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Preface

This is a book about low measurement and lowmeters written for all in the indus-

try who specify and apply, design and manufacture, research and develop, maintain 

and calibrate lowmeters. It provides a source of information both on the published 

research, design and performance of lowmeters, and also on the claims of lowmeter 

manufacturers. It will be of use to engineers, particularly mechanical and process 

engineers, and also to instrument companies’ marketing, manufacturing and man-

agement personnel as they seek to identify future products.

I have concentrated on the mechanical and luid engineering aspects and have 

given only as much of the electrical engineering details as is necessary for a proper 

understanding of how and why the meters work. I am not an electrical engineer and 

so have not attempted detailed explanations of modern electrical signal processing. 

I am also aware of the speed with which developments in signal processing would 

render out of date any descriptions that I might give.

I make the assumption that the lowmeter engineer will automatically turn to 

the appropriate standard and I have, therefore, tried to minimise reproducing infor-

mation which should be obtained from those excellent documents. I  recommend 

that those involved in new developments should keep a watching brief on the regu-

lar conferences which carry much of the latest developments in the business, and are 

illustrated by the papers in the reference list.

I hope, therefore, that this book will provide a signpost to the essential infor-

mation required by all involved in the development and use of lowmeters, from the 

ield engineer to the chief executive of the entrepreneurial company which is devel-

oping its product range in this technology.

In this book, following introductory chapters on accuracy, low, selection and 

calibration, I have attempted a clear explanation of each type of lowmeter so that 

the reader can easily understand the workings of the various meters. I  have, then, 

attempted to bring together a signiicant amount of the published information which 

enlightens us on the performance and applications of lowmeters. the two sources for 

this are the open literature and the manufacturers’ brochures. I have also introduced, 

to a varying extent, the mathematics behind the meter operations, but to avoid disrupt-

ing the text, I have consigned some of this to the appendices at the end of the chapters.
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However, by interrogating the appropriate databases for lowmeter papers it 

rapidly becomes apparent that inclusion of references to all published material is 

unrealistic. I have attempted a selection of those which appeared to be more rele-

vant and available to the typical reader of this book. However, it is likely that, owing 

to the very large number of relevant papers, I have omitted some which should have 

been included.

topics not covered in this book, but which might be seen as within the gen-

eral ield of low measurement, are: metering pumps, low switches, low controllers, 

low measurement of solids and granular materials, open channel low measure-

ment, hot wire local velocity probes or laser doppler anemometers and subsidiary 

instrumentation.

In this second edition, I have left in much of the original material, as I am aware 

of the danger of losing sight of past developments and unnecessary reinvention. 

I have attempted to bring up to date items which are out of date, but am conscious 

that I may have missed some, and I have attempted to introduce the new areas and 

new developments of which I have become aware. In two areas where I know myself 

to be lacking in irst-hand knowledge, I have changed the focus of the chapters and 

greatly reduced their length. Modern Control Methods has gone and been replaced 

by remote data access systems, and the chapter on manufacturing by a brief chap-

ter entitled Final Considerations which touches on manufacturing variation and Iso 

quality standards and also takes in inal comments.

I have included three new chapters covering magnetic resonance lowmeters, 

sonar and acoustic lowmeters and veriication. they are brief chapters, but represent 

new developments since the irst edition. I  have also separated multiphase low-

meters into another new chapter, but have done so recognising that my knowledge 

of the subject is minimal and the coverage in the chapter is very supericial.

the techniques for precise measurement of low are increasingly important 

today when the luids being measured, and the energy involved in their movement, 

may have a very high monetary value. If we are to avoid being prodigal in the use 

of our natural resources, then the luids among them should be carefully monitored. 

where there might be pressure to cut corners with respect to standards and integrity, 

we need to ensure that in low measurement these features are given their proper 

treatment and respect.
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Nomenclature

Chapter 1

ci sensitivity coeficient

f(x) function for normal distribution

K k factor in pulses per unit low quantity

k coverage factor

M mean of a sample of n readings

m index

N(µ,σ2) normal curve

n number of measurements, index

p probability, index

q  mean of n measurements qj, index

qj test measurement

qv volumetric low rate

r index

s index

s(q) experimental standard deviation of mean of group qj

s(qj) experimental standard deviation of qj

t student’s t

U expanded uncertainty

u(xi) standard uncertainty for the ith quantity

uc(y) combined standard uncertainty

x coordinate

xi result of a meter measurement, input quantities

x  mean of n meter measurements

y output quantity

z normalised coordinate (x − µ)/σ

µ mean value of data for normal curve

n degrees of freedom

σ standard deviation (σ2 variance)
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Φ(z) area under normal curve e.g. Φ(0.5) is the area from z = −∞ to 

z = 0.5

φ(z) function for normalised normal distribution

Chapter 2

A cross-section of pipe

c local speed of sound

cp speciic heat at constant pressure

cv speciic heat at constant volume

D diameter of pipe

d diameter of low conditioner plate holes

fd darcy friction factor: f fD F= 4

fF Fanning friction factor

g acceleration due to gravity

H Hodgson number equation (2.13)

K pressure loss coeficient

L length of pipe (sometimes given as a multiple of d e.g. 5d)

M Mach number

n index as in equation (2.4)

p pressure

p0 stagnation pressure

∆ploss pressure loss across a pipe itting

qv volumetric low rate

qm mass low rate

R radius of pipe

re reynolds number

r radial coordinate (distance from pipe axis)

T temperature

T0 stagnation temperature

V velocity in pipe, total volume of pipework used in 

Hodgson number

V0 velocity on pipe axis, maximum axial velocity at a cross-section

Vrms luctuating component of velocity

V  mean velocity in pipe

v local luid velocity

vτ friction velocity vτ

τ

ρ
= w

x distance from pipe axis in horizontal plane

y distance from the pipe wall = −( )R r

y1 viscous sublayer thickness

y2 extent of buffer layer

z elevation above datum
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γ ratio of speciic heats

µ dynamic viscosity

ν kinematic viscosity

ρ density

τ shear stress

τw wall shear stress: τ
ρ

w F= f
V 2

2

Subscripts

1,2 pipe sections

Chapter 4

Cd concentration of tracer in the main stream at the downstream 

sampling point

Cdmean mean concentration of tracer measured downstream

Ci concentration of tracer in the injected stream

Cu concentration of tracer in the main stream upstream of injection 

point (if the tracer material happens to be present)

ci sensitivity coeficient

Kfm mass lowmeter factor

ks factor for the weigh scale

Mn net mass of liquid collected in calibration

Md weight of deadweight

Ms conventional mass of material of density 8,000 kg/m3

Ml mass of water in weigh tank

MG mass of air displaced

∆MLDV change in mass within the connection pipe between the 

lowmeter and the weir

mCal reading of the weigh scale when loaded with deadweights

ml weigh scale reading

P pulse count

p pressure

qv volumetric low rate in the line

qvi volumetric low rate of injected tracer

R gas constant for a particular gas

T temperature

t collection time during calibration

V amount injected in the sudden injection (integration) method

v speciic volume

ρ liquid density

ρd actual density of deadweight
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ρG air density

ρLW liquid density

Chapter 5

A function of ReD

a1 expression in oriice plate-bending formula

aε constant

bε constant

C discharge coeficient

CRe part of discharge coeficient affected by Re

CTaps part of discharge coeficient which allows for position of taps

C∞ discharge coeficient for ininite Reynolds number

CSmall oriice correction for small oriice sizes

c1 expression in oriice plate-bending formula

cε constant

D pipe diameter (ID)

D′ oriice plate support diameter

d oriice diameter

E thickness of the plate, velocity of approach factor (1 – β4)−½

ET total error in the indicated low rate of a lowmeter in 

pulsating low

E* elastic modulus of plate material

e thickness of the oriice (Figure 5.3), napierian constant

F correction factor used to obtain the mass low of a (nearly) dry 

steam low

f frequency of the pulsation

H Hodgson number

h thickness of oriice plate

K loss coeficient, related to the criterion for Hodgson number

L1 = l1/D

L′2 = l′2/D′ signiies that the measurement is from the downstream 

face of the plate.

l1 distance of the upstream tapping from the upstream face of 

the plate

l ′2 distance of the downstream tapping from the downstream 

face of the plate. ′ signiies that the measurement is from the 

downstream face of the plate.

M′2 = 2L′2/(1 – β)

M1 numerical value deined in text

n index

p static pressure

pu upstream static pressure
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pd downstream static pressure

p1 static pressure at upstream tapping

p2 static pressure at downstream tapping

∆p differential pressure, pressure drop between pulsation source 

and meter

qm mass low rate

qv volumetric low rate

re reynolds number

red reynolds number based on the pipe Id

r radius of upstream edge of oriice plate

Tf temperature of the luid at lowing conditions

t time

V volume of pipework and other vessels between the source  

of the pulsation and the lowmeter position

V  mean velocity in pipe with pulsating low

Vcl centre line velocity

Vmax maximum velocity

Vrms rms value of unsteady velocity luctuation in pipe with 

pulsating low

x dryness fraction, displacement of the centre of the oriice hole 

from the pipe axis (m)

α = CE the low coeficient

β diameter ratio d/D

γ ratio of speciic heats

δqm small changes or errors in qm etc.

ε expansibility (or expansion) factor

ε1 expansibility (or expansion) factor at upstream tapping

κ isentropic exponent

ρ density

ρ1 density at the upstream pressure tapping

ρg density of gas

ρl density of liquid

σy yield stress for plate material

θ angle deined in Figure 5.b.1 caused by deposition on the 

leading face of the oriice plate

Φfo
2 ratio of two-phase pressure drop to liquid low pressure drop

φ maximum allowable percentage error in pulsating low

Chapter 6

C coeficient of discharge

Ctp coeficient for wet-gas low equation

Cdry discharge coeficient for fully dry gas
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Cfullywet discharge coeficient for fully wet gas X X≥ lim 

where X lim .= 0 016

D pipe ID

d throat diameter

E velocity of approach factor = −( )1 1 4β  
Frg supericial gas Froude number

Frg,th Froude number at the throat

g gravitational acceleration

n index

p1 upstream pressure tapping

p2 downstream pressure tapping

∆p differential pressure

qm,g mass low rate of gas

qm,l mass low rate of liquid

qm mass low rate

qtp apparent low rate when liquid is present in the gas stream

qv volume low rate

Ra roughness criterion

re reynolds number

Vsg supericial gas velocity

β diameter ratio d/D

ε expansibility (or expansion) factor

κ isentropic exponent

ρ1 density at upstream pressure tapping

ρl liquid density

ρ1,g gas density at upstream tapping point

τ pressure ratio 
p

p

2

1

φ deined in equation (6.1)

Chapter 7

A2 outlet cross-sectional area

A* throat cross-sectional area

a constant

b constant

C discharge coeficient

Cr = C*√Z

C* critical low function

C*i critical low function for a perfect gas

c speed of sound

cp speciic heat at constant pressure

cv speciic heat at constant volume

c* speed of sound in the throat
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Nomenclature xxxiii

d throat diameter

d2 outlet diameter

l dimension given in Figure 7.5

M Mach number

M1 Mach number at inlet when stagnation conditions cannot be 

assumed

M molecular weight

n exponent in Equation (7.10)

po stagnation pressure

p1 pressure at inlet when stagnation conditions cannot be assumed

p2i ideal outlet pressure

p2max actual maximum outlet pressure

p* throat pressure in choked conditions

qm mass low

R universal gas constant

red reynolds number based on the throat diameter

r toroid radius

To stagnation temperature

T* throat temperature in choked conditions

Z compressibility factor

Zo compressibility factor at stagnation conditions

β = d/D

γ ratio of speciic heats

ε error

κ isentropic exponent

n kinematic viscosity

θ angle given in Figure 7.5

µ0 dynamic viscosity of gas at stagnation conditions

ρ* density of gas in the throat

ρo density at stagnation conditions

Chapter 8

A cross-sectional area of the pipe, constant

A′ constant

Af cross-sectional area of loat

Ax cross-sectional area of tapering tube at height x

A2 annular area around loat, annular area around target

a area of target

B constant

C coeficient

C0 to C4 constants in curve it for target meter discharge coeficient

Cc contraction coeficient

Cd coeficient of discharge
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