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ur interest in the measure-
ment of air and water flow
is timeless. Knowledge of
the direction and velocity
of air flow was essential informa-
tion for all ancient navigators, and
the ability to measure water flow
was necessary for the fair distribu-
tion of water through the aque-
ducts of such early communities as
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dynamics, pneumatics, aerodynam-
ics) is based on the works of the
ancient Greek scientists Aristotle
and Archimedes. In the Aristotelian
view, motion involves a medium that
rushes in behind a body to prevent a
vacuum. In the sixth century A.D., John
Philoponos suggested that a body in
motion acquired a property called
impetus, and that the body came to
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Figure 1-1: Pressure Loss-Venturi vs. Orifice

the Sumerian cities of Ur, Kish, and
Mari near the Tigris and Euphrates
Rivers around 5,000 B.C. Even today,
the distribution of water among the
rice patties of Bali is the sacred
duty of authorities designated the
“Water Priests.”

Our understanding of the behavior
of liquids and gases (including hydro-
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rest when its impetus died out.

In 1687, the English mathematician
Sir Isaac Newton discovered the law
of universal gravitation. The opera-
tion of angular momentum-type
mass flowmeters is based directly on
Newton’s second law of angular
motion. In 1742, the French mathe-
matician Rond d’Alembert proved

A Flow Measurement Orientation

that Newton'’s third law of motion
applies not only to stationary bodies,
but also to objects in motion.

The How Pioneers

A major milestone in the understand-
ing of flow was reached in 1783 when
the Swiss physicist Daniel Bernoulli
published his Hydrodynamica. In it, he
introduced the concept of the con-
servation of energy for fluid flows.
Bernoulli determined that an
increase in the velocity of a flowing
fluid increases its kinetic energy
while decreasing its static energy. It is
for this reason that a flow restriction
causes an increase in the flowing
velocity and also causes a drop in the
static pressure of the flowing fluid.

The permanent pressure loss
through a flowmeter is expressed
either as a percentage of the total
pressure drop or in units of velocity
heads, calculated as V2/2g, where V
is the flowing velocity and g is the
gravitational acceleration (32.2
feet/second? or 9.8 meters/second?
at 60° latitude). For example, if the
velocity of a flowing fluid is 10 ft/s,
the velocity head is 100/64.4 =155 ft.
If the fluid is water, the velocity head
corresponds to 1.55 ft of water (or
0.67 psi). If the fluid is air, then the
velocity head corresponds to the
weight of a 1.55-ft column of air.

The permanent pressure loss
through various flow elements can
be expressed as a percentage of the
total pressure drop (Figure 1-1), or it
can be expressed in terms of veloc-
ity heads. The permanent pressure
loss through an orifice is four veloc-
ity heads; through a vortex shedding
sensor, it is two; through positive
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displacement and turbine meters,
about one; and, through flow venturis,
less than 0.5 heads. Therefore, if an ori-
fice plate (Figure 1-2) with a beta ratio

where C is the constant for units
conversion.

Over the past several years, the
performance of magnetic flowmeters

Figure 1-2: Conversion of Static Pressure Into Kinetic Energy

of 0.3 (diameter of the orifice to that
of the pipe) has an unrecovered
pressure loss of 100 in H,O, a venturi
flow tube could reduce that pres-
sure loss to about 12 in H,O for the
same measurement.

In 1831, the English scientist Michael
Faraday discovered the dynamo when
he noted that, if a copper disk is rotat-
ed between the poles of a permanent
magnet, electric current is generated.
Faraday’s law of electromagnetic
induction is the basis for the operation
of the magnetic flowmeter. As shown
in Figure 1-3, when a liquid conductor
moves in a pipe having a diameter (D)
and travels with an average velocity (V)
through a magnetic field of B intensity,
it will induce a voltage (E) according to
the relationship:

E=BVDC
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has improved significantly. Among the
advances are probe and ceramic insert
designs and the use of pulsed mag-
netic fields (Figure 1-4), but the basic
operating principle of Faraday’s law of
electric induction has not changed.

In 1883, the British mechanical engi-
neer Osborne Reynolds proposed a

single, dimensionless ratio to describe
the velocity profile of flowing fluids:

Re = DVp/ji

Where D is the pipe diameter, V is
the fluid velocity, p is the fluid den-
sity, and W is the fluid viscosity.

He noted that, at low Reynolds
numbers (below 2,000) (Figure 1-5),
flow is dominated by viscous forces
and the velocity profile is (elongated)
parabolic. At high Reynolds numbers
(above 20,000), the flow is dominated
by inertial forces, resulting in a more
uniform axial velocity across the flow-
ing stream and a flat velocity profile.

Until 1970 or so, it was believed
that the transition between laminar
and turbulent flows is gradual, but
increased understanding of turbu-
lence through supercomputer mod-
eling has shown that the onset of
turbulence is abrupt.

When flow is turbulent, the pres-
sure drop through a restriction is
proportional to the square of the
flowrate. Therefore, flow can be
measured by taking the square root
of a differential pressure cell output.
When the flow is laminar, a linear
relationship exists between flow and
pressure drop. Laminar flowmeters

Figure 1-3: Faraday's Law Is the Basis of the Magnetic Flowmeter
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are used at very low flowrates (capil-
lary flowmeters) or when the viscos-
ity of the process fluid is high.

In the case of some flowmeter
technologies, more than a century
elapsed between the discovery of a

Figure 1-4: Magmeter Accuracy

scientific principle and its use in
building a flowmeter. This is the case
with both the Doppler ultrasonic and
the Coriolis meter.

In 1842, the Austrian physicist
Christian Doppler discovered that, if a
sound source is approaching a receiver
(such as a train moving toward a sta-
tionary listener), the frequency of the
sound will appear higher. If the source
and the recipient are moving away
from each other, the pitch will drop
(the wavelength of the sound will
appear to decrease). Yet it was more
than a century later that the first ultra-
sonic Doppler flowmeter came on the
market. It projected a 0.5-MHz beam
into a flowing stream containing reflec-
tors such as bubbles or particles. The
shift in the reflected frequency was a
function of the average traveling veloc-
ity of the reflectors. This speed, in turn,
could be used to calculate a flowrate.

The history of the Coriolis
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flowmeter is similar. The French civil
engineer Gaspard Coriolis discovered
in 1843 that the wind, the ocean cur-
rents, and even airborne artillery
shells will all drift sideways because
of the earth’s rotation. In the northern
hemisphere, the deflection is to the
right of the motion; in the southern
hemisphere, it is to the left. Similarly,
a body traveling toward either pole
will veer eastward, because it retains
the greater eastward rotational speed
of the lower altitudes as it passes
over the more slowly rotating earth
surface near the poles. Again, it was
the slow evolution of sensors and
electronics that delayed creation of
the first commercial Coriolis mass
flowmeter until the 1970%.

It was the Hungarian-American
aeronautical engineer Theodore
von Karman who, as a child growing
up in Transylvania (now Romania),
noticed that stationary rocks caused
vortices in flowing water, and that
the distances between these travel-
ing vortices are constant, no matter
how fast or slow the water runs.
Later in life, he also observed that,
when a flag flutters in the wind, the
wavelength of the flutter is indepen-
dent of wind velocity and depends

vortex flowmeter, which determines
flow velocity by counting the num-
ber of vortices passing a sensor. Von
Karman published his findings in
1954, and because by that time the
sensors and electronics required to
count vortices were already in exis-
tence, the first edition of the
Instrument Engineers’ Handbook in
1968 was able to report the availabil-
ity of the first swirlmeter.

The computer has opened new
frontiers in all fields of engineering,
and flow measurement is no excep-
tion. It was only as long ago as 1954
that another Hungarian-American
mathematician, John Von Neumann,
built Uniac—and even more recently
that  yet
American, Andy Grove of Intel,

another  Hungarian-
developed the integrated circuit. Yet
these events are already changing
the field of flowmetering. Intelligent
differential pressure cells, for exam-
ple, can automatically switch their
range between two calibrated spans
(one for 1-10%, the other for 10-100%
of D/P), extending orifice accuracy
to within 1% over a 10:1 flow range.
Furthermore, it is possible to include
in this accuracy statement not only
hysteresis, rangeability, and linearity

Flow measurement options run the gamut from simple, economical paddle wheels (shown) to

sophisticated high-accuracy devices.

solely on the diameter of the flag
pole. This is the theory behind the

effects, but also drift, temperature,
humidity, vibration, over-range, and
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power supply variation effects.

With the development of super-
chips, the design of the universal
flowmeter also has become feasible.
It is now possible to replace dye-
tagging or chemical-tracing meters
(which measured flow velocity by
dividing the distance between two
points by the transit time of the
trace), with traceless cross-correla-
tion flowmeters (Figure 1-6). This is
an elegant flowmeter because it
requires no physical change in the
process—not even penetration of
the pipe. The measurement is based
on memorizing the noise pattern in
any externally detectable process
variable, and, as the fluid travels
from point A to point B, noting its
transit time.

Flow Sensor Selection

The purpose of this section is to
provide information to assist the
reader in making an informed selec-
tion of flowmeter for a particular
application. Selection and orienta-
tion tables are used to quickly focus
on the most likely candidates for
measurement. Tables 1-1 and 1-II
have been prepared to make avail-
able a large amount of information
for this selection process.

At this point, one should consider
such intangible factors as familiarity of
plant personnel, their experience with
calibration and maintenance, spare
parts availability, mean time between
failure history, etc, at the particular
plant site. It is also recommended that
the cost of the installation be comput-
ed only after taking these steps. One
of the most common flow measure-
ment mistakes is the reversal of this
sequence: instead of selecting a sensor
which will perform properly, an
attempt is made to justify the use of a
device because it is less expensive.
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Those “inexpensive” purchases can be
the most costly installations.

The basis of good flowmeter
selection is a clear understanding of
the requirements of the particular
application. Therefore, time should
be invested in fully evaluating the
nature of the process fluid and of the
overall installation. The development
of specifications that state the appli-
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data be filled in for each application:
® Fluid and flow characteristics: In
this section of the table, the name
of the fluid is given and its pressure,
temperature, allowable pressure
drop, density (or specific gravity),
conductivity, viscosity (Newtonian
or not?) and vapor pressure at
maximum operating temperature
are listed, together with an indica-
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Figure 1-5: Effect of Reynolds Numbers on Various Flowmeters

cation requirements should be a sys-
tematic, step-by-step process.

The first step in the flow sensor
selection process is to determine if
the flowrate information should be
continuous or totalized, and whether
this information is needed locally or
remotely. If remotely, should the
transmission be analog, digital, or
shared? And, if shared, what is the
required (minimum) data-update fre-
quency? Once these questions are
answered, an evaluation of the prop-
erties and flow characteristics of the
process fluid, and of the piping that
will accommodate the flowmeter,
should take place (Table 1-1). In order
to approach this task in a systematic
manner, forms have been developed,
requiring that the following types of

tion of how these properties
might vary or interact. In addition,
all safety or toxicity information
should be provided, together with
detailed data on the fluid’s compo-
sition, presence of bubbles, solids
(abrasive or soft, size of particles,
fibers), tendency to coat, and light
transmission qualities (opaque,
translucent or transparent?).

* Expected minimum and maximum
pressure and temperature values
should be given in addition to the
normal operating values. Whether
flow can reverse, whether it does
not always fill the pipe, whether
slug flow can develop (air-solids-lig-
uid), whether aeration or pulsation
is likely, whether sudden tempera-
ture changes can occur, or whether
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special precautions are needed dur-
ing cleaning and maintenance, these
facts, too, should be stated.

® Concerning the piping and the area
where the flowmeter is to be locat-
ed, the following information

Figure 1-6: The Ultrasonic Transit-Time Flowmeter

should be specified: For the piping,
its direction (avoid downward flow
in liquid applications), size, material,
schedule, flange-pressure rating,
accessibility, up or downstream
turns, valves, regulators, and avail-
able straight-pipe run lengths.

® In connection with the area, the
specifying engineer must know if
vibration or magnetic fields are pre-
sent or possible, if electric or pneu-
matic power is available, if the area
is classified for explosion hazards,
or if there are other special
requirements such as compliance
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with sanitary or clean-in-place

(CIP) regulations.

The next step is to determine the
required meter range by identifying
minimum and maximum flows (mass
or volumetric) that will be measured.

After that, the required flow mea-
surement accuracy is determined.
Typically accuracy is specified in per-
centage of actual reading (AR), in
percentage of calibrated span (CS), or
in percentage of full scale (FS) units.
The accuracy requirements should be
separately stated at minimum, nor-
mal, and maximum flowrates. Unless
you know these requirements, your
meter’s performance may not be
acceptable over its full range.

Accuracy vs. Repeatability

In applications where products are

sold or purchased on the basis of a
meter reading, absolute accuracy is
critical. In  other applications,
repeatability may be more important
than absolute accuracy. Therefore, it
is advisable to establish separately
the accuracy and repeatability
requirements of each application and
to state both in the specifications.

When a flowmeter's accuracy is
stated in % CS or % FS units, its
absolute error will rise as the mea-
sured flow rate drops. If meter error is
stated in % AR, the error in absolute
terms stays the same at high or low
flows. Because full scale (FS) is always
a larger quantity than the calibrated
span (CS), a sensor with a % FS perfor-
mance will always have a larger error
than one with the same % CS specifi-
cation. Therefore, in order to compare
all bids fairly, it is advisable to convert
all quoted error statements into the
same % AR units.

It is also recommended that the
user compare installations on the
basis of the total error of the loop. For
example, the inaccuracy of an orifice
plate is stated in % AR, while the error
of the associated d/p cell is in % CS
or % FS. Similarly, the inaccuracy of a
Coriolis meter is the sum of two
errors, one given in % AR, the other as
a % FS value. Total inaccuracy is calcu-
lated by taking the root of the sum of
the squares of the component inaccu-
racies at the desired flow rates.

In well-prepared flowmeter specifi-
cations, all accuracy statements are
converted into uniform % AR units and
these % AR requirements are specified
separately for minimum, normal, and
maximum flows. All flowmeter specifi-
cations and bids should clearly state
both the accuracy and the repeatabili-
ty of the meter at minimum, normal,
and maximum flows.

Table 1 provides data on the range
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of Reynolds numbers (Re or Rp) with-
in which the various flowmeter
designs can operate. In selecting the
right flowmeter, one of the first steps
is to determine both the minimum
and the maximum Reynolds numbers
for the application. Maximum Ry is
obtained by making the calculation

Table 1: Flowmeter Evaluation Table

SQUARE ROOT SCALE: MAXIMUM SINGLE RANGE 4:1 (Typical)**

when flow and density are at their
maximum and viscosity at its mini-
mum. Conversely, the minimum Ry is
obtained by using minimum flow and
density and maximum viscosity.

can be obtained from two different
flowmeter categories and one has

If acceptable metering performance

no moving parts, select the one
without moving parts. Moving parts
are a potential source of problems,
not only for the obvious reasons of
wear, lubrication, and sensitivity to
coating, but also because moving
parts require clearance spaces that
sometimes introduce “slippage” into
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Honed Meter Run 0515(12-40) [ V| ¥|X|¥|¥|V| 2] 7| X|?|X|X|X|SD| ?| V| V| X|?|X| £1%URV R 10,000 gopt ss
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Averaging Pitot 31(25) V| v|SD| V| v |v[x]|2|sD[ 2| X|X]|X|SD|X|2|?|X|X|X| +I-2%URV Ry > 40,0001 3«.:3
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Vortex Precession (Swirl) | <16 (400) VIV X2 X2 X X X[ X[ X] 2| X[ x| x| x| +05%ofrate R,>10,000,¢5¢cP | 536 (280) Pipe rating
Fluidic Oscillation (Coanda) 1.5 (40) XXX X X [V X [x[2[2|x|x|X|x|?|?| 2| x|x|x| t2%ofrate Rp>2,000,<80¢S | 350 (175) £720 (5,000)
Mass

Coriolis 025-6(6150) | 2| 2|2 |V |V |V|V[V|V]2[2|2| V| 2|2 2| 2]x|V|X]| 01510% of rate No Ry limit -400-800 (-224-427) | £5,700 (39,900)
Thermal Probe «72(1800) X\ V2| |viv|r|v|v|r|22][2[x| 22 x| x| ?|x| 2% URV No R, limit 1,500 (816) Pipe rating
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P = centi Poise
¢S = centi Stokes
SD = Some designs

? = Normally applicable (worth consideration)

¥ = Designed for this application (generally suitable)

URV = Upper Range Value
X =Not applicable

1 According to other sources, the minimum
Reynolds number should be much higher

* Liquid must be electrically conductive
** Range 10:1 for laminar, and 15:1 for target

*** Newer designs linearize the signal
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the flow being measured. Even
with well maintained and calibrated
meters, this unmeasured flow varies
with changes in fluid viscosity and
temperature. Changes in temperature

Table 2: Orientation Table For Flow Sensors

also change the internal dimensions of
the meter and require compensation.
Furthermore, if one can obtain the
same performance from both a full
flowmeter and a point sensor, it is

generally advisable to use the
flowmeter. Because point sensors do
not look at the full flow, they read
accurately only if they are inserted to
a depth where the flow velocity is

3
Orifice (plate or integral cell)| | v H|v|sR3" H | 20/5 JIIIIIIIIIIIiE Bmme O
Segmental Wedge v M| v |sR[315 A | 20/5 gpm—m’/hr
—m’/h
V-Cone Flowmeter v v | SRl 31tots” | M | 25 '.‘s:p;a_';'ml /;"
Target Meters v AV SR 15 M | 2075 _ S
Venturi Tubes v H| v |sR| 310 M | 15/5 gpm—r;-’ /he o
Flow Nozzles v H|V |sR|310 A | 205 SCRM S
; 40 gpm—m'/hr []
Pitot Tubes v M|V |SR| 31 M | 30/5 SCFM—Sm’ ‘I\r
Elbow Taps v M|/ |sR| 310 N | 25710 : G
Laminar Flowmeters v v 1011 W\ ws| " gp;';:_/;:'x hr
Magnetic Flowmeters VIN|V |V [30a8 N |53 gpm—m’/hr
Positive Displacement v SD| v | 10:1to M| N SCFM—Sm’/hr
Gas Meters 200:1
Positive Displacement v M|SD |V | 10:1 = A | N gpm—m’/hr
Liquid Meters
0 gpm—m’/hr
Turbine Flowmeters V|V |H|[V|V]|101 A | 15/5 SCFM—Sm®/hr
Ultrasonic Flowmeters
Time of Flight VIV | N[V |V ]201 N | 20/5 gpm—m’/hr O
Doppler AR AN IEARARH] N | 20/5 SCFM—Sm’/hr
. gpm—m’/hr
Variable Area (Rotamater) AV |V 101 M| N SCFM—Sm’/hr
Vortex Shedding sD AV |V 100 A | 20/5 e
Fluidic Oscillation (Coanda) NFArAR L H | 20/5 RUM S
Mass Flowmeters Coriolis | v N| V|V |201 M/H| N T =G
Mass Flowmeters SD| N| v |v | 2010 M | 20/5 gpm—m’/hr
Thermal Probe SCFM—Sm’/hr
Solids Flowmeters SD V|V |51t0801 | - | 5/3 Ibm—kgm/hr
Weirs, Flumes M|V | SD| 100:1 M | 4N gpm—m’/he [
____ =Non-standard Range [ =The data in this column is for general guidance only. [0 = Varies with upstream disturbance.
L =Limited 0 = Inherent rangeability of primary device is substantially greater than shown. Value used reflects [ = Can be more with high Reynolds number services.
SD = Some Designs limitations of differential pressure sensing device when 1% of rate accuracy is desired. With 0 = Up o100
. multiple-range intelligent transmitters, rangeability can reach 10:1. ~ X
H =High L - - O = More for gas turbine meters.
[0 = Pipe size establishes the upper limit. ) .
A =Average _ ;cally unlimited with probe desi [ =Higher and lower flow ranges may be available.
M = Minimal 0 = Practically unlimited with probe type design. Check several manufacturers.
N =None
SR = Square Root
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the average of the velocity profile
across the pipe. Even if this point is
carefully determined at the time of
calibration, it is not likely to remain
unaltered, since velocity profiles
change with flowrate, viscosity, tem-
perature, and other factors.

If all other considerations are the
same, but one design offers less pres-
sure loss, it is advisable to select that
design. Part of the reason is that the
pressure loss will have to be paid for
in higher pump or compressor operat-
ing costs over the life of the plant.
Another reason is that a pressure drop
is caused by any restriction in the flow
path, and wherever a pipe is restricted
becomes a potential site for material
build-up, plugging, or cavitation.

Before specifying a flowmeter, it is
also advisable to determine whether
the flow information will be more use-
ful if presented in mass or volumetric
units. When measuring the flow of
compressible materials, volumetric
flow is not very meaningful unless
density (and sometimes also viscosity)
is constant. When the velocity (volu-
metric flow) of incompressible liquids
is measured, the presence of suspend-
ed bubbles will cause error; therefore,
air and gas must be removed before
the fluid reaches the meter. In other
velocity sensors, pipe liners can cause
problems (ultrasonic), or the meter
may stop functioning if the Reynolds
number is too low (in vortex shedding
meters, Ry > 20,000 is required).

In view of these considerations,
mass flowmeters, which are insensitive
to density, pressure and viscosity vari-
ations and are not affected by changes
in the Reynolds number, should be
kept in mind. Also underutilized in the
chemical industry are the various
flumes that can measure flow in par-
tially full pipes and can pass large
floating or settlable solids. )
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upstream to the pitot tube or if
straightening vanes can be installed.

Vibration Damage
Natural frequency resonant vibra-
tions can cause pitot tube failure.

plus: 1.25 in for %s-in diameter probes;
1.5 in for Y2-in; 1.56 in for %4-in; and
194 in for 1-in diameter probes.
Once the velocity limits have been
calculated, make sure that they do
not fall within the range of operating

CI Differential Pressure lowmeters

spring is used to return the flow ele-
ment to its resting position when the
flow lessens. Gravity-operated meters
(rotameters) must be installed in a ver-
tical position, whereas spring operated
ones can be mounted in any position.

| | 1.

90
Gravity &
Equilibrium I

| — 50

Float —
140

Flow

|1

Tapered Metering Tube

Tapered Tube

(Rotameter) Tapered Plug

i : \b
— ‘ — ‘
Piston in
Perforated Flexing Vane,
Cylinder Disc, or Flapper

Figure 2-15: A Number of Variable Area Flowmeter Designs

Natural frequency vibration is caused
by forces created as vortices are shed
by the pitot tube. The pitot tube is
expected to experience such vibra-
tion if the process fluid velocity (in
feet per second) is between a lower
limit (VL) and an upper limit (V). The
values of V| and V|, can be calculated
(for the products of a given manufac-
turer) using the equations below.

V, =5253(M xPrx D)/L2
Vy =7879(M x Prx D)/L2

Where M = mounting factor (3.52 for
single mount); Pr = probe factor (0.185
for %-in diameter probes; 0.269 for
1/2-in; 0.372 for 3/4-in; and 0.552 for 1-in);
D = probe diameter (inches);, L =
unsupported probe length in inches,
which is calculated as the sum of the
pipe I.D. plus the pipe wall thickness
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velocities. If they do, change the
probe diameter, or its mounting, or
do both, until there is no overlap.

Variable Area Flowmeters
Variable area flowmeters (Figure 2-15)
are simple and versatile devices that
operate at a relatively constant pres-
sure drop and measure the flow of lig-
uids, gases, and steam. The position of
their float, piston or vane is changed
as the increasing flow rate opens a
larger flow area to pass the flowing
fluid. The position of the float, piston
or vane provides a direct visual indica-
tion of flow rate. Design variations
include the rotameter (a float in a
tapered tube), orifice/rotameter
combination (bypass rotameter),
open-channel variable gate, tapered
plug, and vane or piston designs.
Either the force of gravity or a

All variable area flowmeters are avail-
able with local indicators. Most can
also be provided with position sensors
and transmitters (pneumatic, electronic,
digital, or fiberoptic) for connecting to
remote displays or controls.

Purge-Flow Regulators
If a needle valve is placed at the
inlet or outlet of a rotameter, and a
d/p regulator controls the pressure
difference across this combination,
the result is a purge-flow regulator.
Such instrumentation packages are
used as self-contained purge
flowmeters (Figure 2-16). These are
among the least expensive and most
widely used flowmeters. Their main
application is to control small gas or
liquid purge streams. They are used
to protect instruments from con-
tacting hot and corrosive fluids, to
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protect pressure taps from plugging,
to protect the cleanliness of optical
devices, and to protect electrical
devices from igniting upon contact
with combustibles.

Purge meters are quite useful in
adding nitrogen gas to the vapor

and the inlet pressure (P;) is variable.

They can handle extremely small
flow rates from 0.01 cc/min for lig-
uids and from 0.5 cc/min for gases.
The most common size is a glass
tube rotameter with Y-in (6 mm)
connections, a range of 0.05-0.5 gpm

Flow at
Po Outlet Pressure

Flow at
Py Inlet Pressure

l
_[‘ Tube
Spring #1 o Float
Diaphragm
X
A
Py —— Fz-=ro= B
1
Regulator
\§alve Flow Control
Valve (V)
\ Spring #2

Figure 2-16: Purge Flowmeter Design

spaces of tanks and other equip-
ment. Purging with nitrogen gas
reduces the possibility of developing
a flammable mixture because it dis-
places flammable gases. The purge-
flow regulator is reliable, intrinsically
safe, and inexpensive.

As shown in Figure 2-16, purge
meters can operate in the constant
flow mode, where P, - Py is held con-
stant at about 60 to 80 in H,O
differential. In bubbler and purge
applications, the inlet pressure (Py) is
held constant and the outlet pres-
sure (Pp) is variable. Figure 2-16
describes a configuration where the
outlet pressure (Py) is held constant

Volume 4

(0.2-2.0 lpm) on water or 0.2-2.0 scfm
(0.3-3.0 cmph) in air service. Typical
accuracy is +5% FS over a 10:1 range,
and the most common pressure rat-
ing is 150 psig (1 MPa).

Rotameters
The rotameter is the most widely
used variable area flowmeter

because of its low cost, simplicity,
low pressure drop, relatively wide
rangeability, and linear output. Its
operation is simple: in order to pass
through the tapered tube, the fluid
flow raises the float. The greater the
flow, the higher the float is lifted. In
liquid service, the float rises due to a

combination of the buoyancy of the
liquid and the velocity head of the
fluid. With gases, buoyancy is negligi-
ble, and the float responds mostly to
the velocity head.

In a rotameter (Figure 2-15), the
metering tube is mounted vertically,
with the small end at the bottom. The
fluid to be measured enters at the
bottom of the tube, passes upward
around the float, and exits the top.
When no flow exists, the float rests at
the bottom. When fluid enters, the
metering float begins to rise.

The float moves up and down in
proportion to the fluid flow rate and
the annular area between the float
and the tube wall. As the float rises,
the size of the annular opening
increases. As this area increases, the
differential pressure across the float
decreases. The float reaches a stable
position when the upward force
exerted by the flowing fluid equals
the weight of the float. Every float
position corresponds to a particular
flowrate for a particular fluid's densi-
ty and viscosity. For this reason, it is
necessary to size the rotameter for
each application. When sized cor-
rectly, the flow rate can be deter-
mined by matching the float position
to a calibrated scale on the outside
of the rotameter. Many rotameters
come with a built-in valve for adjust-
ing flow manually.

Several shapes of float are avail-
able for various applications. One
early design had slots, which caused
the float to spin for stabilizing and
centering purposes. Because this
float rotated, the term rotameter
was coined.

Rotameters are typically provided
with calibration data and a direct
reading scale for air or water (or
both). To size a rotameter for other
service, one must first convert the
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actual flow to a standard flow. For lig-
uids, this standard flow is the water
equivalent in gpm; for gases, the stan-
dard flow is the air flow equivalent in
standard cubic feet per minute (scfm).
Tables listing standard water equiva-
lent gpm and/or air scfm values are
provided by rotameter manufacturers.
Manufacturers also often provide
slide rules, nomographs, or computer
software for rotameter sizing.

Design Variations
A wide choice of materials is available
for floats, packing, O-rings, and end
fittings. Rotameter tubes for such
safe applications as air or water can
be made of glass, whereas if breakage
would create an unsafe condition,
they are provided with metal tubes.
Glass tubes are most common, being
precision formed of safety shielded

Rotameters can be specified in a wide range of

sizes and materials.

borosilicate glass. Floats typically are
machined from glass, plastic, metal,
or stainless steel for corrosion resis-
tance. Other float materials include
carboloy, sapphire, and tantalum. End
fittings are available in metal or plas-
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tic. Some fluids attack the glass
metering tube, such as wet steam or
high-pH water over 194°F (which can
soften glass); caustic soda (which dis-
solves glass); and hydrofluoric acid
(which etches glass).

Floats have a sharp edge at the
point where the reading should be
observed on the tube-mounted
scale. For improved reading accuracy,
a glass-tube rotameter should be
installed at eye level. The scale can
be calibrated for direct reading of air
or water, or can read percentage of
range. In general, glass tube rotame-
ters can measure flows up to about
60 gpm water and 200 scfh air.

A correlation rotameter has a
scale from which a reading is taken
(Figure 2-15). This reading is then
compared to a correlation table for a
given gas or liquid to get the actual
flow in engineering units. Correlation
charts are readily available for nitro-
gen, oxygen, hydrogen, helium, argon,
and carbon dioxide. While not nearly
as convenient as a direct reading
device, a correlation meter is more
accurate. This is because a direct-
reading device is accurate for only
one specific gas or liquid at a partic-
ular temperature and pressure. A cor-
relation flowmeter can be used with
a wide variety of fluids and gases
under various conditions. In the same
tube, different flow rates can be han-
dled by using different floats.

Small glass tube rotameters are suit-
able for working with pressures up to
500 psig, but the maximum operating
pressure of a large (2-in diameter) tube
may be as low as 100 psig. The practi-
cal temperature limit is about 400°F,
but such high-temperature operation
substantially reduces the operating
pressure of the tube. In general, there
is a linear relationship between oper-
ating temperature and pressure.

CI Differential Pressure lowmeters

Glass-tube rotameters are often
used in applications where several
streams of gases or liquids are being
metered at the same time or mixed in
a manifold, or where a single fluid is
being exhausted through several
channels (Figure 2-17). Multiple tube
flowmeters allow up to six rotameters
to be mounted in the same frame.

It also is possible to operate a

TEL
1111
T 113
TRL

Figure 2-17: Multi-Tube Rotameter Station

rotameter If the
rotameter has a valve, it must be
placed at the outlet at the top of the
meter. For applications requiring a
wide measurement range, a dual-ball
rotameter can be used. This instru-
ment has two ball floats: a light ball
(typically black) for indicating low
flows and a heavy ball (usually white)
for indicating high flows. The black
ball is read until it goes off scale, and
then the white ball is read. One such
instrument has a black measuring
range from 235-2350 ml/min and a
white to 5,000 ml/min.

For higher pressures and tempera-
tures beyond the practical range of
glass, metal tube rotameters can be
used. These tubes are usually made
of stainless steel, and the position of
the float is detected by magnetic fol-
lowers with readouts outside the
metering tube.

Metal-tube rotameters can be

in a vacuum.
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Figure 2-18: Rotameter Maximum Velocity

used for hot and strong alkalis, fluo-
rine, hydrofluoric acid, hot water,
steam, slurries, sour gas, additives,
and molten metals. They also can be
used in applications where high
operating pressures, water hammer,
or other forces could damage glass
tubes. Metal-tube rotameters are
available in diameter sizes from s in
to 4 in, can operate at pressures up to
750 psig, temperatures to 540°C
(1,000°F), and can measure flows up
to 4,000 gpm of water or 1,300 scfm
of air. Metal-tube rotameters are
readily available as flow transmitters
for integration with remote analog or
digital controls. Transmitters usually
detect the float position through
magnetic coupling and are often pro-
vided with external indication
through a rotatable magnetic helix
that moves the pointer. The transmit-
ter can be intrinsically safe, micro-
processor-based, and can be provid-
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ed with alarms and a pulse output
for totalization.

Plastic-tube rotameters are rela-
tively low cost rotameters that are
ideal for applications involving corro-
sive fluids or deionized water. The
tube itself can be made from Teflon®
PFA, polysulfone, or polyamide. The
wetted parts can be made from stain-
less steel, PVDF, or Teflon® PFA, PTFE,
PCTFE, with Viton® or Kalrez® O-rings.

Accuracy
Laboratory rotameters can be calibrat-
ed to an accuracy of 0.50% AR over a
41 range, while the inaccuracy of
industrial rotameters is typically 1-2%
FS over a 1011 range. Purge and bypass
rotameter errors are in the 5% range.

Rotameters can be used to manu-
ally set flow rates by adjusting the
valve opening while observing the
scale to establish the required process
flow rate. If operating conditions

remain unaltered, rotameters can be
repeatable to within 0.25% of the
actual flow rate.

Most rotameters are relatively
insensitive to viscosity variations.
The most sensitive are very small
rotameters with ball floats, while
larger rotameters are less sensitive
to viscosity effects. The limitations
of each design are published by the
manufacturer (Figure 2-18). The float
shape does affect the viscosity
limit. If the viscosity limit is exceed-
ed, the indicated flow must be cor-
rected for viscosity.

Because the float is sensitive to
changes in fluid density, a rotameter
can be furnished with two floats (one
sensitive to density, the other to
velocity) and used to approximate
the mass flow rate. The more closely
the float density matches the fluid
density, the greater the effect of a
fluid density change will be on the
float position. Mass-flow rotameters
work best with low viscosity fluids
such as raw sugar juice, gasoline, jet
fuel, and light hydrocarbons.

Rotameter accuracy is not affect-
ed by the upstream piping configura-
tion. The meter also can be installed
directly after a pipe elbow without
adverse effect on metering accuracy.
Rotameters are inherently self clean-
ing because, as the fluid flows
between the tube wall and the float,
it produces a scouring action that
tends to prevent the buildup of for-
eign matter. Nevertheless, rotame-
ters should be used only on clean
fluids which do not coat the float or
the tube. Liquids with fibrous materi-
als, abrasives, and large particles
should also be avoided.

Other Variable-Area Flowmeters
Major disadvantages of the rotameter
are its relatively high cost in larger
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sizes and the requirement that it be
installed vertically (there may not be
enough head room). The cost of a
large rotameter installation can be
reduced by using an orifice bypass or
a pitot tube in combination with a
smaller rotameter. The same-size
bypass rotameter can be used to
measure a variety of flows, with the
only difference between applications
being the orifice plate and the differ-
ential it produces.

Advantages of a bypass rotameter
include low cost; its major disadvan-
tage is inaccuracy and sensitivity to
material build-up. Bypass rotameters
are often provided with isolation
valves so that they can be removed
for maintenance without shutting
down the process line.

Tapered plug flowmeters are vari-
able-area flowmeters with a station-
ary core and a piston that moves as
the flow varies. In one design, the
piston
moves a pointer, while in another it

movement mechanically

magnetically moves an external
flow rate indicator. The second
design has a metallic meter body for
applications up to 1,000 psig.
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One gate-type variable-area
flow-meter resembles a butterfly
valve. Flow through the meter
forces a spring-loaded vane to

rotate, and a mechanical connec-

CI Differential Pressure lowmeters

tion. The inaccuracy of such meters
is 2-5% FS. The meter can be used
on oil, water and air, and is available
in sizes up to 4 inches. It also is used
as an indicating flow switch in safe-

tion provides local flow rate indica-

ty interlock systems. @
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