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EDITOR’'SPREFACE

The first edition of the Handbook of Hydraulic Resistance has been used by know-
ledgeable engineers in English-speaking countries since 1966, when an English trans-
lation sponsored by the U.S. Atomic Energy Commission became available.
Although the book was not readily available or publicized, its extensive coverage and
usefulness became known through citation, reference, and personal recommendations
to a limited body of engineering practitioners in the Western world.

Because there exists no English-language counterpart to Professor Idelchik’s
book, the trandation and publication of the revised and augmented second edition of
the Handbook of Hydraulic Resistance has been undertaken. The extensive coverage
provided by this book becomes self-evident when one reviews the hundreds of illus-
trations of flow passages contained herein. Most of these are sufficiently basic to
allow application to nearly any shape of flow passage encountered in engineering
practice.

The editor of this translation has had extensive experience in using the first edi-
tion and has learned to appreciate not only the extent of coverage of this book but
aso its limitations. Based on this experience, the editor has tried to utilize American
terminology whenever necessary for clarity while trying to preserve the original
manuscript as faithfully as possible. Sometimes this resulted in overly detailed de-
scription, and the temptation always existed to rewrite or condense some of the ex-
planatory chapters and sections. However, since this is a trangdlation, the original was
followed as faithfully as possible in order to maintain the author’s style and ap-
proach. In the text the flow passages of interest are variously described as pipelines,
ducts, conduits, or channels — all denoting an internal flow passage or pipe. Simi-
larly, there are references to gas, air, steam, and water, when the term fluid would
have been quite adequate in most cases. Since retaining the origina trandated terms
did not affect the technical correctness of the text, changes were made only in iso-
lated cases.

Section 1.1 provides generd directions for using the book, alowing readers to
make their own interpretation. The magjority of readers may wish to use this hand-
book primarily as a source book for pressure loss or hydraulic resistance coefficients,



applying these coefficients in their own accustomed way. The editor believes that
these users may benefit from the few observations that follow.

The many sketches, diagrams, and graphs are self-explanatory, with flow direc-
tions and areas indicated. The values of pressure loss coefficients may be used over
the limits indicated for the particular graph. The nondimensionality of the parameters
of most graphs alows them to be used in the English system as well as the metric
system. This permits interchangeable use of this book with other sources of pressure
loss coefficients.

It should be noted that, unless otherwise stated, the data apply to Newtonian flu-
ids considered as incompressible. It is also assumed, unless otherwise stated, that the
inlet conditions and exit conditions are ided; that is, there are no distortions. Very
few experimental data exist on the effect of inlet flow distortion on the pressure loss
coefficient for most flow devices.

Where friction factors are required to find the overal pressure loss coefficient of
a component, the values obtained by the favored sources most familiar to the reader
may be used in place of the data shown herein. Particular attention should be paid to
the limits of applicability of the data provided as well as to the reference flow area
used, when there is a flow area change. Much of the data are shown in tabular as
well as graphical form. The former alows use of computers in the interpolation of
intermediate values.

In any compilation of empirical data, the accuracy decreases with increasing
complexity of the component, due to analytical and experimental uncertainties. This
book is no exception. A good rule to follow is to check more than one source, if
possible.

Although there will be many flow configurations for which no explicit resistance
values are given in this book, it is entirely possible to make up combinations of sim-
ple shapes to simulate a complex component, provided suitable engineering judgment
is applied. The latter, of course, requires familiarity with the way the data are pre-
sented and with the effect of exit conditions from one component on the inlet condi-
tions of the adjacent component.

The editor of this translation would be remiss if he did not acknowledge that
differences in engineering practice, nomenclature, engineering standards, and training
may have an effect on the ability to fully utilize al that is presented in this work.
One example is the difficulty in understanding the descriptive terms for some flow
system components. However, the graphical presentations of much of the materia in
this book will help the reader overcome most such difficulties.

In a work of this nature, it is very probable that errors of translation or data
reporting have occurred. The editor and the publisher would be most grateful to the
readers and users of this handbook for information on such items.

Erwin Fried



PREFACE TO THE ENGLISH EDITION

The present edition of the Handbook of Hydraulic Resistance, trandated into English
from the second Russian edition of the book (Mashinostroenie Publishing House,
Moscow, 1975), differs markedly from its first edition (Gosenergoizdat, Moscow,
1960), translated into English in 1966 (Handbook of Hydraulic Resistance, |srael
Program for Scientific Trandations, Jerusalem, 1966) and into French in 1969 (Me-
mento des pertes de charge, Eyrolles Editeur, Paris, 1969).

The second edition of the book has been substantially augmented by incorporat-
ing a considerable body of totally new data on hydraulic resistances obtained as a
result of research work in recent years. By and large, as compared with the first, the
second edition contains more than 40% new and revised data.

When this edition was prepared, all of the misprints and errors discovered in the
Russian edition were corrected, and some more precise definitions and changes were
made.

The book is based on the utilization, systematization, and classification of the
results of a large number of studies carried out and published at different times in
different countries. A large portion of the data was obtained by the author as a result
of investigations carried out by him.

It is quite clear that the methods of investigation, the models used, and, conse-
guently, the accuracy of the results obtained and reported by various authors differ
markedly in many cases. Such differences in the results could also be due to the fact
that the majority of local hydraulic resistance coefficients are greatly influenced not
only by the regime of flow but aso by the prehistory of the flow, that is, conditions
of supply to the section considered, nature of the velocity profiles, and degree of
turbulence at the inlet and in some cases by the subsequent history of the flow as
wdll; that is, flow removal from the test section.

Many complex elements of pipelines exhibit great instability of flow due to pe-
riodic fluid separation from the walls, periodic changes of place and magnitude of
separation, and eddy formation resulting in large oscillations of hydraulic resistance.

The author was faced with an enormoudly difficult task: to discover and, where
necessary, discard experimental results of questionable validity in that diverse body



of data compiled on the hydraulic resistance coefficients; to clear up cases where
large variations in the resistance coefficients of the sections are regular and corre-
spond to the essence of the hydrodynamic pattern and those cases where they are
due to the experimental uncertainty; and to select the most reliable data and find a
successful format for presenting the material so that it is accessible and under-
standable to nonspecialists in aerodynamics and hydraulics. It had to be taken into
account that, in practice, the configurations of sections of various impedances in pipe-
lines, their geometric parameters, the conditions of entry and exit of the flow, and its
regimes are so diverse that it is not always possible to find the required reported ex-
perimental data necessary to calculate the hydraulic resistances. The author has there-
fore incorporated in this handbook not only results that have been thoroughly verified
in laboratories but also those provided by less rigorous experimental investigations
and those predicted or obtained by approximate caculations based on separate experi-
mental studies. In some cases, tentative data are shown and are so noted in the text.
We think this approach is justified because the facilities used under industrial condi-
tions, and consequently the conditions of flow passages in them, can greatly differ
among themselves and differ from laboratory conditions, under which the majority of
hydraulic resistance coefficients have been obtained. In many complex eements of
pipelines, these coefficients, as shown above, cannot be constant due to the nature of
the phenomena occurring in them; thus, they can vary over wide ranges.

The author hopes that the present edition will not only be useful for the further
development of engineering science and technology in the English-speaking countries
but will also aid in fostering friendly relations between the peoples of these countries
and the Soviet people.

[. E. Idelchik



PREFACE TO THE 2nd RUSSIAN EDITION

There does not seem to be any branch of engineering that is not somehow involved
with the necessity for moving liquids or gases through pipes, channels, or various
types of apparatus. The degrees of complexity of hydraulic or fluid systems can
therefore be widely different.

In some cases these are systems that for the most part are composed of very
long straight pipes, such as oil pipelines, gas lines, water conduits, steam pipes, and
ar ducts of ventilation plants in industrial use. In other cases they are pipelines that
are relatively short but that abound in fittings and branches, various impedances in
the form of valves, orifices, and adjusting devices, grids, tees, etc. as found in air
ducts of complex ventilation systems; gas flues of metallurgical works, chemical and
other factories, boiler furnaces, nuclear reactors, and dryers; fuel and oil pipes and
various manifolds of aircraft and rockets.

Most frequently the system through which a liquid or gas moves constitutes a
large single unit (e.g., boilers, furnaces, heat exchangers, engines, air- and gas-clean-
ing equipment, and chemical, petrochemical, metalurgical, food, textile, and other
manufacturing equipment).

In all cases, it is essential that the fluid resistance of these systems be properly
calculated. Furthermore, the adequate design of sophisticated present-day installations
consisting of complex-shaped parts of hydraulic and fluid lines is impossible without
insight into the principal physicomechanical processes occurring in them and consid-
eration of suggestions for the improvement of flow conditions and reduction in the
local fluid resistance of these elements. The requisite information is given in this
handbook.

A great body of new data on resistance coefficients accumulated since the first
edition of this book has required an extensive revision of the text to account for the
results of recent studies. But since it was not practically possible to incorporate all
the newly published data on such flow resistance, this gap has been supplemented by
an extensive listing of pertinent references.

The handbook consists of 12 chapters. Each chapter, except for the first one,
contains data on a definite group of fittings or other parts of pipelines and fluid net-
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work elements having similar conditions of liquid or gas motion through them. The
first chapter is a synopsis of general information on hydraulics of pressure systems
and aerodynamics needed for design calculation of the elements of air-gas pipelines
and hydraulic networks. All of the subsequent chapters contain:

e An explanatory part giving, as a rule, a brief account of the subject matter of
the section, an outline of the main physicochemical processes occurring in
complex elements of pipelines, additional clarifying remarks and practical
recommendations for the calculation and choice of separate network ele-
ments, and recommendations on ways to reduce their hydraulic resistance.

e A computational part giving the coefficients or, in some instances, the abso-
lute values of the fluid resistances of straight sections and of a wide range of
complex-shaped parts of pipelines, fittings, various impedances, and other
elements of the fluid networks. In each chapter the data are represented by
special diagrams that contain a schematic of the element considered, calcula
tion formulas, graphs, and tables of the numerical values of the resistance
coefficients.

It is essential for the present-day design analysis of hydraulic (fluid) networks
with the use of electronic computers that the resistance coefficients be given in the
form of convenient design tormulas. Moreover, it is often practical to represent in a
concise form the functional dependence of the resistance coefficient on the main
governing parameters.

Graphical representation of this dependence is advantageous because, on the one
hand, it furnishes a rather vivid illustration of the nature of this dependence and, on
the other hand, it makes it possible to obtain intermediate values of the resistance
coefficients not listed in tables. The resistance coefficients given in tabular form are
the principal values, which can be conveniently used in calculations.

The measurement units are given in the Sl system. In selected cases, for conven-
ience of usage, some quantities are also given in the meter-kilogram (force)-second
system.

I. E. Idelchik
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PREFACE TO THE 3rd EDITION

The 3rd edition of this Handbook is augmented with the most important results of
investigations carried out in recent years. Some of the sections in the book have been
refined and changed.

The Handbook has been composed on the basis of processing, systematization,
and classification of the results of a great number of investigations published at dif-
ferent times. The essential part of the book is the outcome of investigations carried
out by the author.

The results of investigations (the accuracy with which the models and fittings of
pipelines were created, the accuracy of measurements, etc.) carried out by different
speciadists could differ among themselves. This might also be possible because the
majority of local fluid resistances experience the influence of not only the mode of
flow, but also the flow "prehistory” (the conditions of its supply to the given section,
the velocity profile, and the degree of flow agitation at the inlet, etc.) and in some
cases aso the subsequent "history" of a flow (flow discharge from the section). All
these conditions could be different in the studies undertaken by various authors.

In many complex elements of pipeline systems, a great instability of flow is ob-
served due to the periodicity of flow separation from the walls, periodic variation of
the place, and magnitude of the zone of flow separation and eddy formation. This
results in different values of hydraulic resistances.

The author was faced with a difficult problem: when selecting most variegated
information on hydraulic resistances, it was necessary to revea and discard the ques-
tionable results of experiments to get a deeper understanding in which cases the great
difference between the resistance coefficients of sections is regular, corresponding to
the essence of the phenomena that occur during the motion of streams through them,
and in which they are not regular; to select the most reliable data and find the most
pertinent form of the presentation of information to make it accessible and under-
standable for engineers and technicians.

The configuration of sections and obstacles in pipeline systems, their geometric
parameters, conditions of supply and removal, and of the modes of flow are so di-
verse that one often fails to find out from literature the necessary experimenta data
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for the calculation of their hydraulic resistances. Therefore, the author incorporated
not only the data thoroughly verified by laboratory investigations, but also those
which were obtained theoretically or by approximate calculations based on separate
experimental studies, and in some cases tentative data (specified in the text). This is
permissible because the accuracy of fabrication and mounting of the systems of pipes
and equipments in industrial conditions and, consequently, the conditions for the
flow of streams may greatly differ between separate installations and differ from
laboratory conditions at which the majority of fluid resistance coefficients were ob-
tained, and also because of the fact that for many complex elements these coeffi-
cients cannot be constant quantities.

The present edition of this Handbook should assist in increasing the quality and
efficiency of the design and usage of industrial power engineering and other con-
structions and also of the devices and apparatus through which liquids and gases
move.

viii



PREFACE TO THE 4th ENGLISH EDITION

Professor |. E. ldelchik’s Handbook of Hydraulic Resistance has become widely
known: its 2nd and 3rd editions were trandated into the English, French, Chinesg,
and Czech languages. Each subsequent edition was enriched with new information
and data, as well as with new entries to the bibliography. The present, 4th, English
Edition of the Handbook, like the previous one, was prepared after the author's
death, and appears only in its English version.

We shall list here the most essential additions and changes that we thought
worthwhile to make in some of the chapters of this book. In particular, Chapter 2
dealing with stabilized steady-state flow in channels and tubes was supplemented
with the following experimental results. unsteady flows with a sharp change in the
turbulent velocity as well as on a smooth change in time and its resulting effect on
the hydraulic resistance. This chapter has a new section on the stabilized turbulent
flow in plane and annular channels when the flow is induced by longitudina maotion
of one of the walls (Couette flow) or when the flow is driven by longitudinal motion
of one of the walls and longitudinal pressure gradient (Couette—Poiseuille flow). The
computed data and their agreement with experimental results are given. Such flows
are typical of the systems of container piping pneumatic- and hydrotransport in
which the containers move under the action of forced air or water flow (passive con-
tainers) or where a train moves in a tunnel due to the presence of draft (the so-called
active containers).

The results of computational and experimental studies of the characteristics of a
Couette forced turbulent flow in plane and annular channels (concentric and accen-
tric) in the presence and absence of surface roughness are given. Examples of com-
puted dependences needed to determine the velocity of motion of cylindrical passive
and self-propelled containers in a tubing for given longitudina pressure gradients,
Reynolds numbers, length and their relative diameters and eccentricity are also fur-
nished. Together with the equation of the balance of forces acting on a container of
given length, these dependences can be used to determine the parameters of the con-
tainer motion.



A description is given of the hydrodynamic paradox when the velocity of mo-
tion of a sufficiently long enough passive cylindrical container of neutral buoyancy
in a turbulent water flow may exceed the maximum water flow velocity along the
tube axis.

Chapter 3 presents the result of experimental studies of an oblique flow past a
frontal air intake with a system of flow controls providing a separationless flow in a
channel up to inflow angles of 90°. The problem will be of interest to ground-level
transport facilities and ships with frontal air intakes.

Chapter 4 describes the technique used to reduce the total pressure losses in
channels with an abrupt expansion by breaking down vortices with the aid of trans-
verse partitions as well as by blowing a jet from a dlit to create the so-called jet
diffuser. In the latter case, the loss coefficient with allowance for pressure losses on
injection is decreased 1.5 times. This effect is enhanced by using the Coanda effect
in the course of creating a jet diffuser (the phenomenon of adherence of a plane jet
to a convex plane surface) when a jet is blown from a curvilinear dit; the loss coef-
ficient is decreased here by a factor of 2-2.5.

Chapter 5 devoted to diffuser flows has been thoroughly revised in the present
edition. This chapter presents the experimental results of plane and conica diffusers
with different area ratios and divergence angles depending on Reynolds and Mach
numbers at subsonic velocities and at different parameters of the initia flow nonuni-
formity and surface roughness. Examples of changes in the geometry of diffusers on
replacing rectilinear by curvilinear walls to increase the efficiency of diffusers are
given. The means of improving the characteristics of diffusers by installing different
kinds of partitions and screens, finning the diffuser surface or installing generators of
longitudinal vortices at the inlet to delay flow separation are also described.

In contrast to the previous editions of the Handbook, the methods of calculating
a turbulent flow in diffuser channels and determining the total pressure losses on the
basis of the boundary-layer approximation are briefly reviewed here. Moreover, the
use of these methods in solving direct and inverse problems in calculating the dif-
fuser channels is considered. In solving the direct problem, the coefficient of total
pressure loss in a diffuser of a given geometry at fixed Reynolds and Mach numbers,
initial flow nonuniformity at the inlet to the diffuser, surface roughness up to the
section where flow separation occurs are calculated.

The solution of an inverse problem for the starting length of diffuser flow is
aimed at determining the geometrical parameters of the diffuser a a fixed Reynolds
number from the a priori specified velocity distribution along the channel axis or of
the surface friction coefficient on its walls. Thus, for example, when specifying a
virtually zero surface friction on the walls of a diffuser, the so-called preseparation
flow develops in the latter. It appears that such diffusers possess a number of ex-
treme properties. Calculations and experiments have shown that in such diffusers, at
a given length, a marked decrease in the total pressure loss is ensured or, a a given
area ratio, a substantial decrease in the diffuser length is possible.
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Additional information is also given on aerodynamic methods of controlling the
flow characteristics in diffusers with the aid of dit suction or tangentia injection —
both enabling the increase in the efficiency of a diffuser with allowance for energy
losses in such cases.

Chapter 6 presents new data on the hydraulic resistance of pipe bends in the
presence of cavitation in a stream of water and gas-iquid mixtures.

Chapter 8 contains results of calculations and describes experiments aimed at
creating the initial flow nonuniformity in a channel with the aid of screens of vari-
able resistance across the flow and of an array of cylinders. It aso suggests a tech-
nique of creating a high-turbulent flow with a section-uniform turbulence intensity
with the aid of a two-row array of cylinders with opposite mation of the rows.

Finally, Chapter 12 contains new data on heat transfer and hydraulic resistance
in an in-line bank of tubes. It is shown that according to experimental results and of
numerical simulation, the finning of their surface as well as indentation of staggered
dimples on a smooth surface lead to a substantial enhancement of heat transfer that
overtakes an increase in the hydraulic resistance. The chapter also contains data on
the enhancement of heat transfer in round and annular tubes with the aid of different
kinds of swirlers with continuous twisting along the flow as well as on the hydraulic
losses and heat transfer of rotating channels (rotation of a tube around its own axis
or around the axis which is perpendicular to that of the tube). These reaults are of
interest in their application to heat transfer problems.

By having prepared this edition for publication we are paying tribute to the
memory of Professor I. E. Idelchik — the author of this Handbook with whom we
had the pleasure of first working in the same laboratory and then remaining al the
time in close contact when he took up work at another ingtitute. One of us reviewed
the 2nd Russian edition of this book (1975) as well as his monographs "Aerohydro-
dynamics of Engineering Apparatus’ and "Some of the Interesting Effects and Para-
doxes in Aerohydrodynamics and Hydraulics" (1982).

A. S. Ginevskiy and A. V. Kolesnikov

Central Aero-Hydrodynamics
Institute (TSAGI), Moscow
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NOMENCLATURE

Abridged
Symbol Name of quantity notation in
Sl units

a1 speed of sound m/s
acr critical speed of sound m/s
a speed of sound in frozen flow m/s
ab sides of arectangle m
cpand cy specific heats of gases at constant pressure and constant volume, respectively Jkg°C
Cx coefficient of drag _
D,d cross-section diameters m
Dh=4F/IT; dh=4f/I1  hydraulic or equivalent diameter (4 x hydraulic radius) m
F,f cross-sectiond areas m?
f=Fo/ Fgr arearatio of agrid, orifice, perforated plate, etc. -
G mass flow rate of liquid (gas) kals
g gravitational acceleration m/s?
h height m
k= cploy specific heet ratio -
| length of flow segment, depth of channel, or thickness of orifice m
Ma=w/ay Mach number -
M=1F J (w/wo)ZdF coefficient of momentum (Boussinesq coefficient) -

F
mo wetting intensity mm®
m exponent -
N=1UF J (W/Wo)SdF coefficient of kinematic energy (Coriolis coefficient) -

F
Nm power W
n polytropic exponent —
e arearatio (degree of enlargement or reduction of cross section); polytropic _

exponent; number of elements

Xiii



Abridged

Symbol Name of quantity notation in
Sl units
Nel number of elements -
P static pressure Pa
pr total pressure of flow stagnation pressure Pa
Pex exXCess pressure Pa
Ap overall pressure difference Pa
Pdr drag force N
Q volumetric flow rate m’ls
R gas constant Jkg K
Rn hydraulic radius (% Dn) m
Ro, r radii of cross sections of acircular pipe or curved pipe length m
Re=wDn/v Reynolds number -
Ss spacing (distance between rods in a bundle of pipes, between grid holes, etc.) m
S length of afreejet m
S surface area m?
Sn frontal area of abody ina flow m?
T(t) thermodynamic temperature K (°C)
T thermodynamic flow stagnation temperature K
Vep specific volume mkg; m/s
% side discharge (inflow) velocity m/s
w stream velocity m/s
w longitudinally fluctuating stream velocity m/s
z dust content glm3
Z dust capacity kg/m2
o central angle of Fiiv_ergenoe or convergence; angle of awye or tee branching; deg
angle of stream incidence
3 angle of turning (of a branch, elbow); angle of valve opening
St thickness of awall, boundary layer, or wall layer
Jj height of joint
A equivaent uniform roughness of walls
Ao mean height of wall roughness protuberances (absol ute roughness)

Ao=Ag/Dp; A=A/Dp
E= FOOD/FO

’

€

er="NW"2 /wo

L= Ap/(pw?/2)

Xiv

relative roughness of walls
coefficient of jet contraction

porosity (void fraction)
degree of turbulence

coefficient of fluid resistance (pressure |oss coefficient)



Abridged

Symbol Name of quantity notation in
Sl units
ioc coefficient of local fluid resistance -
Cir coefficient of friction resistance of the segment of length |
n dynamic viscosity Pas
nmn cleaning coefficient -
A= Cie/(1/Dr) lE:’l/clg I:)rzm cl(;]effi cient [friction resistance of the segment of relative unit length _
Ac =W acr relative (reduced) stream velocity -
u discharge coefficient -
Heon mass concentration of suspended particlesin flow -
v kinematic viscosity m?s
P density of liquid (gas) kg/m®
o density of frozen gas flow kg/m®
Per density of gas at critical velocity kg/m®
I1 cross-sectional (wetted) perimeter m
[0} velocity coefficient -
SUBSCRIPTS

Subscripts listed for the quantities F, f, D, d, I1, a, b, w, p, Q, and p refer to the following cross
sections or pipe segments:

0
1
2
k

con
or

gr

br, &, ch
out

oo

governing Cross section or minimum area

larger cross section in the case of expansion or contraction of the flow segment

larger cross section after equalization of the stream velocity

intermediate cross section of curved channel (elbow, branch) or the working chamber of the
apparatus

contracted jet section at the discharge from an orifice (nozzle)

orifice or asingle hole in the perforated plate or screen

front of the perforated plate, screen, orifice

side branch, straight passage, and common channel of awye or tee, respectively

outlet

velocity at infinity

Subscripts 0, 1, 2, k, and d at | refer, respectively, to the inlet, straight outlet, intermediate (for a
curved channel), and diffuser pipe lenghths.

Subscripts at Ap and £ refer to the following forms of the fluid resistances:

loc
fr

local

friction

XV



ov

out

int

exp

br and st

r.or., r.st.

XVi

overall

total resistance of adiffuser in the network

total resistance of adiffuser or abranch at the outlet from the network
interna resistance of adiffuser

resistance to flow expansion in a diffuser

shock resistance at sudden enlargement of the cross section

resistance of abranch and straight passage of awye or tee (for the resistance coefficients reduced
to the velocity in respective branch pipes)

resistance coefficients of the side branch and of the straight passage of awye or tee reduced to the
velocity in acommon channel of awye or tee



USEFUL CONVERSIONS OF UNITS

Physical quantity

Givenin—>

Multiplied by —>  Gives

Approximate or useful

Gives <— Dividedby <—  Givenin relationship
Length ft 0.3048 m 3 :74[ ft=1m
in 25.4 (exact) mm lin=25mm
mil 0.0254 mm
yard 0.9144 m
mile (mi) 1609.3 m 1mi=~16km
km 0.621388 mi
Area ft? 0.092903 m? 100 ft? ~ 9 m?
in? 645.16 mm? 1in? ~ 650 mm?
acre 4047.0 m?
Volume ft® 0.028317 m? Bt~ 1m
USgd 0.003785 m® 260gd ~ 1 m®
U.S. ga 3.785 liter (L) lga = 3% L
L (liter) 0.2642 U.S gd 1L ~0260d
Brit. gal 0.004546 m°
U.S. gl 0.13368 it
barrel (U.S. pet.) 0.15898 m°
barrel (U.S. pet.) a2 US gd
Ve ocity ft/s 0.3048 m/s 10ft/s~ 3m/s
m/s 3.2808 ft/s
ft/min 0.00508 m/s 100 ft/min =~ 0.5 m/s
mi/h 1.6093 km/h 30 mi/h =~ 48 km/h
km/h 0.6214 mi/h 50 km/h = 31 mi/h
knots 1.852 km/h
Mass 1bm 0.45359 kg 1lbm= .45kg
kg 2.2046 Ibm 1kg=~2.2lbm
metric ton 2204.6 1bm metric ton = 10° kg
ton (2000 |bm) 907.18 kg

Reprinted from International System of Units (Sl), J. Taborek, in Heat Exchanger Design Handbook, pp. xxvii—
xxix, Hemisphere, Washington, D.C., 1984.

XVii



Physical quantity

Givenin—->

Multiplied by —>  Gives

Approximate or useful

Gives <— Dividedby <—  Givenin relationship
Force Iior 4.44822 N = kg m/s?
llor 0.45359 ko 1N~ 0.1 kg
kot 2.2046 Iiot ~0.22 Ibr
ko 9.80665 N
dyne 0.00001 (exact) N
Amount of substance 1bm-mol 453.6 kmol
g-mol 1.000 mol
kg-mol 1.000 kmol
mol 1000 kmol
Mass flow rate lom/h 0.0001260 kgls 10% Ib/h = .13kg/s
kgls 7936.51 lom/h
Ibm/s 0.4536 kg/s
Ibm/min 0.00756 kg/s
Volume flow rate U.S. gal/min 6.309 % 10°° m’/s
U.S. bbl/day 0.15899 m°>/day
U.S. bbl/day 184% 10°° mls
s 0.02832 m%/s
ft3min 0.000472 m%/s
Mass velocity (mass flux) Iom/h ft2 1.356 x 1073 kg/s m?
kg/sm? 7375 lbm/h ft*
Energy (work) Btu® 1055.056 J=Nm=Ws 1Btu= 1000J
(heat) Btu 0.2520 kcal 1kecal ~ 4Btu
Btu 778.28 t Ibr
keal 4186.8 J 1 keal = 4000J
ft Iy 1.3558 J
Wh 3600 J
Power Btuh 0.2931 W=Js 10° Btwh ~ 300 kW
w 34118 Btuh
keal/h 1.163 w
1000 kKW = 3.5x 10°
ft Ibr/s 1.3558 w B
hp (metric) 7355 W
Btuh 0.2520 keal/h
tonsrefrig. 3516.9 w
Heat flux Btu/h ft* °F 3.1546 w/m? 1000 Btuh ft? = 3.2
W/m? 0.317 Btu/h ft2 KW/m?
keal/em? s°C 41.868 wim?
Heat transfer coefficient Btwh ft2 °F 5.6784 W/m? K 1000 Btu/h ft2 °F = 5600
W/m? K 0.1761 Btuwh ft? °F Wim? K
keal/em? s°C 41.868 Wim? K
Heat transfer resistance (Btuh ft? °F) % 0.1761 (Wim? K)™ 0.001 (Btuh ft °F) ! =
(Wim? K)™ 0.6784 (Btwhft?°H™  0.00018 (W/m? K)™*
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Physical quantity

Givenin—->

Multiplied by —>  Gives

Approximate or useful

Gives <— Dividedby <—  Givenin relationship
Pressure lor/in? (psi) 6.8048 kN/m*=kPa  1ps~7kPa
kPa 0.1450 psi 14.5 psi ~ 100 kPa
bar 100 kPa
Ihoy/ft? 0.0479 kPa
mm Hg (torr) 0.1333 kPa 1000 kPa=1MPa=
inHg 3.3866 kPa 150 psi
mm H20 9.8067 Pa
in H20 249.09 Pa 1inH20 =~ .25kPa
at (kgr/em?) 98.0665 kPa
atm (normal) 101.325 kPa atm = 760 mm Hg
Mass flux lom/ft? s 48824 kgm?s
lbm/ft% h 0.001356 kg/m? s
Physical and Transport Properties
Thermal conductivity Btu/ft h°F 1.7308 W/mK stedl = 50 W/im K
Wim K 05778 Btu/ft h°F water (20°C) =~ 0.6 W/mK
kcal/m h°C 1.163 W/mK air (STP) = 24 mW/m K
Density lom/ft® 16.0185 kg/m® 62.4 |bn/ft® =~ 1000 kg/m®
kg/m® 0.06243 lbm/ft>
lom/U.S. gal 119.7 kg/m®
Specific heat capacity Btw/lbm °F 4186.8 Jkg K 1 Btuw/lbm °F = 4.2
kcal/kg °C 4186.8 Jkg K kJkg K
Enthal py Btu/lbm 2326 Jkg
keal/kgm 4186.8 Jkg
Dynamic (absol ute) centipoise (cP) 0.001 kg/ms kgms=N sm?=Pas
viscosity poise (P) 01 Pas
cP 1.000 mPas
cP 1000 uPas water (1000°C), 0.31 cP
lom/ft h 0.0004134 Pas
lon/ft h 0.4134 cP
cP 2.4189 Ibm/ft h air (100°C), 0.021 cP
lbm/ft s 1.4482 Pas
Kinematic viscosity stoke (St), cm? s 0.0001 m?ls
centistoke (cSt) 10 m?ls
ft%ls 0.092903 m?s
Diffusivity ft%ls 0.092903 m?s
Thermal diffusiivity m2h 0.0002778 m?ls
ft%ls 0.092903 m?s
ft2h 2581x10°  mis
Surface tension dyne/cm 0.001 N/m
dyne/cm 6.852 10°° 1 br/ft
lot/ft 14.954 N/m
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Temperature relations: oc— g [°F-32 °C=(°F+40) g _40 ATCC)= % ATCF) mK =°C+ 27315

F= g (°C)+32  °F=(°C+40) % —-40 ATCP = g A°C)  R=°F+459.67

Miscellaneous: Acceleration of gravity (standard): g=9.80665 m/s
Gas constant: R=28314.3 m N/K kmol
Stefan-Boltzmann constant: 5.6697 x 108 W,/m? K*

1.714x 10 Biwfe h R

%Even though the abbreviations s and h were introduced only with the SI, they are used here
throughout for consistency.

®The calorie and Btu are based on the International Standard Table values. The thermochemical calo-
rie equals 4.184 J (exact) and is used in some older texts.

XX



READER’'SGUIDE AND INTRODUCTION
Prepared by William Begell, Fellow, A.S.M .E.

Resistance to flow is an important engineering subject; it is applicable to every branch
of engineering where flows of liquids and gases take place. A few areas where the
knowledge of the resistance to flow is a norma requirement in the design and opera-
tion of fluid loops, circuits, and systems are air conditioning and ventilation, aeronau-
tical engineering, biochemical and pharmaceutical engineering, chemica engineering,
civil engineering, mechanical engineering, nuclear engineering, petroleum engineer-
ing, power engineering, as well as all hydraulic, agricultural, and space engineering
plants, systems, and equipment. The importance of exact and true vaues of flow re-
sistance is, primarily, a question of determining the pumping — or power — require-
ments for any apparatus or, eventualy, for the entire plant involved in the motion of
fluid. Needless to say, energy requirements are equivalent to the size of the funding
capital, or operational, costs and are therefore of prime importance to the practice of
engineering.

Professor Idelchik’s Handbook of Hydraulic Resistance has gained worldwide
recognition and reputation among engineers through usage over the last 35 years
when the first edition was published in Moscow. The 3rd, posthumous, edition was
prepared and submitted to the publisher several months before the death of the
author in 1990. It was published in the English language by Begell House in 1996.

In the present, 4th, edition al the errors and misprints that were found in the
Russian and English versions of the previous editions have been corrected, and new
sections have been written for dmost al the chapters of the Handbook (see Preface
to the 4th English Edition).

The use of this Handbook can easily be likened to the use of an illustrated cata-
log. Various pieces of equipment and flow components, including fittings and even
entire systems, have been assembled in separate chapters and catalogued, using illus-
trations, graphs, and tabular data. It is essential to note that the users, both old and
new, should acquaint themselves with Chapter 1 before succumbing to the appea of
simply looking up specific values of resistance coefficients, drag values, friction fac-
tors, or other data directly in the appropriate chapters. The reading and understanding
of Chapter 1 will — in the final tally — save a tremendous amount of time in the
subsequent use of this Handbook.
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CHAPTER 1

GENERAL INFORMATION AND ELEMENTS
OF AERODYNAMICS AND HYDRAULICS
OF PRESSURE SYSTEMS

At the outset, it should be noted that most of the values listed in the Handbook are
dimensionless; however, the text is written using SI Units.

In the simplest of terms, flowing systems are set in motion by a difference in
pressure, and the resistance to flow is offered by friction and other mechanical flow-
hindering aspects of the materials of construction of the conduits and equipment. The
dependencies of the hydraulic resistance on the dimensions, configuration, shape, sur-
face roughness, geometry, and other features and properties of the materia of con-
struction, the relationships between the hydraulic resistance and properties of the
flowing medium such as density and viscosity (in turn, these depend on temperature),
and the correlation between the fluid-flow regimes, turbulent, laminar, velocity, and
boundary layer considerations are al lucidly explained in this chapter.

The salient features and descriptions in Chapter 1 are:

Pressure Drop
Velacity Distribution
Resistance Coefficient
Tables of Hydraulic Resistance in Systems
Tables of Units of Physical Quantities
Tables of Properties of
Liquids and Gases
Density and Viscosity for Pure and Multicomponent Fluids
Fluid Flow Regimes, Boundary Layers
Equilibria of Liquids and Gases
Equations of Fluid Motion
Buoyancy (Net Driving Head)
Hydraulic Resistance of Networks
Distribution of Static Pressure
Flows through Orifices Discharge Coefficients
Pressurizers (Superchargers)
Methods of Calculating Fluid Resistance of Systems
Forced Ventilation
Scrubbing of Gases
Wind Tunnel

Of worthy note and special reading recommendation are the sections in Chapter
1 that offer step-by-step examples of calculation of flow resistances.

Each of the subsequent chapters in this Handbook is divided into two parts. EX-
PLANATIONS AND PRACTICAL RECOMMENDATIONS and DIAGRAMS OF
FRICTION OR RESISTANCE COEFFICIENTS. Again, it is strongly suggested that
the reader, who should by now be generally well versed in the concepts and proce-
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dures in Chapter 1, peruse the first part of the chapter that is being consulted, before
getting into the second part with its detailed catalog of tables, graphs, equations, and
illustrations.

The first part of each chapter — from Chapter 2 through Chapter 12 — will
provide the readers with the engineering and mathematical apparatus and background
of the given problem, configuration, flow regime, fluid properties and fluid velocity,
materials of construction, roughness, and other specifics within the chapter title topic.

The Handbook has well over 1000 illustrations and almost triple the number of
tables. The illustrations in the second part of each chapter, or the Diagram Sections,
are intended as the catalog of various pieces of equipment, configurations, shapes,
spacings, forms, and sequences. After a few perusals, the readers will easily become
acquainted with the Handbook and will find an efficient way to go through the pre-
sented material.

The following Guide to Chapters 2 through 12 offers a non-a phabetized and not
necessarily sequential listing of the topics covered. This guide should be consulted
when seeking a specific item, or configuration, for which resistance information is
needed.

CHAPTER 2

RESISTANCE TO FLOW IN STRAIGHT TUBES
AND CONDUITS: FRICTION COEFFICIENTS
AND ROUGHNESS

Exponents in Equations
Roughness of Materids
Metals
Cement
Glass and Plastics
Growth of Asperities with Time (Fouling)
Flow Regimes
Unsteady Motion
Acceleration, Deceleration
Tube Bundles
Arrays
Materias
e Joints
Welded
Recessed
e Channel Shapes
Circular
Triangular
Square
Starlike
Annular (Concentric and Eccentric)
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e Flexible Tubes
Rubber Hoses
Plywood Channels
Plastic Hoses
Channels with a Moving Wall
Couette—Poiseuille Flow
Container Pipeline Transport

CHAPTER 3

RESISTANCE TO FLOW AT THE ENTRANCE IN TUBES
AND CONDUITS: RESISTANCE COEFFICIENTS

OF INLET SECTIONS

In using this chapter, the reader should be aware of the fact that the entry into a
vessel or channel is usually an exit from another vessel or channd. Thus, other chap-
ters should be consulted to determine whether other resistance coefficients apply. For
example, the entry into a vessel may be an elbow with an orifice or a screen. Data
for these may also be found in other appropriate chapters.

Entrance Losses
Sharp Edges
Wall Effects
Conical Sections
Angular Entries
Mountings
Sudden Contractions
Side Orifices
Annular Inlets
Circular Orifices
Square Orifices
Inlets, Flush Mounted
Bellmouth
Baffled
Unbaffled
Bevelled Edge
Prevention of Separation
Perforated Plates
Shafts, Intake
With Louvers
Without Louvers
Fans
Turbines
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CHAPTER 4

RESISTANCE TO FLOW THROUGH ORIFICES WITH SUDDEN
CHANGES IN VELOCITY AND FLOW AREA:

RESISTANCE COEFFICIENTS OF SECTIONS WITH SUDDEN
EXPANSION, SUDDEN CONTRACTION, ORIFICES, DIAPHRAGMS,

AND APERTURES

Perforated Plates
Diffusers

Straight

Angular
Ejectors
Mixing Chambers
Channels

Stepwise

Thick-edged

Sharp-edged
Effect of Location
Shapes
Configurations
Regimes

Turbulent

Laminar

Subsonic
Velacity Distribution
Resistance Reduction
Transverse Finning
Jet Diffusers
Elbows

With Guide Vanes
Tubes, Circular
Channels, Plane
Jets
Flaps, Hinged
Exhausts

Gratings, Elliptical

CHAPTER 5

RESISTANCE TO FLOW WITH A SMOOTH CHANGE
IN VELOCITY: RESISTANCE COEFFICIENTS OF DIFFUSERS
AND CONVERGING AND OTHER TRANSITION SECTIONS

Diffusers
Resistance Reduction

Generators of Vortices

Shape of Walls
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Preseparation Diffusers
Transverse Finning
Suction, Blowing
Inlet Nozzles, Smooth
Elbows
Throttling Devices
Fittings
With Grids
Without Grids
Short
Long
Curved Axis
e Guide Vanes
Annular
Baffles
Inserts
Screens
Perforated Plates
Pumps
Fans
Turbines
Nozzles
Converging
Transition Sections
e  Branching Pipes

CHAPTER 6

RESISTANCE TO FLOW WITH CHANGES OF THE STREAM
DIRECTION: RESISTANCE COEFFICIENTS OF CURVED
SEGMENTS — ELBOWS, BENDS, ETC.

Bypasses
Tubes, Helica
Flow Regimes
Cavitation
Gas-Liquid Mixtures
Roughness
Velacity Distribution
Welded Bends
Joints, Threaded
Goosenecks
Elbows

180°

U-Shaped

Sharp Corners
e Elbows and Turns
In Space
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Round and Square
With and Without Vanes
Steps
e Bends
Circular
Z-Shaped
Square
Downstream of Pumps
Multi-e ement
90°
S-Shaped
Same and Different Planes
Cylindrica
Guide Vanes
Turns, Annular
Pump Outlets
Pulverized Materials
Dust
Bypasses, at Different Angles
Bends, Wire
Tape Covered
e Vanes, Profiled
Different Spacings
Different Corners

CHAPTER 7

RESISTANCE IN THE CASES OF MERGING OF FLOW
STREAMS AND DIVISION INTO FLOW STREAMS:
RESISTANCE COEFFICIENTS OF WYES, TEES,

AND MANIFOLDS

e Wyes
Converging
Diverging
Different Velocities
Different Angles
Different Materials
4-Way

e  Fittings
Welded
Threaded
Seams
Butt-Joint
Square
Non-symmetric
With Partitions
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Without Partitions
Straight Passages
Partitions
Flow Regimes
Headers

Inlet

Outlet

Different Angles

Z-Shaped

IT-Shaped
Crosses

Diverging

CHAPTER 8

RESISTANCE TO FLOW THROUGH BARRIERS UNIFORMLY
DISTRIBUTED OVER THE CHANNEL CROSS SECTION:
RESISTANCE COEFFICIENS OF GRIDS, SCREENS,

POROUS LAYERS, AND PACKINGS

XXViii

Grids
Tray
Fouling
Grating
Perforated Plates
Petterns
Edges
Materias; Ceramics, Plastics
Screens
Circular Wire
Silk Threads
Two-Plane
Other Materids
With Nonuniform Resistance
Filters
Porous Media
Powders
Packed Beds
Configurations
Raschig Rings
Packings
Jets, in
Lumped, Irregular
Flow Regimes
Pressure Levels



CHAPTER 9

RESISTANCE TO FLOW THROUGH PIPE
FITTINGS AND LABYRINTH SEALS:
RESISTANCE COEFFICIENTS OF THROTTLING
DEVICES, VALVES, PLUGS, LABYRINTH
SEALS, AND COMPENSATORS

Devices
Flow Stopping
Throttling
Control
Valves
Globe
Gate
Disk
Butterfly

Tray, with and without Bottom Guides

Conical
Spherical
Effects of Location
Effects of Sequence
Throttling
Disk Throttling
Check
Suction
Ball
Faucets
Taps
Plugs
Conical
Spherical
Segmented
Rollerlike
Plungers
Labyrinth Seals
Angle-Globe
Dividing Wdlls
Gate, Plane-Pardllél
Positions of Fittings
Transitions, Asymmetric
Sedls
Gate
Revolving
Spherical
Disks
Seats
Valves in Pipes
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Cylindrical

Rectangular
e  Stuffing Boxes

Lyre-Shaped
e Coils
CHAPTER 10

RESISTANCE TO FLOW PAST OBSTRUCTIONS IN A TUBE:
RESISTANCE COEFFICIENTS OF SECTIONS

WITH PROTURBERANCES, TRUSSES, GIRDERS,

AND OTHER SHAPES

Beams, Square
Spheres
Cylinders
Multiple
Wires
Ellipses
Triangles
Cones
Roughness
Flow Regimes
Fins
Laths
Spacers, Bracers
Fairings
Wedges
Profiles, Shaped
Drop-Shaped
Angles
Octahedrons
Tetrahedrons
Trusses

CHAPTER 11

RESISTANCE TO FLOW AT THE EXIT FROM TUBES
AND CHANNELS: RESISTANCE COEFFICIENTS

OF EXIT SECTIONS

Discharge into a Larger Vessel
Free Discharge into a Larger Vessel
Diffusers

Straight

Conical
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Annular
Velacity Distribution
Impingement Upon a Baffle
Exit Edges
Fans, Diffusers at Outlets
Orifices

Circular

Rectangular
Gratings
Louvers
Compressors

Operating

Idling
Perforated Plates
Diffusers, Multiple
Exhaust Fans
Gratings
Screens

CHAPTER 12

RESISTANCE TO FLOW THROUGH VARIOUS TYPES
OF APPARATUS:" RESISTANCE COEFFICIENTS

OF APPARATUS AND OTHER EQUIPMENT

Gas and Air Scrubbers

Dust Separators and Traps
Cyclones

Wet Scrubbers

Venturi Scrubbers

Perforated Plates

Scrubbers with Wood Packing
Scrubbers, Centrifugal

Heat Exchangers

Honeycomb Radiators
Finned Tube
Tubular Plate
Cross-Flow
Tube Bundles
Staggered
Variable Pitch

“Most of the equipment described in this chapter is of Soviet design and manufacture. However, the
illustrations are clear and explicit enough so that the reader can identify configurations that are similar
to equipment used in the West.
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In-line

Ovd

Transverse
Rotating Channels
Plate
Two-pass
Shell-and-Tube
Finned (Ribbed) Tube
Notched Tube
Air Heaters
Electric Heaters
Heating Furnace
Wire Fins

Filters

Roll Filters

Bag

Frame Filters
Laboratory Filters
Ventilation Filters
Oil Filters
Electrostatic Filters

Combined Effects of Bends-Wyes, Cross Section and Their Orientation

William Begell
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CHAPTER
ONE

GENERAL INFORMATION AND ELEMENTS
OF AERODYNAMICS AND HYDRAULICS
OF PRESSURE SYSTEMS

1.1 GENERAL DIRECTIONS

1. A portion of the total energy that is expended to overcome the resistance forces arising
from the flow of real (viscous) fluids through pipes and channels is irretrievably lost for a
given system or network. This loss of energy is due to irreversible conversion of mechanical
energy (the work of resistance forces) into heat. Therefore, the term fluid resistance, or hy-
draulic loss, represents the irreversible loss of total energy over a given system length. The
ratio of the total stream energy (power) loss to the kinetic energy (power) or of the total
pressure loss, averaged over the mass flow rate, to the velocity (dynamic) pressure over an
arbitrary flow section is called the coefficient of hydraulic resistance.”

2. The tota energy (pressure) loss is a substantialy positive quantity. However, the differ-
ence in total energies (total pressures) over a given segment and, correspondingly, the coeffi-
cient of hydraulic resistance governed by this difference may sometimes take on negative
values as well. This occurs when external forces with respect to the given flow appear in the
channel. For example, when the fluid flow is aspirated through a side channel flush-mounted
into the pipe wall a an angle exceeding 90° (see Chapter 3) and external flow (with respect
to the side channel) takes place, the latter becomes the source of additional pressure. As a
result, the flow in the side channel acquires additiona energy, which, a some values of the
ratio w../wgp, can exceed the amount of energy expended for the mechanical work of the chan-
nel resistance forces.

“In what follows, the words "hydraulic* and "full" will often be omitted for briefness, more simple
expressions "resistance of the section", "coefficient of section resistance", "pressure losses," or simply
"loss" will mean hydraulic resistance and full pressure losses, respectively.



2 Handbook of Hydraulic Resistance, 4th Edition

Another example is provided by a converging wye (see Chapter 7), where a some values
of the ratio Qp/Qgn a portion of the flow energy in the channel is expended for aspiration
of the fluid through a branch (gjector effect); that is, the flow in the branch acquires addi-
tional energy at the expense of the energy of the external (with respect to it) flow in the
wye passage.

The negative values of the resistance in the above examples indicate that there is an in-
crease, rather than a decrease, of the energy.

3. The basic reference data given in this book are the friction coefficients {; of straight
pipe (channel) segments of length |, the friction coefficients per unit length (I/D = 1) of the
segment,* and the local fluid resistances for pipe fittings, flow impedances, valves, and other
elements of pipelines, as well as of some industrial equipment and devices.

4. When using this handbook and the well-known formula [Equation (1.65)] for evaluation
of the resistance

2

Apov = Cov # = Cov % (%) ) 1.

it is assumed that all quantities in this equation are given, including al geometric parameters
of the system component being calculated, except for the overal coefficient of fluid resistance
Cov = Cloc + Gfr (See Section 1.6). The unknown values are only those of (g, and, correspond-
ingly, of gjoc and L,

5. In plots that refer to short pipes and channds whose ¢ is negligible compared with
Cloc the local resistance coefficient can be treated as the overall coefficient Q.**

In graphs that refer to relatively long pipes and channels (diffusers, converging sections,
smooth outlet pipes, and other components), the values of both the local resistance coeffi-
cients {|oc and the friction coefficients (s are generally given.

The resistance coefficients, plotted on graphs containing tentative data, are to be consid-
ered as overall coefficients {. In adding the pressure drops for the network considered, the
frictional losses in the fittings are not to be taken into account again.

6. The values of Cloc given in this handbook include not only the local pressure drops
(loca resistance - ) over a short segment adjacent to a pipe element of variable area configu-
ration, but also the pressure drop downstream of this element. This is done to equdize the
velocities over the straight exit section of the pipe. Inasmuch as the local losses are arbitrarily
determined as the difference between the total losses and frictional losses in the straight exit
section, the latter should also be taken into account.

"The friction coefficient Cir is sometimes called the coefficient of linear frictional resistance.
Henceforth the term "friction coefficient” will be used in a more general sense and will be understood
to represent both {fr and sometimes A.

" Henceforth, for simplicity the subscript "ov" to the resistance coefficient { and to the total resis-
tance Ap will be omitted.
“Local resistance here and further on refers to local losses of total pressure and not only to the
fitting in which these losses occur.



Aerodynamics and Hydraulics of Pressure Systems 3

7. In the case of a stream discharged from a fitting or some other element into a large
plenum or into the atmosphere, the given coefficients of local resistance also take into ac-
count the velocity (dynamic) pressure losses pwé(lz a the exit.”

8. The vaues of the local resistance coefficients given in this handbook assume, except for
specia cases, uniform velocity distribution in the inlet section of the component. Such condi-
tions are usually observed following a smooth inlet nozzle and for steady-state flows.

In the case of unsteady-state motion of liquid, the local resistance leads to the loss of flow
stability, causing in it the formation of the unsteady-state eddies for the creation of which a
certain energy is spent.z“'26

9. The mutua effect of loca hydraulic resistances in some cases leads to an increase in the
values of o of the considered shaped portions of pipelines, and in other cases to their de-
crease. In separate sections, for certain shaped portions the values of the coefficients of local
resistances are given with the mutual effect taken into account. In particular, the values of (g
and { for diffusers (Chapters 5 and 11) are given as functions of the length of the preceding
straight (inlet) section, and also of some previous shaped portions; for some elbows and
branches (Chapter 6) the values of (o are given for the interacting separate elements (sepa-
rate bends), etc. The mutual effect of local resistances is considered (in the scope of the data
available) in Chapter 12.

10. In the general case, the pressure drop can be expressed as the sum of two terms, which
are proportional to the first and second powers of the velocity, raspectively:28

Ap = Kiw + kow? . (12)
Correspondingly, the resistance coefficient is

_ Ap 2k 2k A A
S w2 ow'p “ReTBTRe I a3

where A is a constant; (g, is taken as ¢ for the region of the square law of resistance (simi-
larity region Re > 104). At very low Reynolds number (Re < 25), the second term of Equa
tion (1.2) can be neglected, while at very large Re one can neglect the first term of this
expression and assume that k3 = 1, Equation (1.3). Within 25 < Re < 105, the proportionality
factor k3 can be equal to, higher than, or less than unity.

11. The dependence of the local resistance coefficients on Reynolds number is given only
in those cases when its effect is known or can be evaluated approximately.

12. In practice, the effect of Re on the locdl resistance is mainly evident at its small values

(Re < 105). Therefore, when Re > 10°-2 x 10°, the local resistance coefficients may be as-

“The special literature often uses the expression "pressure losses for creation of velocity". Actually,
the nonrecoverable pressure is not spent at al to create "velocity” in the system; there occurs a transi-
tion of static pressure into a dynamic one (the transformation of the pressure energy into kinetic en-
ergy). Dynamic pressure is, for the given system, lost only in the case if the flow leaves the given
system (enters into the surrounding medium). In this case, the dynamic pressure is determined by flow
velocity in the exit section of the system. For example, with the aid of a diffuser this velocity can be
brought to a minimum and, consequently, the loss of dynamic pressure will be minimum.
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sumed independent of the value of Re. At smaller values of Re, its effect should be taken
into account.

13. When there is no indication of the Reynolds number at which the values of { were
obtained, it may be assumed that the given resistance coefficient for turbulent flow (Re > 2
X 103) is practicaly independent of Re even when it is small. In the case of a laminar flow
(Re < 2 x 103), these data can be used only for a very rough estimate of the resistance and
only when Re > 102,

14. Most values of the resistance coefficients given in this handbook, except when speci-
fied otherwise, were obtained at Mach numbers Ma < 0.3. However, nearly all of the values
of , {joc, and G may also be used at higher subsonic velocities up to about Ma = 0.8. In
some cases the dependence of { on Ma or A; is given.

15. Most of the values of the local resistance coefficients were obtained for commercial
smooth pipe or channel walls. Because the effect of roughness on the local resistance has not
been studied extensively, the walls of fittings and of other flow components considered in the
handbook should be assumed smooth unless otherwise specified. The effect of roughness,
which begins to manifest itself only at Re > 4 x 104, may be approximated by multiplying
by a factor of 1.1-1.2 (higher for large roughness).

16. The shape of the cross section of fittings and other parts is shown in cases where it
affects the resistance coefficient or where the values of this coefficient were obtained for spe-
cific cross sections. When the shape of the cross section is not indicated or no additional data
on the resistance of noncircular components are given, the resistance coefficient for a polygo-
nal or rectangular cross section having an aspect ratio of ag/bg = 0.5-2.0 should be assumed
to have the same value as for a circular cross section.

17. The graphs and tables of resistance coefficients given in this handbook are based on
either theoretical formulas or experimental data. In the latter case the values of { obtained
from approximate formulas can differ somewhat from those given by the curves and in the
tables. In such cases the formulas can be used only for tentative calculations.

18. The hydraulic resistance coefficients are independent of the kind of fluid” flowing
through a pipeline system and are mainly governed by the geometry of the network element
considered and, in some cases, by the flow regime (Reynolds or Mach number). The data
given in the handbook apply equally well for the calculation of the resistance of purely hydrau-
lic lines and for the calculation of gas, air, in various networks and equipment installations.

19. The hydraulic resistance of a network may be calculated by using tables such as Tables
1.14 to I.I6.

20. The values of the resistance coefficients given in the handbook are for components of
pipes and channels of different shapes and parameters. However, in the design of new sys
tems one should choose optimum shapes and parameters that would yield minimum values of
the resistance coefficients.

The minimum values of { can be determined from the curves or tables of resistance plot-
ted in the graphs or from the guidelines given in the explanatory part of each section of the
handbook.

21. Table 1.1 shows the units of the most important physical quantities and their relation
of Sl units.

“If it is homogeneous and incompressible,
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Table 1.1 Units of the most important physical quantities and their relation of Sl units.

Name and dimension

Name and designation of unit

Relationship to Sl units

of quantity
Length (L) meter (m) -
centimeter (cm) 1cm=1072m
millimeter (mm) 1mm=10"m
micrometer (L) lum= 10°%m
nanometer (Nm) 1nm=10"m
angstrom (A) 1A=10"m=01mm
Volume (L3) cubic meter (m3) -
cubic centimeter (cm3) 1em®=10°%m?
liter 1liter =103 m®
Velocity (Lfl) meter per second (m/s) -
kilometer per hour (km/h) 1km/h=0.277788 m/s
centimeter per second (cm/s) 1cmis=10"2mis
meter per hour (m/h) 1m/h=277.788x 10°° m/s
meter per minute (m/min) 1 m/min = 16.667 x 10 m/s
Acceleration (sz) meter per second squared (m/52) -
centimeter per second squared (lesz) 1cm/s? = 1072 m/s?
Angular velocity (Tl) radian per second (rad/s) -
Rotation frequency (fl) reciprocal seconds (s_l) -
rotations per minute (rpm) 1rpm= % st
rotations per second (rps) lrps=2 st
Mass (M) kilogram (kg) -
gram () 19=10"kg
ton (t) 1t=10° kg
kilogram-force second squared per 1 kg-force $?/m = 9.80665 kg
meter (kg-force 5 m)
Density (L_3M) kilogram per cubic meter (kg/m3) -

Specific volume (L3M_1)

Momentum (impulse)
LMT

kilogram per liter (kg/liter)

kilogram per cubic decimeter (kg/ dm3)
gram per milliliter (g/ml )

gram per cubic centimeter (g/ cm3)
ton per cubic meter (t/m3)

kilogram-force second squared per
meter to fourth power (kg-force 52/m4)

cubic meter per kilogram (m3/kg)
cubic centimeter per gram (cm3/g)
cubic meter per ton (m3/t)

kilogram meter per second (kg m/s)
kilogram-force second (kg-force s)

|
|
F
|
J

*Table compiled in collaboration with L. P. Stotskii.

1 kg/liter = 1 g/ml = 1 kg/dm®

1 g/cm3 =1tm*=10° kg/m3

1 kg-force /m” = 9.80665
kg/m®

1 cm3/g =10 m3/kg
1mt=10"° m3/kg

1 kg-force s = 9.80665 kg m/s
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Name and dimension

Name and designation of unit

Relationship to Sl units

of quantity
Moment kilogram meter squared per second -
of momentum (kg m2/s)

(moment of impulse)
M1

Force (gravity force,
lift force);
weight (LMT )

Specific weight
(L2MT

Force moment; moment
of acouple; torque
(L2MT P

Power impulse
(LMT Y

Pressure; mechanical
stress; moduli
of dadticity, shear,
rigidity; bulk modulus
LIMTH

Pressure gradient
(L2MT D

kilogram-force meter second
(kg-forcems)

newton (N or mkg s‘z)

dyne (dyn)

kilogram-force (kg-force)

gram-force (g-force)

ton-force (t-force)

newton per cubic meter (N/m3)

dyne per cubic centimeter (dyn/cm3)

kilogram-force per cubic meter
(kg—force’ma)

newton meter (N m)

dyne centimeter (dyn cm)

kilogram-force meter (kg-force m)

newton second (N )

dyne second (dyn )

kilogram-force second (kg-force s)

pascal (Paor N/m? or m* kg 5‘2)

kilopascal (kPa)

megapascal (MPa)

gigapascal (GPa)

dyne per square centimeter (dyn/cmz)

kilogram-force per square
centimeter or atmosphere
(kg—force/cm2 or atm)

standard atmosphere (atm)

bar (bar)
kilogram-force per square meter
(kg-force/m?)
millimeter of water column (mm H20)
kilogram-force per square
millimeter (kg-force/mm?)
millimeter of mercury column (mm Hg)
pascal per meter (Pa/m)

Work, energy (LZMT ‘2) joule (Jor m? kg s‘z)

1 kg-force m s=9.80665 kg m?/s

1dyn=10°N=10uN

1 kg-force=9.80665 N

1 g-force = 9.80665 x 10 ° N
=9.80665 mMN

1 t-force = 9.80665 x 10° N
= 9.80665 kN

1 dyn/cm3 =10N/m°

1 kg-force/m3 =980.665 N/m®

ldyncm= 10'Nm

1 kg-forcem =9.80665 N m

1dyns=10"Ns

1 kg-forces=9.80665 N s

1kPa=10°Pa

1MPa=10°Pa

1GPa=10°Pa

1dyn/cm? =107 Pa

1 kg-force/em? = 98.0665 kPa
= 0.0980665 MPa

1 atm = 101.325 kPa
=0.101325 MPa

1 bar = 10° Pa= 101 MPa

1 kg-force/m2 =1mmH20
= 9.80665 Pa

1 kg-force/mm?=9.80665x10° Pa
=9.80665 MPa
1 mm Hg=1torr = 133.332 Pa



Aerodynamics and Hydraulics of Pressure Systems

Table 1.1 (continued)

Name and dimension

Name and designation of unit

Relationship to Sl units

of quantity
kilowatt hour (KW h) 1kWh=36x10°J
erg (erg) leg= 1073
kilogram-force meter (kg-force m) 1 kg-forcem = 9.80665 J
horsepower hour (hp h) 1hph=2648MJ
liter atmosphere (liter atm) 1 liter aam =101.328 J
Specific work; joule per kilogram (J/kg) -
specific energy erg per gram (erg/g) lerglg= 107 Jkg
(LT3 kilogram-force meter per kilogram 1 kg-force m/kg = 9.80665 J
(kg-force m/kg)
Power (LZMT _3) watt (W or m? kg 5_3) -
kilowatt (kW) 1kW=10°W
megawatt (MW) 1MW =10°wW
erg per second (erg/s) lergls= 107w

Massrate of flow (MT_l)

Volume rate of flow

(R

Dynamic viscosity
(Y

Kinematic viscosity
(S

Surface tension
MT?)

kilogram-force meter per second
(kg-force m/s)

kilogram per second (kg/s)

gram per second (g/s)

kilogram per hour (kg/h)

kilogram per minute (kg/min)

ton per hour (t/h)

cubic meter per second (m3/s)

cubic meter per hour (m3/h)

liter per second (liter/s)

liter per minute (liter/min)

liter per hour (liter/h)

pascal second (Pas)

millipascal second (mPas)

poise (ps)

centipoise (cps)

kilogram-force second per meter
squared (kg-force s/mz)

meter squared per second (m2/s)

centimeter squared per second (cm2/s)

stokes (st)

millimeter squared per second (mm2/s)

centistokes (cst)

meter squared per hour (m2/h)

newton per meter (N/m)

dyne per centimeter (dyn/cm)
kilogram-force per meter (kg-force/m)

1 kg-force m/s = 9.80665 W

lg/s= 1073 kgls
1kg/h=277.778 x 10 ° kg/s
1 kg/min 16.667 x 10~ kg/s
1t/h=0.277778 kg/s
1mh=277.778 x 10 ®m’/s
1 liter/s = 10 m’/s

1 liter/min = 16.667 x 10° m%/s
1liter/h = 277.778 x 10 m®/s
1mPas=10" Pas

lps= 10 Pas

lcps= 103 Pas=1mPas

1 kg-force s/m? = 9.8066 Pas

1emis=1st=10"m%s

1 mm?s=10"°m¥s
1cst=1mm%s=10"°m%s
1m%h =277.778 x 10 ° m%s
1dyn/cm= 10° N/m = 1 mN/m
1 kg-force/m = 9.80665 N/m
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Name and dimension

Name and designation of unit

Relationship to Sl units

of quantity
Thermodynamic Kelvin (K) -
temperature (6)
Centigrade centigrade degree (°C) tc =Tk (273.15; 1°C=1K
temperature (6)
Quantity of heat; joule (j) -
enthalpy (L2MT 2 kilojoule (kJ) 1kJ=10J
megajoule (MJ) 1MJI=10°J
giggjoule (GJ) 1GJ=10°J
calorie (ca) 1ca =4.1868 J
kilocalorie (kcal) 1 keal = 4.1868 kJ
megacalorie (Mcal) 1Mca =4.1868 MJ
gigacalorie (Gcal) 1 Gca =4.1868 GJ

Specific quantity of heat;
specific enthalpy
(L°1)

Heat capacity
of the system
(L>MT 207}

Specific heat
of the system
(L2-|— -2 9—1)

Volumetric specific heat
LT 207

Entropy of the system
(LMT 267

Specific entropy
(L2267

Specific gas constant

LT267h

joule per kilogram (Jkg)
kilojoule per kilogram (kJ/kg)
calorie per gram (cal/g)
kilocalorie per kilogram (kcal/kg)

joule per kelvin (JK)
joule per centigrade degree (J°C)
calorie per centigrade degree (cal/°C)
kilocalorie per centigrade degree
(kcal/°C)
joule per kilogram kelvin (Jkg K)
kilojoule per kilogram kelvin
(kJkg K)
calorie per gram centigrade degree
(callg °C)
joule per cubic meter kelvin (j/m3 K)
kilocalorie per cubic meter
centigrade degree (kcal/m® °C)
joule per kelvin
kilocalorie per kelvin (kcal/K)
joule per kilogram kelvin (Jkg K)
kilojoule per kilogram kelvin (kJkg K)
calorie per gram kelvin (cal/g K)

joule per kilogram kelvin (Jkg K)
joule per kilogram centigrade
degree (Jkg °C)

1 kJkg = 10° Jkg

1ca/g=1kcalkg
=4.1868 kJkg

1J°C=1JK
1 cal/°C = 4.1868 JK
1 keal/°C = 4.1868 kIK

1 kJkg K = 10° Jkg K

1 cal/g °C = 1 keal/kg °C
=4.1868 x 10° Jkg K
1 kea/m®°C
= 4.1868 x 10° Jkg K

1 keal/K = 4.1868 ki/kg

1 kJkg K = 10° Jkg K

1 callgK =1 keallkg K
= 4.1868 kd/kg K

1 Jkg °C = 1 Jkg K
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Table 1.1 (continued)

Name and dimension
of quantity

Name and designation of unit

Relationship to Sl units

Molar gas constant
(L2MT 207N

Heat flux; heat power
(L2MT )

Thermal conductivity
(LMT 307}

Heat transfer coefficient
MT 367

kilogram-force meter per kilogram
centigrade degree (kg-force m/kg °C)

joule per mole kelvin (Jmol K)

joule per mole centigrade degree
(¥mol °C)

kilogram-force meter per mole
centigrade degree
(kg-force m/mol °C)

watt (W)

kilowatt (kW)

megawatt (MW)

calorie per second (cal/s)

kilocalorie per hour (kcal/h)

megacalorie per hour (Mcal/h)

gigacalorie per hour (Gcal/h)

watt per meter kelvin (W/m K)

watt per meter centigrade degree
(W/m°C)

calorie per second centimeter
centigrade degree (cal/s cm °C)

kilocalorie per hour meter
centigrade degree (kcal/h m °C)

watt per square meter kelvin

(W/m? K)

watt per square meter centigrade
degree (W/m?°C)

kilocalorie per hour square

meter centigrade degree (kcal/h m? °C)

calorie per second square
centimeter centigrade degree
(cal/scm?°C)

1 kg-force m/kg °C
=9.80665 kg K

1 Jmol °C =1 IJmol K

1 kg-force m/mol °C
=9.80665 Jmol K

1kW =10°W

1MW =10°wW

1 cal/s=4.1868 W

1 kca/h=1.163W

1 Mca/h = 1.63 kW
1 Geal/h = 1.163 MW

1W/m°C=1W/mK
1 cal/scm °C = 418.68 W/m K

1kca/hm°C=1.163W/mK

1W/m?°C=1Wim°K
1 keal/h m?°C=1.1163 W/im? K

1 calls cm? °C=418.68 W/m? K

1.2 PROPERTIES OF LIQUIDS AND GASES

Density of Flowing Medium

1. Vaues for the density of water and of some other commercial liquids at different tempera-
tures are given in Tables 1.2 and 1.3, respectively.

Values for the density of some commerical gases under norma physical conditions (t =
0°C; p = 101.325 kPa), dry gas and for their relative density with respect to air, the density
of which is taken to be unity, are given in Table 1.4.
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Figure 1.23. Schematic diagram of a closed-circuit, open-throat wind tunnel (dimensions in m): Dg = 5;
D; =535 Dy, =8, d,=4; b3 =8, by =8, bg =8, bg =12; by = 12; bg = 12; t; = 2.2; t, = 15
WOkt = g |y = 135; I = 2 Iy =5; loyi = 6; lg = 435; I = 15, Iy = 135; 1 = 1.6; oy = 7°.

The aerodynamic calculations use the concept of the "quality" of a wind tunnel K, which
is defined as the ratio of the velocity pressure in the working section of the tunnel to its total
resistance.

For the present case,

0.5pw6 1
K= =535~ 33"
0.5pu8 Y’ Coi
i
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