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This handbook contains data on the friction coefficients of straight pipes and channels and the coefficients of fluid resistance
of fittings. throttles, obstructions. clements of hydraulic or 'gas-air lines, and several devices used in industrial systems for gas
purification, heat exctange, and ventilation. .

The handbook is divided into twelve sections. The first section contains general information on hydraulics and mechanics of
fluids. The other sections are each devoted to a definite group of fittings or other elements of pipes and obstructions with similar
conditions of fluid motion, and contain data on their fluid resistances. Each of these sections is divided into descriptive material
and separate diagrams for practical calculations, each of which corresponds to a certain element of the pipe or obstruction. In
most instances these diagrams contain formulas for calculating the resistance coefficient of the element as a function of its main
characteristics, a graphical representation of this functional relationship, and tables of the values of the resistance coefficients.

This handbook is intended for a wide range of specialists: scientists, designing and operating engineers of all branches of
hydroengineering, and students of universities and technical institutes.



FOREWORD

There is,almost no branch of engineering which is not somehow concerned with the
necessity of moving fluids through pipes, conduits, or machinery. The degree of com-
plexity of a hydraulic or gas-air line can be quite varied. In some cases these are large-
scale systems of pipes, gas mains, water conduits, steam pipes, air ducts, etc., while
in other cases these are pipelines of relatively small length, but having a large number
of fittings and branches, various obstructions such as throttles and adjusting devices,
grids, protruding parts, etc. '

The network through which a fluid moves usually represents a single unit such as
boilers, furnaces, heat exchangers, motors, scrubbers, chemical instruments, and wind
tunnels, - '

The correct calculation of the fluid resistance of these systems is necessary in all
cases, and a special handbook on the friction coefficients and the coefficients of local
resistances should be available for this,

Until recently only restricted data were available on the subject, and these were
scattered among various textbooks on hydraulics and aerodynamics and in scientific papers,
In many cases these data are contradictory or dated, and deal with only a limited number
of local resistances, Furthermore, the coefficients of local resistances generally were
given only for special geometric and physical characteristics,

In order to fill this gap, in 1954 the author published a book "Gidravlicheskie sopro-
tivleniya" (Fluid Resistances), Gosenergoizdat, 1954, on the general problems of fluid
resistances, based on the processing, collating, and classification of materials obtained
from our studies and those of others, We present here in the same spirit this special
handbook on the local fluid and friction resistances. v

The writing of this handbook presented considerable difficulties, mainly due to the
range of local resistances, their geometric boundaries, and the states of flow in them,
which are much narrower than required by praétice. Furthermore, much of the data obtained
is insufficiently accurate and reliable; this is particularly true of the coefficients of
local resistances, ' ‘

Therefore, it would have been better to delay the publication of this handbook until
all coefficients of local resistances could have been checked and refined experimentally
by some standard method, based on the contemporary level of metrology. Unfortunately,
it seems unlikely that such a series of experiments would be completed in the near
future, '

A different approach was also possible: to include in the handbook only such data as
can be considered reliable. The amount of such data is, however, very small, and this
approach would result in a book which does not fulfill our object — to present the necessary
material for the hydraulic calculation of gas-air and hydraulic lines.

Taking into account the great need of even tentative data for assessing the resistance
of conduits made of stretches of quite varied configurations, we decided to include

W PRECEDING
PAGE : BLANK



in this handbook not only data checked satisfactorily by laboratory studies, but also data
obtained by crude exper1ments and those obtained theoretically or by approximate
calculations, etc.

We feel that such an approach is justified, since the accuracy with which conduits and
components are manufactured and installed under industrial conditions can differ
considerably from installation to installation and also from the laboratory conditions
under which most coefficients of fluid resistances were obtained.

We have found it necessary to add to the basic material in the handbook some general
principles of hydraulics and mechanics of fluids, with descriptions of the contents
of each section, as well as additional explanations and recommendatmns for calculating
and selecting hydrauhc components, :

The coefficient of local resistance is usually a function of many parameters and is
therefore represented by an expression with many terms. Inordertoobtainthe numerical
value of such a coefficient it is therefore necessary to use several curves or tables.

The different formulas for calculating the resistance coefficients frequently contain
similar terms, The curves representing these terms are not repeated each time, but
are given once and for all in one of the diagrams; the number of this diagram is then
indicated in the other diagrams, _

This arrangement naturally complicates the use of the handbook; it is, however,
dictated by the necessity of reducing the volume of the book as much as possible.

These shortcomings are probably not the only ones, Nevertheless it is our hope that
this handbook will be, of use to spe01a11sts in the calculation of the fluid resistances of
various conduits.

The author will be grateful for any suggestions for correcting the mistakes that are
found.

. The author acknowledges the help of A, D. Al'tshul, A,S, Gmevsk.u I.S. Mochan,

L. A, Rikhter, Candidates of Engineering Sciences, and of Engmeer L E.Medovar in
reading the MS and giving many valuable suggestions.

The Author
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'Sec.tion One

GENERAL INFORMATION AND RECOMMENDATIONS FOR USING
THE HANDBOOK

1-1, LIST OF GENERAL SYMBOLS USED THROUGHOUT THE BOOK

cross-éection area, mz;

cross-section diameter, m;

hydraulic diameters (4X hydraulic radius), m;
cross-section perimeter, m;

cross-section coefficient;

length of the stretch, m;

height, m;

radii of cross sections or curvature, respectively, m;
mean height of roughness peaks, m;

relative roughness;

area ratio or number of elements; ,

angle of divergence or convergence of the conduit, or angle of attack of
the stream: '
stream velocity, m/sec;

pressure (absolute), kg/mz;

gage pressure, kg/m

pressure loss or resistance, kg/m?;

energy loss, kg- m/sec;

volume flow rate, m3/sec;

mass flow rate, kg/sec;

specific gravity of the flowing medium, kg/m?;

density of the flowing medium, kg-sec?/m?;

gravitational acceleration, m/sec?
dynamic viscosity;

kinematic viscosity;

absolute temperature of the medium, °K:
temperature of the medium, °C;

mean specific heats at p = const and v = const, respectively, kcal/kg-degree;

spécific-heat ratio;

coefficient of fluid resistance;

friction coefficient of unit relative length (length in section-diameter units) of the

stretch calculated;
coefficient of drag;

velocity coefficient;
coefficient of jet contraction;
discharge coefficient;
Reynolds number,



1-2. GENERAL DIRECTIONS

1. The basic reference data given here are the friction coefficients §q in straight
pipes and channels and the coefficients of local fluid resistance g of pipe fittings,
th#ottles, obstructions, and industrial instruments,

2. V\hen using this handbook it is assumed that all magnitudes in the well- known
formula for calculating the resistance (cf, (1-66)):

o
sum —ccum 2g tsum 2g ( ) Ikg/m ] (1-1)

except the total coefficient of fluid resistance § .  ={;+¢,, andall geometric parameters of
the system element being considered, are given. The only unknowns are {,; oOr simply
¢*, and its components §; and {,.

3. The coefficient of local resistance can be considered equal to the total coefficient {
in all diagrams for elements of conduits of relatively short length, since the values of {
in such elements can be‘neglected compared with the values of {,.

4, Diagrams referring to elements of relatively long pipes and channels give the values
of both the coefficients of local resistance §{; and the friction coefficients (fr

The values of resistance coefficients appearing in diagrams giving tentative data are to
be considered as total coefficients {; accordingly, the frictional losses in these fittings
are not to be added separately when summing all losses in the lines.

5, The values of {; given in this handbook include the local pressure losses in the
immediate proximity of a variation in the system configuration and also the pressure losses
associated with the subsequent equalization of velocities over the straight exit section,
Since, however, local losses are arbitrarily determined as the difference between the
total and fr1ct10na1 losses in the exit section, the frictional losses have to be taken into
account.

- 6, Inthe case ofra stream discharged from a f1tt1ng or some other element into a
large volume (such as the atmosphere), the given coefficients of local resistance take into

AH

account the losses of dynarmc pressure 1:':5_" at the exit (w = velocity at outlet
section). g

7. All values of local resistance coefficients given in the handbook with certain
exceptions, are given for conditions of uniform velocity distribution in the inlet section
of the element considered; asarule, such conditions prevail behind a smooth inlet,

8. The influence.on the local resistance of an element, due to fittings, obstructibns, or
lengthy straight stretches located downstream, is not allowed for by the values given for { in
the handbook, except as noted. In certajin cases this mfluence causes an increase m the
value of §) ofthe element considered, and:in other casesadecrease As yet there is no
general method of allowing for this. { :

9. The dependence of the’ coefflclents of local r951stance on the Reynolds number Re,
isonlygiveninthose cases where the influence of the latter is known,or canbe estimatéd.

In practice, Re has an influence on the local resistance in the range Re< 10°—2:X10°,
At Re>10%°—2x10° itjcan almost alwaysbe assumed that the coefficients oflocal resistance
are independent of Re. At smaller values of Re it is necessary to allow for its!
influence on the basis of the data given in the handbook.

* In what follows, the subscript “sum” in the symbols for the total resistance coefficient g and the total resistance af will be
omitted. .

-



If there is no indication of the values of Re for which the values given for {; were
obtained, it can be assumed, in the case of turbulent flow (Re> 10%), that the resistance
coefficientis practically independent of the value of Re. Inthe case of laminar flow (Re<10%),
the data given in the handbook can be used only for a rough estimate of the resistance,

10, All values of the resistance coefficients given in this handbook, except as noted,

were obtained for Mach numbers M = = < 0,3, In practice, however, the values given for

- tl, and §_ are correct even for h1gher subsonic velocities, roughly up to M=0,7-0.8.
In some cases the relationship between § and M is given.

11, Most of the data on the coefficients of local resistance were obtained for smooth
channel walls; .the influence of roughness on the local resistance has not beenextensively
studied. Therefore, unless otherwise specified, the walls of the stretches given here
should be considered smooth, In practice the influence of the roughness (for Reynolds
numbers Re>4X10%) can be approximated by introducing into the coefficient § a factor of
the order of 1.1 to 1.2 (higher at large roughness).

12, The shape of the cross section of fittings is indicated in the handbook when it has
a bearing on the value of the resistance coefficient or when the values of this coefficient
were obtained for specific cross sections, In all cases where the cross section is not
indicated, or when no additional data on the resistance of elements of noncircular section
are given, the value of the resistance coefficient for a polygonal or rectangular section of

side ratio 0.6< sl 7 is to be considered equal to the value for a c1rcu1ar section,

13. The curves and tables of resistance coefficients given are based either on calcula-
tions or empirical data, In the latter case the values of { given by approximate formulas
can differ somewhat from the data of the curves and tables. These formulas can be used
for tentative calculations only,

14, Since the coefficients of fluid resistance are independent of the medium=* flowing
through a system, and are determined chiefly by the geometric characteristics of the
given elementor in some cases by the flow conditions (the Reynolds or Machnumbers), the
data given in the handbook are suitable for calculating res1stances of purely hydraulic
lines as well as gas, air, and other lines and elements. ’

15. A complete calculation of the fluid resistance of the entire network can be performed
by means of the proposed tables (cf. examples of hydraulic calculation, Table 1-10, etc.).
16, This handbook gives the values of the resistance coefficients for various shapes

and parameters of pipe and channel elements, The minimum values of § can be easily
established onthe basis of the curves and tables of resistance giveninthe diagram, and on the
basis of the recommendations giveninthe explanatorypart of each section of the handbook.

17, Thelistofdiagrams of resistance coefficients givenat the beginning of each section
indicates both the source and the method (experimental, theoretical, ortentative) by which
these coefficients were obtained,so thatitis possible to form some opinion on their reliability.

1-3. PROPERTIES OF FLUIDS

a, Specific gravity

1. The specific gravity 1 is defined as the ratio of the weight of a given body to its
volume (weight of a unit volume). In technical units it is usually measured in kg/ m3.

* Where the medium is homogeneous.



2. The values of the specific gravity of water are given in Table 1-1, The specific
gravity of some other liquids at different temperatures is given in Table 1-2,

The values of the specific gravity of some gases at standard conditions (0°C, 760 mm-mer-
cury, 100% dry) and of their weight relative to air (whose specific gravity is taken as unity) »
are given in Table 1-3,

. ' -
‘ TABLE 1-1
' Specific gravity of water /1-21/ .
30 90 100 120 140 160

1°C 0 10 20 30 40 50 60 70

.kg/mz 999.87 | 999.73 | 998.23 [ 995.67 [ 992.24 | 988.07 | 983.24 | 977.81 | 971.33 | 965.34 | 958.38 | 943.4 | 926.4 | 907.5
1

3. For multicomponent gases (blast-furnace gas, coke gas) the specific gravity of
the mixture is determined by the formula:

TPt TP+ Ve +- -+ T
mv xl x2% ‘ma uu(kg/dery);

where Y., Y. Y,pare the spec:1f1c gravities of the mixture components at 0°C and 760 mm
mercury (cf, Table 1-3), kg/m® dry; v,, 0,,..., v, are the volumepercentages of the mixtures
components according to data obtained from a gas analysis,

b, Viscosity

1. Viscosity is a property of all fluids and manifests itself as internal friction during
motion,

There is a difference between: 1) the absolute or dynamic viscosity v, defined as the
ratio between the shearing stress and the velocity gradient:

_—
=
&

(1-2)

dw "
where = isthe shearing stress; z31is the velocity gradientinthe dlrectlon of the normal y;

2} the kinematic viscosity v, defmed as the ratlo between the dyv namlc \1sc051tx of the
fluid and its densitys . : )

2. Thedynamic viscosity is measured inthe CGS sy stem inpoises (ps); the correspond-
ing units of measurement of the shearmg stress and the velocity grad1ent are dyn/cm
and cm/secXcm respectively: ; ¢ -

: g’ dvn X sec _ g
1 poise =1 cnf =l o sec’

The centipoise (cps), which is 102 times smaller, or the micropoise (ups), which is 106
times smaller, are-more generally used:

dvn X sec

<z = 1 ps =100cps = 10° pps.

4 , N



TABLE 1-2
Specific gravity of various liquids at a pressure of 1 atm /1-7, 1-8/

Type of liquid °C 1. kg/m3
Ammonia ... . a e e -34 684
Aniline . ........... e e s 15 1,004
Acetone ..... C e . 15 790
Gasoline ........ e e NN 15 680-1740
Benzene ......... e 15 © 900
60 882
Bromine . ........... 000000 15 3,190
Butane (ROtMAl)’ . . . ... vee e . =05 601
Watel . .. i i e (see Table 1-1) -
SEAB WABLET . . . s v o ns s s i s o u s 15 1,020-1,030
Glycerine (anhydrous) .. ......... 15 1,270
: 18 1,260
20 1,250
Coaltar . ...t 15 1,200
" Dichloroethane. . ........... e 15 1,175~1,200
Nitrogen dioxide ......... e e 3.2 1,484
Sulfur dioxide . ........ e -10 1,472
Kerosene ................. . 15 790~ 820
Lignite 0oil .. ...... ... .o 20 970
Woodoil ................ ... 15 920
Casgtoroil . ........... e 15 970
Coconput oit .. ............... 15 930
Linseed oil (boiled) ............. 15 - 940
Light machine oil . ............. 10 899
20 898
50 895
Medium machine oil .. ... ... ... 10 899
: 20 898
50 895
Mineral lubricating oil . ......... 15 890~960
Oliveoil. .. .................. 15 920
Paraffinoil . .............. e 18 925
Turpentineoil . . ,............ e 15 870
Cotton 0il . ........0ievvnnn 15 930
Natural mineraloil . ............ 15 700~-900
Liquefiedozone . .. ............. -5 537
Carbon bisulfide ..,.,........... 15 1,290
Sulfuric acid (87%) . ............ 15 1,800
Sulfuric acid (fuming) . ........... 15 1,890
Turpentine . ............0000... 18 870
Mercury . ... o e e, 20 13,546
Methyl alcohol (methanol) . ....... 15 810
Ethyl alcohol (ethanol) ....... PN 16-18 790
Tetrabromoethane .............. 15 2, 964
Chlorine . .... 0 1,469
Methyl chloride . ......... . 0 954
Ethyl chloride . ..... e e e 0 919
Chloroform i et e e 15-18 1,480
Hydrogen ........ Ce e .. 0 715
Ethyl ether e e 15~18 740




TABLE 1-3 .
| specific gravity of dry gas at 0°C and 1 atm and specific heats at 20°C of 1kg dry gas /1-8/

| Specific . Weight .
Type of gas Chemical formula | gravity y, relative cp cp lz;L
: kg/m3 to air hd
Nitrogen . ‘I .............. N, 1.250% 0.9672 0.250 0.173 1.40
Ammonia . | .............. NH3 _ 0.7710 0.5962 0.530 0.400 1.29
Argon ... * ........... e e ‘ A 1.7820 1.3781 9.127 0.0717 1.66
Acetylene . ......eieeai.., C,H, 1.1710 0.9056 0.402 0.323 1.25
BENZEME . s v v ve s v o nnsin CeHe ‘ 3.4840 2.6950 . 0.299 L 0.272 1.10
Butane .. ... ... PP CaHio 2.6730 .2.0672 0.458 0.414 1.1l

Isobutane e C4Hio 2.6680 2.0633 0.390 - -
. e | - 1.2930 1.0000 0.241 0.172 1.40
Hydrogen ... ..ceveennonn. H, 0.0899 0.6450 3.410 2.420 1.41

Water vapor ; e H0 0.8040 0.6218 = - -
Helium . ....ovecennnn. . He 0.1785 0.1380 1.260 0.760 . 1.66
Nitrous oxide = ..o cveennn .. NO 1.9780 1.5297 0.210 0.164 1.28
Oxygen R R EERERRE o, 1.4290 | 1.1051 0.218 0.156 1.40
KIYPIon . vopevvenveennnens Kr 3.7080 2.8677 0.060 0.036 1.87
Xenon B Xe 5.8510 4.5252 0.038 0.023 ;1,70
Methane . ..o v vvonnnnnn. CH, . 0.71170 0.5545 0.531 0.405 1.31
Neon e Ne 0.9002 0.6962 0.248 0.148 1.68
Ozone e O3 2.2200 1.7169 - - 1.28
Nitric oxide .« . v v evnnnn.. NO 1.3400 1.0363 0.233 0.166 . 1.38
Carbon oxide . ..eevononn.. cO 1.2500 0.9667 0.250 0.180 1.40
PIOPANE .« o v vlewev v v oo s C3Hg 2.0200 1.5622 0.445 0.394 1.13
Propylene . ............... CsHe 19140 1.4802 0.390 0.343 1.17
Hydrogen sulfide .. ......... H.$ : 1.5390 1.1902 0.253 0.192 1.30

Carbon oxysulfide ........... coOsS -2.7210 2.1044 - - .-
Sulfur dioxide B, S SO, - 2.9270 2.2637 0,151 0.120 1.25
Carbon dioxide, .. ........... COy 1.9760 1.5282 ) 0.200 0.156 1.30
Chlorine . . v vlv v vn e eie e e un Cl, 3.2170 2.4880 " 0.115 0.085 1.36
Methyle chloride . .......... CHLCI 2.3080 1.71772 0.177 0.139 1.28
Ethane ..o iv v vvee .. C.Hq ‘ 1.3570 1.0486 0.413 0.345 1.20
Ethylene . . . .o vvucv e e CHg4 1.2610 0.9752 0.365 0.292 1.25
In 1ndustry the unit of measurement of the d)namlc viscosity is _;%ﬁ (where

A

kg is the umt of mass) or _gge_c_ (where kg is the unit of force),

The umt of measurement of kinematic viscosity in the CGS systen: is the stoke (st)

cm?
sec ' 2
L .. m
industry is—-.

rsec

mm?<
, or the centlstoge (cst), e’ which is 10? smaller; its unit of measurement in

3. Conyersion factors for the dlfferent systems are glven in Table 1-4 for the

dynamic \nscosny m, and in Table 1-5 for the kinematic viscosity v.

1

! . . - .
4. Exa_mplles of conversion of the viscosity units of measurement.
P .
a.’ Gn‘/en‘the value of the dynamic viscosity of a gas in poises: Tps © 180.9%107° _5_ . Co
S cmXsec -

It 1s required to convert 1t.to the industrial system of units (4 g (kgX sec/mz)).

6

AN



TABLE 1-4
Conversion factors for dynamic viscosity (4)

Unit of measurement Poise,
. convert to Micropoise | Centipoise g kg kg ng:ec 1b 1b
(1ps) (cps) cmXsec m Xsec m X hour m ft x sec ft x hout
. given . (ps)
. pps 1 1074 10°% 1077 3.6x10°*] 1.02x10°% |6.72x107%|2.42x 10"
cps 10* 1 107* 1073 3.6 1.02x10°% [6.72%107%  2.42
. Poise, —2—(ps) 10° 102 1 1000 |3.6x10° | 1.02x10°% |6.72x107%[2.425 107
cmXsec )
kg 10’ 10° - 10 - 1 3.6x10° | 1.02x107! [6.72x107"|2.42x10°
mXsec ) .
_ke__ 2.78x10° [2.78x107" | 2.78x107%| . 2.78x107%] 1 2.84x10°° ]1.863x107*|6.72x 10"
m X hour ) :
X ' o :
kgm:ec 9.81x10 [ 9.81x10% - | 9.81x10? 9.81 [3.53x10° - 1 6.592 [2.374x10"
1b 7 3 3 ’ -1 3
fixsee 1.488x10" {1.488x10 1.488x10 . 1.488 |4.13x10 1.52x10 1 3.6 x10
1 NUOTY R | - - . .
b 4.13%x10° [4.13x10° | 413x107%| 4.13x107*] 1.488| 4.21x107° |2.77x107¢| 1
ft X hour
According to Table 1-4, the conversion factor is equal 10 1.02 % 10°%, Then
5= 1.02-10=3qpg == 1.02-10~3 X 180.9-10=* = 1.85-10~° kgXsec/m’.
b. Given the value of the dynamic viscosity of water in the foot-pound-second system of units: Nips ~ 6.92x 10" Ip/ft x sec.
It is required to convert it to the CGS system»(ngsec/mz).
According to Table 1-4, the conversion factor is equal to 1.52x 10" !, Then
7 g = 1.62.10--6.92-10-¢ = 1.05-10~* kgxsec/m’.
c. Given the value of the kinematic viscosity of air in centistokes vqq = 15.0. 1t is required to convert it to industrial units
(vis. - m? [sec).
According to Table 1-5, the conversion factor is equal to 10-%. Then
v, =10=%v =15.0-10-* m*/sec.
d. Given the value of the kinematic viscosity of water in the foot - pound- hour system of units (ft*/hour);
Yih =5.78.10-1,
It is required to convert it to CGS units (stokes).
According to Table 1-5, the conversion factor is equal to 2.60x10" ' Then ~
‘.
v =2.60.10-"-v;, =2.60-10-1.5.78.10~1 a= 1.50-10~% cm.
. 5. Whenthe kinematic viscosity is determined as the ratio: dynamic viscosity/speci-
fic gravity, care should be takento use consistent units of measurement in numerator and
denominator. Inorder to obtain the value of the kinematic viscosity v in stokes(st), the dyna-
mic viscosity 3 must be inps and the specific gravityin g/cm? (the resultis cm?/sec, i.e.,st);
. inordertoobtain v inm?/sec, % istaken inkg Xsec/m? and is divided by the density

7
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X sec? '
p-—-—% inﬁm—ie-c—; inorder toobtain v in m? /hour, g istakeninkg/m Xhour and is divided

by the specific gravity yin—=; kg

6. The dynamic and k1nematlc viscosities depend onthe characterlstms of the medium.
The dynamic viscosity of fluids is a function of the temperature only and, for perfect
gases, is independent of the pressure. The viscosity of vapors and gases increases with
the increase of the temperature, while that of liquids decreases, The kinematic viscosity
of liquids and gases is a function of beth temperature and pressure,

TABLE 1-5
Conversion factors_ for kinematic viscosity (v)
Unit of measurement C;r;;s;:::. C:?;:—;c m? m? 2 fi2
] convert to sec hour sec hour
given (cst) (st)
Centistoke, mm?/sec (cst) 1 10-% 10-6 3.60x10°% 1.07x10°° 3.85%10-2
Stoke, cm®/sec(st) . ... 10% 1 10°* 3.60x10"! 1.07x10"? 3.85
2 .
EEZ .............. 10° 10¢ 1 3.60x10° | 1.07x10 3.85x10*
A . v , _
AL e 2.78x10? 2.78 - 2.78x1074 1 2.98x10"° 1.07x10
hour . : .
fi? - PR
rodlEREERPEERRRR 9.35x10% 9.35x10° 9,35x1072 36x10° |- 1 3.60x10°
fiz -1 -5 -2 -4
h_ou-f """"" 2.60x10 2.60x10 2.60%x10 9.35x10 2.718%10 1

1

7. The relationship between the viscosity of gases and the temperéture can be expressed
approximately by Sutherland's formula:

. 2M34C (T Y%
=MW TFC '(273) '

where 17, is thedynamic viscosityof the gas at 0°C; Tis the absolute temperature, °K; Cis
a constant depending on the :gas. :

The values of the dynamic viscosity 1 in micropoises for various gases as a function
of the 'temper‘ature;_,-, and the values of the constant C and the maximum temperature at
which the value of 'this constant ‘has been corroborated experimentally, are given in
Table 1-6,

The values of the klnematlc v1sc051ty v in cst for the same gases as a function of the
temperature at a pressure of 1atm are given in Table 1-17, : :

The values of vffor air in- mz/sec are also given in Figure 1-1,

8. The kinematic viscosity of a gas:mixture can be determined by Mann's approximate
formula:

(1-3)

v = 100 , ‘ (1-4)

where v, v,,..., v, are the dynamic viscosities of the components; v,, 0,,..., v, are the
percentage weights of the mixture components.

/
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TABLE 1-6

Dynamic viscosity of gases ., ups, at a pressure of 1 atm as a function of the temperature, and the values of the constant € in the Sutherland formula

- /1-1, 1-8, 1-19—21/

~ Temperature, °C :
" Gas Formula l J I l Temperature
-20 [] 20 40 60 80 100 150 200 300 40 600 80 c range, °C

Nitrogen . .....1.... N, 1i57.5[166.0]174.8/183.5)192.5{200.0(208.21229.0] 246.0281.0:311.0|366.0|413.0( 104 ; 25—280
Ammonia . ... ..., .. ‘NH; 86.0) 93.01100.5/107.8|114.5§121.5]128.0}146.0| — —_— - —_ — | 503 | 20-300
Argon ... A — |212.0{222.00 — | — | — jer1.0] — |321.0|367.0{410.0]487.0]|55¢4.0| 142 | 20827
Acetylene .......... C;H: | 90.2{ 96.0(102.1)108.2/114.5[120.2}1260] — | — | — | — | — | — | 215 -
Benzene  .......... CgHg 62.0| 68.0| 73.5| 79.0] 84.0| 89.5| 95.0/108.0]121.0147.0] — —_ — 448 | 130--313
Butane  .......... C4Hjy — | 69.0] 740| — — -— ] 95.0] — _ -] - —_— - 358 -
Hydrogen .......... Hy - 80-4| 84.0 88.0| 91.8] ©5.9] 99.6{103.0{113.0]121.0)139.0/154,0{183.01210.0| 71.0 | 20—100
Water vapor ......... H,0 82.0( 89.3| 96.7/104.0/111.3)118.7)126.0) — |160.4)200.0}239.0)|314.5/386.5| 961 | 20—406
Al i e - 162.0)171.2180.9/190.4[199.8/208.9{219.0{ — |260.2|297.2/330.1]390.6[443.0| 111 | 16—825
Helium ............ He 175.0| 186.0195.5) 204.0[213.5[220.5[229.0] — [270.0}307.0| 342-0; 407.0 | 465.0 0] 21—-100
Sulfur dioxide . ....... SO, — {116.0{126.0f — - — ]163.0] — |207.0{246.0| — - - 306 | 300825
Nitrous oxide ........ N, O — ]137.0}146.0] — - — 1183.0] — |225.0}265.0; — | — —_ 260 | 25—280
Oxygen ........... 0, |181.5/192.0(202.5/213.0|223.5|234.0/244.0| — [290.0}331.0/369.0(435.0{483.0] 125 | 20—280
Krypton .. ......... Kr — 1233.0/246.0 — — — ]306.0] — - - | - - - 188 -
Xenon ... eee.... Xe — 1211.0]225.00 — - — |287.0) — - - - - - 252 -_
Methane ........... CHa 95.5]102.0]108.0/ 115.0/121.4|127.0]133.0/147.0}161.0| 186.0f — . —_ 164 | 20—250
Nitric oxide . . v v v v v NO — |179.0{1880f — | — | — |227.0f — [268.0] — [ — | — { — | 128] 20—250
Carbon monoxide . ..... co 159.5]168.0/176.8]185.5}191.5]{202.4}210.2}229.0}247.0]279.0] — — — 100 | Mo 130
Pentane (p) ... ....... CsHy, —_ 62.0] — —_ el e —-— [100.0{103.0} — - —_ -— 383 -
CPropane ............ CsHg | 70.0] 75.0| 80.0| 85.4] 90.5] 95.8)100.1{113.0[125-0/144.0/ — | — | — | 278} 20—250
Propylene .......... CsHg — | 78.0] 83.5| — — — |107.0]141.0) — - | - - - | 87| —
Hydrogen sulfide. . . .. .. HpS - | — [116.0{124.0] — — — ]159.0] — - -] - - - 331 -
Carbon dioxide ....... cO, [128.0]138-0}147.0|157.0(167.0[175.5/184.5| — |226.0264.0/299.0/362.0]/413.56! 254 —
“Chlorine ........... Cl  ]114.5}123.0]132.0]141.0)150.0[159.0/168.0{189.0/210.0}250.0; — } — | — | 350 | 100—250
Methyl chloride . . .. ... CHsCl | — | 98.0{106.0/ — | — | — 1136.0) — [176.0) — } — | — | — | 44| —
Ethyl chloride. . . ... ... C,HsCl| — | 94.0/105.00) — | — | — | — [143.0) — | — | — | — | — | 41 -
Hydrogen cyanide . . . . .. HCN - — | 740 — | — | — -_ ] - -] =} -] =] =] 80 -
Ethane .. ........... C,Hq — 86.01 92.0 — -_— -— 1116.0)128.0{142.0] — - —_ — 252 | 20—250
Ethylene . .......... C,H, | 88.5( 94.5[101.0{107 0{112.0/118.6|124.0{140.0{164.0| — | — | — | — | 225| 20250
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TABLE 1-7
Kinematic viscosity v, cst, at a pressure of 1 atm as a function of temperature /1-7, 1-8, 1-19—1-21/

‘Temperature, °C

Gas' Formula ] : ,
R -20 0 20 L) 60 80 100 160 | 20 l 300 400 600 800
Nitrogen ............. Ny | 11.67|13.30 | 15.007] 16.85 | 18.80 | 20.65 | 22.30 | 28.30 | 34.10 | 47.20 | 61.40 | 93.50 | 130.00
Ammonia . ....... ...  NH; | 6.81]12.00 14.00 |16.007| 18.10 | 20.35 [ 22.70 [ 20.30 | 36.00| — | — | — | —
ATGOn e A — |mof1330| — | — | — [2070| — |31.2043.30 | 56.50 | 87.50 |'123.00
‘Acetylene ' ........... CH, 4.73| 8.20| 9.35]10.60 | 11:94 | 1325 | 14.70 | * — - — -1 = -
Benzene ............. CeHs 1-66 |11:95 | 2.26 | 2.60| 2.94 | 3.33| 3.73| 4.80} 6.02| 8.85| — - -
Butane ... .......... C4Hyo — |25.80°| 20.70 | — - — 4850 — | — — - - -
Hydrogen ... .......... “H, 84.00 | 93.50 [105.00 |117.30 [130.00 {143.00 |156.60 |195.00 [233.00 |324.00 |423.00 |651.00 | 918.00
Water vapor ... ........ H,0 9.50 [11.12.{ 12.90| 14.84 | 16.90 | 18.66 | 21.50 — — — —_ — —
Alt - 11.66 |13.20 | 15.00 | 16.98.| 18.85 | 20.80 | 23.00 | 30 | 34.90 | 48.20 | 63.20 | 96.50 | 134.00
Heliom ... ... 000700 He 9.1210.40 | 11.74 | 13.12 | 14.55 | 15.97 | 17.50 | — | 26.20 | 36.10 | 47.30 | 72.80 | 102.50
Sulfur dioxide . ......... SO, — 4.00| 4.60 — — — 7.60 — 12.20 | 17.60 — —_— -
Nitrous oxide .. ........ N,O — | 6.82] 7.93) — - — li12.70] — |19.70}28.20] — - -
Oxygen .............. 0, 11.04 [13.40 | 15.36 | 17.13 { 19.05 | 21.16 | 20.40 | - — | 35.20 | 48.70 | 63.80 | 97.50 | 135.70
Krypton ... ..ovivinon. . Kr — | 62| 7.13| — — — 1370 — — — - -_ -
Xenon ... .00, Xe - 3.59| 4.15 - - - 6.70 - - - - - -
Methane , . ... ......... CH, 12.57 [14.20 | 16.50 | 18.44 | 20.07 | 22.90 | 25.40 | 31.8 [ 39.00 | 54.50 | — | — -
Nitric oxide . ......:... NO — {133 }1510] — | — | — |[23.20] — [30.50| — - | - -
Carbon monoxide . . ... ... co 11.86 [13.50 | 15.16 { 17.00 | 18.96 | 21.00 | 22.70 | 28.4 | 34.30 | 46.85 | — - -
Propane . ............. CsHy | 3.04|370| 4.26| 4.90| 5.52| 6.18| €.76| 8.70 | 10.84 [ 15.10| — | — -
Propylene ............ C3Hq — 4.08 )| 4.70 — 1 - S - 7.70 | 11.4 - - - —_ - _
Hydrogen sulfide ", . ... ... H,S — | 762|870 — | = | — [1400| — |19.80]28:00 | 37.30 | 65:20 | 82.00
Carbon dioxide ........ CO, 5.62.) 700 8.02| 9.05| 10,30 12.10{12.80 | — - - | — - -
Chlorine .. ........... Cl, 309 3.80| 4.36| 5.02) 566| 6.36| 7.15] 9.10]11.50]16.25 | — - -
Methyl chloride . ....... CH;Cl — |42 49| — - —_— 805 — |13.10) — - - -
Ethane ... ............ C,Hg — | 635 7.28] — — | — [neojrar0f1800] ~ | — | — -
Ethylene .. ... ..., CoH, | 680|750 8.66| 9773|1085 1215|1340 (1730|2020 — | — | — | —
- - \.'
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FIGURE 1-1." Kinematic viscosity of air as a function of its temperature at p= 1.0 atm.

The dynamic viscosity of the mixture can be determined by the approximate formula

")= G‘ G. Gn ’ ) (1'5)
w T bty
where #,, ,,..., 1, arethedynamic viscosities of the components; G,, G,, ..., G, are the
percentage weights of the m1xture components,
se
9. The dependence of the dynamic (—gm—zg) and kinematie (m?/sec) viscosities of water

. 2
on the temperature and pressure is given in Table 1-8., The dependence of v ( rzc )of

water on the temperature at latm is given in Figure 1-2,
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FIGURE 1-2. Kinematic viscosity ot water as a function
" of ‘its temperature,
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TABLE 1-8 .
Dynamic and kinematic viscosities of water as functions of temperatu e
and pressure /1-21/

]

t, °C [} 10 20 30 40 50 . 60 70 80 90’ 100 “uo 120 130
P kg/cm? 1oltol1o0{10ftof10f[10]10]10]10[103]14]202]275
ax10°, SBXC 1189 31133.1102.4| 81.7 | 6.6 [ 56.0 [ 47.9 | 41.4 | 36.2 | 32.1 | 28.8 | 26.4 [24.2 | 225
m .
2 B .
v)‘lOs,% 1.792|1.306|1.006 | 0.805[0.6590.556 | 0.478 | 0. 415 0.365 | 0.326 [ 0.295 | 0. 272 0.252 | 0. 233
t, °C HO. 150 160 .. 170 180 190 200 210 220 | 20 | 240 ‘250 260 .270
p. kg/cm? 3.68 | 4.85 | 6.30 | 8.08 [10.23]12.80|15.86| 19,46 | 23 46|28.53|34.14]40.56 | 47.87| 56.14
s KgXxsec ) .
ax10°, 2BX5C 1 90,5 19.0 | 17.7 | 16.6.{ 15.6 | 14.7 | 13.9| 13.3 | 12.7 [ 2.2 [ 1.7 | 1.2 | 10.8°| 10.4
m . . : _
2 -
vxlos,-:—c 0.217|0,20310.191 {0181 |0.173{0.165]0.158 | 0,153 | 0.148 [0.145 [0.141 | 0.137 | 0.135 | 0.133
t, *C 280 299 300 310 320 330 340 350 360 370
P, kg/cm? 65.46 | 75,92 | 87.61 {100.64|115.12| 131 .18|149.96{168.63 | 190.42| 214.68
ax10f, KgXsec 10.0 | 9.60 | 9.30 | 9.00 | 8.70 | 8.30 | 7.90 | 7.40 | 6.80 | 5.80'
3 m2 : ' X . .
vx10®, 0.131 | 0.129 [ 0.128 | 0.128 [ 0,128 | 0.127 [ 0,127 | 0.126 | 0.126 | 0.126!

1-4, EQUILIBRIUM OF FLUIDS

1, " A fluid is iniequilibrium if the resultant of all the forces acting on any part of it
is equal to zero,

2. The equation of equ111br1um of a fluid-in one and the same volume« at constant
specific grav1ty can be written in the form . : -

pmarn o

where. z, and z,are the coordinates of two fluid particlesinthe given volume relative to the
reference plane (Figure1=3); p, and p, are the absolute static pressures atthelevels of these
particles, kg/m?; Y is the specific gravity of the fluid, kg /m?3,

The expression “one and;the same volume™ is to be understood as meaning a volume such that any two points of it can be
connected by a line contained msxde the volume. The volumes of liquids filling communicating vessels are one and the same
volume in this sense.
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FIGURE 1-3. Determination of the pressure at an
arbitrary point of a fluid from the pressure at a given
. point: a)y> 14:b) ¥ < 14, [y, = specific gravity of air. ]

3. The pressure at an arbitrary point .of the fluid volume can be determined if the
pressure at some other point of the same volume is given and the difference in depth
h=z,—z, of one point relative to the other one is known (Figure 1-3):

Ps=p—102—2)=p,—h; } (1-7)
Px=pz+7(z:—" z))=p,+1h. '

It follows that the pressure on the wall of a vessel filled with a stationary burning gas
(1<yJ)at a level h=2z,~2, above the surface of separation of the gas and the surrounding
air (Figure 1-4) is lower on both sides of the wall (pg= the gas pressure, and p, = the air
pressure at level 8) than the pressure p, at the surface of separation: '

CPy=P,— I _ ' (1-8)

' and

Py=P,— 1 _ (1-9)

where 1, = specific gravity of the gas (average value over the height ’:)' % ; 1,=specific
gravity of surrounding air (averaged overheight h), —;—g- .

2z
) ;'*’s“%—rf" :
o < :
AN Pn“
Yix

0

FIGURE 1-4. Determination
of the excess pressure of a

" burning gas in a vessel at an
arbitrary height, over the
atmospheric pressure at the
same level.
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4, The excess pressure Hgof a stationary burning gas in a vessel at level
h=2z;—2, over the atmospheric pressure of air atthe same helght h will be, onthe strength
of (1-8) and (1-9):

Hy=p;— py=h(1,—1,). o (1-10)

1-5. MOTION OF FLUIDS

. a. Discharge, and mean flow velocity

1. The amount of fluid flowing across a given cross section of a pipe per unit of time
is called the fluid discharge. It is measured in industrial units either as weight, rate of

flow (Gkg/sec), or as volume rate of flow (Qm?®/sec).
' At any flow-velocity distribution over the section, the volume discharge is

represented in a general form by the formula:

Q==SdQ=5wdF.. | | | (1-11)

where w is velocity at the given point of the conduit section, m/sec F is the area of the

conduit cross sectipn, m?,
The welght d1scharge is connected with the volume d1scharge by the formula

G=1Q. | | (1-12)

3. The distribution of the velocities over the conduit section is practically never
uniform, The analysis of problems is simplified by the introduction of the mean’ flow
velocity:

iwdF ‘
W, =—F =-g—, (1-13)

whence v i
Q=w,_F. ... .. | (1-14)

4, The volume, dlscharge (and also the flow velocity) of a gas is a function of its
temperature, pressure, and humidity=, g
Designate the volume discharge at normal conditions (0°C, 760 mm mercury, dry
gas) by Q; (m3/sec) ‘and the corresponding mean velocity byw (m/sec) the corresponding
magnitudes at operating .conditions will be: : : : '

Q.3 Qn—3 Pe (1+0804)[m3/secj - (1-13)

* We consider the case of a perfect gas, satisfying the equation
‘ po=RT,

and for which the internal energy is a function of the temperature only; here o = specific volume, R= gas constant.

14
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ot o ™ _ o
and o @y = @375 - —@(l'i'o—.s_m) [m/sec], (1-16)

where T is the absolute temperature of the gas, °K; mis the content of water vapor in the
gas, kg/m?® dry gas (at normal conditions m = 0.804); P, is the absolute pressure of the
gas considered in the given section F, kg/m3 p, is the absolute pressure of the gas at
normal conditions ( p, = 10,330 kg/m?),

The volume dlscharge and the flow velocity at operating conditions for a dry gas at
atmospheric pressure (p=p_) will be:

Q= Qs [ 25 eZ] | | (1-17)
and | '
.w op w02€3 [s?c] ' | . (1-18)

5. The specific gravity of a gas at operating conditions is equal to

_ 23 1 popf kg i
Yor(7n+m)'j-"'l " m -;;[?n—g]. (1 19)

. + 5304

where ¥, is the specific gravity of the dry gas at normal conditions, kg/ma,
In the case of a dry gas at atmospheric pressure:
3y, kg1 : _
Top- a7 = - [_] ‘ (1-20)
1 +373 :

b. Equation of continuity of a stream

1. The equation of continuity is a result of the application of thelaw of mass conserva-
tion to a moving medium (fluid).

The equation of continuity can be represented in the followmg general form, at any
distribution of the velocities, for two conduit sections I-I and II-II (Figure 1- 5),

iy,wdl-‘=5 1.@ dF. (1-21)

In the case of an incompressible homogeneous medium the spec1nc gravity over the section
is always constant, and therefore:

Y-} wdF=_7.£wdF. (1-21")

where F, and F, are the areas of sections I-I and II-II, respectively, m?; w® is the flow

velocity at the given point, m/sec; 71, and y, are the specific gravities of the moving
medium at sections I-I and II, respectively, kg/m3.

15



FIGURE 1-5. Application of the
equation of continuity, the energy
equation and the Bernoulli equa-
tion to two conduit sections. .

2. On the strength of expressions (1-12) to (1-14), the equation of continuity (equation
of discharge) for a uniform compressible flow and for an arbitrary incompressible
flow can be written in the form:

1,F, =7,tbF ="wF,} (1-22)

1:.%4=10=1Q

where w, and @, are the mean velocities over sections I-I and II-II, respectively, m/sec.
If the specific grayity of the moving medium does not vary along the conduit, i.e.,
1,==Y,=1Y, the equatign of continuity (discharge) reduces to

,F, = w,F,= wF | (1-23)

or

— O — G
Q=0=0=1%.

c. Bernoulli equation, Head loss

1. The law of energy conservation, when applied to a medium moving through a conduit,
states that the energy of the flow per unit time across section I-1 (Figure 1-5)
is equal to the energy of the flow per unit time across section II-1I plus the
heat and mechanical energy dissipated along the stretch between these sections.

2. In the general case of flow of an inelastic liquid or a gas with nonuniform,
velocity and pressure distributions over, the section, the correspondmg energy
equation will be: : : :

where z is the geomgtric height of the centroid of the corresponding section, m;
p is the absolute hydrostatic pressure at the point of the corresponding section, kg/ m?;

A is the mechanical equivalent of heat .1 keal . § zywdF isthe gravitational potential

427" kg Xm’
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energy of the flow per ﬁnit time across the corresponding section, kgXm/sec;

§pwdF is the potential pressure energy of the flow per unit time across the

corresponding section, kg Xm/sec; S";: wdF is the kinetic energy of the flow per
- F
R unit time across: the corresponding section, kgXm/sec; U=c0T is the specific

internal energy of the gas, kcal/kg; —g—-“{wdlv‘ is the internal thermal energy of the

flow per unit time across the corresgonding section, kgXm/sec; AE is the energy
(thermal and mechanical) lost in the stretch between section I-1 and II-1I, kgXm/sec;
¢, is the mean specific heat of the gas at constant volume, kcal/kgXdeg.

3. The static pressure pis, in most cases, constant over the section even with a
considerably noenuniform velocity distribution. The variation of specific gravity over the

section, due toavariation of velocities, can be neglected in practice. Equation (1-24)
can therefore be replaced by the equation:

.z, 4p)) wa|+5 12 dF+— 1.0, F, = (1.2, + P,) w:Fz+5 dF+ U% 1,w,F;+ AE

Substituting

(1-25)
ON=- 5 ( ) dF,
the last equatlon can now be written
(et P)wFo N, S o F, 4% o F = (1, +p)wF
: rue?
+Na'2g_2waF: +‘]" 1@y n+AEtot ’
or ' : '
(Ynzx+pl+Nx ;:l +1‘U‘) \7:2 +p: 3 2g )Q+AE (1-26)

where N, and N, are the kinetic-energy coefficients for sections I-I and II-II, respectively;
they characterize the degrees ofnonumformlty of both k1netlc -energy distribution and
. velocity distribution, :
4, If the flow energy per second is d1V1ded by the weight or volume discharge, we
obtain the generalized Bernoulii equation corresponding to a real fluid and allowing for
specific losses in the stretch considered: -

&

ZI+T‘E‘L+N| g + A Za"l’%"l“ ..
| o |
+N,-.;§—+%—+T (1-27)
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or

11"’% .

T|z|+pn+Nl ’2_3'— L—‘ —Y:za+p:+Nz L}z +L_:+"— (1-28)

5. In the case of an incompressible liquid, or a gas at low flow velocities (up to
w = 150 to 200 m/sec), and low pressure drop (up to 1000kg/m?), U,=U, and 1,=1,=1;
the Bernoulli equation then reduces to:

z‘+%+N,—;z-=z, —’;'-—f-Nz e +H (1-29)
or |
1=.+p.-!-N.’2-1,; =1z,+p,+N, —}}-HH. | (1-30

6. All terms in (1-29) have the dimension of length and they are accordingly all
called "heads" : .
z, and 2, = potenual head, m;

-%‘-. ’;’ pressure head, m

ot w
Nn;"—. N,—272 = velocity head, m;
H = total head loss, m.,

7. All the terms in (1-30) have the dimension of pressure (kg/nri2 or mm watér column)
and are called:
Y2,. Y2, = specific energy of position, kg/m?;
P D3 = spec1f1c pressure energy or static pressure, kg/m

ng = specific kinetic energy or dynamic pressure, kg/m ;

N:‘z?
AE
AH = —- = lost pressure spent on overcoming the total resistance of the stretch
o) g

bétween sections I-I and II-II, kg/m
8, In the partlcular case of a uniform veloc1ty field N,= N [=1] Bernoulli's équation
reduces to:

o o
P | Pa 2 -
z +T+=-2lz__z'+T+Tg_+H N | (1-31)

or

vt T HaH. (1-32

9. Theadditionand subtractionof p, totheleft-hand side of (1-30), and of P, toits right-
hand side, gives:

, @} w}
124 Pt pr— PNy %=Y21+P.+P,,-P,1+Ns-;;3 +4H, (1-33)

18



where p, is the atmospheric pressure at height 2, kg/m i Py is the atmospheric pressure
at helght z,, kg/mz, :
On the basis of (1-9)

px.=p.—".zl; } (1_34)
px‘=p.—1.z”

where p, is the atmospheric pressure in the reference plane (Figure 1-6), kg/m?; ¥, isthe
mean specific gravity of atmospheric air over height z; in the given case the specific

gravity is considered as equal at the two heights 2, and 2,, kg/m?3,
Equation (1-33) can therefore be replaced by:

1o
(r— T.)z,+(P.-—P,.)+N. 2 2 =(1— Y.)za+(p1 pg)+Na % +AH , (1-35)

10, The resistance of the stretch between sections I-I and II-II is equal, on the basis
of (1-35), to: :

o

AH = —p)— (P p,,)+N. S TRl Ny T -Hx. V(2 —2,) (1-36)
or
AH =(H,, —H,,)+(H,y—H,)+ H =H, ~H, +H, (1-37)
where Hy=N —i—’:'- is the dynamic pressure at the given stream section (always .a positive

magnitude), kg/m?; H, = p — p, is the excess hydrostatic pressure, i.e., the difference
between the absolute pressure p in the stream section at height z and the

atmospheric pressure p, at the same height, kg/m?; this pressure can be either p051t1ve
or negative; Hmr-H +Hs,1s the total pressure in the given stream section, kg/m?; H, is
is the excess potent1a1 head, kg/m?:

H =(z,—2,)({,—Y) (1-38)

11, . The excess potential head is caused by the tendency of the fluid to go up or down,
depending on the medium in which it is located, This head can be positive or negative
depending on whether it promotes or hinders the flow.

If at Y7, the flow is directed upward (Figure 1-6a) and at y<7y, downward
(Figure 1-6b), the excess head H, =(2,—2,)(y, —7) is negative and hinders the flow.

If the flow is directed downward at y>>7y, (Figure 1-6c) and upward at y<jy,
(Figure 1-6d), the excess head H =(z,—2,)(Y,—Y) is positive and contributes to the
flow, ’ :

12. Whenthe specific gravities of aflowing medium ¥ and the surrounding atmosphere
are equal, or when the conduit is horizontal, the geometric head equals zero, and equation
(1-37 s1mphf1es to : :

AHIO[ =H1tof_H2[o([kg/m2] .' (1-39)

13, In those cases when both the static pressure and the velocity are nonuniform over
the section and this nonuniformity cannot be neglected, the resistance of the stretch must
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be determined as the difference between total specific energies plus or minus the excess
head (if the latter is not equal to zZero):

an =1 5 (Hy +H)wdF— 5 ((H, +H)wdF=H,, (1-40)
(R F;

where -é—j(Hs[+Hd)wdF is the total specific energy of the flow through the

F
given section F, kg/m?; H_-}H,is the total pressure at the point of the section, kg/m?.

[

CY>Ya E  { d'}"}’a

FIGURE 1',-6‘ Detfermination of sign of the héad,
1 ] B
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1-6, THE FLOW OF FLUIDS THROUGH AN ORIFICE

a., Flow of an incompressible fluid

1. Thedischarge veloéity of fluid from a vessel or reservoir, through an orifice in the
bottom or wall (Figure 1-7), is determined by the formula*:

i/:e,; 1 |
5 |1E+D+p—p +N.-§—
w, = . (1-41)

¢ Vi +¢

or

w, =ey 2gH, (1-42)

where w®_ and w, are the velocities of flow in the vena contracta of the Jet and in the
vessel, respectlvely, in m/sec;

?=7_1El? is the velocity coetticient; (1-43)
1o}
Ht dis.~= 'f(z-}—l)-’-p, P. +N| 2¢ (1-44)

is the totaldischarge pressure, kg/m?; p. and p, are the static pressures (absolute) in the
vena contracta and the vessel, respectively, kg/m?; z is the height of theliquidlevel above the
centroid of the exit section of the orifice,, m; ! is the vertical distance from the exit
orifice to the reference plane (Figure 1-7) or nozzle depth, m; N_ and N, are the kinetic-
energy coefficients in the vena contracta and the vessel, respectively; { is the resistance
coefficient of the orifice, referred to the velocity in the vena contracta of the jet; itis
determined from the same data as for any stretch of pipe.

/2t
~ Reference
plane
w, F.

(44 €

FIGURE 1-7. Discharge from a vessel through an ori-
fice in the bottom or wall.

* The magnitudes Z and § are neglected in the case of a gas.
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2. In the g_enerai case, the jet issuing from an orifice contracts somewhat just below

the orifice, so that

F. =sF,,

c

F
respectively (Figure.1-8), m?; e=—°

F is the coefficient of jet contraction, which depends
€ . f

mainly on the shape of the inlet edge of the orifice, on the ratio —‘—;.i (F, = area of the
1

vesselcross section), and on the Reynolds number,
Using (1-45) and the continuity equation, formula (1-41) can be reduced to

}/?f— z+D+p—p ) — m-m v (1-46)
l/, _WN, (—‘;:- q)' VI —N, (%w)'

where H-d.ls=-7l‘- t+0)+p,—p. | is the di'schargé pressure, 'kg/mzl;

W30 By o ‘
ey o
— - A - ~ 3 , ‘
o, ke A= 77_r—— .
:— . zw - "‘”‘ : ' \\ e —‘q! ':y:’ \ \
; ; : - . ! )y —— —y . N ~ 3
—A : L—' - }* = | Bl & & (F, —  — :
10 \ | M o2aTeSy /T ==
\\ y, b—1: i 3P, —» 1<30;
et pr——— [} A
a b c d

‘ <‘vl(—-—/\
- '“—-bllfg ! 'S[;i
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f
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e g h
FIGURE 1-8. Diséharge from a vessel through variou;: nozzles. .

R

3. Ifthecross:sectionalareaof the orifice can be neglectéd compared with the area of
the vessel cross section, (1-46) simplifies to '

t

|
.

o, =eV Eet)tpn—p =
=9y 2ng'is' . . (1"47)

22
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where F, and F, are the areas of the contracted section (the vena contracta)and the orifice,
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4, The volume discharge of a fluid through an orifice is given by the formula:

V2gHy; . V 2gHgis, (1-48)

Q=u_’c 'Fo=?"Fov Fons = pF, Fa)?
2GRS =4(-7))

where p=1¢g is the discharge coefficient of the orifice.
At F,&LF,: '

Q= PFOB/ 2ngis.' ' (1-49)

5. The discharge' coefficient ¢ of the orifice is a function of the shape of its inlet

r. : v
of s, ¢,{ on these parameters), D,
6. The dependence of the coet‘flments s, ¢,p onthe Reynolds number Re==—— (where

w'=]/7—$— [rz4p,.—p,.] is the theoretical velocity of discharge through an orifice in a thin

wall in the vena contfacta, _D, is the orifice diameter, v is the kinematic viscosity
coefficient of the liquid or gas) can be determined at £+ —0 on the basis of the curves of

1
Figure 1-8, proposed by Al'tshul [1-2/,
7. At Re>104 the values of p for the case considered can be determined approximately
by the following formulas:
1) circular orifice

~ : 5.5
p, =0.59 +———ﬁ;;

(Al'tshul formula /1-2/);
2) rectangular orifice

(Frenkel formula /1/24/);
3) square orifice

. 8.9

(Frenkel formula /1-24/).
8. The values of p at Re> 10* for different types of nozzles (Figure 1-8) can be

determined approximately as a function of the area ratio—?— by the formulas given
\ 3

in Table 1-9%,

9. The velocity and quantity of a liquid discharged from a submerged orifice
(Figure 1-10) are determined by the same formulas (1-41) to (1-49) as for a nonsub-
merged orifice; the different symbols are understood in this case as follows:

® Author's data.
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= immersion depth of the centroid of the exit sectionrelative to the
free liquid level in the reservoir A, m;
P,=p, = pressure at the free surface in the reservoir A, kg/m?;
P. —p3+1zB pressure inthe vena contracta of the jet, where p; is the pressure at
the free surface of reservoir B, kg/m 2, is the immersion depth of
the center of gravity of the orifice relatlve to the free level in
reservoir B, m,

Z=ZA

TABLE 1-9
Values of p
Shape of the nozzle F #,
/ - : differem-’-;'- —£ »0
. Fi
«fi::éf, s, . ‘ 1 " 5 5
BREN Orifice in a thin wall (bottom) (Figure 1-8a, [ = 0) 1 1or07 Y/ Fs VRe 0‘59+m
o - 3 4
1
External cylindrical nozzle (Figure 1-8,aandb, ! =2 3D,) 1.5—08 Fq 0.82
e
. 1
Internal cylindrical nozzle (Figure 1-8, c, I == 3D,) 2 Fo 0.71
i _ I )
Conical converging nozzle (Figure 1-8, e, 22 13°) .12 j 0.9 F, 0.94
.? . - F

Rounded approach nozzle (Figure 1-8,f) 1.07 — 0.07 F,
. o — o' F

Diverging nozzle(Venturi tube) with rounded entrance P24

(Figure 1~8h,_. a=6-=8° —%—}7)

V%

T T T : -
wlfadef : g=FlRINL gt jf=' '
0’ | ' ~\‘L .-—"J—
? EBiil TR ~HH =T
o8- £ 4723 TS~ ‘
a7 1 fi I I A,//’ ’ ‘h“r-
14 : ::;— - - =1 _.._:;:____
a5 h ( Z
as 1 - 1 . 4t ‘
2o 41 : : ]
a3 |V :
TTTTW,” " g

22 Jﬁ / . :

2 S W0 A W W 2 S 00 2000 10000 20000 100000 200000~ ~ 00088

FIGURE 1-9. Curves of the vélocity coefficient ¢, the contraction coefficient ¢, and the discharge
coefficientp . for a sharp-edged orifice, as a function of Re.
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Introduce the designation H,=7Y (2, —2p)=1z,; then , at =0 and —;.i:—=

v, =?V2—§’-(H‘+p4—p,) (1-50)

and

Q=vFV X H,+p,—r0)- (1-51)

10, If p,and pgare ‘equal to the atmospheric pressure, then for a relatively small
opening:

(1-52)

w, l/ 2g |
and ' ' :
Q=yF,}/ 2g'1“-,> | | (1-53)

The same values are used for ¢ and p as above,

FIGURE 1-10. Discharge from a
submerged orifice.

b. Discharge of a compressible gas

1. Whenagasis discharged at high pressure to the atmosphere, a sharp variation
occurs in its volume. In this case it is necessary to take its compressibility into account.
Neglecting the nozzle losses (Figure 1-8f) for a perfect gas and the influence of the gas
weight, the velocity of the adiabatic discharge can be determmed by the Saint-Venant
and Wantzel formula:

w, = ::_l 1 [l ) '][m/sec] : (1-54)

or

w,=‘/ 2g E‘:iRT"ll — (%‘f-)‘{—lj |m/sec], (1-55)
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where w, is the velocity of the gas jet in the nozzle throat, m/sec; p, and p, are the
inlet and back pressures, respectively, kg/m T, is the absolute temperature of the gas
before the:nozzle throat, °K; y, is the specific gravity of the gas at pressure p, and

temperature T,, kg/m3; R is the gas constant; a=£-’— is the specific-heats ratio (cf,

Table 1-3); ¢, ¢, arethe mean specific heats of the gas at constant pressure and constant
- kcal
volume, respectively, m
2. When p,decreases, the discharge velocity: w, increases until p, becomes equal to
the critical pressure:

pcr =(;;—-}-2_l):‘pl' (1~-56)

When p, = p_,, the velocity in the nozzle throat F; is equal to the speed
of sound in the given medium,

The subsequent decrease of py has no influence on the velocity at the throat, which
remains equal to the speed of sound, but leads to the expansion of the jet at the exit,
Thus, when the pressure is reduced below its critical value, the mass discharge of gas
remains constant and equal to

G=10F,wo=Fo(—;—_f7-l-);'l‘—' 1% ’—j'_—lg’{,.p,'. | (1-57)

Formula (1-54) or (1-55) cantherefore be used for calculating the velocity and discharge at
Po=pPonly. Formula (1-57) is to be used at p,<p

3

1-7, FLUID-FLOW STATES

1, The state offlow of a fluid can be laminar or turbulent, In the first case the flow
is'stable, the fluid,layers move without mixing with each other and flow smoothly past
the obstacles in their way, The second state of flow is characterized by a random motion
" of finite masses of .fluid mixing strongly with each other,

2, The state of :flow of a fluid-is a function of the ratio between the inertial forces and
the viscosity forces. in the stream, This ratio is characterized by the dimensionless
Reynolds number: ' :

Vl. _'{wD, __®,D, : { ( -

‘where w, is the determmmg flow veloc1ty {i.e., the mean" velocny over the pipe
section), m/sec; B, is the determining linear d1menS1on of the flow (the pipe diameter),
m, :

3. For each installation there exists a certain range of 'critical’ values of Reynolds
number at which the passage from laminar to turbulent flow takes place. The lower limit
of the critical Reynolds number for a circular pipe is about 2300. The upper limit of Re
depends strongly on the inlet conditions, the state of the wall surface, and other factors.



4, When a viscous fluid flows between solid boundaries, the layer contiguous to the
solid surface adheres to it, leading to a transverse velocity gradient: the velocity
increasesinthe regionnear the solid surface from zero to the velocity w of the undisturbed
stream (Figure 1-11), The region in which this variation of the velocity takes place is
called the boundary layer, '
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FIGURE 1-11. Velocity distributions over the pipe cross section:

a—stream deformation in the initial zone; b—velocity profile in the stabilized zone;
1—laminar flow; 2—turbulent flow.

5. A distinction is made in the case of flow in straight conduits, between the initial
zone of flow and the zone of stabilized flow (Figure 1-11a), '

The initial zone is the stretch along which the uniform velocity profile observed at the
inlet is gradually transformed into the normal profile corresponding to stabilized flow.

6. The stabilized velocity profile is parabolic for laminar flow (Figure 1-11b, 1) and
roughly logarithmic or exponential for turbulent flow (Figure 1-11b, 2),

7. The length of the initial stretch, i.e,, the distance from the inlet section to the
section in which the velocity differs from the velocity of the stabilized stream byonly 1%,
of acircular or rectangular pipe with a side ratio of between 0,7 and 1.5, can be determined
in the case of laminar flow by Shiller's formula /1-25/:

L.
~in — 0.029 Re, (1-59)
h

where L, is the length of the initial stretch, m; D, is the hydraulic diameter of the pipe,

W,D h

m; Re= is the Reynolds number,

8. In the case of turbulent ﬂogv the length of the initial stretch of an annular pipe with
smooth walls can be determined by the Solodkin-Ginevskii formula /1-18/:

L.
-=b"IgRe+(a' —4.30"), | . (1-60)
1
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D;
where a' =, (q) and b' =, Do are determined from the corresponding curves of
ut

Figure 1-12; D, and D_, are diameters of the inner and outer pipes, respectively.

D;
The annular pipe is transformed in the 11m1t1r1g case E‘E—O(D =0) into a circular pipe,
for which formula (1-60) reduces to: out

Lln =7.881g Re — 4.35. (1-61)

D : ,
In the limiting case b—‘-’-‘ = 1.0 the annular pipe is transformed into a plane one, [or which
out .
t

formula (1-60)' reduces to

LTJ_ 3.281g Re — 4.95. . (1-62)
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FIGURE 1-12. Curves of the coefficients @’ and ¥’ as a function of the ratio
of diameters of an-annular pipe. '
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FIGURE 1-13. Flow separation and formation of eddies in
a diffuser.
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9. The thickness of the boundary layer at a given distance from the initial section of
a straight conduit can increase or decrease, depending upon whether the medium moves
in a decelerating motion or an accelerating mot1on

A too sudden expansion can lead to the phenomenon of flow separatlon from the wall,
accompanied by the formatmn of eddies (Figure 1-13),

1-8. FLUID RESISTANCE

1. The fluid losses in the course of the motion of a fluid are due to the irreversible
transformation of mechanical energy into heat, This energy transformation is due to the
molecular and turbulent viscosity of the moving medium,

2. There exist two different types of fluid losses:

1) the frictional losses AHy;; ’

2) the local lossesAH;.

3. The frictional losses are due to the viscosity (molecular and turbulent) of the fluids,
which manifests itself during their motion and is a result of the exchange of momentum
between molecules at laminar flow and between individual particles of adjacent fluid
layers moving at different velocities, at turbulent flow. Theselosses take place along the
entire length of the pipe. _

4, The local losses appear at a disturbance of the normal flow of the stream, such as
its separation from the wall and the formation of eddies at places of alteration of the pipe
configuration or at obstacles in the pipe. The losses of dynamic pressure occurring with
the discharge of the stream from a pipe into a large volume must also be classed as
local losses, '

5. The phenomenon of flow separation and eddy formation islinked withthe difference
between the flow velocities in the cross section, and with apositive pressuregradient along
the stream, which appears when the motion is slowed down in an expanding channel, in
accordance with Bernoulli's equation. The difference between the velocities in the cross
section at anegative pressure gradient does not lead to flow separation. The flow in
smoothly converging stretches is even more stable than in stretches of constant section.

6, All kinds of local pressure losses, except the dynamic-pressure losses at the exit
of a pipe, occur along a more or less extended stretch of the pipe and cannot be separated
from the frictional losses. For ease of calculation they are, however, arbitrarily
assumed to be concentrated in one section; it is also assumed that they do not include
friction losses, The summing is conducted according to the principle of superposition of
losses, according to which the total loss is equal to the arithmetic sum of the friction
and local losses: - - : : ,

AH =AHﬁ- +AHI [kg/mzl. . (1-63)

In practice, it is necessary to take Aff; into account only for relatively long fittings
or when its value is commensurable with a4,

7. Hydraulic calculations use the dimensionless coefficient of fluid resistance, which
has the same value in dynamically similar streams, i, e, , streams having geometrically
similar stretches, equal values of Re, and equal values of other similitude criteria, in-
dependent of the nature of the fluid. Th1s is espec1ally true of the flow velocity and the
dimensions of the stretches being calculated,
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8. The fluid-resistance coefficient represents the ratio of the pressure loss AH to the
dynamic pressure in the section F considered:

(1-64)

=

ie

The numerical value of { is thus a function of the dynamic¢ pressure, and therefore
of the cross section. The passage from the value of theresistance coeff1c1ent in section (F,)
to its value in section F, is realized by means of the formula:

Y W4 Fy -
L=¢3 o) = (.h ,.) (1-65)

or at 1.-4_-7,: :
Co=--::(:?:‘):- ' 5')

9. The total fluid resistance of any element of the pipe is determined by the:!formula:

AH , =C =

sum g
or
' YOPU, Yop/Q ‘
BH i == Cqunrg (12 )[kg/m I (1-66)

In accordance with the principle of superposition of losses:
Csum=(fr +t1' . (1-67)

/

*ez'_’;p
. 5
coefficient of local resistance of the given element of the pipe; wo, is the mean flow
velocity at section ‘F atoperating.conditions, m/sec(cf. (1-16) or(1-18)); Qop is the! volume
rate of flow of the fluid, m3/sec (cf. (1-15). (1-17)); Yop is the specific gravity of the
fluid, kg/m?3 (cf. (1-19), (1-20)); F is the cross-sectional area of the element con-
sidered, m?.

- 10. The fmctlon coefficient of the entire element is expressed through the friction
coeff1c1ent per‘ unit'relative length by: | :

is the

where { is the fmctxon coefficient in the given element of the pipe; (=
fr= opu'gp g p

[ gy L o ' (1-68)
where 1 is the friction coefficient of unit relative length of the pipe element considered;

1 is the length of the element considered m; D =1§ is the hydraulic diameter (four times

the hydraulic radius) of the element section adopted, m; I is the perimeter of the
section, m, :
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[ . .
11, The friction coefficient 2, and hence {;, at constant—f, is a function of two factors:
1

the Reynolds number Re and the roughness of the channel walIsK:-E.
’ 1

12, The coefficient of local resistance {, is mainly a function of the geometric
parameters of the system element considered, and also of several general factors of
motion, including:

a) the velocity profile at the inlet of the element, This in turn is a function of the
state of flow, the inlet shape, the shape and distance of the various fittings or obstacles
located ahead of the element, the length of the precedmg straight stretch, etc,;

b) the Reynolds number Re=—' D“

c) the Mach number M= -a-, where a is the speed of sound.

13. The principle of superposition of losses is used not only withrespecttoa separate
element of the conduit, but also in the hydraulic calculation of the entire system. This
means that the losses found for separate elements of the system are summed arithmetically
which gives the total resistance of the entire system AHsys.

14, The principle of superposition of losses can be applied by two methods:

1} by summing the absolute values of the hydraulic resistance of the separate elements
of the system:

AHy =Y AH, (1-69)

where i is the number of the system element; n is the total number of system elements;
AH,is the total resistance of the i-th element of the system, determined by a formula
similar to (1-66):

'hwf e f QY
BH= 1 g 2t (F‘) (1-70)

b) by summing the resistance coefficients of the separate elements expressedinterms
of the same velocity wy and then expressing the total resistance of the system in terms of
this summed resistance coefficient:

Gy = % o - (1=
=l
where £ 2
— Yo 0. %, -
to:—(.-,—,(ﬁ)- (1-72)

v 18 the total resistance coefficient of the given i-th element of the system expressed in
terms of the velocity w, in the section F,; ; is the total resistance coefficient of the
given i-th element of the system, expressed in terms of the velocity w, in section £,.
Hence,

t,;f( i _2:,::( ) L (R) (1-73)

Al-l'sys-. sys 2g —E

nMa
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or

Zc’,‘;‘;,( ) %y

i=l
and at 7;,=1Y,: o

| AH —EK(F' e | - (1-73")

Tke first method is more convenient when a considerable variation of temperature and
pressure takes place in the line (roughly at £>100°C and H>500-1000kg/m?). In this case
the line is split in separate successive stretches, for each of Wthh the mean values of y;
and w, are used,

The second method is more convenient in the absence of a substantial variation of the
temperature and pressure along the line,

'1-9. WORK OF A COMPRESSOR IN A SYSTEM

1. In order to start motion of a fluid in a system it is necessary to give it a siuitable
head H; this head is'created by a compressor or pump (fan, supercharger, etc.). '
2, The head created by a compressor is used in the most general sense: a) to over-
come the difference between the pressures of the intake and discharge volumes; b) to
overcome the excess physical head, i.e., to raise a heavier-than-air fluid by heijght
z from the initial section of the system to its final section; c) to create a dynamitc head
at the exit of the flow from the pipe (Figure 1-14), i.e.,

H=(H,, —H)=H +@OH,8H, )+5 [—,] (1-74)

where H is the total head developed by the compressor, kg/m pis the excess p‘ressure
in the intake volume}, kg/m?; H, is the excess pressure in the d1scharge volume, kg/m?;
H| is the excess potent1al head (lift); AH,,is the pressure losses along the mtake §tretch
of the pipe, kg/m?; AHy is the pressure losses in the discharge stretch, kg/m?; w,, is
the outlet velocity, m/sec.

3. In the case where the pressures of the intake and the d1scharge volumes are equal
(Hi,==H ), this formula reduces to:
+H, (1-175)

: : 3, \'"’gx
H=AH~in'hAHdis +T3:H —AHsys-
where AH is calculated for the entire system as a sum of the losses in the intake and
discharge stretches of the system, including the losses of dynamic pressure at the exit
of the system, by formula (1-69) or (1-73); H|_ is calculated by formula (1-38).

4., Since, atH = 0, -the sumofall thelossesinthe systemis equal tothe difference

* For pumpsH is given in meters of the displaced liquid column.
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between the total presSures before and after the compressor, then:

. “; wf )
”=(H st. dis + 2:15) (Hst.in+ ng) Htotdis_ Htotin' (1 7€

where H o in and H,, g;;are the excess total pressure before and after the compressor, kg/m2
H .and H 4iare the excess static pressure before and after the compressor, kg/m?;
w, and wgy;; are the mean stream velocity before and after the compressor, m/sec.

H i

1s

A gig ||,

an;,

i

FIGURE 1-14. Work
of a compressor in
a system.

5. The value of His positive at normal operating conditions of the compressor, i.e.,
Hiy 45> Hioin-

At the same time, either the static or the dynamic pressure can be smaller after the
compressor than before it.
6. Where the intake and discharge orifices have the same cross section:

T’
22 2 '
and therefore the total head of the compres‘sor will be :>
H=Hg dis _Hstin' (1-77

i.e., the total head of the compressor is equal to the difference between the static
pressures immediately before and after the compressor,
7. The power on the compressor shaft is determined by the formula

Qop”
- N=7ww103,, ~ kW],

or (1-78)

QopH

N = 350759, D P. ]
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where Qop is the volume rate of flow of the medium being displaced at operating conditions
(Lompressor) 3/hr H is the compressor head at operating conditions, kg/m?2x*;
M, is the overall eff1c1ency of the compressor.

8. The compressor output is usually specified. The head of the compressor is
calculated by (1-74) to (1-77) for the specified conditions of the lines, i.e., for a given
difference between the pressures in the intake and discharge volumes (Hg4;; — Hy,)., excess
potential head ==H|, and shape and dimensions of all the elements of the system, These
latter determine the magnitude of the resistance coefficients {, and (, the flow
velocity in each element, and, therefore, the magnitude of AH ;.

9, In order to determine whether the compressor satisfies the specified values
of Qop and H it is necessary first to convert these magnitudes to the conditions for which
the compressor characteristic is given, If the rate of flow of the medium being displaced
is given in m?/hr, it may be converted to operating conditions by formulas(1-15) or (1-17),

The head of the compressor is calculated by the formula:

' 273 41
H =H_ Tch 279+ fop P (1-79)

where H, is the design value of the compressor head, kg/m Yen is the specific gravity
of the medium for which the characteristic was obtamed under standard conditions (0°C,
8= 760mm column of mercury, kg/m3); Y. is the specific gravity of the medium for which
the compressor is used, atstandard conditions, kg/m3 fop is theoperating temperature
of the displaced medium in the compressor, °C; t, is the temperature at which the
compressor .characteristic was obtained, °C; p,, is the absolute operating pressure of
the displaced medium in the compressor, kg/m?; P, is the absolute pressure of the medium,
at which the compressor characteristic was determined; in the case of fans P, =10, 330 kg/m?2,

10. In the case.of high head, the value used for the specific gravity of the medlum
being displaced is related to the mean pressure on the rotor. In that case Pop in (1-79).
is replaced by the mean absolute pressure on the rotor:

Pn=Py +(BH ;—05AH ) [kg/m?],

where 8H ., is the ,pressure loss in the compressor kg/m?2, AH . is the total pressure

lose in the whole line, kg/m?2, .
11, The rated power consumption of the compressor is determined by the formula:

N = Qop_”ch Qop ..ln__ 273+fch pOp
ch™ 3600-T029 . — 3600- 0oy Ten 273-{-:op Pen-
T 27 +ch pop_
Yo WX g, kWl | (1-80)

H

where N, is the power output of the compressor according to the manufacturer's
rating, kw. :

* 1In the case of pumps Q 7 the weight rate of flow of the fluid being displaced, Eé, and H= the head in meters of the displaced
liquid column, hr
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1-10, EXAMPLES OF THE CALCULATIONS OF THE FLUID
RESISTANCE OF SYSTEMS

Example 1-1., Forced ventilation system

A ventilation-system network is shown schematically in Figure 1-15.

4

4 15

4

2 Te_, 17
7

FIGURE 1-15. Schematic layout of a ventilation-system network.

Given: )

1) the output of the blower Q—3200 m? /hour; :

2) discharge through each of the four lateral branches Q= 800 m® /hour;

3) temperature of the external (atmospheric) air ¢ = -20°C;

4) air temperature at the heater outlet £ = +20°C; v

5) material from which the ducts are made — sheet steel, oil-coated roughness 4 =% 0.15mm (cf. Table 2-1, group A).

Since the gas temperature varies in the ducts (due to the heater), - the first method of summing the losses will be used:
summing the absolute losses in the separate elements of the ducts. ‘

The calculation of the resistance is given in Table 1-10. The following values are obtained according to this table for
selecting the fan:

Q op =0.955 m®/sec and H = AH gy =2 kg//m?.
The power on the fan rotor at a fan efficiency %, = 0.6 is equal to;

102v,, . 102:0.6

Example 1~2, Installatidn for the scrubbing of sintering gases

The installation layout’is shown in Figure 1-186.

Given:

1) total flow rate of the gas under standard conditions (# = 0°C and B= 760 mm mercury) Q = 10° m*/hour =278 m” /sec;

2) specific gravity of the gas under standard conditions ¢ = 1.3 kg/ms;

3) kinematic viscosity of the gas under standard conditions v = 1,3%107° m?/sec;

4) inemal coating of the-gas mains: sheet steel; its roughness: same as seamless corroded steel pipes, equal to A=z 1.0mm
{cf. Table 2-1, A); : ’ :

5) the gas cleaning is done in a wet sctubbing tower; the rate of spraying A==50 m’/hour x m* (Figure 1-17).

1n the example the gas temperature varies through the conduits due to cooling; the first method of sumiming the losses will
therefore be used, i.¢., summation of the absolute losses in the separate ¢lements of the main.

The calculation of the resistance is given in Table 1-11.
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The draft created by the exhaust pipe is equal to:

Hy=H, t,—1)

where Hp=62m =height of the pipe; ¥,= specific gravity of atmospheric air, kg/n13; 1g=spcciﬁc gravity of the gas at the inlet

to the exhaust pipe, kg/m’,

The specific gravity of.atmospheric air at temperature #3= 0°C is:

The specific gravity of the gas ar temperature #

g

1, = 1.20kg/m’.

='40°C is:

Yg=113 kg/m’.

N o

1200

500,
B

17600 —w

HH

72000 ~»

8000+
E400™

b

22000

5000x 6000 - 7

80000

FIGURE 1-16. Plan of an installation for scrubbing sintéring gases:

- a~plan view; b —side view.
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Therefore
H| =62(1.29 — 1.13)=% 10 kg/m’.

This is a positive head, which contributes to the stream motion, and therefore has to be subtracted from the total losses
(cf. Table 1-11).

—'-Ea:o-_r"- 1300 -—‘3:0 -
|

]

2100 -——-Tm-—rm
\
L~

”as

o 433 —

a ' b

FIGURE 1-17.. Wet scrubbing tower (cf. the plan Figure 1-16 and
Table 1-11) o

* 1—sprinkler ténk; 2—distributing nozzles; 3-gas outlet; 4—loﬁvers;
5—main nozzles; 6—spray nozzles; 7-—diffuser for gas inlet;

" 8—scrubber bunker;
a —front view; b —side view.
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Calculation of the

=
L
E
2
L]
e .
.2 R ) Diagram and dimensions of the Geometric parameters of -
£, [ Type ofthe main element system elements the system elements 9 5
< < 7= &
= - = g
3 & o Eﬁ "z
s P R :
et
B ; ha900 mm '
! h . -
Supply vent 253 2 A b =06 [0825|-20 | 140 | 117307
: =42 mm
F=0193m*
W
w
-
g ! .
' p, =80 0.825| ~20 | 140 1.17-107°
Straight stretch gy~ | 4r%95 mm A
(vertical) . . L =¢000 mm A= -D-._.= 0.0003
' .
1
' 3 =90%: 0.825| -20 [ 1.40 | 1.17.107°
2, =485 mm r B
Bend 0 mm b, - 0.2;
‘ A = 0.0003
' ' " L3 L.20  foszs|-20 0 -8
Straight stretch ' 4—a '&i _ 4"#}6mm ' D, - Y . -2 1.4 .117.10
(horizontal) T &= 1000 mm 8= 0.0003
i
‘Air heater with 3 rows ~4.0k 2
of smooth pipes Tm®s ~4.0kg/m".sec | - - - -
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S~

resistance of the conduits

TABLE 1-10.

&
Eo Basis for the
. : - * determination
g N =] . ;-IQE .2" .: K] of ¢; (reference
< } g- s ~ > to diagram)
: o u L g -
¥ ..l‘* & o 2 & & 3
4.27 1.30 1.80-10° 0.30 - - 0.30 0,390 3-16
. . [ ]
4.21 1.30 1.80-10° - 0,018 0.144 0.144 0.187 2-3
4.21 1.30 1.80:10° 0.44 0,018 - 0.024 0.464 0,605 6-9
4.21 1.30 1.80-10° - 0.018 0,036 0.036 0.047 2-3
- 1,100 12-30
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No. of the system element

Type of the main element

Diagram and dimensions of the

Geometric parameters of

system elements the system elements § i’ 9
o E <
E v b ~
. ° -4 =
a R y
[«7 ~ [ »
. ;_,_L7 p"-‘@jmxn F, _
6 | Sudden sharp contraction 2L XL reorym’ Fo=05 0.955( 420 1.20| 1.5.20°
£,=0.J85m* !
. G,=495 mm l_ . -5
, | Horizontal straight {2100