan-
sions between constant area circular passages. These
data are developed here because it applies to piping
system diffuser applications.

In Gibson’s classical investigations [4,5], conical dif-
fusers with upstream and downstream pipe sections
were tested over a range of angles and area ratios.
Gibson developed a head loss equation for values of
divergence angle between 7.5° and 35°. He expressed
diffuser head loss as a percentage of the Borda—Carnot
loss at a sudden enlargement between the same flow
areas. However, his equation did not account for surface
friction conditions different from his test conditions.
Expanding on Gibson’s formulations, the author devel-
oped equations that separately accounted for local, or
expansion, loss, and surface friction loss for values
of divergence angle between 0° and 180°. The equa-
tions give good agreement with Gibson’s test data, par-
ticularly for divergence angles between 0° and 20°,
which is the range of greatest interest in piping system
applications.

Letting K, represent the surface friction loss and K
represent the local or expansion loss, it is fitting to
express the loss coefficient of diffusers in the form of:

Ki=K; +Ky,.

The theoretical equation for surface friction loss
coefficient that was developed in Section 10.4 for
conical contractions can be applied as well to conical
diffusers*:

f(1-8)

"7 8sin(a/2) (11.7)
Equation 11.7 was developed for converging flow, but it
seems to work just as well for diverging flow. In this case,
the friction factor fis the ordinary friction factor based
on the relative roughness of the diffuser surface as
determined by the hydraulic diameter and Reynolds
number at the diffuser inlet.” The equation is plotted as
a function of beta ratio 8 and divergence angle o in
Diagram 11.2 for a friction factor f of 0.020. The value
of K, at friction factors other than 0.020 can be obtained
by simple ratio. It is evident that surface friction loss
may be generally ignored at divergence angles greater
than about 40°.

Using Equation 11.7, surface friction loss was sepa-
rated from Gibson’s data by assigning friction factors at

* In the following equations « is generally expressed in radians; the
exceptions for using degrees are obvious.

"The magnitude of f may actually vary along the diffuser, but is
assumed constant.

the diffuser inlets ranging from 0.020 to 0.026. A reason-
ableness check determined that friction factors in this
range would be expected.}

After separating surface friction loss from Gibson’s
test data, the author developed equations for the local
(or expansion) loss portion of diffuser loss. The local
loss equations were then recombined with the equation
for surface friction loss (Eq. 11.7) to obtain overall
equations for conical diffuser loss. For divergence
angle from 0° to 20°, expansion loss can be simply
expressed as:

K = 8.30[tan(a/2)]1‘75(1_[32)2 n f(1-B)

8sin(et/2)  (11.8)

(0°<a<20°) (0= B<1).

The following approximate formula was developed for
diffuser loss for divergence angles from 20° to 60° for
less than 0.5:

on1/2
K, = 1.366sin[M} —0.170 -
180

iy [0=20° 0 2 f(l_ﬁ4)
3.28(0.0625— )| oo }(1 B) " Ssin(ar2)
(20°<x<60°) (0= B<0.5).

(11.9a)

For divergence angles from 20° to 60° for  equal to or
greater than 0.5:

o\ 1/2
K, = {1.3665111[%} —0.170}(1— B) +

f(1-p')

8sin(a/2)
(20°<x£60°) (0.52B<1).
(11.9b)

The surface friction term can generally be ignored for
divergence angles above 40° or 50°. For divergence

 Gibson did not report flow rates or Reynolds numbers for his tests.
He did, however, note that his test velocities varied from 1.83 to just
over 21 ft/s. Assuming 21 ft/s test velocity at the inlet of the narrowest
test diffuser diameter of 0.5 in, and ratioing velocity downward by
inlet area for the other test diffusers, the author estimates that the
Reynolds number at the diffuser inlets ranged from about 20,000 to
70,000. With regard to surface conditions, Gibson’s diffusers were
“very carefully made of wood, finished off with a coating of shellac
varnish.” Assuming smooth walls, friction factors at the diffuser inlets
ranging from 0.020 to 0.026 were then estimated from the Moody
Diagram.
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FIGURE 11.4. Comparison of diffuser loss coefficient equations with Gibson’s test data.

angles between 60° and 180° for S less than 0.5, the
expansion loss is equal to or greater than that of a
sudden expansion and can be approximated by:

Ki= {1.205 —~328(0.0625— B*)—12.8° “1;(?? }
(1=,
(60° < 00 <180°) (0= B<0.5).
(11.10a)

For divergence angles between 60° and 180° for B greater
than 0.5, the expansion loss can be approximated by:

06—600](1_B2)2,

K, = [1.205 -0.20

120° (11.10b)
(60°<a<180°) (0.5=2B<1).
Equations 11.8 through 11.10 are compared to

Gibson’s test data in Figure 11.4. Good agreement
with test data is evident; especially in the range of
from 2° to 20°, the range of greatest interest in pipe
flow applications.

The above relationships apply for thin inlet boundary
layers, such as would develop within one or two pipe
diameters from a nozzle or collector. The available data
suggest that the loss coefficients are 5%—-10% higher for

thick inlet boundary layers such as would develop over
long lengths of straight inlet pipe.

Loss coefficients for divergence angles from 0° to 20°
are shown in Diagrams 11.3 through 11.7 for friction
factors of 0.01, 0.020, 0.030, 0.040, and 0.050, respec-
tively. Loss coefficients for divergence angles from 20°
to 180° are shown in Diagram 11.8.

11.3 MULTISTAGE CONICAL DIFFUSERS

When the available length for a diffuser is limited, the
energy loss may be reduced by using a multistage dif-
fuser.In a stepped or cropped diffuser, a gradual increase
in the cross-sectional area is followed by a sudden
expansion as shown in Figure 11.5a. In a two-stage dif-
fuser, point b at the exit plane of the stepped diffuser is
simply moved backward to form two adjoining conical
sections as shown in Figure 11.5b.

11.3.1 Stepped Conical Diffuser

Where no restrictions are placed on the length of a dif-
fuser, a straight wall passage having a divergence angle
of from about 4° to 7° will normally give minimum loss
of energy between inlet and outlet. The length of such
a passage, however, may be impossible or impractical in
many cases, and in such cases it becomes important to
determine what form of passage will give minimum loss
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FIGURE 11.6. Stepped conical diffuser.

for a given length and given ratio of enlargement. In this
case, a stepped, or truncated, diffuser may significantly
reduce the energy loss. In a stepped diffuser a gradual
increase in the cross-sectional area is followed by a
sudden expansion as shown in Figure 11.6. The sudden
expansion loss at the exit step occurs at a relatively
low velocity.

The ratio 3 represents d,/d,, the overall diameter
ratio as before. The exit step diameter ratio 3 (see Fig.
11.6) is defined as d,/dg. The diameter dg. at the exit step
is given by:

dE :d1 +2ltan(a/2)

A divergence angle « greater than 20° is not anticipated
in stepped diffuser design. The loss coefficient of a
stepped conical diffuser can be approximately deter-
mined by the following equation, which is simply a
conical diffuser loss (including local loss and surface
friction loss) followed by a sudden expansion:

K, ~830[tan(er/2)]"" (1- )’ +%+(ﬂ% -B)
(o <20°). i

Undoubtedly, the velocity profile at the end of the dif-
fuser section and entering the exit section is not fully
developed, thus the exit loss is not fully taken into
account. Note, however, that the overall diameter ratio
B, rather than the exit step diameter ratio f, has been

employed in the first term in Equation 11.11. This
adjustment slightly increases predicted loss in the dif-
fuser section loss and, in a simple way, tends to make up
for underpredicted diffuser exit loss.

For a given length / and a given overall diameter ratio
B. the divergence angle o, that provides minimum loss
can be determined by a trial-and-error process. In Table
11.1, values of minimum loss coefficient K, for optimum
stepped diffusers are compared to K| for straight conical
diffusers of equivalent length / and overall diameter
ratio . Table 11.2 shows the optimum divergence angle
Oy that provides the minimum loss coefficient K.
The dashed boxes in Tables 11.1 and 11.2 indicate the
region where o, becomes greater than the diver-
gence angle o for a straight conical diffuser—an incon-
gruous geometry.

Loss coefficients of various expansion configurations
are compared in Table 11.3. The most effective configu-
ration is shown in bold font. It is evident that the
optimum stepped diffuser is superior to the other con-
figurations over a wide range of length to diameter and
area ratios.

A friction factor of 0.020 was used in constructing
Tables 11.1-11.3. At larger length-to-diameter ratios the
diffuser loss coefficients are more sensitive to friction
factor and the outcome may vary somewhat. This differ-
ence may be generally ignored, or it can be accounted
for by inserting the appropriate friction factor into the
loss coefficient equations.

11.3.2 Two-Stage Conical Diffuser

For a given length / and a given overall diameter
ratio B, the two-stage diffuser (Fig. 11.7) can provide
a reduction in pressure loss compared to a straight
conical diffuser.

The overall diameter ratio 8 equals d,/d,, and the
first-stage diameter ratio 3, equals d,/dz as for the
stepped diffuser. A first-stage divergence angle o
greater than 20° is not anticipated. The second-stage
diameter ratio 3, equals dg/d,. Simply treating the two
stages as straight conical diffusers in series results in the
following tentative equation:

1.75 212 1 1- i‘ 4
K z830tan(051/2) ’ (1—ﬂ1) +%+Kzndﬁl
(0° < oy £20°), )

where K4 is taken from Equations 11.8, 11.9, or 11.10,
depending on the included angle of the second stage. In
the appropriate equation, the second-stage angle «, is
substituted for o and the second-stage diameter ratio f3,
is substituted for B.



MULTISTAGE CONICAL DIFFUSERS 119

TABLE 11.1. Loss Coefficient K, for Optimum Stepped Diffusers Compared to Loss Coefficient K, for Straight Conical
Diffusers of Equal Length and Overall Area Ratio

l/d,

Area Ratio f* 0.5 1.0 2.0 3.0 4.0 5.0 6.0 8.0 10.0 12.0 15.0

0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
0.838 0.638 0.424 0.321 0.262 0.223 0.197 0.163 0.142 0.129 0.117

0.05 0.911 0.912 0.913 0.915 0.875 0.785 0.686 0.502 0.364 0.272 0.194
0.744 0.556 0.362 0.270 0.218 0.185 0.163 0.135 0.119 0.109 0.100

0.10 0.912 0.834 0.837 0.735 0.589 0.456 0.342 0.221 0.160 0.127 0.102
0.655 0.479 0.305 0.225 0.180 0.153 0.134 0.112 0.100 0.093 0.088

0.15 0.758 0.768 0.712 0.529 0.365 0.254 0.192 0.129 0.102 0.089 0.081
0.571 0.409 0.254 0.185 0.148 0.125 0.111 0.094 0.086 0.082 0.081

0.20 0.688 0.717 0.562 0.356 0.218 0.156 0.123 0.091 0.080 0.076 -
0.493 0.344 0.208 0.151 0.120 0.103 0.093 0.081 0.077 0.076

0.25 0.625 0.667 0.424 0.217 0.142 0.107 0.089 0.074 0.072 - -
0.421 0.287 0.169 0.121 0.098 0.085 0.078 0.072 0.072

0.30 0.555 0.545 0.286 0.143 0.099 0.079 0.071 0.067 - - -
0.354 0.234 0.135 0.097 0.080 0.072 0.068 0.067

0.35 0.490 0.425 0.175 0.099 0.074 0.064 0.062 - - - -
0.293 0.188 0.107 0.078 0.067 0.062 0.062

0.40 0.434 0.318 0.117 0.072 0.059 0.057 - - - - -
0.238 0.148 0.083 0.064 0.057 0.057

0.45 0.359 0.226 0.080 0.056 0.052 - - - - - -
0.189 0.114 0.065 0.053 0.051

0.50 0.280 0.150 0.066 0.047 - - - - - - -
0.146 0.085 0.051 0.046

0.55 0.207 0.089 0.056 0.042 - - - - - - -
0.109 0.063 0.042 0.042

0.60 0.144 0.057 0.036 - - - - - - - -
0.078 0.045 0.035

0.65 0.092 0.037 0.031 - - - - - - - -
0.054 0.033 0.031

0.70 0.052 0.026 - - - - - - - - -
0.035 0.025

0.75 0.027 0.020 - - - - - - - - -
0.022 0.020

Straight conical diffuser loss coefficients (K,) are shown in normal font; optimum stepped diffuser loss coefficients (K,,) are shown in italic font.
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FIGURE 11.7. Two-stage conical diffuser.

For a given overall length / and diameter ratio J3,
there are two basic variables: first-stage length /; and
divergence angle oy. The geometric relationship of the
second stage is given by:

dE = d] +211 tan(%)

or
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TABLE 11.2. Divergence Angle o, for Optimum Stepped Diffusers Compared to Divergence Angle o for Straight Conical

Diffusers of Equal Length and Overall Area Ratio

ld,

Area Ratio f* 0.5 1.0 2.0 3.0 4.0 5.0 6.0 8.0 10.0 12.0 15.0

0.00 180 180 180 180 180 180 180 180 180 180 180
11.1 13.5 12.4 11.2 11.2 9.5 8.8 7.9 7.3 6.8 6.3

0.05 147.9 120.1 81.9 60.1 46.9 38.3 32.3 24.5 19.7 16.5 132
11.5 13.4 12.4 11.1 11.1 9.3 87 7.7 7.1 6.6 6.1

0.10 130.4 94.5 56.8 39.6 30.2 24.4 20.4 15.4 12.3 11.3 8.2
11.9 13.5 12.3 11.9 9.9 9.1 8.4 7.3 6.8 6.4 59

0.15 115.4 76.7 432 29.5 224 18.0 15.0 11.3 9.0 7.5 6.0
12.3 13.7 12.3 11.8 9.6 8.8 8.1 7.2 6.5 6.0 5.6

0.20 102.0 63.4 343 233 17.6 14.1 11.8 8.8 71 59 -
12.7 13.8 12.1 11.5 9.3 85 7.8 6.8 6.1 57

0.25 90.0 53.1 28.1 18.9 14.2 11.4 9.5 71 5.7 - -
13.2 13.9 11.0 11.2 9.0 8.0 7.3 6.3 57

0.30 79.1 44.9 233 15.7 11.8 9.4 7.9 5.9 - - -
13.6 14.0 11.6 9.8 85 7.6 6.8 5.9

0.35 69.2 38.1 19.6 13.1 9.9 7.9 6.6 - - - -
14.0 14.0 11.3 9.3 8.0 7.0 6.3

0.40 60.3 32.4 16.5 111 8.3 6.6 - - - - -
14.4 13.9 11.8 87 7.4 6.4

0.45 523 27.6 14.0 9.3 7.0 - - - - - -
14.7 13.7 11.2 8.1 6.7

0.50 45.0 234 11.8 7.9 - - - - - - -
15.0 13.3 9.5 7.3

0.55 38.4 19.8 11.0 6.6 - - - - - - -
15.1 12.7 87 6.5

0.60 32.4 16.6 8.3 - - - - - - - -
15.1 12.0 7.7

0.65 27.0 13.7 6.9 - - - - - - - -
14.8 11.0 6.8

0.70 221 11.1 - - - - - - - - -
14.2 9.7

0.75 17.6 8.8 - - - - - - - - -
13.0 83

Straight conical diffuser included angles () are shown in normal font; optimum stepped diffuser included angles () are shown in italic font.

@—@}
20-0)]

o, =2 atan[

There are little or no data available in the open litera-
ture on the performance of two-stage diffusers. However,
the author has utilized Equation 11.12 in a flow model
that accurately predicts the performance of jet pumps
used as part of the coolant recirculation system of

boiling water reactors. There is no effort made here to
compare the performance of two-stage diffusers with
the other types of diffusers.

114 CURVED WALL DIFFUSER

It would appear that a trumpet-shaped passage may
well give minimum loss for a given length and given
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FIGURE 11.8. Curved wall diffuser.

ratio of enlargement (see Fig. 11.8). A diffuser in which
the pressure gradient remains constant along the passage
(dp/dx = constant) may be the best choice.

Idel’chik [6] presents an equation for dp/dx = con-
stant for the boundary wall of a curved wall diffuser of
a circular (or square) cross section,

y= b
YLe(n1ye)' =1)x/1

as well as for the diverging wall of a diffuser with a plane
cross section,

- 34!
y= > .
JE+(n/y0)? = 1)x/1
Based on Idel’chik’s experiments, an approximate

formula for the loss coefficient of curved wall diffusers,
within the limits 0.1 < * < 0.9, is given as:

Ky =@, (1.43-1.38)(1- B,

where ¢, is a coefficient that depends on the relative
length of the curved wall diffuser as shown in Table
11.4.% A curve fit of ¢, for circular or square cross-
sections gives:

i 1Y Y
@y =1.01-0.624—+0.30| — | —0.074| — | +
d d d

1 1 1
1Y
0.0070(—) .
d

1

The effectiveness of curved wall diffusers is also com-
pared with the other expansion configurations in Table
11.3. Based on the loss coefficients equations developed
in this chapter, the most effective configurations for
given area and length ratios are shown in bold font.

* Friction loss is not separately accounted for as is the case in other
diffuser configurations. Idel’chik states, “The frictional losses in very
wide-angled diffusers are quite small. It is not necessary to separate
these losses from the total losses with curved diffusers which corre-
spond to wide-angle straight diffusers.”
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The curved wall diffuser appears to be generally more
efficient than the sudden expansion and the straight
conical diffuser. However, except at high area ratios,
it does not appear to be as effective as the stepped
diffuser. There is considerable uncertainty associated
with the calculated loss coefficients in Table 11.3. Future
tests and evaluations could change the results. Even
then, the curved wall diffuser may not be a viable choice
because the improvement may be slight and not worth
the extra effort involved in designing and fabricating the
curved wall.

11.5 PIPE REDUCER: EXPANDING

Standard butt-weld pipe fittings, ANSI" reducers, are
used to join pipe sections of different diameters (Fig.
11.9). Typically, the fittings are generously rounded at
the intersection of the conical and cylindrical surfaces.
In the case of contracting reducers (see Section 10.7),
rounding greatly reduces energy loss through the fitting.
However, rounding has little effect in decreasing energy
loss when flow through the fitting is expanding (see Fig.
11.9). For a large area expansion, the cone angle may
exceed 50° or 60° and the resulting loss may exceed that
of a sudden expansion. For smaller area expansions, the
conical diffuser section performs more efficiently to
transform kinetic energy into pressure energy.

Industry standards define the overall length / of butt-
welding reducers. However, there are no standards
regarding the dimensions of the straight and conical
sections, or the rounding of the intersections. Char-
acteristically, the extended intersection points of the
cylindrical inlet and outlet sections with the conical
section appear to be about 20% of the length so that
the conical section is about 60% of the length as shown
in Figure 11.10. Thus the divergence angle can be esti-
mated as:

di—d
o =2tan™ (# :
1.20/
Accounting for friction loss in the “straight” sections as
well as in the “conical” section, surface friction loss in
the reducer can be approximated as:

0.201+ ﬂ(l—ﬂ) +f, 0.207 B
d,  8sin(a/2) d,

K = (11.13)

Loss coefficients for butt-weld reducers were calculated
by substituting Equation 11.13 for the friction loss term

" American National Standards Institute.
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TABLE 11.3. Comparative Effectiveness of Diffuser Configurations

ld,

Loss Coefficient K; Area Ratio f 0.5 1 2 3 4 6 8 10 12
Sudden expansion 0.05 0.903 0.903 0.903 0.903 0.903 0.903 0.903 0.903 0.903
Straight conical 0.933 0.960 1.010 1.082 1.021 0.784 0.561 0.364 0.272
Stepped (optimum) 0.744 0.556 0.362 0.270 0.218 0.163 0.135 0.119 0.109
Curved wall - - - - - - - - -
Sudden expansion 0.15 0.722 0.722 0.722 0.722 0.722 0.722 0.722 0.722 0.706
Straight conical 0.772 0.817 0.784 0.575 0.388 0.192 0.129 0.102 0.089
Stepped (optimum) 0.571 0.409 0.254 0.185 0.148 0.111 0.094 0.086 0.082
Curved wall 0.679 0.547 0.423 0.357 0.330 - - - -
Sudden expansion 0.25 0.563 0.563 0.563 0.563 0.563 0.563 0.563 0.563 0.563
Straight conical 0.622 0.667 0.424 0.217 0.142 0.089 0.074 0.072 0.074
Stepped (optimum) 0.421 0.287 0.169 0.121 0.098 0.078 0.072 0.072 -
Curved wall 0.473 0.381 0.294 0.249 0.230 - - - -
Sudden expansion 0.35 0.423 0.423 0.423 0.423 0.423 0.423 0.423 0.423 0.423
Straight conical 0.486 0.425 0.175 0.099 0.074 0.062 0.065 0.073 0.083
Stepped (optimum) 0.293 0.188 0.106 0.078 0.067 0.062 - - -
Curved wall 0.313 0.253 0.195 0.165 0.152 - - - -
Sudden expansion 0.45 0.303 0.303 0.303 0.303 0.303 0.303 0.303 0.303 0.303
Straight conical 0.359 0.226 0.080 0.056 0.052 0.058 0.071 0.085 0.100
Stepped (optimum) 0.189 0.114 0.065 0.053 0.051 - - - -
Curved wall 0.194 0.157 0.121 0.102 0.095 - - - -
Sudden expansion 0.55 0.202 0.202 0.202 0.202 0.202 0.202 0.202 0.202 0.202
Straight conical 0.207 0.089 0.044 0.042 0.047 0.064 0.082 0.102 0.121
Stepped (optimum) 0.109 0.063 0.042 0.042 - - - - -
Curved wall 0.110 0.089 0.069 0.058 0.054 - - - -
Sudden expansion 0.65 0.122 0.122 0.122 0.122 0.122 0.122 0.122 0.122 0.122
Straight conical 0.092 0.037 0.031 0.040 0.050 0.073 0.097 0.121 0.144
Stepped (optimum) 0.054 0.033 0.031 - - - - - -
Curved wall 0.055 0.044 0.034 0.029 0.027 - - - -
Sudden expansion 0.75 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063
Straight conical 0.022 0.020 0.030 0.043 0.057 0.085 0.113 0.142 0.170
Stepped (optimum) 0.023 0.024 - - - - - - -
Curved wall 0.022 0.017 0.017 0.011 0.011 - - - -
Sudden expansion 0.85 0.022 0.022 0.022 0.022 0.022 0.022 0.022 0.022 0.022
Straight conical 0.011 0.017 0.033 0.049 0.066 0.098 0.131 0.164 0.197
Stepped (optimum) 0.011 - - - - - - - -
Curved wall 0.006 0.005 0.004 0.003 0.003 - - - -
Note: The most efficient configurations are shown in bold font.

TABLE 11.4. Coefficient ¢, as a Function of Relative Length of a Curved Wall

Diffuser

Ild, 0 05 1.0 20 25 35 40 50 6.0

Circular or square cross section

0N 1.01 0.75 062 053 047 043 040 038 0.37 - -

Plane cross section

0N 1.02 083 072 0.64 057 052 048 045 043 041 039 037




(the last term) in Equations 11.8-11.10, as appropriate.
Surface friction factors f; and f; at d; and d,, assuming
a surface roughness of 0.00015 ft, were assigned using
von Karmén’s equation for fully turbulent flow in a
rough pipe (Eq. 3.5). The calculated results are shown
in Table 11.5. The loss coefficient values in Table 11.5
are for concentric reducers. There is some question, but
consider adding 15% to the concentric reducer loss
coefficient values for eccentric reducers.

_/—

\

Concentric

FIGURE 11.9. Butt-weld pipe reducer—expanding.

Eccentric
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This method of accounting for butt-weld reducer
losses should be sufficient for most engineering pur-
poses. If more definite information regarding internal
geometry and surface friction is available, a more accu-
rate loss coefficient value can be calculated.

ol2
d] L» V2 d2
A Ay
0.2 —| L—0~6l—>| — 0.2/
l .

FIGURE 11.10. Concentric butt-weld pipe reducer—
expanding.

TABLE 11.5. Loss Coefficient K; for Concentric Butt-Weld Reducers—Expanding

Nominal Size (in) Length / (in) K,

Nominal Size (in) Length / (in) K

Nominal Size (in) Length / (in) K

3/4 % 12 15 0.07 4%2 4 0.61 16 x 8 14 0.58
3/4 % 3/8 021 4% 112 0.77 18 x 16 5 000
1 x 3/4 2 0.05 5x4 5 0.06 18 x 14 0.10
1x12 0.20 5% 312 0.2 18 x 12 021
1-1/4x 1 2 0.07 5x3 0.39 18 x 10 0.45
1-1/4 x 3/4 0.29 5x2-1/2 0.65 20 x 18 20 0.02
1-1/4 112 0.59 5%2 0.76 20 16 0.05
1-172 x 1-1/4 25 0.03 6%5 55 0.04 20x 14 0.19
1112 x 1 0.17 6 x 4 0.30 20x12 031
1-1/2 x 3/4 0.45 6% 3-1/2 0.47 22 %20 20 0.01
1-12 % 172 0.66 6x3 0.65 2 %18 0.05
S L1p 3 0.06 6% 2-172 0.77 2 %16 0.17
2% 1-1/4 0.16 8% 6 6 0.15 22x14 0.34
2%1 0.49 8x5 0.40 24 %22 20 0.01
2 % 3/4 0.67 8 x 4 0.67 24 %20 0.04
T 35 0.03 8 x 3-172 0.73 24 %18 0.15
212 x 1-172 0.19 10%8 7 0.10 24 x 16 0.30
2112 x 1-1/4 0.38 10x6 0.47 26 % 24 24 0.01
212 % 1 0.64 105 0.67 26% 22 0.03
3xo1p 35 0.05 10 x 4 0.76 26 % 20 0.10
3%2 0.22 12 x 10 8 0.05 26x18 023
3% 1-12 0.54 12x8 0.34 28 % 26 24 0.01
3% 1-1/4 0.67 12x6 0.66 28 % 24 0.03
3123 . 0.03 12x5 0.74 28 %22 0.09
312 x 2172 0.19 14 %12 13 0.01 28 %20 0.21
312 x2 0.41 14 x 10 0.10 30 % 28 24 0.01
312 x 1-112 0.67 14 x 8 0.40 30 % 26 0.02
312 x 1-1/4 0.76 146 0.69 30 x 24 0.08
4% 312 4 0.02 16 x 14 14 0.02 30 x 22 0.18
4%3 0.10 16 x 12 0.07

4% 212 038 16 x 10 0.28
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EXITS

A special case of a sudden expansion occurs when a
pipe discharges into a large volume or reservoir. The
classic Borda—Carnot equation for a sudden expansion
was presented in Chapter 11:

2
=WV (115 repeated)

2g

Here the velocity V, downstream of the expansion goes
to zero, and when the head loss is computed from Equa-
tion 10.5, it is found to be one velocity head:

2

HL = V—

28
This is the case whether the pipe exit is submerged or
open as illustrated in Figure 12.1.*

Many exit configurations are not as simple as a
straight pipe. In some cases, exit loss consists of local
and friction losses.

12.1 DISCHARGE FROM A STRAIGHT PIPE

The relation between loss coefficient K and head loss
H, is:

V2

H, =K—. (3.7, repeated)
2g

* EGL and HGL are the energy grade line and hydraulic grade line,
respectively (see Section 2.9).

When the head loss is given as in Equation 10.7 above,
the loss coefficient becomes unity. Equation 3.7 is
written as “conventional” head loss, which ignores the
kinetic energy correction factor ¢. If the kinetic energy
correction factor were included, Equation 3.7 would
become

In the Borda—Carnot equation K is taken to be unity for
conventional head loss. If the kinetic energy correction
factor is taken into account, we may elect to absorb ¢
into K, thus making K = ¢. Therefore, in the case of
discharge from a straight pipe, the loss coefficient K is
simply the kinetic energy correction factor ¢ of the flow
stream in the exit stretch. This is so whether the pipe
projects into the reservoir, or is sharp-edged or rounded
at the exit as shown in Figure 12.2.

In general, a value of 1.0, quite suitable for most
engineering purposes, is assigned as the value of the
kinetic energy correction factor ¢ (see Section 2.7). In
the case of uniform distribution of velocity, ¢ is equal to
unity. However, in the case of fully developed flow fol-
lowing a long stretch of pipe, the value of ¢ for circular
(or square) pipe is 2.0 for laminar flow, and ranges from
about 1.04 to 1.10 for turbulent flow.” Nonetheless, in
the real world, fully developed flow may also exist at the

" From Figure 2.6 we find that the kinetic energy correction factor ¢
ranges from 1.04 to 1.10 for values of friction factor f between 0.01
and 0.03.
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FIGURE 12.1. Pipe exit. EGL, energy grade line; HGL, hydraulic grade line.

m“mﬁ m@_ w

Flush Mounted Pro_]ected Rounded
K=¢ K=¢ K=¢
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FIGURE 12.3. Discharge from a conical diffuser.

upstream end of the piping system under analysis so
that the initial and the exit velocity heads are the same.
In this case, assuming a value of 1.0 for ¢g at the dis-
charge, along with the generally assigned value of 1.0
for ¢ at the upstream end, is quite adequate.

12.2 DISCHARGE FROM A
CONICAL DIFFUSER

Discharge from a conical diffuser into a reservoir is
shown in Figure 12.3. The diffuser may be flush mounted
to the wall of the reservoir or may be projected into the
IeSETVoir.

The loss coefficient of a conical diffuser discharging
into a reservoir can be approximately determined by the
following equation:

K =K'+ B¢,

where K’ is taken as appropriate from Equations 11.8
through 11.10 with B replaced by Sg. The diameter ratio
Bk is defined as:

d d

P Tde d+2ltan(o/2)

Divergence angles less than 20° provide optimal design,
so the following equation adapted from Equation 11.8
is most useful:

K =830tan(a/2)(1-B2) +

— B 12.1
M+ﬂ§ (0°>0r <20°). (20
8sin(or/2)

The loss coefficient of discharge from a conical diffuser
into a reservoir is shown in Diagrams 12.1-12.3 for fric-
tion factors f equal to 0.01, 0.03, and 0.05, respectively.

12.3 DISCHARGE FROM AN ORIFICE

Loss coefficient equations developed in Chapter 13 for
various orifice configurations in a transition section can
be modified to represent discharge from an orifice into
a reservoir by recognizing that d, is in effect equal to
infinity so that d,/d, goes to zero. The orifice may be
flush mounted or projected into the reservoir.

Note that the orifice loss coefficients (K,s) presented
in this section are based on the velocity (or flow area)
of the orifice restriction. When summing the loss coef-
ficients in a piping stretch they must be transformed to
the “standardized” area used in the AP formula; usually
the pipe flow area (see Section 3.2.3):

A? d*
K = _Ko = d_é

e K,.

12.3.1 Sharp-Edged Orifice

A sharp-edged orifice discharging into a reservoir is
shown in Figure 12.4. For this orifice configuration,
Equation 13.5 can be transformed into:



FIGURE 12.4. Discharge from a sharp-edged orifice.

FIGURE 12.5. Discharge from a round-edged orifice.

K, =0.0696(1-B°)A* + A7, (12.2)
where the diameter ratio 8 = dy/d and where the jet
velocity ratio A4 is given by:
A=1+0.622(1-0.2158*-0.7858°).  (12.3)
Equation 12.2, the loss coefficient for pipe discharge

from a sharp-edged orifice into a reservoir, is depicted
as the uppermost curve in Diagrams 12.4-12.6.

12.3.2 Round-Edged Orifice

A round-edged orifice discharging into a reservoir is
shown in Figure 12.5. For this case Equation 13.8 can be
transformed into:

K, =0.0696(1—0.569dLJ[1—\/dzﬁ J(1_ﬂ5),12 A2,

(12.4)

where the jet contraction ratio A is:

4
A=1+0.622| 1030, | —0.70-—
\d, d,

(1-02158%-0.7858°%) (r/d, <1).

Loss coefficients for pipe discharge through a round-
edged orifice into a reservoir are shown in Diagram
12.4. The dashed line in Diagram 12.4 represents the
boundary where full rounding cannot be achieved by
simple circular rounding because of geometry limita-
tions (see Section 13.2).
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FIGURE 12.6. Discharge from a thick-edged orifice.

12.3.3 Thick-Edged Orifice

A thick-edged orifice discharging into a reservoir is
shown in Figure 12.6. For this configuration, Equation
13.16 can be transformed by letting d,/d, go to zero.
Thus the loss coefficient for discharge from a bevel-
edged orifice where thickness t is equal to or less than

1.6d, becomes:
K, =0.0696(1-B°YA? +C, A% +
(1=5°) L (12.5)
(1-C)[(A-1)"+1] (t/d,<1.4),

where the jet contraction coefficient A is given by:
A=1+0.622(1-0.2158*-0.7858"),  (12.3, repeated)

and where C,, is given by:

o :{1_0'50{[1.:610 jls +(1-:do ”}

(13.14, repeated)

For thickness t equal to or greater than 1.4d,, surface
friction loss becomes significant and the loss coefficient
can be determined from the following equation:

K, =0.0696(1-B)A2 +[A-1] +1+

fo[di—m) (t/d, <1.4).

(¢}

Loss coefficients for pipe discharge through a thick-
edged orifice into a reservoir for thickness t equal to or
less than 1.4d, are shown in Diagram 12.5.

12.3.4 Bevel-Edged Orifice

A Dbevel-edged orifice discharging into a reservoir is
shown in Figure 12.7. Equation 13.12 (bevel-edged
orifice in a transition section) can be transformed in this
case by letting d,/d, go to zero. Thus the loss coefficient
for discharge from a bevel-edged orifice is*:

* In the following equations « is generally expressed in radians; the
modifications for using degrees are obvious.
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K, = 0.0696(1—dei)(1—0.42\/dzﬁ2 ](1_/35),12 + 12,

(12.6)

where the diameter ratio = d»/d,, where the jet con-
traction coefficient A is given by:

1-41/dy

l

A=1+0.622[1-C, (d— (1-0.21587 —0.7858%),

0o

(13.10, repeated)

and where C, is the ratio of bevel length / to the length
of the maximum bevel possible for given diameter ratio
B and included angle o

1
C,= [1 - % )(% )M% (13.11, repeated)

The loss coefficient for pipe discharge from a 45°
bevel-edged orifice (a 90° included angle) as a function
of length to diameter ratio /d, can be obtained from
Diagram 12.6. The radial distance available between
the upstream pipe wall and the orifice face may limit the
actual extent of beveling as shown by the dashed line.
Keep in mind that substantial rounding or chamfer-
ing may be applied to the edges of manufactured items.

Without Tip

With Tip

FIGURE 12.8. Discharge from a smooth nozzle.

If such is the case for a bevel-edged orifice, the loss
coefficient may best be determined by treating it as a
round-edged orifice, or as somewhere between a round-
edged orifice and a bevel-edged orifice.

124 DISCHARGE FROM A SMOOTH NOZZLE

Discharge from a smooth nozzle into a reservoir is
shown in Figure 12.8. The nozzle may be flush-mounted
to the wall of the reservoir or it may be projected into
the reservoir.* Equation 10.16 for surface friction loss
in a conical contraction can be transformed into a
smooth nozzle discharging into a reservoir, with or
without a tip of length «

h(1-5") ALY

° 8sin(a/2) d,

where f;, is the friction factor in the nozzle and f; is the
friction factor at the tip (if there) based on the relative
roughness of the surfaces as determined by the hydrau-
lic diameter and Reynolds number at the outlet. The
effective included angle o can be determined as:

o =2atan ﬂ =2atan Vp-1 .
21 20/d,

* Of course the nozzle may be attached to the end of a hose.
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ORIFICES

Orifices are widely installed in piping systems and
hydraulic machinery to produce a regular and reproduc-
ible loss of pressure. Orifices are used to measure flow,
to limit flow, or, in branching systems, to balance or
otherwise distribute flow. Single-hole orifices are com-
monly used. Cylindrical tube orifices and multiholed
orifices have been tested in an attempt to find improved
metering characteristics without much success. Orifices
to limit flow are sometimes installed in series to avoid
cavitation in low pressure applications.

13.1 GENERALIZED FLOW MODEL

Information on orifices derives largely from thin-plate
or sharp-edged orifices that are used extensively for
flow measurement. Some information is available on
round-edged, bevel-edged, and thick-edged orifices.
The essential geometrical similarities between all these
types of orifices indicate that they may be considered as
members of a single family of constrictions. These con-
strictions consist of a contraction of the flow area fol-
lowed by a sudden expansion.

The available pressure drop information has not
been treated uniformly in the literature. The common
geometrical properties have not been used as the basis
for a consistent assessment of the data. In some cases
the pressure drop characteristics have been expressed
as a discharge coefficient. In other cases, the data have
simply been presented as a plot of pressure drop versus
flow rate or a plot of pressure drop as a percentage of
flow measurement differential pressure.

Here an understanding of the broad physical features
of the flow leads to a generalized model of the flow
characteristics. The available experimental data are
evaluated to develop loss coefficients for the various
types of orifices. The data were derived basically from
symmetrical circular holes in circular plates, but apply
quite well for square holes, square ducts, and small
departures from symmetry.

Flow through a sharp-edged orifice is illustrated in
Figure 13.1. The flow accelerates as it approaches the
orifice. The outer filaments adjacent to the wall achieve
a high radially inward velocity of about the same order
of magnitude as the axial velocity. The flow separates at
the edge of the orifice. The high radially inward velocity
causes the jet to contract and form a vena contracta or
minimum jet cross section immediately downstream of
the orifice. At this point, the separated jet begins to
entrain some of the fluid from the recirculation vortex
formed between the jet and the pipe wall. The jet decel-
erates and expands toward the wall until it reattaches
and fills the entire pipe. Rounding or beveling the inlet
edge of the orifice reduces or prevents the formation of
the vena contracta. The total loss through the orifice is
thus reduced.

The conventional and preferred use of orifices is to
locate the center of the orifice on the centerline of the
pipe. Eccentric and segmental orifices are suitable when
the fluid carries a considerable amount of sediment or
material in suspension. The eccentric orifice opening is
installed tangent to the bottom surface of the pipe to
allow passage of sediment or material. On the other
hand, the segmental orifice plate is installed at the top
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FIGURE 13.1. Orifice flow.
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of the pipe, leaving the bottom open. Eccentric and
segmental orifices ostensibly have higher discharge
coefficients, and presumably lower loss coefficients,
than centered orifices but the difference is small and
may be ignored.

Orifice losses are sensitive to upstream and down-
stream conditions. The American Society of Mechanical
Engineers (ASME) Fluid Meters Report [1] gives rec-
ommended minimum lengths of straight pipe preceding
and following orifices to limit flow measurement errors
due to interference of less than 0.5%. Head loss is no
doubt similarly affected and the ASME recommenda-
tions may be used as a guide.

Taking the total head loss of an orifice as the sum of
the losses in the acceleration and deceleration regions
and treating them as a gradual contraction and sudden
enlargement, respectively, gives:

2 2 _ 2
Hoog Ve Ve (Ve-W)
2g 2g 28

Rearrangement gives:

K- v (Vc V)

—_ + —_—

v: \Vv, V,

The velocity ratio V/V, can be defined as the jet veloc-
ity coefficient A (see Section 10.2), and the equation
becomes:

2
K, =k, A? +( —Ej .
| %

o

By use of the continuity equation w = pAV, the equa-
tion becomes:

K, = koo A +( —i) . (13.1)
A

2

Equation 13.1 is the universal case, where the upstream
and downstream pipe sizes are not the same. In the case

of an orifice in a straight pipe, the downstream flow area
A, is equal to the upstream flow area Aj, and the loss
coefficient equation becomes:

Ky = ko2 +(A-B?), (13.2)
where 8= d,/d, the ratio of the orifice diameter to the
diameter of the pipe The loss coefficients of various
orifice configurations can be expressed by employing
appropriate expressions for k,. and A based on avail-
able test data.

Undoubtedly, the universal velocity profile exists at
the vena contracta as well as in the fully developed flow
regions in the upstream and downstream pipes. None-
theless, the assumption is made that the velocity profile
is uniform in the pipe and at the vena contracta. The
justification of this simplification for the various orifice
configurations is demonstrated in the following sections
through successfully developing formulations that accu-
rately match available test data.

Note that the orifice loss coefficients (K,s) developed
in this chapter are based on the area (or diameter) of
the orifice restriction. When summing the loss coeffi-
cients in a piping stretch they must be modified by the
ratio of the “standardized” area (used in the AP formula)
to the orifice area (see Section 3.2.3).

13.2 SHARP-EDGED ORIFICE

The problem of flow through a sharp-edged or thin-
plate orifice has long been of interest due to its practical
use in flow measurement. The ASME Fluid Meters
Report [1] assigns the loss for sharp-edged orifices and
flow nozzles as a percentage of the measured pressure
differential across the orifice meter. The objective here
is to accurately express the overall loss coefficient on
the essential geometry of the orifice independent of any
flow measurement function.

13.2.1 In a Straight Pipe

Sharp-edged orifices in a straight pipe are shown in
Figure 13.2. According to the ASME Fluid Meters
Report, the edge width t of the cylindrical surface of the
orifice itself should be d,/8 or between 0.01d and 0.02d,
whichever is smaller. If the thickness of the orifice plate
exceeds the minimum, perhaps for structural reasons,
the outlet corner of the orifice should then be beveled
at an angle of about 45° to the face of the plate suffi-
ciently to provide the minimum face width. Face widths
in excess of the minimum can be evaluated as a thick-
edged orifice (see Section 13.4).
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FIGURE 13.2. Sharp-edged orifice in a straight pipe. (a) Thin plate; (b) thick plate (with beveled outlet).

The upstream or inlet edge of the orifice must be
square, sharp, and free from any rounding or beveling.
It must be free from burrs, nicks, or wire edges. Early
on, it was found that even very slight rounding (or
chamfering) of the inlet edge had a significant effect on
orifices. It was found that it was not practical to attempt
to give any values for the discharge coefficients* of
orifices with slightly rounded edges. It was very difficult,
if not impossible, to measure the amount of this round-
ing without destroying the orifice plate, and the amount
of rounding had a very definite effect on the value of
the coefficient.

Because the effect of rounding (or beveling) was not
easily determined, “sharp edged” was frequently defined
as one whose inlet edge would not appreciably reflect a
beam of light when viewed without magnification. In
recent years more sophisticated methods of measuring
edge sharpness have been used and a sharp edge has
been defined as one of radius » < 0.0004d,. One method
that seems quite suitable for obtaining accurate mea-
surements is to obtain an edge impression by pressing
a soft metal disk against the inlet edge of the orifice
plate. Several impressions are taken at equally spaced
points on the orifice plate. The edge impressions are
magnified and projected onto a viewing screen where
templates are used to measure the radii of the projected
images. Even so, an investigation by Crockett and Upp
[2] indicates that the coefficient of discharge C; may
deviate from the ASME Fluid Meters values by as much
as 1% or 2% when the edge radius r is equal to or less
than 0.0004d,. Thus, rounding, however slight, has a
significant effect on orifice discharge coefficients, and
can be expected to have a similar effect on orifice
loss coefficients.

Based on the flow model developed in Section 13.1,
the following expression was derived for the loss coef-
ficient of a sharp-edged orifice in a straight pipe:

K, =0.0696(1- ) 2>+ (- ),  (13.3)

* The coefficient of discharge is defined by the equation: Cy = actual
rate of flow/theoretical rate of flow.

where the diameter ratio f§=d,/d, and where the jet
velocity ratio A is given by:
A=1+0.622(1-0.2153> —0.7858°). (13.4)
Equation 13.3 is compared to sharp-edged orifice test
data in Figure 13.3. The equation closely matches and
tends to bound the test data. Loss coefficients for sharp-

edged orifices in a straight pipe are shown as the upper
curve in Diagrams 13.2 through 13.8.

13.2.2 1In a Transition Section

Sharp-edged orifices in a transition section, where the
upstream and downstream pipe sizes are not the same,
are illustrated in Figure 13.4.

For the universal, or transition case, the loss coeffi-
cient equation becomes:

K, =0.0696(1— °) 22 +(/l—(%)2j . (13.5)

2

where, as before, the diameter ratio 8 = d,/d; and the jet
velocity ratio A is given by:
A=1+0.622(1-0.2153> -0.7858°).  (13.4, repeated)

Sharp-edged orifice loss coefficients in a transition
section are shown in Diagram 13.1.

13.2.3 In a Wall

A sharp-edged orifice in a wall between infinite flow
areas is illustrated in Figure 13.5.

In this passage from one large volume to another, the
effective diameters, d; and d, are in effect equal to infin-
ity; thus f=0 and Equation 13.4 reduces to A= 1.622.
Also d,/d, =0, so that substitution into Equation 13.5
yields the following result for a sharp-edged orifice in
a wall:

K, =2.81.
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FIGURE 13.4. Sharp-edged orifice in a transition section.

13.3 ROUND-EDGED ORIFICE

o Rounding of the leading edge of an orifice can con-

d, — siderably diminish or eliminate the vena contracta and

thus substantially reduce the head loss. For a circular
edge, the rounding radius r is simply the radius of the
quarter circle. In cases where the amount of rounding
FIGURE 13.5. Sharp-edged orifice in a wall. is limited by the radial distance available between the
pipe wall and the orifice face, rounding may take the
form of an ellipse or other curved shape. In the case of
such noncircular edges, the rounding radius r can be
expressed as:

A 4




y_
r
— Y

FIGURE 13.6. Round-edged orifice in a straight pipe.

r=Jrir,

where r; and r, are the semimajor (longitudinal) and
semiminor (radial) axes, respectively.

(10.5, repeated)

13.3.1 In a Straight Pipe

The following expression was developed for the loss
coefficient of a round-edged orifice in a straight pipe
(see Fig. 13.6) when the rounding ratio r/d, is equal to
or less than 1:

r r 5) 92
K, =0.O696(1—0.569Z](1—\/%ﬂ](l_ﬁ )47+ (13.6)

(A-B>Y (rld, <1),

where the diameter ratio 8= d,/d and where the jet
contraction coefficient A is given by:

4
r r
A=1+0.622| 1-0.30,|— —0.70—
[romf-oni] s
(1-0.21587 —0.785°).

In the case of a generously rounded orifice where r/d,
is equal to or greater than 1, the jet contraction ratio A
equals 1 and the loss coefficient becomes:

K, =0.030(1-B)(1- ) +(1-B*) (r/d, >1).

The above expressions, in the basic form set up by Equa-
tion 13.2, were derived by empirically curve fitting to
available test data from Alvi et al. [3], as shown in Figure
13.7.*% Equation 13.6 matches the test data quite well.
Beyond r/d, = 0.20, at r/d, approaching 1.0, Equation
13.6 closely matches data for ASME flow nozzles that,
despite a short cylindrical throat, are, in effect, rounded
orifices.” It should be noted that most sources indicate

* The test data are for Reynolds number at 10,000—above this the
loss coefficient would be substantially constant.

" Note that Equation 10.5 was successfully applied to determine the
effective radius R of the elliptical shape of the ASME flow nozzles in
Chapter 14.
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little or no reduction in head loss beyond r/d, = 0.20.
The comparisons in Figure 13.7 belie that notion.

Loss coefficients of round-edged orifices in a straight
pipe can be determined from Diagram 13.2. The curve
for r/d, = 0.0004, the recommended limiting value of
edge sharpness for metering orifices, shown as a dashed
line, is evidence that the loss coefficient is extremely
sensitive to even very slight rounding of the inlet edge.
This may well account for the scatter in data for pro-
fessed sharp-edged orifices, as well as the scatter in data
for sharp-edged contractions and entrances. This may
be the reason why the maximum value of a sharp-
edged entrance has been reported as 0.50 or lower by
many sources.

Because of this sensitivity, “sharp-edged” orifices are
frequently not sharp-edged. One anecdote told by a
fluid mechanics class instructor was that their lab exper-
iments with sharp-edged orifices were giving strange,
inconsistent data. Upon investigation it was found that
the machinist making the orifices for the experiments
was doing what any good machinist would do—touching
the inlet and outlet edges with a file to break the sharp
edge! Wherever “sharp-edged” orifices are used, it is
recommended that the true inlet edge radius be deter-
mined accurately, if possible, and the loss coefficient
de-rated to a likely finite value if necessary.

The lower dashed line in Diagram 13.2 defines the
boundary where simple circular rounding is limited
by the radial distance available between the pipe
wall and the orifice face. Below this line, rounding must
take the form of an ellipse or other curved shape in
accordance with Equation 10.5 in order to obtain a
further reduction in loss. The diameter ratio Bin
at which circular rounding is limited by geometry is
given by:

ﬁlimit =

1+2—

(¢}

13.3.2 1In a Transition Section

This is the case where the upstream and downstream
pipe sizes are not the same. Large-to-small and small-
to-large transitions are shown in Figure 13.8. In this case,
the loss coefficient for a round-edged orifice becomes:

K, = 0.0696(1 ~0.569 d’—oj[l - \/%,Bj(l —B)A2+
(l—(j—;’)zf (r/d, £1),

(13.8)
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where the diameter ratio §=d./d;, and where
contraction coefficient A is given by:

the jet

4
A=1+0622 1—0.30\/2—0.70L
d, d, (13.7, repeated)

(1-0.2158> —0.7858°).

For the case of a generously rounded orifice where r/d,
is equal to or greater than 1, the jet contraction ratio
A =1 and the loss coefficient becomes:

4, VT

—°) } (r/d, 21).
d,

As was the case for a rounded orifice in a straight pipe,
the radial distance available between the upstream pipe
wall and the orifice face may limit the actual amount
of rounding.

K, =0.030(1—/3)(1—ﬁ5)+{1—(

13.3.3 In a Wall

A round-edged orifice in a wall between infinite flow
areas is shown in Figure 13.9. In this passage from one



large volume to another, the diameters d; and d,
are effectively equal to infinity so that Equation 13.7
reduces to:

K, = [0.0696(1 ~0.569 dij+ 1],12,

(¢}

where the jet contraction coefficient A4 is given by:

A=1+0.622 1—0.30\ﬁ—0.70i .
d, d.

For values of the loss coefficient as a function of round-
ing ratio r/d,, see Table 13.1.

134 BEVEL-EDGED ORIFICE

Beveling (or chamfering) the inlet edge of an orifice
reduces the head loss. The important parameters are the
nondimensional bevel length-to-orifice diameter ratio,
l/d,, and the bevel angle c.

13.4.1 In a Straight Pipe

A bevel-edged orifice in a straight pipe is shown in
Figure 13.10. The following approximate equation was
developed for a contraction with a bevel of length-to-
orifice diameter ratio, //d,, less than or equal to 1:

K, = 0.0696(1—Cb di)[l—OAZ\/dzﬁzj(l—ﬂS)/lz +

(A-p), (13.9)

\/

Ve

/ 0.8

FIGURE 13.9. Round-edged orifice in a wall.
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where the diameter ratio § = d,/d, where the jet contrac-
tion coefficient A4 is given by:

1407y
A=1+0622|1-C, (dij (1-0.2154% —0.7858°),

(13.10)

and where C,, a function of bevel angle y in degrees,
and bevel length to diameter ratio //d,, is given by:

1
C. =(1_£)(£)2+1m‘,.
90 /A 90

The above expressions are related to similar expressions
developed for beveled contractions (see Section 9.3)
and beveled entrances (see Section 8.3).

Loss coefficients for bevel angles yof 5°,15°,30°,45°,
60°, and 75° can be approximately determined from
Diagrams 13.3 through 13.8. The lower dashed line in
each figure defines the boundary where beveling is
limited by the radial distance available between the pipe
wall and the orifice face. The diameter ratio f3;,; at
which beveling is limited is given by:

(13.11)

1
ﬁlimit = l—
1+ Zd—tan(y/)

(9

13.4.2 1In a Transition Section

As shown in Figure 13.11, this is the case where the
upstream and downstream pipe sizes are not the same.
For this case, the loss coefficient for bevel-edged orifices
becomes:

VC Vz
— —
A4 l

FIGURE 13.10. Bevel-edged orifice in a straight pipe.

TABLE 13.1. Loss Coefficient K, for a Round-Edged Orifice in a Wall

rid, 0 0.0004  0.001  0.005

0.01 0.02 003 0.04 005 0.06

K, 281 276 2.73 2.61

252 238 228 219 211 2.04

rid,  0.08  0.10 0.12 0.15

020 025 030 040 050 1.00

K, 191 181 1.72 1.61

146 135 127 116 110 1.03
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K, = 0.0696(1—Cb d—lo)(l—OAZ\/%ﬁz](l— B)A%+
(-]

where the diameter ratio f§ = d,/d,, where the jet con-
traction coefficient 4 is given by:

(13.12)

1-4i/dy

A=1+0.622|1-C, (dij (1-0.2154% -0.7858°),

(13.10, repeated)

and where C, is given by:

1
C. :(1_£)(£j2+1/d‘)
90 /\ 90 '

Again, the radial distance available between the
upstream pipe wall and the orifice face may limit the
actual extent of beveling.

(13.11, repeated)

13.4.3 In a Wall

A bevel-edged orifice in a wall between infinite flow
areas is shown in Figure 13.12. In this passage from one
large volume to another, the diameters d; and d, are
effectively infinite so that Equation 13.9 reduces to:

K, = 0.0696(1—Cb di)ﬂ,z + A7

(9

where the diameter ratio 8 = d,/d,, where the jet con-
traction coefficient 4 is given by:

1+4flidy
2=1+0.622 1—Cb(dij 2

(3)

and where C,, is given by:

1

C. :(1_£)(£)2+w{,.
90 /\.90

13.5 THICK-EDGED ORIFICE

(13.11, repeated)

The important parameter of the thick-edged (or square-
edged) orifice is the nondimensional orifice thickness
to diameter ratio, t/d,. For a vanishingly thin thickness
(t/d, — 0), the orifice acts as a sharp-edged orifice.
For a wide orifice thickness (t/d, > 1.4), the thick-edged
orifice acts simply as a sudden contraction followed by
a sudden expansion. The performance of the orifice
between these two extremes is investigated below.

13.5.1 In a Straight Pipe

A thick-edged orifice in a straight pipe is shown in
Figure 13.13. The upstream edge is sharp—free from
any rounding or chamfering. The flow breaks away from
the surface of the orifice to form a discrete jet which
contracts to a minimum flow region at the vena con-
tracta. Downstream from the vena contracta the flow
expands to finally rejoin the duct wall within about six
duct diameters from the constriction. For a thin orifice,
illustrated in Figure 13.13a, the flow fully separates from
the orifice surface throughout its journey. For a thick
orifice, illustrated in Figure 13.13b, the flow attaches to
the orifice surface at a distance of about 0.8d, from the
orifice entrance and eventually separates at the down-
stream face of the orifice. From there, the flow under-
goes a sudden enlargement before finally rejoining the
duct wall.
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FIGURE 13.13. Thick-edged orifice in a straight pipe. (a) Separated flow; (b) attached flow.
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FIGURE 13.14. Thick-edged orifice—comparison to test data.

The loss coefficient of local resistance for thickness t
equal to or less than 1.4d, can be determined from the
following equation:

K, =0.0696(1— *)A> +C,(A- ) +
(1=C)[(A=17 +(1-B)] (t/d,<1.4),
(13.13)
where the jet contraction coefficient A is given by:
A=1+0.622(1-0.2153%-0.7858°), (13.4, repeated)

and where Cy, is given by:

t 25 ¢ 3745
Cy= 1—0.50( ) —0.50( ) . (13.14)
1.4d, 1.4d,

For thickness t greater than 1.4d,, the orifice acts as a
sudden contraction followed by a sudden expansion and
surface friction loss becomes significant. For this case,
the loss coefficient can be determined from the follow-
ing equation, where f, is the friction factor of the cylin-
drical surface of the orifice:

K, =0.0696(1-°) A2 +(A-17 +(1-B>) +

fo (di—1.4) (t/d, >1.4).

(o)

(13.15)

Equations 13.13 and 13.15 (without friction loss) are
presented in Figure 13.14. Note that the results at the
left (at t/d, equals zero) represent sharp-edged orifice
performance that has already been demonstrated, and
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FIGURE 13.15. Thick-edged orifice in a transition section.

that the results at the right (at t/d, greater than 1.4)
simply correspond to a sudden contraction followed by
a sudden expansion. The comparison with test data from
various sources shows that Equation 13.13 effectively
represents the transition between these two regions in
the range of 0 < > 0.25. Adequacy of the equation at
higher beta ratios is assured because the generalized
flow model developed in Section 13.1 was employed in
deriving Equation 13.13.

Loss coefficients of thick-edged orifices in a straight
pipe can be determined from Diagram 13.9. The ASME
Fluid Meters Report specifies that the face width t of
the cylindrical surface of a sharp edged orifice should
be d./8 (0.125d,) or between 0.01d, and 0.02d,, which-
ever is smaller. From Diagram 13.8 we can see that there
is only a very modest departure from sharp-edged
values until the thickness t far exceeds 0.1d,.

13.5.2 1In a Transition Section

As shown in Figure 13.15, this is the case where the
upstream and downstream pipe sizes are not the same.
For this case, the loss coefficient for thick-edged orifices
where thickness t is equal to or less than 1.4d, becomes:

2 2
K, = 0.0696 (1 - /35)/12+c,h[1—(3—°j j +

2

(1—cth)[(a_1)z+(1_(j_°j2] ] (t/d, <1.4),

2

(13.16)
where the jet contraction coefficient A4 is given by:

A =1+0.622(1-0.2158% —0.7858°),

N 4.5
so( j .
1.4d,

(13.14, repeated)

(13.4, repeated)

and where Cy is given by:

t 2.5
Cy = 1—0.50( ) -
1.4d,

FIGURE 13.16. Thick-edged orifice in a wall.

For thickness t equal to or greater than 1.4d,, surface
friction loss becomes significant and the loss coefficient
can be determined from the following equation:

2

f (di—1.4j (t/d, >1.4).

(3]

13.5.3 In a Wall

A thick-edged orifice in a wall is illustrated in Figure

13.16. The effective diameters d, and d, are infinite so

that Equation 13.16 for thickness t equal to or less than

1.4d, reduces to:

K, =0.0696(1— B7)A% + CyA> + (1= C, )[(A-1) +1]

(t/d, £1.4),

where the diameter ratio = d,/d;, and where the jet

contraction coefficient A is given by:

A=1+0.622(1-0.2158% -0.78543%), (13.4, repeated)

and where Cy, is given by:

t 25 t 3745
Cy= 1—0.50( j —0.50( j .
1.4d, 1.4d,

(13.14, repeated)




TABLE 13.2. Loss Coefficient K, for a Thick-Edged Orifice
in a Wall

tld, 0 0.1 02 03 04 05 06 0.7
K, 281 281 278 271 262 250 235 219
tid, 0.8 09 1.0 1.1 12 13 214

K, 202 187 175 166 160 1.58 1.57 + £(f.,)

For thickness t greater than 1.4d,, the loss coefficient
can be determined from the following equation, where
fo 1s the friction factor in the cylindrical surface of the
orifice:

K, =157+, (di—1.4) (t/d, >1.4).

(o]

Loss coefficients of thick-edged orifices in a wall as a
function of t/d, are shown in Table 13.2.

13.6 MULTIHOLE ORIFICES

The important nondimensional parameter for multihole
orifices is the porosity ¢, the ratio of the total cross-
sectional area of the orifice holes to the total cross-
sectional area of the duct. The relationship between
porosity and diameter ratio 3 is given by:

¢=(Z—jj2=ﬁ2 or B=\5.

More often than not, the geometry of the orifice holes
is the same or similar. In that case, simply substitute \/5
for Bin the applicable loss coefficient equation.
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Perforated plate may be treated in this manner. Typi-
cally, the perforations are punched into the plate. The
punch produces slightly rounded or beveled edges on
the side of the plate that the punch enters, and produces
sharp, outward projecting edges on the side of the plate
that the punch exits.* Thus the pressure drop will
depend on the direction of flow through the perforated
plate. If flow is to enter through the sharp, outward
projecting side of the plate, treat it as a thick-edged
orifice. If flow is to enter through the rounded or beveled
side of the plate, treat it as a rounded or beveled orifice.
It may be difficult, if not impossible; to accurately
measure the amount of rounding or beveling so judg-
ment may be necessary.

If the geometry of the holes is greatly dissimilar, con-
sider treating them as parallel paths (see Section 5.2).

13.7 NONCIRCULAR ORIFICES

The orifice loss coefficient equations in this chapter
were primarily derived from data on symmetrical circu-
lar holes in circular passages. However, they apply
quite well for square holes and passages, and for small
departures from symmetry. They can be applied to
other odd flow shapes and to larger departures from
symmetry with reasonable accuracy when specific
data are unavailable. Substitute \/5 for B in the various
orifice loss coefficient equations as described in Section
13.6 above.

*You can easily determine the entry and exit sides by running your
fingers over the surface.
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14

FLOW METERS

A constriction that produces an accelerated flow and a
resulting drop in static pressure is an excellent meter in
which this pressure difference can be measured and
related to the mass or volume rate of flow. The distinc-
tive feature of this group of meters is that there is a
marked pressure difference or pressure drop associated
with the flow of a fluid through the device. In this pres-
sure differential group of flow measuring devices are the
flow nozzle, the Venturi tube, and the nozzle/Venturi.
The loss coefficient of another member of this group,
the sharp-edged orifice, was dealt with in Section 12.1.
Other members are the elbow (centrifugal) meter and
the pipe section (frictional resistance) meter.

This chapter deals with overall head loss through the
first three pressure differential devices mentioned
above. The flow measuring characteristics of all these
devices, as well as many other types of flow measuring
devices, are extensively dealt with in References [1,2].

141 FLOW NOZZLE

When the radial distance available between the pipe
wall and the nozzle face is limited, rounding may take
the form of an ellipse or other curved shape. Such is the
case for flow nozzles. The recommended form of the
flow nozzle is the “long radius” or elliptical inlet nozzle,
in which the curvature of the inlet to the nozzle throat
is the quadrant of an ellipse as shown in Figure 14.1. In
the case of such noncircular inlets, the rounding radius
r is can be expressed as:

r=ir,,

where r; and r, are the semimajor (longitudinal) and
semiminor (radial) axes, respectively.*

The flow nozzle is basically a well-rounded orifice
except for the addition of a length of cylindrical throat
section. Thus the loss coefficient equation developed in
Section 13.3.1 for a rounded orifice, supplemented with
a surface friction loss term, can be applied to a flow
nozzle. When the rounding ratio r/dy is less than 1:

Ky = 0.0696(1— 0.569%)(1— szﬂju —BO)AY +

(/’L—b’z)2+fT;l (rldy <1),

(10.5, repeated)

(14.1)

where the diameter ratio § = dr/d, and where the jet
contraction coefficient A is given by:

4
A=1+0.622|1-030,|— -0.70—
\d; dr

(1-0.2158> -0.7858°) (r/dr <1).
(13.7, repeated)
The results of Equation 14.1 are compared in Figure
14.2 to data from the American Society of Mechanical
Engineers (ASME) Fluid Meters [1] for low 8 and high
B flow nozzles. The relative nozzle radii ratio r/dy noted

* There is no analytical basis for this expression; however, it works
quite well.
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158 FLOW METERS

in the figures are proportions specified in the handbook.
Equation 14.1 compares well with the data [1].* This
comparison also validates the loss coefficient expression
developed in Section 13.3 for a rounded orifice that is
quite similar to a flow nozzle. The loss coefficient of a
flow nozzle built to ASME Fluid Meters specifications
can be found in Diagram 14.1.

14.2 VENTURI TUBE

The classical or Herschel Venturi tube is usually made
of cast iron or cast steel in the smaller sizes. In the larger

* The ASME Fluid Meters data, presented in terms of percent of dif-
ferential pressure, were converted to loss coefficient by the relationship
K = %AP(1 - B*)/(100C?) assuming a calibration coefficient C of 0.997.

>
P
!
——
ku _frz
S S B
T

lT_>

FIGURE 14.1. Flow nozzle.

sizes, Venturi tubes are generally made with rough-cast
inlet cones—the throat and diffuser sections are usually
made of a smoother surface material. As shown in
Figure 14.3, the inlet section consists of a short cylindri-
cal Venturi tube joined by an easy curvature to a con-
verging inlet cone having an included angle o; of 21°.
The inlet cone is joined by another smooth curve to a
short cylindrical section called the throat. The exit from
this throat section leads by another easy curve into the
diverging outlet cone or diffuser. The recommended
included angle oy, of the outlet cone is 7-8°; however, it
may be as large as 15°.

The inlet section of the Venturi tube has a very
smooth generatrix so its losses are mainly due to sur-
face friction. Accordingly, the overall pressure loss is
made up of friction losses in the inlet cone, throat, and
diffuser sections, as well as an expansion loss in the dif-
fuser section:

d| — o —_— dr ap —_—
e S
o

FIGURE 14.3. Venturi tube.

1.2

1.0

— Equation 14.1 (f=0.01)
@®  ASME Fluid Meters Data [1]
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T
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0.6 rld+=0.855 to 0.874 \'\
=
High g Flow Nozzle \‘\
£>0.45
0.2 rld1<0.910
0
0 0.2 0.4 0.6 0.8 1.0

Diameter Ratio f=dr/d
FIGURE 14.2. Loss coefficients for ASME long radius flow nozzles.



_AO-BY) .k o
T —m+fTE+8.30[tan(aD/2)] (1_l3 ) "
8sin(orp /2)’

(14.2)

where fi, f1,and fp are friction factors in the inlet cone, the
throat,and the diffuser sections, respectively. The friction
factors are based on the surface roughness of the inlet,
throat, and discharge sections, and consistent with the
Reynolds number and diameter of the throat section.

Calculated results using Equation 14.2 are compared
to ASME Fluid Meters data in Figure 14.4.* The friction
factors were chosen considering that the surface of the
inlet section is usually much rougher than the throat and
diffuser surfaces. The calculated results generally match
the ASME Fluid Meters data.

The downstream end of the outlet cone may be trun-
cated as much as 30% or 40% of its normal length with
only a small effect on pressure loss. In fact, truncating
the outlet cone of a low 8 Venturi tube may actually
decrease pressure loss. In this case the equation for loss
coefficient becomes':

* See previous footnote.
" Refer to Section 11.3.1 for the nomenclature of a stepped conical
diffuser.
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_AO-BY) .k S
T—m+fTZ+8.30[tan(aD/2)] (1_/313) "

fD(l_ﬁé) 2 2)2
85in(o¢D/2)-|-(ﬁE )

where the diffuser angle o is equal to or less than 20°.

143 NOZZLE/VENTURI

In a nozzle/Venturi, the conical inlet section of the clas-
sical Venturi tube is replaced with a rounded inlet
section. In addition, the downstream end of the diverg-
ing outlet cone is usually truncated as shown in Figure
14.5. The overall pressure loss is made up of an entrance
loss, friction losses in the throat and diffuser, an expan-
sion loss in the diffuser, and a sudden expansion loss at
the exit.*

* Gibson’s tests, which were used to quantify diffuser performance in
Chapter 11, were made with long straight lengths of pipe upstream
and downstream. Substitution of a short nozzle for the upstream pipe
length will alter the inlet velocity distribution from the standard tur-
bulent flow profile to a practically uniform one. The effect is that the
actual head loss in the nozzle/Venturi could be somewhat less, say by
5%-10%, than predicted herein.

0.35
Equation 14.2 | |

0.30 N (fi = 0.03, fr=fp=10.02, Iy =dr/3)

_\ .

\ \4\ ——————— ASME Fluid Meters [1]
0.25 [~ (surface conditions and throat
: or=21° ™ length not indicated)
ap=15° \
\.
\
0.20 Y
\
K; '
~

0.15 = <

— ~ - ~ \

] T~ N
o =21° e N

0.10 ap=7° e
0.05 \
0

0 0.2 0.4 0.6 0.8 1.0

Diameter Ratio 8 =d+/d
FIGURE 14.4. Comparison of Equation 14.2 to ASME Fluid Meters data.
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FIGURE 14.5. Nozzle/Venturi.

The overall diameter ratio 3 equals dr/d, and the exit
step diameter ratio Bz equals dy/dg for the stepped dif-
fuser. For diffuser included angle op less than 20°, the
loss coefficient of a stepped conical diffuser can be
approximately determined by the following equation
adapted from Equation 10.6 for a rounded contraction
and from Equation 11.11 for a stepped diffuser:

r

Ky z0.0696(1—0.569L) 1-
dy dr

,B](l— B2 +
A=17 +f; Ulll+8.30(tan(aD 12)) 7 (1= 2 ) +
fD(l_ﬂé) 2 2\2
8sin(ap /2) +(Be-F)

(@<20°) (03B, <1),

where the jet contraction coefficient A is given by:

4
A=1+ 0.622[1—0.30 L —0.70i)
\d, dr

(1-0.2158% - 0.7854°).
(13.7, repeated)

The rounding contour may be the arc of a circle, or it
may take the form of an ellipse, lemniscate, or other
smoothly curved shape. For a circular inlet, the rounding
radius r is simply the radius of the circle. In the case of
an elliptical inlet contour, the rounding radius can be
expressed as:

r=R/rir,

where r; and r, are the semimajor (longitudinal) and
semiminor (radial) axes, respectively.

When the nozzle/Venturi is not stepped, s equals 8
in Equations 14.3 and the last term, the sudden expan-
sion term, vanishes.

(10.5, repeated)

(14.3)
1.2
| Low B Flow Nozzle
1.0 e B<0.5 ASME Flow Nozzle
R SN = Equation 14.1
N
\
0.8 <
K, n N
0.6 oot N /= 0.030
N
N
0.4 s
N
N
0.2 High 8 Flow Nozzle N <
B<0.45 N
§\\
0
0 0.2 0.4 0.6 0.8 1.0

Diameter Ratio 8 =dr/d
DIAGRAM 14.1. Loss coefficient of flow nozzle built to ASME specifications.
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BENDS

This chapter is primarily concerned with the flow of an
incompressible turbulent fluid in pipe bends and elbows.
Deflection angle o and bend radius ratio r/d (the ratio
of the bend centerline radius to the inside diameter of
the pipe) are important geometric parameters. Surface
roughness of the wall of the bend, as well as of the con-
necting pipe, is also important. Hence, friction factor
is important.

The work presented here is for bends where there is
no change of flow area between the inlet and outlet. It
is assumed that roughness of the connecting pipe is
similar to roughness of the bend. The work is for circular
passages, but can be reasonably applied to square ducts
or to rectangular ducts of low aspect ratio.

15.1 ELBOWS AND PIPE BENDS

The pressure loss in pipe bends may be thought of as
made up of three components. One component is the
pressure loss due to ordinary surface friction that cor-
responds to fully developed flow in a straight pipe
having the same length as the centerline of the bend. A
second component is due to a twin-eddy secondary flow
superimposed on the main or primary flow due to the
combined action of centrifugal force and frictional resis-
tance of the pipe walls. A third component is due to
separation of the main flow from the inner and outer
radius of the bend and subsequent expansion of the
contracted stream.* For bends of small radius of curva-

* At higher bend radius ratios, the flow stream may not actually sepa-
rate from the walls. However, contraction of flow stream and subse-
quentredevelopment of the velocity profile contributes to pressure loss.

ture, flow separation and secondary flow dominate. For
bends of large radius of curvature, ordinary surface fric-
tion and secondary flow prevail. Flow separation and
secondary flow are illustrated in Figure 15.1.7

As noted above, the bend radius ratio r/d is defined
as the ratio of the centerline radius of the bend to the
inside diameter of the pipe. In this context, a bend of
radius ratio 0.5 represents a bend with a sharp (zero
radius) inner corner and an outer bend radius of 1.0.
At the extreme is a miter bend in which two pipes
are joined together in a sharp angle without any round-
ing at the plane of intersection. The rounding of the
corner at the inner wall, or simply beveling the corner,
greatly attenuates the separation and reduces the pres-
sure loss. At the opposite extreme, bend losses, exclud-
ing friction losses, are at a minimum when the bend
radius ratio is at a maximum.

A bend must always be considered with relation to
the straight pipes, or tangents, connected to its ends. This
brings about experimental difficulties. Whatever the
velocity distribution may be at the upstream end, the
downstream length must be sufficient for the gradual
adjustment of the distribution until it regains a normal
velocity profile. An example of the measured pressure
distribution along a bend is shown in Figure 15.2. In
this bend of circular cross section, a marked increase
in pressure along the outer wall is accompanied by a
corresponding decrease in pressure along the inner wall.
The bend loss is found by measuring the pressure dif-
ference between static pressure taps located just before

" The flow phenomena are shown separately for clarity. In reality, flow
separation and secondary flow occur at the same time in bends of
small bend radius ratio.

Pipe Flow: A Practical and Comprehensive Guide, First Edition. Donald C. Rennels and Hobart M. Hudson.
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Flow Separation

Secondary Flow

FIGURE 15.1. Curved pipe flow.
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FIGURE 15.2. Static pressure distribution in the neighborhood of a bend with long tangents (after Ito [1]).

the bend and taps located 40 diameters or so down-
stream of the bend and then subtracting the ordinary
friction loss for developed flow in straight pipe between
the two taps. Because the friction loss over this distance
may be many times the bend loss, particularly for small
deflection angles, the pressure loss is often the differ-
ence between two large values. Very careful and accu-
rate measurements are required under these conditions
to obtain accurate results.

Because of its considerable importance in the design
and analysis of fluid machinery and piping systems, a
vast amount of experimental and theoretical data on
flow through bends has been reported over the past
century. However, a review of the literature shows wide
variations in loss coefficients quoted by the various
investigators. Because actual details of their test con-
ditions are often lacking, it is not possible to correct
their results to provide meaningful data. In any case,
all investigators report that bend loss is a strong func-

tion of friction factor. Many investigators go so far as
to characterize bend loss as a direct function of fric-
tion factor.

The Dean number, a dimensionless number giving
the ratio of the viscous force acting on a fluid in a curved
pipe to the centrifugal force, has frequently been
employed in the study of flow in curved pipes and chan-
nels.* Nonetheless, the authors did not employ the Dean
number to aid (or hamper) their formulation of bend
loss coefficient.

Experiments on curved pipe carried out at Munich
from 1927 to 1932 [2-5] were the first to carefully specify
their test conditions. Later, H. Ito [1,6-9] of Tohoku
University, Japan, extended the investigation of circular
section bends to cover a wider range than used in the

* The Dean number is equal to the Reynolds number times the square
root of the ratio of the inside diameter d of the pipe to twice the radius
of curvature of the bend.
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FIGURE 15.3. Loss coefficients for smooth pipe bends (after
Ito [1]).

Munich tests. His reported data, which included the
work of the Munich investigators, provided the bulk of
information used to develop a loss coefficient formula
applicable to a wide range of elbow and pipe bend
configurations.

A portion of Ito’s work depicting variation of total
head loss with bend radius ratio r/d and deflection angle
a is shown in Figure 15.3. The solid lines in Figure 15.3
represent the results of multipart formulas developed
by Ito for bends with smooth walls. Several writers have
reproduced this diagram to illustrate an interesting, but
perhaps misleading, feature of head loss in bends, that
is, that a minimum of head loss occurs at certain low
values of r/d.*

Investigators agree that the loss coefficient of elbows
and curved pipe is practically a direct function of fric-
tion factor. The friction factor in smooth-walled tests
can be fairly accurately predicted as a function of
Reynolds number. Accordingly, most experimental
and theoretical data have been for smooth-walled
bends. There are very little useful data on rough-walled
bends. The experimenters often used artificially rough-
ened pipe and actual surface roughness was usually
not reported.

For curved pipe, the effects of surface friction, sec-
ondary flow, and flow separation can be rationally
divided into three distinct effects as illustrated in Figure
15.4. The lower region represents ordinary surface fric-
tion loss as in a straight stretch of pipe equal to the
centerline distance of the bend. The mid- and upper
regions can be attributed to secondary flow loss and
flow separation loss, respectively.

* See Section 15.5, “Bend Economy,” to explore this issue.
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FIGURE 15.4. The distinct effects of surface friction, second-
ary flow, and flow separation.

Employing smooth-walled test data, the author
developed an empirical equation for circular bends for
rld equal to or greater than 0.5, and for bend angle o
from zero to m/2 (180°):

K :fa§+(0.10+2.4f)sin(a/2)+

6.6 (Jsin(a/2) +sin(er/2))

4o

(rid)"

(15.1)

The first term in Equation 15.1 represents surface fric-
tion loss, the second term represents secondary flow, and
the third term represents flow separation. Note that
Equation 15.1 essentially encompasses the entire range
of elbow and pipe bend configurations.

The results of Equation 15.1 are compared with test
data reported by Ito [1] and Miller [10] as shown in
Figures 15.5-15.7 for smooth-walled pipe bends at
Reynolds numbers of 20,000, 200,000 ,and 1,000,000,
respectively. The results compare very well with Ito’s
reported data and reasonably well with Miller’s data.
In extending the formulation to cover radius ratios
less than 1, it was taken into account that the loss at
radius ratio 0.5 approaches that of a miter bend (see
Section 15.3).

From Equation 15.1, loss coefficient values Ky
for welded elbows and returns, and for fabricated
pipe bends, are presented in Tables 15.5 through 15.12
located at the end of this chapter. Loss coefficients
for pipe schedules other than provided in the tables
can be interpolated. Note that loss coefficient Ky
provided in the tables is for clean commercial
steel pipe and pipe fittings in the zone of complete
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FIGURE 15.8. Constant pitch coils.

turbulence. To obtain loss coefficient K in the case of
turbulent flow in the transition zone, or for other
than clean steel pipe, simply adjust the tabulated values
as follows:

K= iKT, (15.2)
T

where fis friction factor at the flow condition of interest,
and fr and K are obtained from Tables 15.5 through
15.12. This method is reasonable because, as evident in
Equation 15.1, the loss coefficient for curved bends is
very nearly a direct function of friction factor. If greater
precision is desired, calculate the loss coefficient directly
using Equation 15.1.

15.2 COILS

Coils of pipe or tubing can be classified as those with
constant curvature, helices, and those with variable cur-
vature, spirals. A helix is a three-dimensional coil that
runs along the surface of a cylinder. A spiral is typically
a planar curve (that is flat), like the grooves of a pho-
nograph record or a DVD. Coils provide for a relatively
large amount of surface area within a confined space, as
in a heat exchanger. Furthermore, heat transfer coeffi-
cients in coils are higher than in straight pipes.

The curvature of a coil is defined as the ratio of the
radius r of the circle into which the tubing is bent to the
inside diameter d of the pipe. The distance between the
central lines of two consecutive turns is the pitch p. In
general, a helix has a constant pitch. An Archimedean
spiral has a constant pitch; other spirals do not. Constant
pitch coils are illustrated in Figure 15.8.

A number of equations for calculating pressure
drop in coils have been reported in the literature. The
equations are for smooth tubes only; they are not appli-
cable to rough pipe. The equations either predict a
dimensionless Fanning friction factor f, for coils, or
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TABLE 15.1. Comparison of Equation 15.3 with Other Formulations for Smooth Helical Coils (N = 5)

Loss Coefficient K

Nre d (in) fe p(@n) r(in) TIto[l] Kubair and Varrier [11]  Mori and Nakayama [12] Equation 15.3
20,000 2 0.0259 4 10 5.5 5.5 5.4 5.7
16 83 8.7 83 8.1
24 11.9 13.0 12.0 114
4 0.0259 12 16 4.5 4.4 4.4 4.9
24 6.4 6.5 6.4 6.5
36 9.2 9.8 9.2 9.0
8 0.0259 16 36 5.0 4.9 4.9 5.3
48 6.4 6.5 6.3 6.5
72 9.2 9.8 9.2 9.0
200,000 1 0.0158 4 10 3.7 (Formula out of range) 34 3.9
16 5.4 5.1 5.4
24 7.7 7.6 7.3
2 0.0158 12 16 3.1 2.7 34
24 4.3 4.0 4.4
36 6.0 5.7 5.8
4 0.0157 16 36 34 3.0 3.6
48 4.3 4.0 43
72 6.0 5.7 5.8

“ Friction factor was calculated using Equation 8.3, assuming a surface roughness e = 0.000060 in for smooth pipe or tubing.

predict the ratio of f, to the friction factor for straight
tubes f.. Typically, they are limited to specific coil geom-
etry and ranges of Reynolds number bounded by the
authors test data.

15.2.1 Constant Pitch Helix

Equation 15.1 was adapted to the geometry of a con-
stant pitch helix as follows:

Qrr) +p°
d

K=N|f +020+48f [, (153)

where N is the number of coils and f'is the friction factor
for straight pipe.* The formulation is based on peak
secondary flow as for two 180° bends per coil. The flow
separation term was ignored. Equation 15.3 compares
well to equations developed by Ito [1], Kubair and
Varrier [11], and Mori and Nakayama [12] for smooth-
walled helical coils as shown in Table 15.1.

Equation 15.2 is applicable to rough pipes as well
as to smooth pipes, whereas the other formulations
are limited to smooth wall pipe. Also, the other for-

* Note that /(27r)” +p> is the centerline length of one 360° helical
coil.

mulations have Reynolds number and geometry
limitations.

15.2.2 Constant Pitch Spiral

Similarly as for a constant pitch helix, Equation 15.1 was
adapted to the geometry of a constant pitch spiral:

2 _ 0
K=f—ﬂ(rM”" rM’")+N(O.20+4.8f)+—13'2f2
pd (Tutin /)
(15.4a)

or

K = o = Tt { fn(rM‘”‘ i )+ 0.20+4.8 f} y 1832
p d (7 / d)
(15.4b)

where N is the number of coils, f is the friction factor
for straight pipe, and ry,, and ry;, are maximum and
minimum radii.” The last term, flow separation, is small
and is negligible in most cases.

Limited data are available for constant pitch spirals.
Equation 15.4 is compared to a formulation by Kubair
and Kuloor [13] in Table 15.2. The Reynolds number

" Note that 7r(rfi. — i)/ p is the approximate centerline length of a
constant pitch spiral. Also, note that ry,, — ru,/p is equal to N.
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TABLE 15.2. Comparison of Equation 15.4 with Kubair and Kuloor’s Formulation

K at Ng. = 10,000

Spiral No. d (cm) fe Faax (€M) Fasin (C) p (cm) N? Kubair and Kuloor [13] Equation 15.4
1 1.260 0.0312 29.5 6.0 6.5 3.62 11.5 11.4
11 0.642 0.0314 23.5 6.0 3.5 5.0 26.9 25.1
111 0.957 0.0313 26.0 5.0 4.0 5.25 18.4 18.8

“ Friction factor was calculated using Equation 8.3, assuming an absolute roughness e of 0.000060 in for smooth pipe or tubing.
® Kubair and Kuloor reported the number of coils as 3.5, 4.5 and 5.0 respectively for the three spirals. The tabulated numbers are calculated values

based on their reported geometry features.

Single Miter
FIGURE 15.9. Ninety-degree miter bends.

Compound Miter

was assumed to be 10,000, which is within the range of
Kubair and Kuloor’s experiments on three spirals of
different geometry on which their formulation was
based. Equation 15.4 compares well with Kubair and
Kuloor’s formulation. Whereas their formulation is
applicable to smooth pipes only, Equation 15.4 can be
applied to rough as well as smooth pipes.

15.3 MITER BENDS

In a miter bend, two passages are joined together in
a sharp angle without any rounding at the plane of
intersection. Fittings made in this manner from several
miter bends placed one after another were once fre-
quently used in place of smoothly curved bends in
welded or riveted pipelines. They are still employed
today in the construction of large-size conduits such as
for wind tunnels and penstocks. Internal flow passages
in hydraulic machinery often take the form of a miter
bend. A 90° single miter bend is illustrated in Figure
15.9 along with a 90° multijoint or compound miter
bend. The compound miter bend can be constructed of
any number of segments and, of course, both types of
bends can be constructed to practically any overall

TABLE 15.3. Comparison of Equation 15.5 with Single
Bend Loss Coefficient Data

Bend Shubart Crane Haidar Equation

Angle o [4] [14] [15]° 15.5

150° - - 2.70 2.71

120° - - 2.00 2.03
90° 1.20 60 fr 1.20 1.20
75° - 40 fr - 0.83
60° 0.54 25 fr 0.52 0.53
45° 0.29 15 fr - 0.30
30° 0.14 8 fr 0.14 0.15
15° 0.06 4 fr - 0.06

0° - 2 fr (sic) - 0

“ Crane alone presents K as a function of friction factor. Assuming a
friction factor of 0.020, the Crane values agree quite well with the
other sources.

» Compressible flow test data was extrapolated to a Mach number
of zero.

angle. Nonetheless, the following study is restricted to
single miter bends.

From various data sources, the following empirical
equation was developed for single miter bends for bend
angle o from 0° to 150°:

K =0.42sin(a/2)+2.56sin’ (e /2).  (15.5)

As shown in Table 15.3, the results of Equation 15.5
compare favorably with single bend loss coefficient data
from various sources.

It would seem that pressure loss through a miter
bend should be a strong function of friction factor
but this has not been noted by most sources. Loss
coefficients of single miter bends as a function of
bend angle o can be determined from Diagram 15.1.
For data on compound miter bends of a number of
constructions, refer to Kirchbach [3], Schubart [4], and
Idel’chik [16].
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Basic loss coefficients are for isolated bends having suf-
ficiently long inlet and outlet lengths to ensure that
developed flow exists at the inlet to the bend and rede-
velops again downstream of the bend. When two bends
are closely spaced (or coupled), the flow from the first
bend into the second bend is not fully developed and
the combined loss coefficient is no longer merely the
sum of the two bends; it can be greater or less. The
combined loss coefficient is a function of the spacer
length [ (distance between exit of the first bend
and entrance to the second), the order of the bends (if
they are dissimilar), and the orientation (twist) of the
bends (see Fig. 15.10). A spacer length of four or
five pipe diameters is usually sufficient to isolate
coupled bends.

It turns out that interactions between closely spaced
(or coupled) bends are ignored more often than not.
The combined loss coefficient of many bend configura-
tions is less than the sum of the two bends, so that ignor-
ing their interaction leads to an overestimation of
pressure loss rather than an underestimation. In a piping
arrangement with several coupled bends in various
configurations, the plusses and minuses may tend to
even out.

If precision is required, data for a number of coupled
bend arrangements are available in the literature—
see Miller [10], Corp and Hartwell [17], and Murikami,
et al. [18-20].

Twist

180° }
\ P /
N
W

FIGURE 15.10. Configuration of two 90° coupled bends.
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15.5 BEND ECONOMY

From Figure 15.3 we see that a minimum loss of head
in bends occurs at a radius ratio r/d of about 2 or 3. This
simple observation can be misleading. In many piping
applications, using bends of larger radius ratio can result
in decreased pressure loss. Substituting 45° elbows for
90° elbows can also decrease pressure loss. The piping
configurations shown in Figure 15.11 are used to dem-
onstrate this subject.

Several possible configurations of 6-in schedule 40
pipe transporting fluid from point 1 to point 2 are illus-
trated in Figure 15.11. Assuming fully turbulent flow,
data from Tables 15.6 and 15.10 were used to calculate
the total loss coefficient for each configuration as shown
in Table 15.4.

As demonstrated in the example configurations fea-
tured in Figure 15.11, it is possible to significantly
decrease piping system losses using pipe bends and 45°
elbows. Of course, the piping designer has many other
considerations—location of piping system components,
proximity to nearby equipment, walkways, and so on—
that may influence the piping layout. Where these con-
siderations allow, fabrication costs, as well as pressure
loss, can be appreciably reduced.

6" Schedule 40 Pipe
d=6.065in (D= 0.5054 ft)

fr = 0.0149 (fully turbulent flow)

FIGURE 15.11. Example piping configurations. A, two 90°
long radius (LR) elbows + 25 ft straight pipe. B, two 90° 5D
pipe bends + 18 ft straight pipe. C, two 90° 10D pipe
bends + 8 ft straight pipe. D, two 45° LR elbows + 16 ft
straight pipe.

TABLE 15.4. Demonstration of Possible Reduction in Pressure Loss for Various Piping Configurations

Configuration Calculation Ky =2 X Ky + fr X L+ D Total Loss Coefficient Ky Reduction
A 2 % 0.195 + 0.0149 x 25 + 0.5054 1.13 -

B 2% 0.216 + 0.0149 x 18 + 0.5054 0.96 15%

C 2 % 0.328 + 0.0149 x 8 + 0.5054 0.89 21%

D 2 x0.132 + 0.0149 x 16 + 0.5054 0.74 35%




TABLE 15.5. Loss Coefficient K for Welded Elbows and Returns in Zone of Complete Turbulence—Clean Commercial Steel
Pipe Fittings—Schedule 10

Nominal Outside Inside 45° Elbow 90° Elbow 180° Return
Pipe Size  Diameter = Diameter Friction Long Short Long Short Long
dyom (in) dop (in) d (in) Factor’ fy  Radius’ 3R¢ Radius’  Radius’ 3R° Radius”  Radius’
1 1.315 1.097 0.0222 0.190 - 0.414 0.278 - 0.642 0.333
1-1/4 1.660 1.442 0.0207 0.184 - 0.416 0.274 - 0.691 0.330
1-1/2 1.900 1.682 0.0200 0.176 - 0.389 0.260 - 0.620 0.314
2 2.375 2.157 0.0188 0.165 0.141 0.353 0.243 0.210 0.535 0.293
2-172 2.875 2.635 0.0179 0.158 0.136 0.331 0.232 0.204 0.488 0.281
3 3.500 3.260 0.0171 0.154 0.132 0.330 0.228 0.197 0.505 0.277
3-12 4.000 3.760 0.0165 0.150 0.129 0.318 0.222 0.193 0.479 0.270
4 4.500 4.260 0.0161 0.146 0.126 0.308 0.216 0.190 0.459 0.264
5 5.563 5.295 0.0153 0.141 0.122 0.295 0.209 0.185 0.437 0.255
6 6.625 6.357 0.0148 0.137 0.119 0.287 0.204 0.180 0.424 0.249
8 8.625 8.329 0.0139 0.131 0.115 0.270 0.195 0.175 0.392 0.239
10 10.750 10.420 0.0133 0.127 0.111 0.261 0.189 0.170 0.379 0.233
12 12.750 12.390 0.0129 0.121 0.109 0.238 0.179 0.169 0.324 0.223
14 15.000 13.624 0.0127 0.119 0.108 0.233 0.177 0.167 0.316 0.221
16 16.000 15.624 0.0123 0.117 0.106 0.230 0.174 0.165 0.313 0.218
18 18.000 17.624 0.0120 0.115 0.104 0.227 0.172 0.162 0.310 0.215
20 20.000 19.564 0.0118 0.114 0.103 0.224 0.170 0.160 0.307 0.213
24 24.000 23.500 0.0114 0.112 0.101 0.220 0.167 0.157 0.302 0.209
30 30.000 29.376 0.0109 0.109 0.098 0.214 0.163 0.154 0.294 0.205
36 36.000 35.376 0.0106 0.106 0.096 0.210 0.160 0.151 0.289 0.202

¢ Friction factor for fully turbulent flow defined by Equation 8.2 using absolute roughness € = 0.00015 ft for new/clean steel pipe.
’ Long radius is defined as bend radius r equals 1.5-dyom.

¢ 3R is defined as bend radius r equals 3.0 dyom-

¢ Short radius is defined as bend radius 7 equals 1.0 dyom.

TABLE 15.6. Loss Coefficient K for Welded Elbows and Returns in Zone of Complete Turbulence—Clean Commercial Steel
Pipe Fittings—Schedule 40

Nominal Outside Inside Friction 457 Elbow 90” Elbow 180° Return
Pipe Size Diameter  Diameter Factor” Long Short Long Short Long
dyom (in) dop (in) d (in) fr Radius” 3R¢ Radius?  Radius’ 3R¢ Radius  Radius’
1 1.315 1.049 0.0225 0.188 - 0.395 0.272 - 0.581 0.326
1-1/4 1.660 1.380 0.0210 0.182 - 0.397 0.267 - 0.621 0.321
1-1/2 1.900 1.610 0.0202 0.174 - 0.372 0.255 - 0.561 0.307
2 2.375 2.067 0.0190 0.164 0.142 0.339 0.238 0.212 0.489 0.289
2-1/2 2.875 2.469 0.0182 0.156 0.138 0.312 0.226 0.209 0.430 0.276
3 3.500 3.068 0.0173 0.152 0.133 0.312 0.222 0.200 0.445 0.271
3-12 4.000 3.548 0.0168 0.148 0.130 0.301 0.216 0.197 0.426 0.264
4 4.500 4.020 0.0163 0.144 0.127 0.292 0.211 0.193 0.409 0.259
5 5.563 5.047 0.0155 0.139 0.123 0.282 0.205 0.187 0.398 0.251
6 6.625 6.065 0.0149 0.136 0.120 0.275 0.200 0.184 0.387 0.246
8 8.625 7.981 0.0141 0.130 0.115 0.260 0.191 0.177 0.362 0.237
10 10.750 10.020 0.0134 0.126 0.112 0.252 0.186 0.172 0.353 0.231
12 12.750 11.938 0.0130 0.120 0.110 0.231 0.177 0.171 0.306 0.222
14 15.000 13.124 0.0127 0.119 0.108 0.228 0.175 0.169 0.303 0.220
16 16.000 15.000 0.0124 0.116 0.106 0.224 0.172 0.166 0.298 0.217
18 18.000 16.876 0.0121 0.115 0.105 0.220 0.170 0.164 0.293 0.214
20 20.000 18.812 0.0119 0.113 0.104 0.218 0.168 0.162 0.29 0.212
24 24.000 22.624 0.0115 0.111 0.101 0.213 0.165 0.159 0.286 0.208
32 32.000 30.624 0.0109 0.107 0.098 0.208 0.161 0.154 0.282 0.20
36 36.000 34.500 0.0106 0.106 0.097 0.206 0.159 0.152 0.279 0.201

¢ Friction factor for fully turbulent flow defined by Equation 8.2 using absolute roughness € = 0.00015 ft for new/clean steel pipe.
» Long radius is defined as bend radius r equals 1.5-dxom.

¢ 3R is defined as bend radius r equals 3.0 dyom.

¢ Short radius is defined as bend radius  equals 1.0 dyom.



TABLE 15.7. Loss Coefficient K for Welded Elbows and Returns in Zone of Complete—Turbulence Clean Commercial Steel

Pipe Fittings—Schedule 120

Nominal Outside Inside Friction 457 Elbow 90° Elbow 180° Return
Pipe Size Diameter Diameter Factor” Long Short Long Short Long
dyom (in) dop (in) d (in) fr Radius® 3R° Radius”  Radius’ 3R¢ Radius!  Radius’
1 1.315 0.957 0.0230 0.185 - 0.363 0.262 - 0.486 0.319
1-1/4 1.660 1.278 0.0214 0.179 - 0.368 0.258 - 0.525 0.311
1-1/2 1.900 1.500 0.0205 0.172 - 0.348 0.247 - 0.485 0.300
2 2.375 1.939 0.0193 0.162 0.144 0.320 0.218 0.218 0.434 0.284
2-1/2 2.875 2.323 0.0185 0.154 0.140 0.296 0.221 0.214 0.388 0.274
3 3.500 2.900 0.0175 0.150 0.134 0.296 0.218 0.205 0.401 0.267
3-1/2 4.000 3.364 0.0170 0.146 0.131 0.287 0.212 0.200 0.387 0.261
4 4.500 3.826 0.0165 0.143 0.129 0.280 0.208 0.197 0.376 0.257
5 5.563 4.813 0.0157 0.138 0.124 0.271 0.201 0.190 0.366 0.249
6 6.625 5.761 0.0151 0.134 0.121 0.263 0.196 0.186 0.354 0.243
8 8.625 7.625 0.0142 0.128 0.116 0.250 0.188 0.180 0.336 0.235
10 10.750 9.562 0.0136 0.125 0.113 0.243 0.183 0.175 0.327 0.229
12 12.750 11.374 0.0131 0.121 0.110 0.235 0.179 0.171 0.314 0.224
14 15.000 12.500 0.0129 0.118 0.109 0.220 0.173 0.172 0.284 0.220
16 16.000 14.232 0.0125 0.115 0.108 0.215 0.170 0.170 0.278 0.217
18 18.000 16.124 0.0122 0.114 0.106 0.213 0.168 0.167 0.276 0.214
20 20.000 17.938 0.0120 0.112 0.104 0.211 0.166 0.165 0.273 0.212
22 22.000 19.750 0.0118 0.111 0.103 0.208 0.165 0.163 0.270 0.210
24 24.000 21.562 0.0116 0.110 0.102 0.206 0.163 0.162 0.268 0.208

“ Friction factor for fully turbulent flow defined by Equation 8.2 using absolute roughness € = 0.00015 ft for new/clean steel pipe.
” Long radius is defined as bend radius r equals 1.5-dyom
¢ 3R is defined as bend radius r equals 3.0 dyom.

¢ Short radius is defined as bend radius r equals 1.0 dxom-

TABLE 15.8. Loss Coefficient K for Welded Elbows and Returns in Zone of Complete Turbulence—Clean Commercial Steel

Pipe Fittings—Schedule 160

Nominal Outside Inside Friction 45" Elbow 90” Elbow 180° Return
Pipe Size Diameter Diameter Factor” Long Short Long Short Long
dyom (in) dop (in) d (in) fr Radius® 3R¢ Radius”  Radius’ 3R¢ Radius!  Radius’
1 1.315 0.815 0.0240 0.181 - 0.321 0.254 - 0.390 0.324
1-1/4 1.660 1.160 0.0219 0.176 - 0.338 0.249 - 0.441 0.306
1-1/2 1.900 1.338 0.0211 0.169 - 0.315 0.239 - 0.402 0.297
2 2.375 1.687 0.0199 0.159 0.155 0.287 0.227 0.232 0.355 0.286
2-1/2 2.875 2.125 0.0189 0.152 0.143 0.277 0.217 0.223 0.345 0.275
3 3.500 2.624 0.0179 0.148 0.138 0.274 0.212 0.213 0.346 0.267
4 4.500 3.438 0.0169 0.141 0.132 0.257 0.202 0.206 0.324 0.257
5 5.563 4313 0.0160 0.136 0.127 0.249 0.196 0.199 0.314 0.249
6 6.625 5.187 0.0154 0.132 0.124 0.242 0.191 0.194 0.307 0.243
8 8.625 6.813 0.0145 0.126 0.119 0.230 0.183 0.188 0.289 0.235
10 10.750 8.500 0.0139 0.122 0.116 0.222 0.178 0.183 0.280 0.229
12 12.750 10.126 0.0134 0.119 0.113 0.216 0.174 0.179 0.272 0.225
14 15.000 11.188 0.0131 0.116 0.112 0.205 0.170 0.180 0.254 0.223
16 16.000 12.812 0.0128 0.114 0.110 0.201 0.167 0.177 0.250 0.220
18 18.000 15.438 0.0125 0.112 0.109 0.199 0.165 0.174 0.247 0.217
20 20.000 16.062 0.0122 0.111 0.107 0.196 0.163 0.172 0.244 0.214
22 22.000 17.750 0.0120 0.110 0.106 0.194 0.162 0.170 0.243 0.212
24 24.000 19.312 0.0118 0.108 0.105 0.192 0.160 0.169 0.240 0.210

“ Friction factor for fully turbulent flow defined by Equation 8.2 using absolute roughness € = 0.00015 ft for new/clean steel pipe.
® Long radius is defined as bend radius r equals 1.5-dyop-
¢ 3R is defined as bend radius r equals 3.0 dyom-

¢ Short radius is defined as bend radius r equals 1.0-dyon.
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TABLE 15.9. Loss Coefficient Ky for Fabricated Pipe Bends in Zone of Complete Turbulence—Clean Commercial Steel Pipe—
Schedule 10

Nominal  Outside Inside Friction b .

Pipe Size Diameter Diameter Factor” oD Bend 10D Bend

dyom (in)  dop (in) d (in) fr 15° 30°  45° 60° 75 90° 15° 30°  45° 60°  75° 90°
1 1.315 1.097 0.0222  0.090 0.134 0.170 0206 0.242 0.278 0.108 0.172 0.234 0298 0.364 0.429
1-1/4 1.660 1.442 0.0207 0.084 0.125 0.159 0.192 0232 0258 0.099 0.158 0214 0272 0332 0.391
1-1/2/ 1.900 1.682 0.0200 0.082 0.122 0.156 0.189 0.222 0.255 0.097 0.155 0211 0.269 0.328 0.387
2 2.375 2.157 0.0188 0.078 0.117 0.151 0.183 0.216 0.248 0.094 0.150 0.206 0.263 0.321 0.379
2-12 2.875 2.635 0.0179 0.076 0.114 0.146 0.178 0211 0.243 0.091 0.146 0.201 0.257 0314 0.370
3 3.500 3.260 0.0171 0.072 0.109 0.140 0.171 0.201 0.231 0.086 0.138 0.190 0.242 0295 0.348
3-1/2 4.000 3.760 0.0165 0.071 0.106 0.137 0.167 0.197 0.227 0.084 0.136 0.186 0.238 0.290 0.342
4 4.500 4.260 0.0161 0.069 0.104 0.135 0.165 0.194 0.224 0.082 0.133 0.183 0.234 0.286 0.337
5 5.563 5.295 0.0153  0.066 0.101 0.131 0.160 0.189 0.217 0.079 0.129 0.177 0226 0276 0.326
6 6.625 6.357 0.0148 0.064 0.103 0.136 0.163 0.187 0.212 0.077 0.125 0.171 0219 0268 0.316
8 8.625 8.329 0.0139 0.062 0.094 0.123 0.151 0.178 0.206 0.074 0.120 0.166 0.212 0.260 0.306
10 10.750 10.420 0.0133  0.060 0.091 0.119 0.146 0.173 0.200 0.071 0.116 0.160 0.205 0.251 0.296
12 12.750 12.390 0.0129 0.059 0.090 0.119 0.146 0.174 0202 0.071 0.117 0.162 0.209 0.256 0.302
14 15.000 13.624 0.0126  0.058 0.090 0.118 0.145 0.173 0.200 0.070 0.116 0.161 0.207 0.254 0.300
16 16.000 15.624 0.0123  0.057 0.086 0.115 0.142 0.169 0.196 0.069 0.113 0.157 0.202 0248 0.293
18 18.000 17.624 0.0120 0.056 0.086 0.113 0.140 0.167 0.193 0.067 0.111 0.154 0.198 0.243 0.287
20 20.000 19.564 0.0118 0.056 0.085 0.112 0.138 0.164 0.190 0.066 0.109 0.152 0.195 0.239 0.282
24 24.000 23.500 0.0114 0.053 0.083 0.109 0.135 0.161 0.186 0.064 0.106 0.147 0.190 0.232 0.274
30 30.000 29.376 0.0109 0.052 0.081 0.106 0.131 0.157 0.181 0.062 0.103 0.143 0.184 0225 0.266
36 36.000 35.376 0.0106  0.050 0.079 0.104 0.129 0.153 0.177 0.060 0.100 0.139 0.179 0.219 0.25F

“ Friction factor for fully turbulent flow defined by Equation 8.2 using absolute roughness € = 0.00015 ft for new/clean steel pipe.
5D is defined as bend radius r equals 5-dyon-
¢ 10D is defined as bend radius r equals 10-dyop.

TABLE 15.10. Loss Coefficient Ky for Fabricated Pipe Bends in Zone of Complete Turbulence—Clean Commercial Steel Pipe—
Schedule 40

Nominal Outside Inside Friction

b c

Pipe Size Diameter Diameter Factor” SD Bend 10D Bend

dyom (in)  dop (in) d (in) fr 15° 30° 45° 60° 75° 90° 15° 30° 45° 60°  75° 90°
1 1.315 1.049 0.0225 0.092 0.136 0.174 0212 0.249 0.287 0.111 0.177 0.243 0.310 0.379 0.448
1-1/4 1.660 1.380 0.0210 0.086 0.127 0.163 0.197 0.231 0.266 0.102 0.163 0.222 0.283 0.345 0.407
1-172/ 1.900 1.610 0.0202 0.083 0.124 0.159 0.193 0.228 0.262 0.100 0.160 0.219 0279 0.341 0.403
2 2.375 2.067 0.0190 0.079 0.119 0.154 0.187 0.221 0.255 0.096 0.155 0213 0272 0.333 0.394
2-172 2.875 2.469 0.0182 0.077 0.117 0.151 0.185 0.219 0.254 0.094 0.153 0212 0271 0.332 0.393
3 3.500 3.068 0.0173 0.074 0.111 0.144 0.1