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Flow measufement is very important in the paper industry. Accurate flow

measurement increases process efficiency, while not always requmng costly equxpment and

[

installation. Conditions of processes that depend on flow are c0ntrolled by mformanom

obtamed from flow measurements. In addition, such. mformatxon prov1des operator gu1dance

and is often employed in determining quantities of materials used and processed as well es for
. inventory and cost controls. The selection of a primary flow elément for an individual-

. application, from the many types available, depends on a mLiltitude of-factors. However, once
. i
- s .clearly understood, the principles of flow measurement may be convemently applxed to’ solve ;

the partlcular problem at hand. A large number of flow measuring devices is available,

t
»

offering users opport%to make their specmcatwns—eccording—fo’specﬁrt‘service—‘—“
| .
conditions: :

This study concentrates.on flow measuring methods and applications for the most

commonly used types of primary flow elements, or flowmeters,.in the paper industry today.

Their advantages and their disadvantages will be presented along with comparisons on major
° -

selection criteria such. as . accuracy, flow' range, rangeability, cost, applicabiliiy and

- installation requirements. Guidelines to determining the type of primary flow elements best suited .

" for a particular instaliation are presented in Chapter VI : -

JRFURUIP VPRSP UOR P

L To illustrate the use of the equations, tables and figures given in this report,

several example calculations in the paper industry applications have been included.
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. ' . \ 'CHAPTER1 .
" INTRODUCTION

‘ (S

1.1 Flow measurement concef)t’ ‘ o - , '\
Process fluid flowing through a pipe in a paper making process represents

[ .

monetary investment. To keep informed about this investment, accurate measurement of

» L -

the fluid at all stages of the process is important. The purpose of a measurement is to

o

. ‘ obtam the true value of a process quannty by comparmg 1t to a standard ot/ referencex A

-standard is an arbltrarlly,-chosen reference of su1tab]e magnitude Wthh is assumed to be

obtained by an_"instru;nen(t, with no systematic or random errors[ 2].

Measurement is geﬁned as the exfraction of  signals from physical and

hd

chemical systems or processes which represﬁent parameters or vanr“iables[B]‘. Flow~is the
c0ntrollmg varlable in the ﬂurd processing mdustrxes[‘*] That is, flow is the vanable Whlch
by bemg modulated, maintainhs all the other process conditions at the values reqmred to keep
. the plant producmg products of the specrfled quahty at the desxred rate. This - rate

measureg\ent can be accomplished by wvarious types of rate meters Wthh measure fluid

\

- .

.quantities wi;hout 'disrupting or’ stopping normal,process flow.
==
The selection of a flow measuring 1nstru'nent can be a dxﬁlcult undertaking
L a
- unless the user has some basic information as to making a good cho;ce. The choice of a

'ﬂowmeter is often primarily based on accuracy, reliability, rangeability, cost as well as ease -

of installation, availability, ease of ma?intenance, type of signal transmission and need for
4 N & “ .

calibration. ’I'hese parameters are not necessarily in order of importancebut are factors in

one way, or another in selectmg the flowmeter fof' a partlcular apphcatlon However, any’

one of these factors may decide the selection of the flowmeter to be used, as will be shown

in Chapter VII. .

unvarying[1].* The actual value of the measurement is the value of the progess quantrty,

h}

&




~ several types.

1.2 Classific!ations of Primary Flow Elements

. .
a 2 ¥
- . K 4

L4

. - - .

\ . ! ) . E Y .
Primary flow element is that part of a fluid meter which is in contact with the

flowing fluid and produces some form of interaction wit¥\ the fluid. Secondary‘E\TiEes, such

.
.

as transrﬁittei‘s, indicators or recorders, will not be covef\d in this study. Q‘ne must keep in

mind, however:, that the primary 'ﬂow'elementjs are practica y useless witholit some form of

A ] ! - -

indication as is provided,by the secondary device. '
(P

o

Pgimary flow elements or flowmeters can be divided into two major
. : .

s

categories. These are: rate flowmeters and :cota\izing or quantity flowmeters. S

Rate flowmeters are defined as those flowmeters through which the fluid
. . . . A
passes in a continuous stream, rather than in isolated quantities. They are sometimes called
. »
inferential meters because the quantity of flow is not determined by counting, but is
) , :

inferred from the interactions of the flowing fluid and the ‘primary -flow Element by rﬁ,eans

of know hysicai laws and empirical relations. Rate flowmeter performance depends on

properties such as fluid inertia and kinetic enéréy. in the case of differential pressure

o

)

t ) . o . N '
flowmeters, in addition to mass or volume.

Y

Quantity ‘or totalizing flowmeters ‘consist of the weighing devices which are

divided into weighers and tilting traps, and volumetric devices-which are further divided into

-

After mentioning the two- major categories of flowmeters, one possible

) .r

grouping of the various types of flow metering methods considered in this study-could be as

o

follows: - . ) o

-

Head ot Differential pressure flowmeters
f— Area flgwmeters. | :

Al . '
Positive displacement flowmeters

Volumetric flowmeters based on velocity.principle

¢ . .
Head area systems or open channel flowmeters .

i

L T
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"+ - The more recent innovations in flow measurement supplement, but do not

+

* replace, the original differential pressure or head type flowmeters. There are certain
applications in which a specific type is more advantageous than others. !
[ ! N
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2.0.1 General Prinéiples . /

PN

# -

.

. S CHAPTER I _

:
o

DIFFERENTIAL PRESSURE FLOWMETERS

\

| » o

- 3 . »

{
\ The™differential pressure method bélongs among the most important flow
measuring methods .y d in the paper industry. It is based on the continuity law and the
Berhoulli's theorem. 1

. °

Accordmgﬂo-'d( law of continuity, the rate of flow in a pipe is the same at all

- points. When the cross section of the pipe is reduced at one point, the flow velocity is

“+ @

increased at that point.

According to Bernoulli's theorem the sum of kinetic energy (due .to velocxty)
N

and potential energy (due to position and pressure) is constant at any point in a pipe through
which_ a liquid is flowing. Consequently, an increase in velocity causes a reduction of the
static head. The resulting differ;ential pressure h is a measure for the rate of flow Q.

, Figure 1 illustrates a differential pressure device, also céll\ed &head producer,
instailed in the pipe at‘.,t'he point of measurement, restricting the ﬂo.\;l to a certain cross
section, and used as a sensor in flow measurement bas;ed on, the diffe::ential pressure

' '

principle. : { '

. ;
. N . . , \ R
~ v’ - L. s
.
.

2.0.2 Basic relatians

The basm equations used in studying the ﬂow through differential pressure
flowmeters .are, as mennoned above, the equanon of contlnuxty and the energy equation.
For use in the equations the values of pressure, velocity, kinematic viscosity and specxfxc‘

“ ° 8 . :
weight are arithmetical mean valdes obtained by averaging over a particular cross-section.

. ¥ : - PR
. It is" also conventional to assume that the pipe section is horizontal so that the effect of

gravity is the same at all sections, and that the flow is steady and the density is constant.

A} L
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In genéral, the user of a differential pressure’ flowmeter is interested in /

knowingA the rate of flow.in terms of volume per unit time. By applying the continuity- / i
equation and the energy equation the volume rate of flow becomes_[?] o / |
j \
Q=va=c/h 2.1) -

RGP .
\ e

where h is 'g_be differential pressure, and C is the factor controlled by several varig’%}les.‘
Some of these variables are the shépe of the restriction, the beta ratio (ratio of the P

restriction throat to the diameter of the pipe), the density of the flowing fluid and. the

locations of the pressyre taps.

This equation (2.1)-illustrates that the differem*i. _pressure produced across a

restriction is proportional to the square qf the flow. &q’/

More complete derivations of the basic flow equations, based on the continuity

e ey ma

t

law and Bernoulli's theorem, have been developed by various authors, and the development

\

given by ASME [5] and Spinkﬁ[G] are probably the most complete.

2.0.3 Characteristics of the Differential Pressure producers

\ : | }

If restrictions are used whose properties are well known, so that the. equation

. ) 2
(2.1) can be evaluated by calculation, the measuring result (differential pressure) yields

absolute flow results without the need for reference measu_rementé. herefore, it is possible
to check a flow measuring system without i:"e‘gard to the instrument manufacturer. \

The non»linear/relationship developed between the flow rate and the’
measurement signal (differer}tlal pressure) can introduce problems, articularly 'if the range
of flow variation is. large. - For example, an orifice p!ate that/ develops a differential
pressure of 100 inches of water at 100 percent rateq_ flow will develop a differeritial

pressure of 25 inches of water at 50 percent and only 1 inch at 1P percent of rated flow,as-

[N

can be seen from Figure lc.
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o

uséd at lower Reynolds numbers but with a correction factor‘

g o . g
\ ' Fluid flowing in a pipeline will be subjected to résistance due to friction and

T » . .
viscosity. If the average velocity of the flow is very low, the fluid will flow in parallel lines

2

alorig‘the pipe walls, and the flow is said to be laminar or viscous. If the velocity is
|

, Increased beyond a certain-critical value when eddies start to form, the laminar flow

"'pattefn is changed and the flow becomes turbulent. The pattern of flow can l?é determined

by evaluating the Reynolds number (RDv). This dimensionless number takes into account the

pipe diameter, density, velocity, and the absolute (dynam/c) viscosity:

)

: _eVD .
; . RD " (2.2)

. v

This equation indicates that as the diameter of pipe, D, increases,” the

' Reynolds number becomes larger and the effect of viscosity is decreased. Conseguently,

.
LY

large ptimary flow elements are less subject to viscosity effects than small pnes.
An orifice plate can be ;JSEd successfully with Reynolds numbers as/ lov as 500,

while a Venturi tube is only unaffected by Reynolds numbers above 200 000. Aenturis can be

o

.

The differential pressure or head producers are restrictions of stirdy design
and can be applied to wi&e temperature and pressure ranges whep a pure phase (a liquid,

vapour or gas, containing no solld particles) is involved.

- /

- . » »
" 2.0.4 Selection criteria . * / ‘

B A »
. v s N " .
] ¢
S % y '

In the selection of the differential /pressure primary flow _element, the
/ .o .

I / * *
occurring pressure loss play# an impértant role (see Figure 1.b). The Venturi tube features a
// 5 .
lower pressure loss than a Flow Nozzle or an’orifice plate, as shown in Figure 9, and the
0 B i *

’

energy costs are lower. Due to difficult ménufacturing involved in Venturi, their price is

/

higher so that cost has to be considered in each case. A Flow Nozzle or an Orifice plate are

. - *»
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‘easier to manufacture and their prices are much lower, which are good reasons for their

v ’ : '
recommendations. In any case, a study should be made for every application before deciding

which one of the primary flow elements is to be used.

¥

o

. 2.1 ORIFICE PLATE

Py
’

rd

The orifice plate, originally developed for use on gas by T. Weymouth of the
- “
' American Gas Association, is a simple, inexpensive, and accurate flow measuring device. It

is suitable for measuring of water, steam, gas/agd other fluids flow. It is—tjégd where small
" dimensions and a high degree of accuracy are important and whetre pressure loss does not
play an important part. The main application of the orifice plate, in the paper industry, is .

v for the' measurement of steam, unco‘ntamilnated gases and clean water flows.
The orifice plate, usually installe;i in the pipe line between flanges, reduces
e the free cross-section of the pipe and thereby produces an increase in flow velocity aﬁd a
‘ corresponding decrease in pressure at that point. The flow rpa’ttern shows a?/effectgve
/ deérease in cross sec;ion beyond ‘the ‘orifice plate, with a maximum velocity and minimum
# préssure at the vena contracta. This vena contracta location depends on the beta ratio and

) -

A . the Reynolds number.

\

Orifice plates can be divided into various classes depending upon their
orientations, their shapes and their designs. The shape of the edge of the orifice plate can -
be referred to as sharp-edged, rounded or beveled. The most popular shape, of those shown

in Figure 2., is the goncentric circular orifice, but there are many others. Some of theere

eccentric orifices, segmental orifices, and square edge orifices \&

tric type orifice, but

-



s . R 8 .
N
. .

2.1.1 Concentric orifice

-

Concentric type orifice plate has a hole (orifice) cen'teréd in the plate and is

. // installed with the hole concentric to the inside" diameter of the pipe. The upstream side of

.
' . a

the hole must™be sharp. The downstream side is sometimes beveled déi:ending on the beta

ratio and the pipe line size.- ' s = ; a

elements in the paper }ndustry, is suitable for measurement of any steady flow of clean,

homogeneous fluid which is invtr‘;e' normal turbulent flow region with p.ipe Reynolds number

560 or greater. This covers in general, liquids having a viscosity lower than 300 Saybolt

.~ Universal Units at 15°C and most of the gases and vapours.- Accurate coefficients afe
| available for pipe line sizes from 2 to 14 inches and Reynolds numbers from 500 to 10_?.

- ‘ In the paper industry, the sharp edge concentric oi‘ifig:es 7a’re used, as

mentioned above, on clean, non-viscous fluids, where the cost of pumping (energy) is not a

— iarge item or is insignificant. Orifices are usually noi'used on dirty fluids, slurries, wet

,

_steam, or vapour bearing liquid flowing in horizontal lines. Condensate may tend to form a

L4

- %}g
puddle at the bottet of a horizontal line ahead of the orifice plate and change the apprgach

velocity patte{n when wet gases or saturated steam are_measured. Liquid ﬂow; likewise,

may contain small quantities of gas or vapour bybbles which tend to collect at the top of the

" line to cause errdtic flow measurement. This condition’is alleviated by drilling a smail hole.
nearly ﬂush with the inside diameter of t_‘he pipe, at the bottom when conden;ate is carried
in a gas or vapour stream, or at the top whén*la’ liquid carries gas bubbles.

The pressure differential is sensed through precisely located éonnections\
(1‘<nown as taps, Eigtire 3) which are determined by accuracy and installation requirements. -
E_la}dius or D and 0.5D taﬁs usually are preferred in the pépel" industry. Flange taps have
centers one inch upstream and one inch downstream of the orifice plate faces. These tapé
are drilled right through the flanges. Vena-contracta taps have the upstrean\w centér in the
range of 0.5 to 2 pipe dia;meters‘ from the c;r;ifice plate surface. The downstream Itap center

N _ "
is at the average location of the vena-contracta. Vena-contracta taps are used mainly with

P

2 ~ - . ]

The thin plate concentric orifice, one of the most widely used primary flow

»

e 3

o e e e e W e
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large pipe sizes. Corner taps are located as-near to_the orifice plate as possible, but they

I
-~

| are very rarely used. .
. In measurement of liquid and steam flow, the orifice taps should be made on

the side of the pipe and, in measurements of gas flows, the taps should be located on the top

of the pipe.

»

.

Orifice plate‘s?'are made of different materials, but in the paper industry

\

because of a corosive atmosphe\re;—the 304 or 316 stainless steel orifice plates are usually -
4 N . .

used.

\

‘The procedures for computing orifice sizes and flow through orifices are given

in various publications[S, 6, 7, 3]. The particular equations to be used depend on personal
¢

¢ . ,

, preference and available sources of coefficient data. The basic equation foyf the actual rate

PN
v P
|

df flow through an orifice is | -

QQ, . E Q=vA=cfh , (2.1) Rep.

' - e
The value of the discharge coefficient C is controlled by several variables. Some of tHEse

variables, as mentioned already in 2.0.2, are the pressure taps locations and the beta ratio.

For a given concentric orifice these are known. Thus to insure proper selection of C from

-

references [6, 7, 9, 10, 11] , one must find what the conditions weré uﬁder which the orifice
was te:sted. Sipce C a}ld beta are both ratios, their ‘numerical values will be independent of
the system of units in which the various qu‘antities are\measured. The dependence of the
diséharge'\ coefficient on the Reynolds numl;er and the {)ressure tap locations has been

described by Halmi [12]. : Lo

-~

- "Examples of orifices used on severe pulsating flow and pressure conditions that

: often prevail in piping systems, have been given in several papers [1 3, 14, 15].

: ' THe advantages of the orifice plate, such as: simplicity, low cost, vast amount

of coefficient data, ease of capacity chaﬁges made by switching plate sizes, ease of

’
F) N «t




slurry applications.
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duplicating, ease of maintenance, éppl@cability to wide range of temperatures and pressures;

/

us:ually. outweiéf\ the disadvantages, such as: relatively high unreco'vgrable pressure drop

(shown in Figure 9), length of straight approach piping required for accuracy ’(Figurel 5),

P

. subject to inaccuracies as upstream edge wears, low rangeability 3:1, and .unsuitability for

2.2 VENTURI TUBE o ' o / .

-
The Venturi tube in the paper industry, shown in Figure 6, is$m;inly used for
measurements of” air land gas flows. It has been ulsedh for steam flows and for fuids
containing suspended solid particles, But because of its high cost theNgﬁturi tube on steam
flow measure/ment is today replaced more by a vortex meter; and on fluid flow measurement
the magnetic flowmeter replaces th~e Venturi tube.
The Venturi tube combines into a single unit a short constri@.tr:ed portion or

throat between two tapered sections and it is usually installed between flanges or welded in

the pipe line. Its purpose is to accelerate the fluid and temporarily lower its static pres'surg:.

The design of Venturi tubes most used today'is essentially the same as the one conceived in’

1887 by thé inventor Clements Herschel [16]‘. The original attraction of the Venturi tube
was its relatively low permanent pressure loss, from 10 to 16 percent, as shown in Figure 9

for a long cone venturi. Since then, many other differential pressure devices have been

"developed which have even lower permanent pressure loss, such as Dall flow tube.

_ -/
, Vehturi tube flow coefficients are relatively istable over a wide ran&{

Reynolds numbers abgve 200 000. That meaps it is beneficial to select sizes and flow ranges
50 that this line of Reynolds number would glways be exceeded.
. . , ' . l -

The accuracy for a calibrated Venturi system, including a secondary device

such as a transmitter, is typically around + 1 percent of full scale over. a 4:1 range. Flow

capacities may go up to practically any maximum. n
- N - - E

i
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Venturi tube pressure recovery is much better than for an-orifice or & flow

hc;zzle. It has a high capacity, d;es not need to be flowl calibratec{, and resists wear due to

abrasion because of its smooth profile. |

P ) Pr}m'ipal disadvantages' of the vepturi,tube are high éost, low rangeability,
% réquires considerable room for installaltibn, sensifive to Reynolds numbers' below 200 600, '

and it produces lower differential than an orifice plate for the same flow and throat size.
, ' § . f . .
] s v -

.
et

bw :ZF’I\ v
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2.3 FEoW NozzLE , - T
, A flow riozzle is rarely used in the pulp and paper in}dustfy. When it is used, 3

o the prima.u'y ai)plication is for the measurements of steam and water flows wher'e the
velos:ity of the ffuid is too great to permit the usel of an orifice plate. |
The principﬁe of flow measurement is the same as for" the or~ifice, i.e., itisa
restriction which creates a pressure diffgrential proportional to the square root of the i
velocity and thus to the square of the ydte of flow. The functional difference between the
two is capacity; a flow nozzle permits measurement of about 60 percent more flow than an ”

Ci .

u. orifice having the same beta ratio and producing the same pressure differential. ’

) . The coefficients of discharge for nozzles are higher than for orifices. While

this’ indi‘cates'that flow through a nozzle more closely abproxiyates ideal flow as e{(preséed
/ by the gor\mulﬁe, it'does not indicate greater accuracy of measurement. The accuracy with .
which .the rate of flow ﬂ;rough either primary element can be measured, dépends on the
accuracy of the coefficient of discharge appiied in calcylating its .inside diameter for
lsijecific flow conditions, and, on the ma'nuf.acturg;'s aﬁ‘tfflz to duplicate the tested units . (
within close toleranceg. | o . §
A typical flow nozzle is essentially a short cylinder flared*at the inlet end to | f

-

_provide a converging entrance to the throat, or measuring “pertion. Mwo main types, with ~ !
. v . . i
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many variations, are commercially available: the long-radlus nozzle developed by the ASME
[5 17] and the Internatlonal Standards Assoc1anon hozzle type as shown i in F1gure 7.

e advantages of flow nozzles are: they are more rugged than orifice {alat'es

[

and can be used\for high velocity flow measurement; their capacity is much greater than for '

an orifice of the ‘same diameter under the same flow conditions; head recoveries are s’ligntly‘

\ be;tter than for or\frce plates, produce higher- dlfferentxals than Venturi tubes; are easily

installed between ﬂanges (see Flgure 4); are less sd?ceptrble to abraswe wear than .the

" orifice plates. : o
" L]

The basic disadvantages are: ™ low rangeability’ 3:1 or 4:1; they are more
. : o ’
expensive than orifice plates; more difficult to fabricate than orifice plate.

Y
,

-

' . a ' ‘ t
2 » [ ® . T .
#

2.4 DALL TUBE

To overcome the limitation of hxgh unrecoverable ‘pressure drop in drfferennal

pressure flow elements the Dall tube can be used. The Dall tube (Figure 8) is a pnmary flow

element invented in England by H.E. Dall about 1950. The Dall tube has a specially desxgned

shape“so that the fluid can flow smoothly through the tube at a much higher velocity withopt t

the turbulence associated with an orifice plate. The tube is approximately two diameters -

long. The static pressure tap is in a line size section which is followed by a sharp shoulder
and a steep conical entrance to a short cylindrical section which has an annular slot,

followed by a 15 degree conical dxscharge throat terminating mth a shoulder.

The Dall tube is not used very often in the paper industry because of -

considerable higher cost than an orifice plate, but it can bg used for measurements of gas

and water ffows when savings in energy justify the initial higher cost. Figure 9. compares
. & -

pressure logs through several common types of differential producing flow elements, and

shows the important savings in pressure loss that are achieved with the Dall tube. At large

I .
~ . ‘ \
. \
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diarheter ratios the Dall tube [ses as little as 3 percent of the differential and in general“ts ) ,
o A o > .
head loss is only from about 2.5 percent"to 7 percent of the measured differential, as

compared to the 90 to 15 percent for the same ﬂow in the case of a long'cone ventun.

#

) The relanonshlp between ﬂow arid diXferential pressure is similar to that of y !
# other head type flow meters. The discharge ficientsare meager and are subject to / -

change with viscosity variations.* The manufacturer provides data on the effect of the

Reynolds 'numtper on a discharge coefficient. Calibratigﬁ. curves are usually provided by the

¢ ,"w” ~. 1 Ij

manufacturer and the accura;cy of flow measurement depends on the accuracy of these

. w 4 - . -

curves. . . . "

The practical flow calculation formula used in industry for a Dall tube is the

« ot

U
conventional formula for differential pressure p't-oducers.

. . - . ]
.\;r o A The advantages of a Dall tube are: lowest pressure loss of all the d1fferent1.al E
; .i)roduc;ars (except the elbow meter); high differentials; installation is less critical in ‘reggrd Y
fo tapproach piping than for Venturis, nozzles or orifice plates; less costly thﬁan'\’entur'i :
tub{es. - ) |

«

: : The disadvantages of Dall tubes include- sentitivity to viscesity and den51ty

J% ., , variations below Reynolds number of 500 000, ma)«ng the tube unsuitable for low flows -or ;
6, ; g

R viscous fluids; unsuitability for fluids containing suspended solids; low 'rangeabxllty of 4:1 as i
for other head type flow elements; very expen.sivé. z s
. b ‘ . ' ’ x/ ’ o i) ‘
\ : : ,
f, . , '/ Al
3\ ’ -
2.5 PITOT TUBE e o C :

-

m

The pitot tube (shown in Figure 12) is well known but has limited applications i
in the paper industry. It'measures velocity at.one point.in a pipe line with the assumption
that the other points in the cross secnon are known and therefore, the average fluid velocxty a

in the pipe is known. This assumpnon is highly questionable as velocxty proﬁle Vanes with -

’
. . A}
[} . . -

.
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Reynolds némber, especially if the pipe wall roughness is significant or 1f there _is any flow
d1sturbance such as, valve, elbow or other fxttmg w1th;n flfty diameters, upstream of the

measurmg point, it has been determmed that pnot inserted into a pipe at approx@ately one

L]

third of the pipe radxus from the pipe wall will give an average velocity reading. -

.

One ,manufacturer‘ [19] uses a "distributed pitot", or Annubar, which is a more
accurate method, taking a complefe traverse across the pipe in various planes. The Annubar

)

probe senses a total pressure (impact and static pressure) through the four velogity ports and
a low pressure‘through the downstream port. Fer accurate measurement, the d'esign of the -
Annubar probe requires that the flow sensmg ports be located at specnnc points in the flow
stream. WhEn the Annubar is manufac@ ed, the locauon of the ports is based on the inside

diameter and wall thickness of the pipe. Jf the Annubar 1s used in a line with different

) ™

" inside dlameter or wall thickness, than for which it was manufactured Ihe ports will not be

:

properly loeated, causing an inc'orrect flow measurement. .
M o’ ‘ ' .0 - . .
. The Ahnubar flow sensor is an averaging head type device. The location of the
3 . , -
sensing ports have been mathematically determined using- fully developed turbulent flow

'c_haracteristics.: This implies that the flow velacity profile is symmetrical across the pipe in

all directions. The aver'ag‘ing functions of the Annubar will not ta[e place if the flow profile
- . " . - .

, is not symmetrical. This wil] cause @ change‘in the tlow coefficient from the published

*

information. . ‘

t

The basic Annubar flow equation is the same as for the differential pressure

producers, given in Equation 2.1, ' '

o
¥

" ' Q-ch- . @D Rep.

[y

. ) -~ 0
. N . k]
LY v v

¥ ' - ' .
The numerjcal values -of the coefficient C are - published {19] and can be

substituted into the above equatio

. ’ . . ’

-
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The Annubar, properly installed, provides an average velocity reading with an

accuracy of +2 percent of full scale, B ‘ «

The reasons for limited apphcatlons of the PltOt tube in the paper xndustry are

the narrow range of flow rates and the fact that they are easily fouled by any forexgn

material in the flowing fluid. : ’ v ’

« M N . . . 1

(3

2.6 ELBOW METER ° : :

; ) - : : ) : -~

o

The Elbow flowmeter (Figure 13) operates on a momentum prineiple.
Centnfugal force developed by fluid flowing around a 90° elbow in a pipe is used to give an

indication of the flowrate. The pre55ure acting on the inner and outer surfaCes of the bend

rises on the outside and drops on the inside of the bend. By placing pre55ure taps on the

.inner and outer circumferential walls of the bend the -pressure differential, which varies .

{

with the flow rate, can be obtained. The pressure taps are usually located at 45° around the

bend. The advantage of this location is that the flow raté can be measured in either
\ N ’

direction. However, on vertical installations with liquid flows, -the upward direction is

e

preferred to eliminate entrapment of air or vapours. The elbow meter in this type of

4.

installation should have at least 25 diameters of straight downstream piping [6]in each

direction, otherwise - lO.I‘d“iameters of ‘straight downstream piping is sufficient for

unidirectional flow. ‘ ‘ ‘ )

It is also p0551ble to plage the pressure taps at- the 22.5°, instead of 45° from =

the mlet to the bend which has ?een found to give a more con51stent and reliable readmg, as

v e
i

well as being less affected by the approach piping configurations.
’ \
The elbow meter applications, in the paper industry, are limited to lubricating
011 and sometimes cooling water flow measurements. " Depending on requirements for the

-

specnﬁc application, the accuracy of +5% can be achieved. i -

A

e et e
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"The advantages of the elbow meter are: its low cost ease of mstallanon- and

- \ relatively low permanent pressure drop (which 15 the same as a standard pipe elbpw). The

ma]or limitations are: the low differential pressure; high inaccuracy; questionable stab111ty

- and reliability; and the fact that it 1s§fected by density changes of the fluid..

te

R o .
Ye f , . L 4

2.7 DIFFERENTIAL PRESSURE PRIMARY ELEMENTS CALCULATIONS

» ¢ 4

v - . ) g N !
. RN

‘ . Flow element calculations are usually-rhade to determine one of the following

unknowns:
a)  The throat diameter of the primary device

‘ b)  The rate of flow ,

L4 +
°

The folloying equations are used +in sizing the primary flow elements (orifice,

o ' nozzle, Venturi or Dall tube)[7] :
N 2 . ’
Liquid fl’ow Q=D"CyuC, Vh . gph ‘ (2.?)
_ Air or Gas flow Q - B cg c:tf S C1b o VPh . scth XY
‘ Steam flow . W= b2 cs c/Ph - i/ | (2.5)
R , .
. Where h: . : manorne‘ter range, inches of water B ; S
D: inside pipe diameter, inches .
< M
, i P: static pressure, psia
r ) , . . N t
- Cgt liquid density factor (from Table 2)
. 'Y L. Al )
‘ Co: _ capacity factor (function of beta ratio and discharge coefficient) -
:.v* ' ) - ‘ C'g:' gas density factor (from Table 3) '
. . ‘ th: gas ﬂowing - temperature factor

e

S Amt—

-
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,

PRI i

o



17
e

[

pb’ ~ base pressure \factqr g '
Ctb: base temperature factor
>: - steam denisity factor (from Table 1)

S

Usually gas flow rates are stated at standard conditions , also called base conditions of

pressure and tempergture, 14.7 psia and 60°F. If base conditions other than 14.7 psia and '

o

60°F are required, then the following factors should be in¢luded in equation (2.4):

v

+=

" where P, is required base, pressure, psi “ ,
PR - N
‘th 520 o : L - (2.7)
: whgr@zTig lle,quired base temperature, °F‘ S o0 {\‘

2.8 ILLUSTRATIVE EXAMPLES

i
v

The following examples are sample calculations taken’ rom thé actual design
.of aKraft Pulp Mill project in Canada. .  * e .

]

. " 2:8.1 How to find the Throat.Diameter of the Primary Device

a - .
a
- e B
N “ " ] s - A "

v N

To find throat diameter: - C ' Y

P

First: Solve the appropriate equation for Co'

Second: ~ On Figure 10 read beta ratio opposite the intersection of C with the\—

ﬁ',: 1

appropriate curve. "

Third: Multiply internal diameter of the pipe by beta ratio.

n @ .
:
.

B —————

e AR o e R O M b

P B
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Example A - . .

L

y

It is required to find bore diameter of a flow nozzle used- in steam flow

measurement.

Given flow conditions - Steam:
K ' ) | Pipe éize:
* Max. Flow:
Normal Flow:
&Min. Flow:
T " D/P cell used:

~ Detetmine: Nozzle size

Solution: Using equation 2.5
4
2
W=D G Gy ‘\/hP , Ib/hr

N . - L4
- where W= 180 000 lb/hr

D= 11.376" (from piping handbook).

Cs = 0.0425 (from table 1)
“h= 200 .o

P- 400+ 14.7 psia

c - 180 000 :

° (11.37\6)2 '(0.0425)\/(200) (414.7

- 1b¥2
C, = 113.64 —

. »
A

\f From figure 10 for C | = 113.64  A=0.57"
d =D = (11.376) (0.57) - |
d = 6.484 inches

400 psig, 200°F S.H.
12" Schedule 80 \
180 000 1b/;;1,

140 000 Ib/h

10 000 Ib/h

200 inch water column
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/.

Determine orifice size and vena contrztcta tap location in gas flow measurement

application, !
: ‘ .
Given - Flow rate: 48 000 scth.
Natural gas; . . Spec. gravity 0.6
Pipe sizg: . 6" Schedule 40 —
Temperature: 60°F
Pressure: - 5 psig
'Ma;momet'er: 10" mercury
. Base temp.: 60°F
Base press.: . 14.7. psia

“

Solution:

where

Using equation 2.4 Qg = D2 Cg

Qg = 48 000 scfh

-,

h = 10"
P’z 5+ 14.7 = 19.7 psia ’
D = 6.065 tfrom piping handbook)
C, = 1:29 (from table 3) '

Y,
Cop =[57= | .

460+60

Cip = ~520
c . .52 1

tf " 460 + 60 ~ -,

48 000

Co=

(1.29) (6.065)2 (1) (1)(1)\/ 10) (19.7)

_From figure lO‘fbr C, =.72.07 f=0.62
d = (6.065) (0.62)

Cit Cpb b o

= 72.07

hP, scth

ft3/2
h = IbV2




e Pressure tap locations:

s d = 3.760 inches

»

Upstream: 1D = 6"

Downstream: From figure 11 for = 0.62 —=0.53D

0.53D = (0.53) (6.065) = 3.2 inches '

2.8.2 How to find Flow Rate

4

To find the rate of flow: .+ L . R

)

First: On figure 10, determine Co opposite the intersection of beta ratio with

appropriate curve.

Second:  Use Co in appropriate equation and solve for flow rate.

Example A (\f . ‘ . .
e . , ¢

ot -
A flow of kerosene is being sent through a 3 inch pipe. What is the flow ;rate in gallons per
hour 1f the process conditions are as fpllows:
Fluid: kerosene, Sp. gr. 0.8
Pipe size: 3" Schedule 40
~ Temperature: 80°F -
Pressure: 100 psig
Ori}ice size: d = 1.565 B= d/D = 1.565/3.068 = 0.51
Flange taps

Mercury manometer: 50" - : I
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Solution: ‘ o _ ) )
N .
Usine Equation 2.3 i
2 |
Q=D " CgCVh» eph |
where: D = 3.068 (from piping handbook) . > .
. ‘ P l}
. - . Lo "
h = 50" mercury »
Now, for f= 0.51 from Figure 10 —>C_ = 57.5 T '
From Table 2, for sp. gr. of 0.8 and fTowing temp. 80°F —-Cld = 1.08‘5)§
Q= (3.068)2(1.085) (57.5) |/50 |
~ . |
Q.= 4152 gph 1
-
|
4
3 ] .
)
’ . )
!
' |
" |
. ; i ‘ |
N & . \ b
- ) " :,
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_ CHAPTER III
AREA FLOWMETER

" Area type flow measurement is 'so called because conditions are maintained

whereby flow rate and area exposed to the flowing fluid are held in direct relationship. As

the flow rate is increased, the exposed area is increased. The most frequently used type of
e

—

area flowmeters-isthe Rotameter.
—— ) .

3.l ROTAMETER

- N

2 ¢

A rotameter is a simple, economical and accurate flow measuring instrument.

This type of meter (Figure 14) consists of a tapered tube mounted yertically in the fluid

stream with its larger diameter at the top. Within the tube is a float which is free to move

°

up and down. Fluid flows through the tube from bottom to top: As it does, the float rises

until the area between it and the tube wall is just large enough to pass the amount of

flowing fluid. When the applied upward force equals the gravitational for

acting on the

float, the float attains bouyant equilibrium.. Any vertical position o the float thus

represents a specific flow rate. The height of the float in the tube can be read off a scale

which may be graduated in inches, percent, or directly in flow rate.

In the paper industry, Rotameters are used for measuring of water flows and

steam flows mainly in lines below 2 inches diameter and for purging,épplications. The tube

2

is made of a wide variety' of materials, including glass, plastic and metal. Glass tubes

provide a simple, direct method of visually reading flow rates. Opaque materials require a

secondary element, such as a magnetic follower on the float to provide indication or’

recording, as shown in Figure 14 (lg).

¥

g
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Despite its simplicity, the Rotameter offers an accuracy rivaling other flow

meter types. Most industrial grade Rotameters have a standard accuracy of +2 percent of

full scale [20]. '

! Just as important as performance is.the ease with which the Rotameter adapts

3 v

to a piping system. Because the Rotameter is highly insensitive to the effects of

turbulence, there is no need for metering runs of straight pipe in the upstream piping.
J Lo

Rotameters have a very efficient self-cleaning action, which is very

oA v oy P e et =t =

convenient for shutdowns on tough ‘applications such as paper pulp and slurries. The mirror

smooth inner surface and the fluid stream attaining its highest velocity at the annufus

between the float and the tube make the Rotameter highly resistant to the adhesion of

2

foreign particles. P

Operation of the Rotameter is governed by the basic flow equation that was -~

used for differential pressure producing devices, that is:

Q=C\/—r:— R (2.1) Rep.

" The difference between Rota\meter and differential press‘ﬁfe prc‘aducing‘ﬂow

'

elements is obvious. The float position is the output of the rotameter ‘and can be made

essentially linear with flow rate by making the tube area vary linea\rly with the vertical

distance. Measuring a varying head, ‘as in differential producers, gives a reading which

changes as the square of the flow rate, i.e. nonlinearly. )i

'

- - :
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. ' CHAPTER IV

POSITIVE DISPLACEMENT FLOWMETERS C

LI
v .

Positive displacement or quantity flowmeters measure the fluid that passes

through the meter, in successive and more or less completely isolated quantities, by

alternatelly filling and emptying the compartments or cavities of fixed volume. This process
of filling and emptying is usually translated, by mechanical means, into rotary motion which
operates a coLmter to register the total quantity that passed throﬁgh the flowmeter.

¢ There are many types of Positive Displacement flox'vmeters available on the

market today, however the two that are most often used in the paper industry for flow

measurement of fuel oil and water quantities are the Oval gear and Nutating Disk meters.

= .
4.1 OVAL GEAR FLOWMETER

\

The oval gear type of positive displacement flowmeters continuously and

accurately measures the quantity of oil flow passing through it, by using a slight ‘pressure

, difference to rotate a pair of precision machined oval-shaped gears. When these two gears,

here used as metering elements, are -intermeshed (as shown in Figure 15.a) :chey‘ seal the

inlet from the outlet flow, thereby trapping a quahtity of oil in the crescent-shaped gap

illustrated as dots above gear A. Gear'B does not rotate because its torque is cancelled.

Gear A, however, receives torque from the pressure difference, and drives gear B as shown.

\ .

- Ll
in Figure 15 (b). When gear A rotates to the position shown in Figure 15 (c), it loses its
torque and gear B obtains a torque. This rotation continues at an almost constant rate
. * } .
without any dead points. Because the amount of clearance between the pair of oval gears

and the measuring chamber wall is minimal, the Oval gear flowmeter is almost unaffected

by changes in density and viscosity of the fluid to be measured.
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Each oval gear flowmeter is individually calibrated for the service specified.
N @

The curves in,Figure 15 (e) show the variations to-be expected when using a single meter for
various ﬁu1ds[21] The accuracy versus p&cent of flow depicts variations in performance in
relatlonshxp to the lightest v1scosxty shown through the heaviest. The pressure drop versus

percent of maximum flow shows the pressure drop of a typical flowmeter when measuring

£

liquids of various viscositiés.

)

The oval gear flowmeter is calibrated in the factory thus eliminating the
requirement of an on site calibration prior to metering. Brooks [21] claims,an accuracy of
+0.5% over the calibrated flow range, or +2% full scale, and repeatability better than

+0.25% full scale.

4

Oval gear flowmeter is very accurate and has good repeatability providing that
“it s adequately installed and maintained. Because of the gears with close tolerances, the
strainer should be installed upstream from the flowmeter for solid particles not to come into

ycontact with the gears. Therefore the moving parts with close tolerances limit the

effective use of oval gear flowmeter to clean liquids, and necessitate regular maintenance.
- . A . p

.
' l.
.

4.2NUTATING DISK. - . . - :

-

The nutéting disk type is one of the oldest positive displacement meter;x.
Through one side ofythe disk a vertical diabhragm acts as the division between the meter
intake "and the meter discharge. At ;he back of the disc an antifriction bearing roller,
supported in the disk, takes'the thrust. This roller runs in a slot cut in the inside of the

a

measuring chamber and therefore holds the disk in proper alignment.
Figure 16 (a) shows a cross-sectlon through a nutating disk meter. In this

posmon the disk divides its chamber 1nto an mtake compartment under the right-hand side

e e - )

it s i
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'

of the disk, looking at the intake, and into a discharge compartment above the disk on the
discharge side.
If the discharge side of the meter is open, pressure will drop above the disk.

The higher ﬁessure of the incoming ‘water under the back side of the disk will lift its right-

hand side and move it to the position 180° opposite. In doing this, the space above the disk -

has now becomé the intake compartment and the space below the disk the discharge. Excess

intake pressure above the disk pushes it down and in the next half cycle of operation will

cause it to again take the position shown in Figure 16 (a). From this it is seen that the

difference in pressure on the intake and discharge of the meter causes the disc to wobble or

nutate. In so doing water is trapped, first on one side then on the other side of the disk and

is forced out by the difference in pressure between the intake and discharge side of the
meter. If only a small amount of water is taken from the discharge side the disk moves
slowly, and if a large amount of water flows the disk moves faster. When the discharge is

¢losed the disk comes to a rest. - ‘ . »

The. nutating disk flowmeters are used, in the paper industry, only for

?

measurements of water flows in small quantities. ' s
~ ~

L

The accuracy of nutating’ disk liquid meters is normally expressed as a

- percentage variation over the full recommended flow range (not as a percent of full flow

value) [22] and +1% can be attained. The performance curve, Figure 16 (b) can be shifted -

1

vertically in relation to the 100 percent line in order to place the curve at mid point of

actual flow range. This is accomplished by changing the ratio between calibration gears.

N
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CHAPTERV _

° . .
\ 3

VOLUMETRIC FLOWMETERS - VELOCITY PRINCIPLE

“. T
~ .

2
g
1,

A volumetric flowmeter, based on velocity principle, can be defined as a -

device in which the reactjon of the primary flow elementis proportional to the fluid flowing

through'it. It might Have a primary element containing some device, such as a wheel in a
turbine, kept in continual rotation by the fluid stream. The velo(:ity'type meter does not
»

break the stream into nominally discrete segments. By #means of a secondary element "the

meter measures the total distance of travel of the fluid pés;t the primary device.. Knowing

the cross-section of flow, the distance can be converted to.units of total volume that went

i
]

through. ’ CL

N - o *

5.1 TURBINE METER oL ‘ B .

/

The turbine meter, used in the paper industry on gas flow meésurements, isa
LY . t . R

velocity measuring dévice. The gés enters the meter (Figure 17) and is constricted, by a"
flow deflector, into a smaller annular passage [23}. This annular bassage increases the .

: \
velocity of the gas. In passing through the meter the gas imparts an angular velocity to the

L4

rotor proportional to the linear velocity of the gas in the méter. As the gas velocity is

directly proportional to the volume flow rate it follows that the speed of rotation of the

rotor is also directly proportional to the volume flow rate. Therefore, by accurate

4

measurement of the rotar speec? the volume flow rate can be obtained.

* In most designs the angular velocity of the turbine meter rotor is sensed
o U '

through 'the meter housing’by a magnetic pick-up; Permaneritly installed magnets turning
. z !

with the rotor produce' a m"agnetid field which passes through a coil.“\As each r'nagnet passes

the coil, it produces a separate and distinct vol.tz;gé pulse. The frequency of these pulses is

s

1




. pulses from the pick-up coil Varies in rough propartion to rotor velocity but is not considered

“

. . o BN .!'
i o - . 28 ’ '} ‘ ) 1 ‘ ‘

linearly proportional to the‘arigular ‘velccity of the rotor and ‘thus\'to the flow rate. Each -

‘pulse also is incrementally proportional to a' small unit of volume. The amplitude of the _

* in.the measurement process. Flow rate and total flow data are transmitted by frequency

G

“ Therefore, holding the pressure loss to a minimum ingreases the life span of the meter. L

"

.po\sitive ratio ,of electrical pulses propo?tional to units of volume that gives the' turbine

flowmeter its hxgh accuracy of + 0.5 percent of reading [4, 2# 25]

possibility. of\ebtaining sonic velocity within the meter. "

.given load and at a specific speed. As the speed of the rotor is varied the speed of the
PR ' “ A

A4

and by counting the pulses. Since the gas passing through the rotor represents a discrete

a

unit of volume, each electrical pul{se also represents a discrete unit of volume. It is this

Al '

The. capacxty of the turb1n¢ meter is determmed by factors such as gas:
P) - »
velocity, rotor speed, and pressure drop. The gas velocity becomes a controlling factor due

T e a1 e bkt e MOt VAR oAt ST i

to the aerodynamic characteristics of the rotor blades’ and also the need to .avoid the

The bearings used in the turbine meter have a given life expectancy under a
' . N v > N v

-

bearings varies. Afthough the turbine er is capable of turning at more than three times
g g mej é p 8

its maximum speéd”witﬁout immediate damage, its life can be substantially reduced if this
Lo ' . ’

'speed is maintained for longer penods of nme. ‘ v

& .
*  The vérlable thrust load on the rbtor shaft and bearmgsbls intensified w1th

¢ v

rising pressure loss resultmg from an increase in line pressure or specific grav1ty

a

The minimum capacity of the turbine meter is "limited by meter accuracy. .

{

This . minimtm flow accuracy is determined by gas density, bearing friction and the

aerodynamic characteristics of the rotor. :

. The rangeability is the most important characteristic of the turbine

v

ﬂowme,ter. It is deflned as the ratio of the maximum meter capacny to the minimum :

capacxty for a stated set of oper‘atmg condmons and during ‘which the meter retains its ;
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specified accuracy. Foxboro [26] claims rangeability of up to 20 to 1, while Daniel [27] -

claims as high as 196 to-1 on their 8 and 12 inches gas turbine meters.
- 7 ’
Since the turbine meter is a velocity meter it is particularly sensitive to any

»~

spiraling that may be caused by upstream piping configuration. The streamline character of

.
-

the diffusor section ahead of the rotor has a tendency to minimize this effect, depending on

. . ' ©
the particular design of the manufacturer. Being therefore impossible to give specific rules

v

for.all types of turbine meters, it is suggested that the manufacturer's recommendation be

followed in specifying the piping system requirement.s. ) i

\ -

Foxboro [26] provides a characteristic curve (shown .in Figure 18) with each
s ' ’ ' . .
turbine flowmeter. This curve, of pulses per gallon versus gallons per minute, results from a

& .o
. minimuz.lm of ten calibration points taken through the linear range of the flowmeter.- From

) |

the calibration data, an averagé K factor is assigned. The equation used t&*ealculate this

‘factor-is ' - ,' "" J o
' K - 80 f . (5.1)
Qt

> ) B
- fy [

\

where K is in pulses per gallon, f ié in cycles per second, and Qt is the flow in gallons per
- A\l b ‘%

,,“rp({nute. As can be seen from Figure 18, turbine flowmeters have an output signal linear

@

s ' . e .
with flow over a specified range. : . } ' °

N -

o - Disadvantages of turbine meter are: anything  that affects the propeller

-causes an error such as poor flow profile or foreign material sticking on it and slight off-
center alignment or angular offset from pipe axis; obstrutts flow in pipe; requires periodic

¥

maintena{nce.
'\

5.2 NAGNET\C FLOWMETER N ~ o
. , . / ) M ) ‘

- | l‘.

At the present time, the magnetic flowmetex is one of the most important

! PR

flow measuring devices used in the paper iﬁuﬁry. It has'become one of the most efficient

means to measure flows of slurries of a dirty or viscous nature. Particularly, it has hecome
' N - ’ ! . . .
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the standard device for the accurate measurements of fibrous pulp and stock and other

”’

fluids which are difficult to measure in bleaching, recausticizing, 'stock preparation,

washing, evaporators, and digesters areas.
- \

5.2.1 Principle of operation

|

2

©
a

Operation of thé magnetic flowmeter is based on the discovery by Faraday [28]

that‘cﬂrrents are induced in a conductor which is in motion through a magnetic field.

1

. j\lthough the principle is simple and was established so long ago, 1831, it was not until the '

\
-

1950's that a truly comrhercial flowmeter became available. 5

| Eiguré 19 illustrate§ the basic operating principle of a magnetic flowme;cer.
The metering fluid is the conductor with a transverse Jength D equivalent to the inside
diarQeter of the flowmeter. The fluid conductor moves with a velocity V c'iirected .along the
axis'of the flowmeter through a magnetic field B. A voltage Egis induced within this fluid

which is mutually perpendicular to the direction of the fluid-velocity and the flux linkages of

the magnetic field; i.e., in the axial direction of the meter electrodes. ¥ This electrode

vaoltage is proportional to the volumetric-flow lrate. Mathematically, this may be expressed

>

as C . .

' EsBDV S ¥ ‘ (5.2.1)
. o

’ -

where Es is the voltage generated in a conductor, B is the magnetic field strength, ,D is the

flowmeter inside diameter, V is the fluid-velocity, and Cm is the dimensionless constant.

"
Kl

.. J’l'f:xg fluid velocity : < -

) ‘ . V= Q = ﬁ— ' ‘ v
of { - . .. L A J,rDZ ) (5.2.2)
‘I- ’. * \
. ' ’ - \ . )
. Substituted into equation (5.2.1) gives « e
' ' < W
‘ P N

w T
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\
Es= &> 23, . (5.2.3)
m ID ‘ -
. from where ,
Q= —— -E—S, a (5.2.4)

Since the magnetic flux density B is proportional to a reference voltage Er, and since C,
and D are constants, we can say that
. A .

- (5.2.5)

' ! \
-

where Cn is another dimensionless constant. This equation (5.2.5) shows that the volumetric

.

flowmeter.

5.2.2 Operati.ng Characteristics

v
Generally, any fluid which will conduct an electric current can be measured by

the magnetic flowmeter. An absolute minimum conductivity of 0.1 micromhos per

,
"

cent 1meter is necessary.
¢

Above the mlmn%m fluid conductivity requzrernents, the meter is unaffected

by conductivity changes, but the effect of the fluid operating tempe\n:ature upon the fluid

‘conductivity should be considered.” Insofar as most fluids exhibit a positive temperature

coefficient of c/onductivity,it is ppssible‘for certain jarginal fluids to become sufficiently

) ~ L
nonconductive at lower temperatures so as to hamper accurate metering, whereas, the same

fluid at hlgher or normal temperatures may be metered with optimum results. The

possfxl;tw an adverse ternperature qonductwnty charac}gfxsnc should {e mvestlgated

before attempting to metei'\\sucb a'flu1d. .
) . ‘ . .

¢

. flow rate is directly proportional to the induced voltage as measured by the magnetic'

)

E]




" direct influence on metermg accuracy. Fluid density has no effe(:t on volumetnc flow rate

32

Other ﬂmd variables such as viscosity, density and f1u1d pressure have’ ﬁo

.

since only the area of the meter pipe and liquid velocity are required to determlne the rate

¢ ]
‘

.of flow. _ - N
Since the mag‘netic flowmeter senses velocity as analogous to voiumetric ﬂ'ow
rate it is always absolutely essential that the meter be completely ﬁlled at all times for
hccurate results.' Where there 1s a possxbxhty of operation with a pama}ly fnlled horizontal
pipeline, it is recommended that the magnetlc flowmeter be installed in a vertical section of
that pipe-such that fluid flow moves upward. '

The magnetic flowmeter will measure ‘the total amount of material passing in

the fluid stream.:. The meter will not, for instance, differentiate between the amount of

liquid and the amount of entrained gases, or, in'the case of a slurry, it will not differentiate

- LN A . . .
‘the amount of liquid from solids. 'If the liquid to mixant ratio is 'of importance, then

separate measurements of ‘the concentration of the\sired medium must be made and

- appropriate correction factors must be applied to the magnetic flowmeter output. The

Table 4, illustrates various\nietering and fluid conditions which may be encountered and*

protlides a qualitative analysis of the effects of these conditions upen the meter signal
output [29].

Nomographs in Figure 20, give approxlmate magnetic flowmeter capacities
based on flu1d velocities of from 1 to 30 feet per second [29] M1n1mum full scale flow
velocity is 1 foot per second, giving a volumetric flowrate of about 0.32 gallons per minute

using a meter with 0.1 inch bore.

7. '

5

5.2.3 Applications and properties - .

Certam ﬂunds tend to coat the inside of ‘the meter (liner and electrodes) with'
electrlcally insulating deposits. Any appreciable coating on the electrodes results in loss of
! v

A i

5 b
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signal and ifaccuracy. In such cases, a meter with some sort of electrode cleaning should be
specified. Electrical, mechanical, and ultrasonic methods are available and the ultrasonic

3

-one is the most popular one with excellent results.
A wide variety of liners ‘and electrodes are available from all manufacturers.
Electrode materials s,uch as 316 stainless steel, Hastelloy C, Tantalum, Titanium, Carpente‘ﬁ
20, and Platinum are’available. There is ;\o reason why any stable: metal could not be, used,
however, before selection, refererice to suitable corrosion tables or manufacturer's data

§

should be made. s \ o

Lining materials such as Teflon, I‘<ynar, Polyurethane, Neoprene, and Natural
Rubber are common and available in most sized fl'owmeter»s.

Correct sizing for'a pa‘xr.ticular type magnetic flowmeter is just as important as
‘choosing the proper liner and electrodes. For non-abrasive slurries with suspended solids,
for example, the velocity of the flowing fluid should be 7 feet per second or greater at
normal flow rates, At lower velocities, the solids tend‘to settle out and adhere to the pipe
wall and elt;.-\c;rode§. This has two effects: first, as the sgids ‘build up, the inside diameter
of the pipe decrea§es causing a span error; secondly, the electrodes become coated and
depending on the c.:onductivity of the coating, an error may develop. |

’ Reducing the meter size to achieve higher fluid velocities will result in enough

t

mixing action to maintain a uniform slurry throughout the pipe, ard help eliminate the above

-

probl“ems.

.+

Magnetic flowmeters have many advantages including: high accuracy of +0.5

percent*of full scale; no obstruction to the fluid flow; pressure loss is no‘greater than

S e et e e S ARt £ e e

"through an equivalent length of pipe; output is linear .with respect to flowrate; measures 7 .

flow in either direction; not sensitive to flow profile or Reynolds number; and not sensiti{

to pressure, temperature, density or viscosity. In-addition, the ultrasgf cleaning has

virtually elimdinated.‘electrode fouling. ( } /

¢
3
v



5.2.4 Illustrative Example

Note: This is an actual désigg specification performed for a Pulp Mill Project.
/\ In the Recausticizing plant flow of green liquor: to Slaker should be controlled.
Magnetic flov}meter will be used as the primary device. The following are process

- ~

conditions:

7 ‘ - »
~ Fluid: _ﬂ)}feen Liquor i .
Temperature: 260°F
Pressure: 40 psig ‘ “ | /; 7 4
| Max. flow: 900 USgpm ‘ , /"/////’
Flow velocity: B Y ft/sec'. ' -

It is required to determine the magnetic flowmeter size.

Solution:

IS

Using the Magnetic Flowmeter Capacity Nomograph of Figure 20, Appendix I, for flow rate

14 .
of 900 gpm and flow velocity of 11 fps the closest size is 6 inches.

Now, according to manufacturer's recommendations, all the components of the magnetic

" flowmeter can be specified using supplieré catalogue. In the above case the specification

can be as follows:

i}

Tube size: T g
Tube material: 304sS . -
Electrode material:  ~ HastelloyC . o

Tube lining material: = Teflon

'




35+
5.3 ULTRASONIC FLOWMETERS

5 . -

’

5.3.1 Basic Principles

[ .
since the 1930's but it has only been applied practically to flow measurement since the earlly

/
1960‘5. Many technical papers have devoted consxderable amount of attention to the

The use of sound waves for measurement signal generation has been knof\_j\
M i
1

ultrasonic flowmeters [30, 31, 32, 33, 34, 35].

b +

The ultrasonic flowmeters can be broadly d1v1ded into two groups " Those
which use some variant on the method of determining transit'time across a flow path, often
in two directions, with resultant processing that gives a flow dependent output that is :
substantially independent of the absolute sonic velocity; and those which detect flow by
other means such as Doppler, beam. deflection, correlation techniques or ultrasonic
detection of vortices.

In this report | will consider on‘ly"'two flowmeters, one based on the difference
in frequencies, and the other based on the Doopler effect. They are applied in the pulp and i
paper industry to measurements of Wash ‘and Waste Water flows, Pulp Stock, Coating

-

Colours, and Pigment slurries flows. . ' ;

* 5.3.2 The Frequency difference flowmeter

[

In the simplest arrangement two acoustic transducers are mounted in

diametric opposition across the pipe with the axial line of the transducers inclined to the

direction of flow by an angle ©, as shown in Figure 21. ;

Flow is measured by, transmitting a high frequency acoustic signal across the - ;
plpe, through the ﬂu1d, alternately in both the upstream and downstream direction. In no

flow conditions the acoustic. pulses will have a time of transit across thé plpe wh1ch is

P ' *
1 ?\ . -
. R - N e e
. N
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determined by the distance between the transducers, L, and the velocity of sound in the
fluid Vs. =~ ‘ .
by
S ekl (5.3.2.1)
' vs . ' L ax-])
- As the fluid velocity, V, increases, the velocity c0mpone3t at the angle of.
transmission, Ve, aids the acoustic pulse when in the direction of flow and deters it in the
other direction. The travel times downstream, t d’ and -upstream, t,» can be expressed as:
" . .
\ . . - . .
t, = L ‘ ’ '
-~ o d~ Vs + Ve . (5.3.2.2)
A p and ?
. ' pp—_ ' (5.3.2.3)
v ut Vs-Ve 22

In the principal form of the frequency difference method, the received pulse in

each path is used to trigger another pulse signal, thus generating a train of pulses in each
path whose period equals the acoustic travel time. These repeated frequencies can be

expressed as:

. 1. Vs+Ve '
fd = ,E - L . (5'3.2-1#)
' 1 _Vs-Ve -
fu = tu =T R (5.3.2.5)

Now, if the two frequencies are subtracted, then the frequency difference is:

. af=f,-1 =5~ ‘ (5.3.2.6)

Since the average fluid velocity is:

e s W e

s o o e e it e 7t it o £



" in the flowing stream. -
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" Ve
V= Tos o ‘ (5.3.2.7)

then the frequency difference can be expressed as: .

- 2Vcos©
Af==7—.

(5.3.2.8)

[

From this equation it follows that, sirice cos® and L are both constanits, once a

_ pipe's dimensions are established the frequency difference, af, is proportional to the average

" fluid velocity, V. \ Therefore, the frequengy difference, af, is‘noti?\fected by any process

parameter other than fluid velocity.

4

Y

The volume flow rate\is now found by multiplying the fluid velocity, V, with

“1!

the cross sectional area of the pipe.

Because the frequency difference is proportional to velocity, V, with no
L

dependence on velocity of sound in fluid, as shown in equation (5.3.2.6), and because Af is an
easi‘ly measured quantity, this method has considerable appeal. One disadvantage is that in

practical cases the frequency difference is small, and the long.counting interval needed for

4
a given resolution results in slow response time.

TS

5.3.3 The Doppler effect flowmeter ' ‘ t . - e

The Doppler effect, the basis of the Doppler flow measuring method, js',th'e
apparent change in the frequency of sound due to relative motion between source and

obse . Yhis change in frequency is directly proportional to the relative velocity of a

e ard a stationary detector.
The measurement of fluid flow in a pipe is achieved by using the Doppler
frequency shift of ultrasonic signal reflected from discontinuities in the flowing fluid. The

discontinuities can ‘be suspended solids, air bubbles or interfaces caused by turbulent eddies

o taerder e b ot A e =
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The sensor is mounted on the outside of the pipe and an ultrasonic beam from'

a piezoelectric crystal is transmitted, through the pipe, into the fluid at an angle to the
ﬂovy. Reflected signals are received by a second piezoelectric crystal in the same sensor
and the transmitted and reflected signals are compared in an electronic circuit. The
frequency shift is proporticnal to flow velocity.
Figure 22 shows thé method of operation of the Doppler f-lowmeter. By the
electrical excitation of a piezoelécti‘ic crystal (transmitter) the ultrasonic Beam, f 1’ is
- generated and transmitted at an-angle O to the flowing fluid. Particles in the fluid reflect
the sound back to the receiver, with a Doppler shifted fféquency, fz, which can be ;éxpressed

.

as . ' . o

{
f =1 iZVcos'Q-v-g— | (5.3.3.1)

2771

The + sign denotes the flow direction. The velocity of the fluid is obtained from the above
equation, giving .
V=(,-1)322cos © (5.3.3.2)
2 I'hy
¥ &

Providing that frequency f 1’ angle 8, and velocity of s;ound in fluid remain constant

i
»

V = Cl (fz"fl)n

°

which shows that the frequency shift is prop0rti6nal« to the flow velocity.
The Doppler flowmeters are being used successfully in the paper indhstry for.
- the rmeasurement of water flows and as a flowswitch on pump protection deiecting if there
, isa bloc\kage or if the pump is running dry."

A flow- range of up to 0 to 15 meters per second is obtainable, with a

_repeatability of +1% of full scale [36] . On small pipe sizes, below 2 inches, a linearity of +2

(5.3.3.3)

‘
e i =
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percent is achievable above a .pipe Reynolds number of 100 000. Below that Reynoldé
number, flowmeter becomes nonlinear [32] . The accuracy bet';veen 5and 10 per'ce.nt can be
achieved. While the low accuracy is a serious shortcoming, the Doppler flowmeter is the
only other meter to perform with any success in the area of the two-phase fluids
measurement besides the magnetic flowmeter.

The main disadvantage of the Doppler flowmeters is that they require
sufficient suspended particles or bubbles for reflection of the sound. This means that they

will not operate on clean liquids. In addition, they are not usually satisfactory on slurry

flows with velocity below 0.5 ft per second.

"5.4 VORTEX FLOWMETERS

A3

5.#.1 Operating principles

Operation of the vortex-shedding flowmeters is based on a natural phenomenon
.that takes place when a fluid stream flows around a blunt object. The flow being unable to
] .
follow the object on its downstream side, because of a viscosity related effect, separates
e

from the surface of the object creating a continuous series of vortices downstream. The
.

vortices are shed from one side of the object (vortex shedder), and then from the other side

in a regular train, as shown in Figure 23._

When the vortex shedder, s‘haped in a different manner lI)y different companies
[37, 38, 39] , is placed in a pipeline, it forms a primary 'ﬂow__elemént that generates pulse
signals over wiﬁé flow 'ranges at a fln-quuency éroportional to the volumetric flow rate. The
nurﬁber of pulses per gallon or cubic foot is c;etermined only by the diménsions of thve flow

element and the velocity (or pipe diameter). It does not depend on fluid gravity, viscosity,

pressure or temperature.
b Y
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5.4.2 Design Characteristics

\

{

N\

-

t

- c;‘he Foxboro [37] vortex generating element was de i/g'ned for detecting vortex

shedding inside the wake where the dominant vortex frequency exists. Viewed from the

-

inlet, the vortex generating element looks as a simple rectangular plate. The cross section

of the vortex generator appears as a flat plate with a centered tail, as shown in Figure 24,

Vortex shedding generates an alternating differential pressure across the sensor located
within the tail. The sensor, a piezoelectric differential pressure detector, is completely
sealed from the process fluid and lpcated on the vortex generating element. Research by

Foxboro resulted in a vortex element shape that is essentially|a flat ‘plate. However, the

geometry of the end of the tail type.section is considered a significant factor in the control

of stable vortex shedding. In addition because the tail is behind ithe flat plate, the plate also’

carried by the flow stream. '

v

acts as a shield to prevent damage to the sensor from the impicting of any solid particles

* The Neptune/éastech V/C-BOSO Vortex Cell Flowr\‘Peters shape of the vortex
}
generator is-a modified delta with its base facing, upstream (as shown in Figure 26). The
ratio of frequency to flowrate is governed by the ratio of base width to pipe diameter.
v, \\

Because of the vortex shedding alternately from either side of the\body, the flow pattern is

‘ |
periodically assymmetrical causing the stagnation streamline (to oscillate about the
‘ !

centerline of the vortex generator. The sensors which detect the vdrtex shedding frequency

can thus be located on the side face where the signal to noise ranﬁ) is much higher than in
the highly turbulent wake, Sensing is therefore of flow rather than pressure. The sensor
(Figure 25) is a nickel disc enclosed in a chamber over the flow elemL

side of the ﬁew element lead ingo/the chamber, and as the vortic%.s alternately pass the
’oscillate along the axis of the flow element. The motion of the|disc is detected by a
magnetic pick-up which provides an input to the preamplifier in the form of a series of

voltage ;Sulses at a frequency directly proportional to the flow rate.

t .

nt. Openings on either

. . Ay S . . .
openings, there is an up and down flow generated in the chamber wlhrch causes the disc ta -

st At Tt e o b ==

e
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The Yokogawa [38] uses a plezoeleétnc sensor element that is embedded’inside
the vortex shedding body, located out51de the pxpehne. A special glass is used to provxde a

secure, long life bond between the \ier\smg ‘element and the vortex shedder, and to

Hermetically seal the element. When vortices are shedding, the shedder is stressed® .-

‘alternately in opposite dérections. The direction of the stress alternates.as the vorte;t
shedding freqt.Jency. “The piezoelectr.'ic element convérts the stress,into an electric pulse
signal‘.‘ The sensor isnsuit_able for use over a wide range of temperatures: It is simple, robust
‘ and ‘maint“enance free. There-are no moving parts and no sensor porfs exposed 1o process
fluid. -
The Yokogawa vortex shedder is *similar in shape as one designed by »
Neptune/Eastech. -

A

5.4.3 Appliéations and propejfﬁe\s(\ . , | ]

a ‘

There are numerous applications’ in thé paper industry where the Vortex
flowmeters can be used for ac;:urate flow rate measurement of condensate and steam. Until
the presént time, the orifice plate has beén used almost exclusively for these applications.
Because of the very wide rangeability of the Vortex flowmeter on steam, minimum 10 to 1,
one flowmeter can be used for the entire ﬂow range expected. The accuracy, from all
manufac;urers,'is about +1 percent of actual flow rate. For example, steam flow to pulp
digesters varies from full flow conditiéns at the beginning" to very low flows as cooking
progresses. Only the Vortex flowmeter with the ranéeability of 10to ! or greater can be
eexpected to accurately measure flow through the entire ?a:;g}‘. o ' K&.

The Vortex ﬁowmeter is superior to the or1f1ce plate in terms of rangeabmty,
accuracy, mdependent from variations in flund propertles, hneanty, and cahbranon stability.
In comparison with the turbine type meter, it offers the outstanding feature of no moving
critical parts, hence no wear ﬁroblgms and no damage due to over speeding, as well as
independence of calibration factor from varidtions in fluid }SrOperties such as visc\osity.

5
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All types of vortex flowmeters require about-20 diameters of straight piping

.

\

> upstream of _the ‘meter and an obstruction. Downstream 3 to 5 ‘diameters is usually

N “a

\ acceptable. ) Lo
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6.1. Introduction 7

. 43 ,
\ _ " CHAPTER VI
. .. 'HEAD AREA FLOWMETERS:

i

>

The flow of liquids in open channels and conduits, or in channels and corduits
. F
in which there is a free surface, is usually measured by head area flowmeters. In these

flowmeters, the area of the stream is a function gf head. In the pulp and paper industry the

head area flowmeters are used to measure flow of water, chemical wastes and sewage

sludge in thé ;azater treatment and efﬁue}nt treatment areas.

Two of the mbst commonly L?éd types, of head area primary flow elements are
Weirs and Parshall flumes. They both produé'é;a\contraction o;f the flow stream which
causes the upstream level to back up to a greater or lesser degree. Flow: rate is determined

by measuring the upstream level and converting it into rate of flow terms. These devices

*

" measure volumetric flow regardless of the fluid density.

2

6.2 WEIRS , . | ;
»  The weir is one of the simplest and most accurate devices for measuring the

flow in ?pen channels. It consists of  a partition or bulkhead of timber, concrete, sheet

»

‘metal or of other material, having in its top edge an opening’ of fixed dimensions through

. i,
which a stream can flow, Figure 27., ‘

Of the various types of weirs, the three most commonly used are the

Ll

rectangular, Cipolléjtti, and V-notch, as illustrated in Figure 28.
. s

The type and size of weir selected will depend upon the total flow which it is

necessary to measure, the head available, on local ‘conditions with reference to_space,

accessibility, etc. In general, V-notch or rectangular weirs are preferred.

e s b B it Bt b7 o
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weir can be selected from a graph obtained from the manufacturer, as shown in Figure 29a

:
&

P#O]. " T c o S

~

V-hotch weirs are especially rec'o'mmended for mete‘ring of low flows, less than
l cubic foot per second, and are suitable for measuring slowly changmg flows up to 10 cubnc
ieet per second. The flow rate is a 5/2 power function of hehd. The selection of various
notch angles, 30°, 60% or 90°, is made by considering the ma{(imum flow rate and the
maximum available‘head ; -

The Rectangular weir.is ‘capable of high capacity metering and lS sxmple and

inexpensive to construct. . To assure complete contraction of the nappe, the side and bottom

' clearance‘ dimensions of the notch must equal or exceed those shown in Figure 28. This

shape isnot as good as the Cipolletti weir because the flow is contracted on the side as it

: Ve
goes over the weir. This effectively narrows the width of the weir and limits the accuracy.

. <o {
The Cipolletti weir, Figure 28, is similar to the rectangular weir except:for

.'sloping sides, 1 horizontal to 4 vertical, of the notch. This design has the advantage of a

i

simplified discharge formula which is more convement to work with than that of the

‘ rectangular weir. The flow rate varies as the 3/2 power of head \ ’

In order to ohtain more accurate measurements, the followmg requ1rements

, -
should be observed when designing a weir installation'

- The approach’ channel, upstream from the weir. plate, should be straight,’

-

unobstructed and With minimum length 20 times the maximum head on the

weir.

£

pe )
N '

= Velocity of approach should not exceed 0.3 feet per second.

. N . - . ’
- Weirs should have a side clearance of at least 2 times the maximum head,
between edge of weir notch ‘and side of upstream approach channel as

shown on Figure 2%

When the maximum and iminimum flow rates are known, the size and type of .

B LTI
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- Maximum head, preferably, should not exceed 2 feet, and the minimum head

_should not be less than 0.2 feet for rectangular or Cipolletti weirs.

» >

- Weir should be designed to use the maximum head ppactical, up to 2 feet,

dsince metering accuracy improves as the head increases.

N

6.3 PARSHALL FLUMES |

Although weirs are easy to construct and convenient to use, they are not
always suitable, The required loss of head for free flow measurement is often not available ;

1

on flat grades. A Parshall flume will prove a more accurate and dependable device for these

applicatioqs. o - o _ r
The Parshall flume consists of a cpnvergir%g upstreém sectior;? a dov;;n\yard
sloping throat and an upward gleRing, diverging:downstream' secﬁo;t, as shown in Figure 30,
The discharge through the flume is considered free flow when the él'evati'qn of the water {
/surf;ace downstream fr.orr? the throat is not high enough to cause tlhe flow to be retarded by
the effect of the back-water. However, when the surface .elevation of thé water
-downstream is sufficiently high to affect th\e rate of ﬂow: the critical point of ;ub.mergence
has been reac;hed an'c‘1 thé condition o-f submerged flow exists. At first the flow is only - ;

\ i

slightly reduced, but as the degree of the submergence increases, a'gr"eater. reduction in the
discharge results.‘ . '
The rate of. flow is determined‘ by the head of the water in the stilling well,
Ha, when the discharge is free flow, and in both the Ha and Hb wells for submerged flows.
Knowing the maximum and minimum flows that will be handled throuéh lthe‘
flume, select a ve‘;‘lué for throat section width, L; from Figu‘re 29 (b), in thg-range of ‘head,' H,

K v R 3
desired. - o ' - ‘ |
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]

. The Figure 29 (b) gives the width, L, of the throat section from 3 inches to 50

f’eet, and the head, H, to be expected at minimum and maximum fl\(ﬂv values. Flow values

|
are listed as million gallons per day, gallons per minute or cubic feet per second.

”

6.4 Reiationship between Discharge and Head -

The various equations relating d‘ischarge'and head for standard open channel
devices and the meéthods of obtaining t.hese expressions are derived in many excéllent
tec‘hnical publicatiqns[6, #i,‘ 42, 43]. It would serve\little purpose to repeat them here. It
may, hbwgver, be of intei'est to noti‘ée that the expressio‘ns for Parshall flume and weirs,
‘though derived in entirely different ways, are all of similar form to the expressionns for

closed conduit differential pressure producing devices.

To /ill_w this, let us refer to Figuré 28. .The length of the‘crest of the -

\recté\rrgular'weir is denoted by | and the depth of flow over the crest by Ht’ which is equal to

. Hmax + 2H. Denoting the rate of flow in volume units per unit time under head Ht by Q,

then the velocity, V, of flow a distance.. H below the surface will be equél to

. If the thickness of an (-':lemen‘fr at this depth is dH, the dischgrge through this
 element will be ,
dQ =1. ng dH

‘The total discharge is He
Q-1{2g [H"% B _
A ,

CT s © Q=2/342g u¥ (6.4.2)

B
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In the same manner, for the V-notch weir with the angle of V-notch ,‘the lengfh of the

crest is, <o o : )
1, C o 1=2 (H ) tan 3

so that . ‘ ' “
) o
dQ = 2 tan 5 ¢2 gH (Ht-ﬁ) dH

and the total discharge, , T o

Q- 2‘can2/—/(H H)H o
co Q= 8/15 {7z 17 S w
“i° = 3 g . _ M)

‘A Parshall flume i$ compared with a rectdngular weir in much the same

: o :
manner as a venturi is with an orifice plate. It is designed to reduce loss. Its flow is related
to measured head in a way similar to that of the rectangulat ‘weir, althSugh the p'owetj term

is not exactly 3/2 as derived in equétion 6.4.2, In fact, the power term is slightly different

with each size flume, ranging between 1.52 and 1.6, [6].

The'actual power term usgd for trianguiar weirs is 2.44% for the 60° angle and

2.475 for the 90° ahgle, instead of 5/? as derived in the equation 6.4.3 above.

6.5 Application Recommendation

" The recommended type. of sewer measurmg dewce, in the pulp and paper.

industry, is the Parshau flume. The Parshall ﬂume is used rather than the various types of
weirs because it is silt-free, gives a better accuracy and has a much lower head loss.
Tables 5 and 6 list the various dimensions'for Foxboro I?&O] Parshall flimes, for

widths L from 3 inches to 50 feet.

e — e
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6.6 Illustrative Example é

4
o

.
"Note: The following example is taken from an actual design performed for a Pulp Mill

Project. . "
s * In the Bleach plant, sewer flow #£ to be recorded. 1t is required to specify the
/‘ ‘ ﬂﬁme to be used, for the following process conditions:
L/ | | Max. flow: - 4400 USgpm (10 cfs) - o
Channel width: 5 feet ‘
Liquid surface: | : 1 foot above the bed
Note: °  The degree of submergence for the moderate sized flume, may approach 70%
g o “before the free-flow rate of discharge is affected. The usual practice is to set
the flume operate at 60% [40] .
Solution:

The first step.is to select the flume size. )

From Tail;le 5, Appendix II, for 10 Sec.-ft flow the 2-fo£>t flume is sglected to start with.
From Figure 29(b), Appendix I, it is .found that for a discharge of 4400 gpm tgdugh a 2-foot
flume, the upper head, Ha is approximately 1.17 feet. i ) ‘

The degree of sul?mé.rgence (which is the ratio of 'the lower head, H as measured in the

throat, to the upper head, H 3 s measured in the conveying section) will be used as criterion

in establishing the elevation of the crest of the structure.

oo
“b =My eon
H, L7
A4 R " X . s
H, = q.7o,g ft
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‘Since the water surface elevation right below the flume will remain constant after the

flume is installed, and since the standing wave in the throat of the flume will be the same as

the fluid surface in elevation at 60% submergence, the crest elevation may be determined

. . ’ Y
from the fluid surface elevation before flume installation. That is it would be 0.702 ft

‘ below the downstream fluid surface and since the depth of the fluid is ! foot, it would be l

placéd at 0.3 ft above the bed of the channel. This setting gives a flow of 4400 gpm for a
submergence. of 60%. The overall head loss is approximately 0.5 ft,

Now, if a 1.5 ft flume had been selected, the H, gauge reading.would be 1.49

ft and at 60% submergence the H, would be 0.9 ft. For this case the elevation of the crest

would be 0.1 ft below the bed of the chaninel'and the loss of head would be approximately 0.8
ft. ‘ ‘

lfrom the above, it can be concluded that as the size 6f\t\e§lume increases,
the crest e]evation for a common discharge and degree of subrriergence becomes Mgher and

t‘he head loss béecomes smaller.

PRSI T,
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' CHAPTER VI .
SELECTION OF PRIMARY FLOW ELEMENTS ~ o
- | Determininé which type of primary flow elements, described in this report,
should be used at a part.icular installation depends on fluid characteristics‘as well as the
flowmeter's per formance. ! )

For a preliminary selection of inWmeters, the flowchart in Figure 31 can be
uSed_. Where steam and gas measurements are involved, the number,of flowmeters becomes
considerably reduced to a few most often used primary devices. However, when measuring
flow of liduﬁds more than or;e characteristic is take'n int’o consideratiop.

., For a clean conductive liquid one would opt. for the ~use of a magnetic

flowmeter or an orifice plate, or any additional choice that would perform as well as the

two mentioned. In the case of a clean but nonconductive liquid,one would never use a

magnetic flowmeter since a conductivity is necesssary. The alternative would be either a
v ’ : :

turbine flowmeter or again an orifice plate.

- .

‘ Regarding a liquid with suspended solid par'ticles, a magnetic flowmeter,

ultrasonic flowmeter or Venturi tube is most often used.

| Once the preliminary selection has‘been made Table 8 can be consulted to
choose a flowmeter, for the p‘articula‘r application area. Regarding pulp stock or slurry
applications, a magnetic flowmeter is most appriopriate since it éoes nb; obstruct the flow
and since it is not sensitive' to pressure, temperature, density or viscosity. For vapbprs
containing liquids, a Vortex shedding flowmeter woulq be the most advantageous one since

experience shows that no performance degradation occurs after considerable in-line use

]
<

which is not the case with an orifice plate.

Table 7 shows additional important factors in flowmeter selection, such as:

i
i

range of maximum flow, maximum pressures and temperatures, permanent pressure loss,

accuracy, rangeability, ins’tallatio{r) requirements, viscosity and the relative cost.
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N , .
A supplier's most common designation for accuracy is the percentage of flow

rate. Rangeability is also important. That is, the accuracy of the flowmeter sélected

f

should be relatively linear over the range of 'fl.ows being measured.
; Pressuré loss, althqugh not related to accuracy, is another determinant. In the
industry it is becoming more important to reduce berménent pressure losses caused by
pressure drob across the flowmeter. When pressure loss increases, a larger.pump is needed
to maintain the desired flow rate. "This 1n turn, increases the cost of transmitting fluids
from one point to another. SN z
| then considering relative cost of different flowrfme@ers for a particular
application not only the initial price should be considered but ;lso- the cost of installation,
operating cost and maintenance. In addition this cost comparison should take into account
the effects 6‘f accuracy, rangeability and permanent pressure loss on the process efficiency
and final product quality.

.

flowmete;, is always a compromise between performance and accuracy versus costs.

Therefore, as can be seen from the above, the applié:ation and selection of a -

-

. o e s,
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by CHAPTER VIII
CONCLUSIONS

!

| The principal objective of this study wasv to review and evaluate methods and
devices used, at the present :cime, for measurements of flow in the pulp and paper industry.
It has been shown that all, these methods and devices are a result of the various factors and
practical requirements fof.each installation. To aid in the flowmeter selection, Figure 31
and Table 7 are included which-itemize the various factors previously discussed that are
considered very important. As already mentioned some flowmeters do have properties that
make them especiallly suitable for a particular application and yet inadequate for other
tasks. Table 8 shc;ws applicatior;* areas for the ﬂowmeter;s reviewed. In addigion, Table 9
gives manufacturing sources for the most important flow measuring devices available on the
Canadian'market and used in the paper i.ndu;try today. ) ' .

14
New techniques (such as magnetic, ultrasonic and vortex flowmeters) that

\

were introduced as flow measuring devices in the pulp and paper industry have been

discussed in great detail because, in my opinion, they will be the devices most widely used

in the future. Even though some are still in the development stages, they have already '

shown excellent results. - ) R . ‘ 2

In this energy- conscious age, the future for these new flow measuring devices
is especially bright becz;use of their ability to measure,ﬂow,'using minimal amounts of
energy while giving accurate readings. Magnetic, ultrasoni; and vortex flowmeters create

either a very low (vortex flowmeters) or non-existing pressure loss (magnetic and ultrasonic

flowmeters). Because of the absence of moving parts there is no mechanical failure and

therefore minimum maintenance costs. g
. Q)\’\Q’-—//

Another advantage to these relatively new flow meashring devices is the fact

that each one of them may be hooked up to a microprocessor. A microprocéssor—based
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_systemn can take intoyaccount maﬁy variables (such as temperature, pressure and density) and
handle cé)mplex calculations easily and "quickly. Design tendencies in all new devices used
for flow measurement will be for use with microprocessors. '
The use of Figures and Tables ‘cohtaiin.éd in the Appendices in the solution of
practical problems was illustrated ‘with several paper industry application examples in

“

Chapters 1I, V, and VI,

Ay w
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. CONCENTRIC  ECCENTRIC ~ SEGMENTAL  QUADRANT EDGE

" Figure 2. TYPES OF ORIFICE PLATES . C | Gl
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Specific Specif Specific Specific
vit. Factor vit, Factor vit: Factor it Factor
srayity A aravity Fo graxity Py erarity o
0.500 1.%% 0.576 12172 0.850 1.0847 1.0 0.9759
. 0505 1. 0.680 12127 0855 1.0815 1.06 0.9713
0.510 1.4003 0.585 1.2082 0.860 1.0783 107 0.9667
0.515 1.3935 0.590 1.2039 0.865 1.0752 1.08 0.9623
0520 | 13063 0.695 11995 0.870 1.0721 1.09 0.9578
. . 0.525 1.3801 0,700 1.1852 0875 1.06% 110 0.9535
530 1.3736 0.705 1.1910 0.880 1.0660 IRt 0.9492
535 1.3672 0710 1.1868 0.885 1.0630 112 0.9449
0.540 1.3608 0715 11826 0.890 1.0600 113 0.9407
. : 0.545 1.3546 0.720 1.1785 0.895 1.0570 114 0.9366
£
. 0.550 | 1.3484 0.725 11744 0.900 10541 115 0.9325
: 0.555 13423 0.730 1.1704 0.905 1.0512 116 0.9285
0.560 1.3363 0.735 1.1664 0910 1.0483 117 0.9245
0.565 1.3304 0740 1.1625 0915 1.0454 118 0.
- 0.570 1.3245 0.745 1.1586 0.920 1.0426 1.19 0.9167
0.575 13188 0.750 1.1547 0.925 1.0398 120 0.9129
0.580 1,3131 0.755 1.1509 0.530 1.0370 1.21 0.9091
0.585 1°2074 0760 11471 0.935 1.0342 1.22 0.9054
0.590 1.3019 0.765 1.1433 0.940 10314 || M3 0.9017
0.593 1.2964 0.770 1.13% 0.945 1.02§7 2 0.8980
. ’ * 0,600 1.2910 07 1.1359 0.950 1.0260 1.25 0.8944
’ 0608 1.28%6 0.780 11323 0.955 1,0233 1.26 0.8909
L 4 0.610 1.2804 0.785 1.1287 0.960 1.0206 197 0.8874
. . 0.515 1.2152 0.790 1125 0965 1.0180 1.28 0.8839
' 0.620 1.2700 0.795 1215 0970 1.0153 1.29 0.8805
0.625 1.2649 0.800 1.1180 0975 wzz || 130 08771
‘ 0.630 1.2599 0.805 1.1146 0980 1.0102 131 0.8737
0.635 1.2549 0810 1 0.965 1.0076 32 0.8704
0.640 1.2500 0815 | 11077 0.990 1.0050 133 0.8571
0.645 1.2451 0,620 1.1043 0995 | 1.0025 13 0.8639
y . 0550 1.2403 0828 | 13010 1.00 1.0000 1.35 0.8607
. 0.655 1@355 0.830 1.0976 1.01 09950 136 0.8575
. 0.660 1.2309 0835 [ 1.0944 1.02 0.9901 137 0.8544
0.665 1.2263 0.840 1.0911 1.03 09853 1.38 0.8513
‘ 0.670 1217 0.845 1.0879 1.04 9606 1.3 0.8482
o
< - A rd
i ' . . ’ ,
. Table 3. GASDENSITY FACTORS, Cy[7]
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! ‘ Free-flow
L|Aa|ls|Blc|D|E|F|c |k|N|,R|M] PSFx|y]| Capui
' ) Min. | Max.
Ft. In.|Ft In.[Ft. In.{Ft In.|Ft. In.| Fe. In’ | Ft. In. | Fe. In|Fe. In. | JIn. | In. |{Ft.In.|Ft.In | Ft.In. | In. | In."[Scc.-Ft. | Sec.-Ft.
0-3 |1-6§ {14 |1 |07 |o-108] 20 | 06 |10 | 1 |24 [ 1« |10 | 263 |t | 12| .03 1.9
206 | 2-O¢g | 1-44 | 20 1-3§ 1-3¢ 2-0 1-0 2-0 3 41 1-4 1-0 2-114§ 2 3 05 3.9
0-9 |2-10§ {1-11442-10 | 1-3 | 1-103] 26 | 10 | 1-6 | 3 | 44 | 14 {10 {36} 2| 3] .00 8.9
1-0 | 4-6 3-0 441 | 2-0 | 2-9% 3-0 2-0 30 3 P9o] 1-8 1-3 4-10¢| 2 3 11 16.1
1-6 (429 |32 |4-7f [2-6 |34 | 30| 20|30 3| 9 {a-8)13 |56 | 2| 3] a5 | 246
2-0 |50 34 4—1‘01 30 3113 | 30 2-0 3-0 3 1-8 1-3 6-1 2 3 42 33.1
3Q 156 +]|3-8 543 | 40 b5—'11 3-0 2-0 3-0 3 1.9 1-8 1-3 7-3} 2 3 .61 50.4
4060 |40 |5-108| 50 643 | 30| 2-0 {30 | 3| 9\ 20| 16| 8108} 2| 3| 13 679 .
50 |66 |44 |6-44 |60 | 765 30 {20|30] 3| o 2016|1013 ]| 2] 3| 16 85.6
60 |70 4-8 &-10§1 70 8-9 3-0 2-0 30 3 9 120 1-6 |11-34 2 3 26 103.5
\7—0 7-6 5-0 7-4} | 8-0 9-114 | 3-0 24 3-0 3 9 2-0 1-6 |12-6 !} 2 3 3.0 121.4
8-0 |8-0 54 7-10§ | 9-0 [11-1%} 30 2—? 3-0 3 9 2-0 1-6 [13-8%° ] 2 3 3.5 139.5
N\Table 5. DIMENSIONS AND CAPACITIES OF SMALL PARSHALL FLUMES [40]
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Filn |t In. [FeIn [ Ft.in { e In | Fodn }FCIn- | R Fu. In. Ft. In. | In In. | Sec.-Fu. | SeceFt. »
10-0 14-33 6-0 14-0 14-8 15-74 4-4) k) 6 -6 - l-‘li 12 9 200 6
. : 120 | 1633 | 68 | 160 | 18-4 | 1843 | 5-0 3 | -8 6 | 1T} | 12 9 *350 8
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40-0+| 27-6 16-0 27-0 56-8 5094 7-0 6 -16 12 2-3 12 9 2,000 20 -
50-0 | 27-6 19-4 27-0 60-9} 7-0 6 20 12 2-3 12 9 3,000 25
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Table 6. DIMENSIONS AND CAPACITIES OF LARGE PARSHALL FLUMES [40]
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MANUFACTURERS OF FLOW MEASURING DEVICES °

t

’

TABLE 9

MANUFACTURER

ORIFICE PLATE"

VENTURI TUBE

FLOW NOZZLE

DALL TUBE

PITOT TUBE

ELBOW

ROTAMETER

POSITIVE DISPL.

TURBINE

.MAGNETIC

ULTRASONIC

"VORTEX SHEDDING

WEIRS AND FLUMES

Accurate Metering Systems

bad

Ametek = Schutte & Koerting

>

BIF - General Signal

x

x

>

>

Badger Meter

Brandt Industries

Bristol - Acco \

Brook: - Emerson Electric

C-E Invalco - Combustion Engr.

.

Canadian Meter Div. - Singer

Danie! Industries

Dieterich Standard Corp.

‘A'BAR

EEIF LI

Drexelbrook Engineering Co.

Dwayer Instruments Inc.

Endress & Howser Inc.

Fielding Crossman

1

Fischer & Porter

Flow-Dyne Engineering Inc.

Flow Systems Corp.

Foxboro Co.

KIX[X XX

HK XX x>

M XXX

Hersey Products Inc.

Honeywell Process Control

P

a3

bad

R oo 1 -y A

ITT Barton ‘ i

Leeds & Northrup

Meriam Instrument

Neptune/Eastech Inc.

Neptune Measurement Co.

Peco Robinson

Rochester International

Taylor - Sybron Corp.

Tech Tube Corp.

Veeder - Root Inc.

Eid

Wallace & Tiernan - Pen:pwalt

Waugh Controls Corp.

Wesmar

Western Meter

Westinghouse

Yokogawa Electric Works

NOTE: A,l‘l data was supplied by manufacturers and representatives active jn the Canadian market (July 1981).
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