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A Flow Measurement Orientation

O

ur interest in the measurement of air and water flow
is timeless. Knowledge of
the direction and velocity
of air flow was essential information for all ancient navigators, and
the ability to measure water flow
was necessary for the fair distribution of water through the aqueducts of such early communities as

dynamics, pneumatics, aerodynamics) 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 hydro08

Volume 4

rest when its impetus died out.
In 1687, the English mathematician
Sir Isaac Newton discovered the law
of universal gravitation. The operation of angular momentum-type
mass flowmeters is based directly on
Newton’s second law of angular
motion. In 1742, the French mathematician Rond d’Alembert proved

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

The Flow Pioneers
A major milestone in the understanding of flow was reached in 1783 when
the Swiss physicist Daniel Bernoulli
published his Hydrodynamica. In it, he
introduced the concept of the conservation 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/second2 or 9.8 meters/second2
at 60° latitude). For example, if the
velocity of a flowing fluid is 10 ft/s,
the velocity head is 100/64.4 = 1.55 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 velocity heads. The permanent pressure
loss through an orifice is four velocity 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 orifice 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
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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 H2O, a venturi
flow tube could reduce that pressure loss to about 12 in H2O for the
same measurement.
In 1831, the English scientist Michael
Faraday discovered the dynamo when
he noted that, if a copper disk is rotated 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:

has improved significantly. Among the
advances are probe and ceramic insert
designs and the use of pulsed magnetic fields (Figure 1-4), but the basic
operating principle of Faraday’s law of
electric induction has not changed.
In 1883, the British mechanical engineer Osborne Reynolds proposed a
Turbulent
Velocity
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Flow
Profile
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single, dimensionless ratio to describe
the velocity profile of flowing fluids:
Re = DVρ/µ
Where D is the pipe diameter, V is
the fluid velocity, ρ is the fluid density, and µ 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 flowing 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 turbulence through supercomputer modeling has shown that the onset of
turbulence is abrupt.
When flow is turbulent, the pressure 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

Laminar
Velocity
Flow
Profile
E
D
V

E

Magnetic
Coil

E = BVDC
Figure 1-3: Faraday's Law Is the Basis of the Magnetic Flowmeter
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are used at very low flowrates (capillary flowmeters) or when the viscosity of the process fluid is high.
In the case of some flowmeter
technologies, more than a century
elapsed between the discovery of a
Conventional
Magnetic Flowmeters
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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 stationary 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 ultrasonic Doppler flowmeter came on the
market. It projected a 0.5-MHz beam
into a flowing stream containing reflectors such as bubbles or particles. The
shift in the reflected frequency was a
function of the average traveling velocity of the reflectors. This speed, in turn,
could be used to calculate a flowrate.
The history of the Coriolis
10
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flowmeter is similar. The French civil
engineer Gaspard Coriolis discovered
in 1843 that the wind, the ocean currents, 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’s.
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 traveling 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 independent of wind velocity and depends

vortex flowmeter, which determines
flow velocity by counting the number 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 existence, the first edition of the
Instrument Engineers’ Handbook in
1968 was able to report the availability of the first swirlmeter.
The computer has opened new
frontiers in all fields of engineering,
and flow measurement is no exception. It was only as long ago as 1954
that another Hungarian-American
mathematician, John Von Neumann,
built Uniac—and even more recently
that yet another HungarianAmerican, Andy Grove of Intel,
developed the integrated circuit. Yet
these events are already changing
the field of flowmetering. Intelligent
differential pressure cells, for example, 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
TRANSACTIONS
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power supply variation effects.
With the development of superchips, the design of the universal
flowmeter also has become feasible.
It is now possible to replace dyetagging 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-correlation 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.

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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Flow Sensor Selection
The purpose of this section is to
provide information to assist the
reader in making an informed selection of flowmeter for a particular
application. Selection and orientation tables are used to quickly focus
on the most likely candidates for
measurement. Tables 1-I and 1-II
have been prepared to make available 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 computed only after taking these steps. One
of the most common flow measurement 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.

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 systematic, 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 frequency? Once these questions are
answered, an evaluation of the properties and flow characteristics of the
process fluid, and of the piping that
will accommodate the flowmeter,
should take place (Table 1-I). 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 composition, 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-liquid), whether aeration or pulsation
is likely, whether sudden temperature changes can occur, or whether
Volume 4
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special precautions are needed during cleaning and maintenance, these
facts, too, should be stated.
Concerning the piping and the area
where the flowmeter is to be located, the following information
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minimum and maximum flows (mass
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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 available straight-pipe run lengths.
In connection with the area, the
specifying engineer must know if
vibration or magnetic fields are present or possible, if electric or pneumatic power is available, if the area
is classified for explosion hazards,
or if there are other special
requirements such as compliance

Volume 4

After that, the required flow measurement accuracy is determined.
Typically accuracy is specified in percentage 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, normal, 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 measured 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 performance will always have a larger error
than one with the same % CS specification. 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 calculated by taking the root of the sum of
the squares of the component inaccuracies at the desired flow rates.
In well-prepared flowmeter specifications, all accuracy statements are
converted into uniform % AR units and
these % AR requirements are specified
separately for minimum, normal, and
maximum flows. All flowmeter specifications and bids should clearly state
both the accuracy and the repeatability of the meter at minimum, normal,
and maximum flows.
Table 1 provides data on the range
TRANSACTIONS
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of Reynolds numbers (Re or RD) within 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 RD is
obtained by making the calculation

when flow and density are at their
maximum and viscosity at its minimum. Conversely, the minimum RD is
obtained by using minimum flow and
density and maximum viscosity.
If acceptable metering performance
can be obtained from two different
flowmeter categories and one has

A Flow Measurement Orientation

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

Table 1: Flowmeter Evaluation Table
GASES
(VAPORS)

STEAM
CLEAN
DIRTY
HIGH
PRESS
LOW
CLEAN
HIGH
VISCOUS
LOW
DIRTY
CORROSIVE
VERY CORROSIVE
FIBROUS
SLURRIES
ABRASIVE
REVERSE FLOW
PULSATING FLOW
HIGH TEMPERATURE
CRYOGENIC
SEMI-FILLED PIPES
NON-NEWTONIANS
OPEN CHANNEL

LIQUIDS

TYPICAL
Accuracy, uncalibrated
(Including transmitter)

TYPICAL
Reynolds number ‡
or viscosity

±1-4% URV
±1% URV
±2-5% URV
±0.5% URV
±2-4% URV
±2-4% URV
±0.5-1% of rate
±0.5-5% URV
±0.5-2% URV
±1-2% URV
±1.25% URV
±3-5% URV
±1-2% URV
±5-10% URV
±1% of rate

RD > 10,000
RD > 10,000
RD > 10,000
RD > 500
RD > 10,000
RD > 10,000
RD : 8,000-5,000,000
RD > 100
RD > 75,000Ł
RD > 50,000Ł
RD > 12,800Ł
RD > 100,000Ł
RD > 40,000Ł
RD > 10,000Ł
RD < 500

150 (66)

≤30 (225)

√ ? √ √ √ √ √ √ √ √ ? X ? ? ? ±0.5% of rate

RD > 4,500

360 (180)

≤ 1,500 (10,800)

X X X X X X X X X X X X X X X ±1% of rate
√ √ ? X ? X X X X X ? X X X X ±0.5% of rate

250 (120)
No RD limit ≤ 8,000 cS 600 (315)

≤ 1,400 (10,000)
≤ 1,400 (10,000)

X X X X X X X X SD SD ? ? X X ? ±0.5% of rate
√ X ? X ? X X SD SD SD ? ? X X ? ±0.5% of rate

Rp > 5,000, ≤15 cS

-450-500 (268-260)
-450-500 (268-260)

≤ 3,000 (21,000)
≤ 3,000 (21,000)

RD > 10,000
RD > 4,000
No RD limit, < 100 cS
RD > 10,000, < 30 cP
RD > 10,000, < 5 cP
RD > 2,000, < 80 cS

-300-500 (-180-260)
-300-500 (-180-260)

Pipe rating
Pipe rating

Glass: 400 (200)
Metal: 1,000 (540)

Glass: 350 (2,400)
Metal: 720 (5,000)

cP = centi Poise
cS = centi Stokes
SD = Some designs

√
X
√
√
√
√

?
?
X
X
X
X

?
?
?
√
?
?
√
√
√
?
?
?
?
?
?

?
?
?
?
?
X

?
?
?
?
?
?
?
?
?
?
√
?
?
?
?

X
X
X
?
?
?
?
√
?
?
X
X
SD
?
X

X
√
X
?
X
?

√
√
?
?
?
?

√
√
?
X
X
X

X
X
X
?
?
?
?
X
√
X
X
X
X
X
X

?
√
X
X
X
X

X
X
X
?
X
X
?
X
?
X
X
X
X
X
X

?
√
X
X
X
X

SD
SD
SD
SD
SD
SD
X
?
X
X
X
X
SD
√
X

√
√
X
X
X
X

?
?
?
?
?
?
?
X
?
?
?
X
X
X
√

√
√
?
X
X
?

√
√
?
√
√
√
?
?
?
?
?
?
?
?
X

X
X
?
?
?
?

√
√
X
√
√
√
?
?
?
?
?
?
?
?
X

?
X
?
?
X
?

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X

?
?
?
?
?
?
?
?
?
?
?
X
X
?
X

X
?
X
X
X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

?
X
X
X
X
X

±1% of rate to ±5% URV
±1% of rate to ±5% URV
±1% of rate to ±10% URV
±0.75-1.5% of rate
±0.5% of rate
±2% of rate

≤600 (4,100)

700 (370)

400 (200)
536 (280)
350 (175)

≤ 1,500 (10,500)
Pipe rating
≤ 720 (5,000)

√ √ √ √ ? ? ? √ ? ? ? ? X √ X ±0.15-10% of rate
No RD limit
√ ? √ √ ? ? ? ? X ? ? X X ? X ±1-2% URV
No RD limit
X SD X ? X X SD SD X SD SD X √ X X ±0.5% of rate to ±4% URV -

-400-800 (-224-427)
1,500 (816)
750 (400)

≤ 5,700 (39,900)
Pipe rating
≤ 580 (4,000)

X √ √ √ √ √ √ √ X ? ? X ? ? X No data available
X ? √ √ √ √ √ √ X ? X X X ? X ±6% of ??

300 (149)
-300-250 (-180-120)

≤ 580 (4,000)
Pipe rating

? = Normally applicable (worth consideration)
√ = Designed for this application (generally suitable)
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X
X
?
X
X
X
X
X
X
X
X
X
X
X
X

To 4,000 psig
(41,000 kPa)

X
?
X
?
X
X
?
?
?
X
X
X
X
X
√

To 4,000 psig
(41,000 kPa)

√
√
√
√
?
?
√
√
√
√
√
√
√
√
√

PRESSURE
psig (kPa)

Process temperature
to 1000°F (540°C):
Transmitter limited
to -30-250°F (-30-120°C)

Orifice
√ √ X √ √
>1.5 (40)
Square-Edged
√ √ X √ √
0.5-1.5 (12-40)
Honed Meter Run
? √ X √ √
<0.5 (12)
Integrated
√ √ √ √ √
<12 (300)
Segmental Wedge
? ? √ √ √
>2 (50)
Eccentric
? ? √ √ √
>4 (100)
Segmental
0.5-72 (12-1800) √ √ ? √ √
V-Cone
? √ √ √ √
<0.5(12)
Target***
√ √ ? √ √
>2 (50)
Venturi
? √ ? √ √
>2 (50)
Flow Nozzle
√ √ X √ √
>3 (75)
Low Loss Venturi
X √ X √ √
>3 (75)
Pitot
√ √ SD √ √
>1 (25)
Averaging Pitot
X √ ? √ √
>2 (50)
Elbow
0.25-16.6 (6-400) ? √ X √ √
Laminar
LINEAR SCALE TYPICAL RANGE 10:1 (Or better)
Magnetic*
0.1-72 (2.5-1800) X X X X X
Positive Displacement
X √ X ? √
Gas
<12 (300)
X X X X X
Liquid
<12 (300)
Turbine
Gas
0.25-24 (6-600) SD √ X √ √
Liquid
0.25-24 (6-600) X X X X X
Ultrasonic
X SD SD SD SD
Time of Flight
>0.5 (12)
X X X X X
Doppler
>0.5 (12)
? √ X X √
Variable-Area (Rotameter) ≤3 (75)
Vortex Shedding
1.5-16 (40-400) √ √ ? √ √
√ √ ? √ √
Vortex Precession (Swirl) <16 (400)
X X X X X
Fluidic Oscillation (Coanda) >1.5 (40)
Mass
? ? ? √ √
Coriolis
0.25-6 (6-150)
X √ ? √ √
Thermal Probe
<72 (1800)
X X X X X
Solids Flowmeter
<24 (600)
Correlation
X X X X X
Capacitance
<8 (200)
X X X X X
Ultrasonic
>0.5 (12)

TEMPERATURE
°F (°C)

Process temperature
to 1000°F (540°C):
Transmitter limited
to -30-250°F (-30-120°C)

FLOWMETER
PIPE SIZE, in. (mm)
SQUARE ROOT SCALE: MAXIMUM SINGLE RANGE 4:1 (Typical)**

URV = Upper Range Value
X = Not applicable

No data available
No data available

‡ 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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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

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

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

H √ SR 3:1 ➁

Segmental Wedge

√

M √ SR 3:1 ➁

V-Cone Flowmeter

√

Target Meters

√

Venturi Tubes

√

Flow Nozzles

√

Pitot Tubes

H

20/5

1.0

0.1

1.0

102

10

103

102

10

103

104kgm/hr
104

105

106

Solids
Flow
Units

cc/min
0.05 0.3
10
10-6

2.8

-6

10

10-5

Sm3/hr or Am3/hr

28.3
-5

10

10-4

-4

10

10-3

-3

10

10-2

-2

0.1

0.1

1.0

1.0

102

10

10

102

103

102

103

103

Gas
Flow
Units

104

104

105

cc/min
.004

0.04
10-6

10-6

0.4
10-5

10-5

3.8
10-4

10-4

10-3

38
10-3

379
10-2

10-2

0.1

0.1

1.0
1.0

10

10
102

103

Liquid
Flow
Units

104 m3/hr
104

105

106

gpm
gpm—m3/hr ➂
SCFM—Sm3/hr

3

gpm—m /hr

A

20/5

M

2/5

A √ SR 15:1

M

20/5

H √ SR 3:1 ➁

M

15/5

H √ SR 3:1 ➁

A

20/5

√

M √ SR 3:1 ➁

M

30/5

Elbow Taps

√

M √ SR 3:1 ➁

N

25/10

Laminar Flowmeters

√

√ √ 10:1 ➁

H

15/5

√ N √ √ 30:1 ➆

N

5/3

SD √ 10:1 to
200:1

M

N

A

N

gpm—m3/hr
gpm—m3/hr
SCFM—Sm3/hr

➁

√ SR 3:1 to 15:1

Magnetic Flowmeters
Positive Displacement
Gas Meters

√

Positive Displacement
Liquid Meters

√

M SD √ 10:1

➆

Turbine Flowmeters

√ √ H √ √ 10:1 ➇

A

15/5

Ultrasonic Flowmeters
Time of Flight
Doppler

√ √ N √ √ 20:1
√ √ N √ √ 10:1

N
N

20/5
20/5

A √ √ 10:1

M

N

√ A √ √ 10/1➅

A

20/5

H

20/5

Variable Area (Rotamater)
Vortex Shedding

SD

√ A √ √

Fluidic Oscillation (Coanda)
Mass Flowmeters Coriolis

√

Mass Flowmeters
Thermal Probe

√

Solids Flowmeters

SD

12/1 ➅

N √ √ 20:1
SD N √ √

20:1 ➆

√ √ 5:1 to 80:1
M √ SD 100:1

Weirs, Flumes
= Non-standard Range
L = Limited
SD = Some Designs
H = High
A = Average
M = Minimal
N = None
SR = Square Root
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➀➄
APPROX. STRAIGHT PIPE-RUN REQUIREMENT
(UPSTREAM DIAM./DOWNSTREAM DIAM.)

√

Orifice (plate or integral cell)

PRESSURE LOSS THRU SENSOR

TYPE OF DESIGN

DIRECT MASS-FLOW SENSOR
DIFFERENTIAL PRESSURE-FLOW SENSOR
VOLUME DISPLACEMENT-FLOW SENSOR
VELOCITY-FLOW SENSOR
EXPECTED ERROR FROM VISCOSITY CHANGE
TRANSMITTER AVAILABLE
LINEAR OUTPUT
RANGEABILITY

FLOW RANGE➈
0.1

Volume 4

M/H N
M

20/5

-

5/3

M

4/1

➀ = The data in this column is for general guidance only.
➁ = Inherent rangeability of primary device is substantially greater than shown. Value used reflects

limitations of differential pressure sensing device when 1% of rate accuracy is desired. With
multiple-range intelligent transmitters, rangeability can reach 10:1.
➂ = Pipe size establishes the upper limit.
➃ = Practically unlimited with probe type design.

gpm—m3/hr
ACFM—Sm3/hr
gpm—m3/hr
➃
SCFM—Sm3/hr
gpm—m3/hr
SCFM—Sm3/hr

➂

gpm—m3/hr ➃
SCFM—Sm3 3/hr
gpm—m /hr ➂
SCFM—Sm3/hr

gpm—m3/hr
SCFM—Sm3/hr
gpm—m3/hr
SCFM—Sm3/hr

➂
gpm—m3/hr
SCFM—Sm3/hr
gpm—m3/hr
SCFM—Sm3/hr
gpm—m3/hr
ACFM—Sm3/hr
lbm—kgm/hr

SCFM—Sm3/hr
3

gpm—m /hr

SCFM—Sm3/hr
lbm—kgm/hr
gpm—m3/hr

➄ = Varies with upstream disturbance.
➅ = Can be more with high Reynolds number services.
➆ = Up to 100:1.
➇ = More for gas turbine meters.
➈ = Higher and lower flow ranges may be available.

Check several manufacturers.
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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, temperature, and other factors.
If all other considerations are the
same, but one design offers less pressure 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 operating 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 useful 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 (volumetric flow) of incompressible liquids
is measured, the presence of suspended 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, RD > 20,000 is required).
In view of these considerations,
mass flowmeters, which are insensitive
to density, pressure and viscosity variations 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 partially full pipes and can pass large
floating or settlable solids.
T
TRANSACTIONS

A Flow Measurement Orientation
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FLOW & LEVEL MEASUREMENT
Differential Pressure Flowmeters
Primary Element Options
Pitot Tubes
Variable Area Flowmeters

Differential Pressure Flowmeters

T

Line
Pressure

he calculation of fluid flow
rate by reading the pressure
loss across a pipe restriction is
perhaps the most commonly
used flow measurement technique in
industrial applications (Figure 2-1). The
pressure drops generated by a wide
variety of geometrical restrictions
have been well characterized over the
years, and, as compared in Table 2,
these primary or “head” flow elements come in a wide variety of configurations, each with specific application strengths and weaknesses.
Variations on the theme of differential pressure (d/p) flow measurement

Vena Contracta

unrestricted pipe. The pressure differential (h) developed by the flow element is measured, and the velocity (V),
the volumetric flow (Q) and the mass
flow (W) can all be calculated using
the following generalized formulas:
V = k (h/D)0.5
or Q =kA(h/D)0.5
or W= kA(hD)0.5
k is the discharge coefficient of the
element (which also reflects the
units of measurement), A is the crosssectional area of the pipe’s opening,
and D is the density of the flowing

Flow

Flow

Laminar

Turbulent

Figure 2-1: Orifice Plate Pressure Drop Recovery

include the use of pitot tubes and
variable-area meters (rotameters), and
are discussed later in this chapter.

Primary Element Options
In the 18th century, Bernoulli first
established the relationship between
static and kinetic energy in a flowing
stream. As a fluid passes through a
restriction, it accelerates, and the
energy for this acceleration is
obtained from the fluid’s static pressure. Consequently, the line pressure
drops at the point of constriction
(Figure 2-1). Part of the pressure drop
is recovered as the flow returns to the
16
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fluid. The discharge coefficient k is
influenced by the Reynolds number
(see Figure 1-5) and by the “beta
ratio,” the ratio between the bore
diameter of the flow restriction and
the inside diameter of the pipe.
Additional parameters or correction factors can be used in the derivation of k, depending on the type of
flow element used. These parameters
can be computed from equations or
read from graphs and tables available
from the American National
Standards Institute (ANSI), the
American Petroleum Institute (API),
the American Society of Mechanical

Engineers (ASME), and the American
Gas Association (AGA), and are included in many of the works listed as references at the end of this chapter.
The discharge coefficients of primary elements are determined by laboratory tests that reproduce the geometry of the installation. Published values
generally represent the average value
for that geometry over a minimum of
30 calibration runs. The uncertainties
of these published values vary from
0.5% to 3%. By using such published
discharge coefficients, it is possible to
obtain reasonably accurate flow measurements without in-place calibration. In-place calibration is required if
testing laboratories are not available
or if better accuracy is desired than
that provided by the uncertainty range
noted above. The relationship
between flow and pressure drop varies
with the velocity profile, which can be
laminar or turbulent (Figure 2-1) as a
function of the Reynolds number (Re),
which for liquid flows can be calculated using the relationship:
Re = 3160(SG)(Q)/(ID)m
where ID is the inside diameter of
the pipe in inches, Q is the volumetric liquid flow in gallons/minute, SG
is the fluid specific gravity at 60°F,
and m is the viscosity in centipoises.
At low Reynolds numbers (generally under Re = 2,000), the flow is
laminar and the velocity profile is
parabolic. At high Reynolds numbers (well over Re = 3,000), the flow
becomes fully turbulent, and the
resulting mixing action produces a
uniform axial velocity across the
pipe. As shown in Figure 1-5, the
TRANSACTIONS
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transition between laminar and turbulent flows can cover a wide range
of Reynolds numbers; the relationship with the discharge coefficient is
a function of the particular primary
element.
Today, many engineering societies
and organizations and most primary

find the recommended size, although
these results should be checked for
reasonableness by hand calculation.

• Accuracy & Rangeability
The performance of a head-type
flowmeter installation is a function
of the precision of the flow element

Table 3: Primary or "Head Flow" Element Comparisons
PRIMARY ELEMENT
RECOMMENDED SERVICE
MINIMUM
RE LIMITS
Square edge concentric Clean liquids, gases, steam
≥ 2000
orifice plate
Conical/quadrant edge Viscous liquids
concentric orifice plate

≥500

Eccentric/segmental
orifice plate

Liquids and gases containing >10,000
secondary fluid phases

Integral orifice

Clean liquids, gases, steam

>10,000

Venturi/flowtube

Clean & dirty liquids, gases,
steam; slurries

>75,000

Nozzle

Segmental wedge

Venturi cone

TRANSACTIONS

ential pressure range of 100:1, the
flowmeter would have an error of
±20% AR. For this reason, differential
producing flowmeters have historically been limited to use within a 3:1
or 4:1 range.
Flowmeter rangeability can be further increased without adverse effect

SIZES

ADVANTAGES

LIMITATIONS

≥ 1/2 in

Easy to install
Low cost
Easy to replace

1 to 6 in

Easy to install
Low cost
Easy to replace

4 to 14 in

Easy to install
Low cost
Easy to replace

Relaxation piping requirements
High head loss
Accuracy affected by installation
and orifice condition
Relaxation piping requirements
High head loss
Accuracy affected by installation
and orifice condition
Relaxation piping requirements
High head loss
Accuracy affected by installation
and orifice condition
Higher uncertainties of discharge
coefficient data
Relaxation piping requirements
Proprietary design requires calibration
High head loss
More prone to clogging than standard
orifice plate
High initial cost

1/2 to 2 in Easy to install
No lead lines
Low cost

1/2 to 72 in Low head loss
2 to 9 times less relaxation piping
than orifice
Higher flow capacity than orifice for
the same differential pressure
Accuracy less affected by wear and
installation conditions than orifice
Clean liquids, gases, steam >50,000
>2 in
Higher flow capacity than orifice for
the same differential pressure
Accuracy less affected by wear and
installation conditions than orifice
Good for high temperature and high
velocity applications
Mass transfer standard for gases
Dirty liquids, gases, steam;
>500
≥1/2 in No lead lines
slurries; viscous liquids
Minimal clogging potential
40% less head loss than orifice
Minimal relaxation piping
Clean & dirty liquids, gases, None cited 1 to 16 in Minimal relaxation piping
steam; viscous liquids
Low flow capability

element manufacturers offer software
packages for sizing d/p flow elements. These programs include the
required data from graphs, charts, and
tables as well as empirical equations
for flow coefficients and correction
factors. Some include data on the
physical properties of many common
fluids. The user can simply enter the
application data and automatically

Differential Pressure Flowmeters

and of the accuracy of the d/p cell.
Flow element precision is typically
reported in percentage of actual
reading (AR) terms, whereas d/p cell
accuracy is a percentage of calibrated span (CS). A d/p cell usually provides accuracy of ±0.2% of the calibrated span (CS). This means that, at
the low end of a 10:1 flow range (at
10% flow), corresponding to a differ-

Harder to replace than orifice
High head loss

Proprietary design needs calibration
High initial cost
Requires remote seal differential
pressure transmitter, harder to zero
Proprietary design

on accuracy by operating several d/p
flowmeters in parallel runs. Only as
many runs are opened at a time as
are needed to keep the flow in the
active ones at around 75-90% of
range. Another option is to stack two
or more transmitters in parallel onto
the same element, one for 1-10%,
the other for 10-100% of full scale
(FS) d/p produced. Both of these
Volume 4
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techniques are cumbersome and
expensive. Intelligent transmitters
offer a better option.
The accuracy of intelligent transmitters is usually stated as ±0.1% CS,
which includes only errors due to
hysteresis, rangeability and linearity.
Potential errors due to drift, temperature, humidity, vibration, overrange,
radio frequency interference and
power supply variation are all
excluded. If one includes them, inaccuracy is about 0.2% CS. Because

compressible fluids, the ratio of differential pressure (h) divided by
upstream pressure (P) should not
exceed 0.25 (measured in the same
engineering units).
Metering errors due to incorrect
installation of the primary element
can be substantial (up to 10%).
Causes of such errors can be the
condition of the mating pipe sections, insufficient straight pipe runs,
and pressure tap and lead line
design errors.

inverse derivative algorithm, which
blocks any rate of change occurring
more quickly than the rate at which
the process flow can change.

• Piping, Installation, & Maintenance
Installation guidelines are published
by various professional organizations
(ISA, ANSI, API, ASME, AGA) and
by manufacturers of proprietary
designs. These guidelines include
such recommendations as:
• When, in addition to measuring

7 Pipe Diameters
Swirl Reducer
Flow

Profile Concentrator
A

Settling Distance
(4 Pipe Diameters)

B

Figure 2-2: Flow Straighteners Installed Upstream of Primary Element

intelligent d/p transmitters can—
based on their own measurements—
automatically switch ranges between
two calibrated spans (one for 1-10%,
the other for 10-100% of FS d/p), it
should be possible to obtain orifice
installations with 1% AR inaccuracy
over a 10:1 flow range.
In most flowmetering applications,
density is not measured directly.
Rather, it is assumed to have some
normal value. If density deviates from
this assumed value, error results.
Density error can be corrected if it is
measured directly or indirectly by
measuring pressure in gases or temperature in liquids. Flow computing packages are also available that accept the
inputs of the d/p transmitter and the
other sensors and can simultaneously
calculate mass and volumetric flow.
To minimize error (and the need for
density correction) when dealing with
18
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Under turbulent flow conditions,
as much as 10% of the d/p signal can
be noise caused by disturbances
from valves and fittings, both up- and
downstream of the element, and by
the element itself. In the majority of
applications, the damping provided
in d/p cells is sufficient to filter out
the noise. Severe noise can be
reduced by the use of two or more
pressure taps connected in parallel
on both sides of the d/p cell.
Pulsating flow can be caused by
reciprocating pumps or compressors.
This pulsation can be reduced by
moving the flowmeter away from the
source of the pulse, or downstream
of filters or other dampening
devices. Pulsation dampening hardware can also be installed at the
pressure taps, or dampening software can applied to the d/p cell output signal. One such filter is the

the flow, the process temperature
or pressure is also to be measured,
the pressure transmitter should
not be installed in the process
pipe, but should be connected to
the appropriate lead line of the
flow element via a tee.
• Similarly, the thermowell used for
temperature measurement should
be installed at least 10 diameters
downstream of the flow element, to
prevent velocity profile distortions.
• Welds should be ground smooth
and gaskets trimmed so that no
protrusion can be detected by
physical inspection.
In order for the velocity profile to
fully develop (and the pressure drop
to be predictable), straight pipe runs
are required both up- and downstream of the d/p element. The
amount of straight run required
depends on both the beta ratio of
TRANSACTIONS
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the installation and on the nature of
the upstream components in the
pipeline. For example, when a single
90° elbow precedes an orifice plate, the
straight-pipe requirement ranges from
6 to 20 pipe diameters as the diameter
ratio is increased from 0.2 to 0.8.
In order to reduce the straight run
requirement, flow straighteners
(Figure 2-2) such as tube bundles,
perforated plates, or internal tabs
can be installed upstream of the primary element.
The size and orientation of the
pressure taps are a function of both
the pipe size and the type of process
fluid. The recommended maximum
diameter of pressure tap holes
through the pipe or flange is G" for
pipes under 2" in diameter, K" for 2"
and 3" pipes, H" for 4 to 8" and I" for
larger pipes. Both taps should be of
the same diameter, and, where the
hole breaks through the inside pipe
surface, it should be square with no
roughness, burrs, or wire edges.
Connections to pressure holes
should be made by nipples, couplings, or adaptors welded to the
outside surface of the pipe.
On services where the process
fluid can plug the pressure taps or
might gel or freeze in the lead lines,
chemical seal protectors can be
used. Connection sizes are usually
larger (seal elements can also be
provided with diaphragm extensions), and, because of the space
requirement, they are usually
installed at “radius tap” or “pipe
tap” locations, as shown in Figure 23. When chemical seals are used, it
is important that the two connecting capillaries, as they are routed to
the d/p cell, experience the same
temperature and are kept shielded
from sunlight.
The d/p transmitter should be
TRANSACTIONS

located as close to the primary element as possible. Lead lines should
be as short as possible and of the
same diameter. In clean liquid service, the minimum diameter is G",
while in condensable vapor service,
the minimum diameter is 0.4". In
steam service, the horizontal lead
lines should be kept as short as possible and be tilted (with a minimum
gradient of 1 in/ft with respect to
the piping) towards the tap, so that
condensate can drain back into the
pipe. Again, both lead lines should be
exposed to the same ambient conditions and be shielded from sunlight.
In clean liquid or gas service, the lead
lines can be purged through the d/p

Differential Pressure Flowmeters

out the difference, as long as that
difference does not change.
If the process temperature exceeds
the maximum temperature limitation
of the d/p cell, either chemical seals
have to be used or the lead lines need
to be long enough to cool the fluid. If
a large temperature drop is required, a
coiled section of tubing (pigtail) can
be installed in the lead lines to cool
the process fluids.
The frequency of inspection or
replacement of a primary element
depends on the erosive and corrosive nature of the process and on the
overall accuracy required. If there is
no previous experience, the orifice
plate can be removed for inspection

Pipe Taps
2 21 D

8D
Flange Taps
1 in.

1 in.

Flow
Corner Taps

D

D/2

Figure 2-3: Differential Pressure Tap Location Alternatives

cell vent or drain connections, and
they should be flushed for several
minutes to remove all air from the
lines. Entrapped air can offset the
zero calibration.
Seal pots are on the wet leg in d/p
cell installations with small ranges
(under 10 in H2O) in order to minimize the level variation in the legs. In
steam applications, filling tees are
recommended to ensure equal
height condensate legs on both sides
of the d/p cell. If for some reason
the two legs are not of equal height,
the d/p cell can be biased to zero

during the first three, six, and 12
months of its operation. Based on
visual inspection of the plate, a reasonable maintenance cycle can be
extrapolated from the findings.
Orifices used for material balance
calculations should be on the same
maintenance cycle.

• Sizing the Orifice Plate
The orifice plate is commonly used
in clean liquid, gas, and steam service. It is available for all pipe sizes,
and if the pressure drop it requires is
free, it is very cost-effective for
Volume 4
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measuring flows in larger pipes (over
6" diameter). The orifice plate is also
approved by many standards organizations for the custody transfer of
liquids and gases.
The orifice flow equations used
today still differ from one another,
although the various standards organizations are working to adopt a single, universally accepted orifice flow
equation. Orifice sizing programs
usually allow the user to select the
flow equation desired from among
several.
The orifice plate can be made of
any material, although stainless steel
is the most common. The thickness
of the plate used (J-H") is a function of the line size, the process temperature, the pressure, and the differential pressure. The traditional orifice is a thin circular plate (with a tab
for handling and for data), inserted

Vent Hole
Location
(Liquid
Service)
Flow

Pipe
Drain Hole Internal
Location Diameter
(Vapor
Service)
A) Concentric

process without depressurizing the
line and shutting down flow. In such
fittings, the universal orifice plate, a
circular plate with no tab, is used.
The concentric orifice plate
(Figure 2-4A) has a sharp (squareedged) concentric bore that provides
an almost pure line contact between
the plate and the fluid, with negligible friction drag at the boundary. The
beta (or diameter) ratios of concentric orifice plates range from 0.25 to
0.75. The maximum velocity and minimum static pressure occurs at some
0.35 to 0.85 pipe diameters downstream from the orifice plate. That
point is called the vena contracta.
Measuring the differential pressure at
a location close to the orifice plate
minimizes the effect of pipe roughness, since friction has an effect on
the fluid and the pipe wall.
Flange taps are predominantly

(Figure 2-3). With corner taps, the
relatively small clearances represent
a potential maintenance problem.
Vena contracta taps (which are
close to the radius taps, Figure 2-4)
are located one pipe diameter
upstream from the plate, and downstream at the point of vena contracta. This location varies (with beta
ratio and Reynolds number) from
0.35D to 0.8D.
The vena contracta taps provide
the maximum pressure differential,
but also the most noise. Additionally,
if the plate is changed, it may require
a change in the tap location. Also, in
small pipes, the vena contracta might
lie under a flange. Therefore, vena
contracta taps normally are used
only in pipe sizes exceeding six inches.
Radius taps are similar to vena
contracta taps, except the downstream tap is fixed at 0.5D from the

Bevel Where
Thickness Is
Greater Than
1/8 in (3.175 mm)
or the Orifice
45° Diameter Is Less
Than 1 in (25 mm)
Orifice
Upstream
Sharp Edge
1/8 in (3.175 mm)
Maximum
1/8 in - 1/2 in
(3.175-12.70 mm)
B) Eccentric

C) Segmental

Figure 2-4: Orifice Plate Openings

into the pipeline between the two
flanges of an orifice union. This
method of installation is cost-effective, but it calls for a process shutdown whenever the plate is removed
for maintenance or inspection. In
contrast, an orifice fitting allows the
orifice to be removed from the
20
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used in the United States and are
located 1 inch from the orifice plate’s
surfaces (Figure 2-3). They are not
recommended for use on pipelines
under 2 inches in diameter. Corner
taps are predominant in Europe for
all sizes of pipe, and are used in the
United States for pipes under 2 inches

orifice plate (Figure 2-3). Pipe taps are
located 2.5 pipe diameters upstream
and 8 diameters downstream from
the orifice (Figure 2-3). They detect
the smallest pressure difference and,
because of the tap distance from the
orifice, the effects of pipe roughness, dimensional inconsistencies,
TRANSACTIONS
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and, therefore, measurement errors
are the greatest.

• Orifice Types & Selection
The concentric orifice plate is recommended for clean liquids, gases,
and steam flows when Reynolds
numbers range from 20,000 to 107 in
pipes under six inches. Because the
basic orifice flow equations assume
that flow velocities are well below
sonic, a different theoretical and
computational approach is required
if sonic velocities are expected. The
minimum recommended Reynolds
number for flow through an orifice
(Figure 1-5) varies with the beta ratio
of the orifice and with the pipe size.
In larger size pipes, the minimum
Reynolds number also rises.
Because of this minimum Reynolds
number consideration, square-edged
orifices are seldom used on viscous
fluids. Quadrant-edged and conical
orifice plates (Figure 2-5) are recommended when the Reynolds number
is under 10,000. Flange taps, corner,
and radius taps can all be used with
quadrant-edged orifices, but only
corner taps should be used with a
conical orifice.
Concentric orifice plates can be
provided with drain holes to prevent buildup of entrained liquids in
gas streams, or with vent holes for
venting entrained gases from liquids
(Figure 2-4A). The unmeasured flow
passing through the vent or drain
hole is usually less than 1% of the
total flow if the hole diameter is
less than 10% of the orifice bore.
The effectiveness of vent/drain
holes is limited, however, because
they often plug up.
Concentric orifice plates are not
recommended for multi-phase fluids in horizontal lines because the
secondary phase can build up
TRANSACTIONS

around the upstream edge of the
plate. In extreme cases, this can
clog the opening, or it can change
the flow pattern, creating measurement error. Eccentric and segmental
orifice plates are better suited for
such applications. Concentric orifices are still preferred for multiphase flows in vertical lines
because accumulation of material is
less likely and the sizing data for
these plates is more reliable.
The eccentric orifice (Figure 2-4B)

Flow
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These plates are usually used in pipe
sizes exceeding four inches in diameter, and must be carefully installed to
make sure that no portion of the
flange or gasket interferes with the
opening. Flange taps are used with
both types of plates, and are located
in the quadrant opposite the opening
for the eccentric orifice, in line with
the maximum dam height for the
segmental orifice.
For the measurement of low flow
rates, a d/p cell with an integral

Flow
45°

A) Quadrant-Edged

B) Conical

Figure 2-5: Orifices for Viscous Flows

is similar to the concentric except
that the opening is offset from the
pipe’s centerline. The opening of the
segmental orifice (Figure 2-4C) is a
segment of a circle. If the secondary
phase is a gas, the opening of an
eccentric orifice will be located
towards the top of the pipe. If the
secondary phase is a liquid in a gas or
a slurry in a liquid stream, the opening
should be at the bottom of the pipe.
The drainage area of the segmental
orifice is greater than that of the
eccentric orifice, and, therefore, it is
preferred in applications with high
proportions of the secondary phase.

orifice may be the best choice. In this
design, the total process flow passes
through the d/p cell, eliminating the
need for lead lines. These are proprietary devices with little published
data on their performance; their flow
coefficients are based on actual laboratory calibrations. They are recommended for clean, single-phase fluids
only because even small amounts of
build-up will create significant measurement errors or will clog the unit.
Restriction orifices are installed to
remove excess pressure and usually
operate at sonic velocities with very
small beta ratios. The pressure drop
Volume 4
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across a single restriction orifice
should not exceed 500 psid because
of plugging or galling. In multi-element restriction orifice installations,
the plates are placed approximately
one pipe diameter from one another
in order to prevent pressure recovery
between the plates.

• Orifice Performance
Although it is a simple device, the
orifice plate is, in principle, a precision instrument. Under ideal conditions, the inaccuracy of an orifice
plate can be in the range of 0.75-1.5%
AR. Orifice plates are, however, quite

process pipe, adequacy of straight
pipe runs, gasket interference, misalignment of pipe and orifice bores,
and lead line design. Other adverse
conditions include the dulling of the
sharp edge or nicks caused by corrosion or erosion, warpage of the plate
due to waterhammer and dirt, and
grease or secondary phase deposits
on either orifice surface. Any of the
above conditions can change the orifice discharge coefficient by as much
as 10%. In combination, these problems can be even more worrisome
and the net effect unpredictable.
Therefore, under average operating
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Figure 2-6: Pressure Loss-Venturi vs Orifice

sensitive to a variety of error-inducing conditions. Precision in the bore
calculations, the quality of the installation, and the condition of the plate
itself determine total performance.
Installation factors include tap location and condition, condition of the
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conditions, a typical orifice installation can be expected to have an
overall inaccuracy in the range of 2 to
5% AR.
The typical custody-transfer grade
orifice meter is more accurate because
it can be calibrated in a testing

laboratory and is provided with honed
pipe sections, flow straighteners,
senior orifice fittings, and temperature controlled enclosures.

• Venturi & Flowtubes
Venturi tubes are available in sizes
up to 72", and can pass 25 to 50%
more flow than an orifice with the
same pressure drop. Furthermore,
the total unrecovered head loss
rarely exceeds 10% of measured d/p
(Figure 2-6). The initial cost of venturi tubes is high, so they are primarily used on larger flows or on
more difficult or demanding flow
applications. Venturis are insensitive
to velocity profile effects and
therefore require less straight pipe
run than an orifice. Their contoured
nature, combined with the selfscouring action of the flow through
the tube, makes the device immune
to corrosion, erosion, and internal
scale build up. In spite of its high initial cost, the total cost of ownership can still be favorable because
of savings in installation and operating and maintenance costs.
The classical Herschel venturi has a
very long flow element characterized
by a tapered inlet and a diverging outlet. Inlet pressure is measured at the
entrance, and static pressure in the
throat section. The pressure taps feed
into a common annular chamber, providing an average pressure reading
over the entire circumference of the
element. The classical venturi is limited in its application to clean, non-corrosive liquids and gases.
In the short form venturi, the
entrance angle is increased and the
annular chambers are replaced by
pipe taps (Figure 2-7A). The shortform venturi maintains many of the
advantages of the classical venturi,
but at a reduced initial cost, shorter
TRANSACTIONS
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length and reduced weight. Pressure
taps are located G to H pipe diameter upstream of the inlet cone, and in

cally coupled to the d/p transmitter
using filled capillaries. Overall measurement accuracy can drop if the

Re > 200,000 is between 0.7 and 1.5%.
Flowtubes are often supplied with
discharge coefficient graphs because

High Pressure Tap

D±.1D .5D±.1D

Low Pressure Tap

Flow

d

D

Throat Outlet
Inlet Inlet
Cone
Cone
A) Short-Form Venturi Tube

B) Universal Venturi

C) Flow Nozzle

Figure 2-7: Gradual Flow Elements

the middle of the throat section.
Piezometer rings can be used with
large venturi tubes to compensate
for velocity profile distortions. In
slurry service, the pipe taps can be
purged or replaced with chemical
seals, which can eliminate all deadended cavities.
There are several proprietary flowtube designs which provide even
better pressure recovery than the
classical venturi. The best known of
these proprietary designs is the universal venturi (Figure 2-7B). The various flowtube designs vary in their
contours, tap locations, generated
d/p and in their unrecovered head
loss. They all have short lay lengths,
typically varying between 2 and 4
pipe diameters. These proprietary
flowtubes usually cost less than the
classical and short-form venturis
because of their short lay length.
However, they may also require more
straight pipe run to condition their
flow velocity profiles.
Flowtube performance is much
affected by calibration. The inaccuracy
of the discharge coefficient in a
universal venturi, at Reynolds numbers exceeding 75,000, is 0.5%. The
inaccuracy of a classical venturi at
TRANSACTIONS

the discharge coefficient changes as
the Reynolds number drops. The
variation in the discharge coefficient
of a venturi caused by pipe roughness is less than 1% because there is
continuous contact between the
fluid and the internal pipe surface.
The high turbulence and the lack of
cavities in which material can accumulate make flow tubes well suited
for slurry and sludge services.
However, maintenance costs can be
high if air purging cannot prevent
plugging of the pressure taps and lead
lines. Plunger-like devices (vent cleaners) can be installed to periodically

chemical seal is small, its diaphragm
is stiff, or if the capillary system is
not temperature-compensated or
not shielded from direct sunlight.

• Flow Nozzles
The flow nozzle is dimensionally
more stable than the orifice plate,
particularly in high temperature and
high velocity services. It has often
been used to measure high
flowrates of superheated steam.
The flow nozzle, like the venturi,
has a greater flow capacity than the
orifice plate and requires a lower
initial investment than a venturi

Wedge Flow
Element

D

H L

H

A) Segmental Wedge

B) V-Cone

Figure 2-8: Proprietary Elements for Difficult Fluids

remove buildup from interior openings, even while the meter is online.
Lead lines can also be replaced with
button-type seal elements hydrauli-

tube, but also provides less pressure
recovery (Figure 2-6). A major disadvantage of the nozzle is that it is
more difficult to replace than the
Volume 4
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orifice unless it can be removed as
part of a spool section.
The ASME pipe tap flow nozzle is
predominant in the United States
(Figure 2-7C). The downstream end
of a nozzle is a short tube having the
same diameter as the vena contracta of an equivalent orifice plate. The
low-beta designs range in diameter
ratios from 0.2 to 0.5, while the high
beta-ratio designs vary between
0.45 and 0.8. The nozzle should
always be centered in the pipe, and
the downstream pressure tap
should be inside the nozzle exit. The
throat taper should always decrease
the diameter toward the exit. Flow
nozzles are not recommended for
slurries or dirty fluids. The most
common flow nozzle is the flange
type. Taps are commonly located
one pipe diameter upstream and H
pipe diameter downstream from
the inlet face.
Flow nozzle accuracy is typically

accurate way to measure gas flows.
When the gas velocity reaches the
speed of sound in the throat, the
velocity cannot increase any more
(even if downstream pressure is
reduced), and a choked flow condition is reached. Such “critical flow
nozzles” are very accurate and often
are used in flow laboratories as standards for calibrating other gas
flowmetering devices.
Nozzles can be installed in any
position, although horizontal orientation is preferred. Vertical downflow is preferred for wet steam,
gases, or liquids containing solids.
The straight pipe run requirements
are similar to those of orifice plates.

• Segmental Wedge Elements
The segmental wedge element (Figure
2-8A) is a proprietary device designed
for use in slurry, corrosive, erosive,
viscous, or high-temperature applications. It is relatively expensive and is
Impact Pressure Connection

Stainless Steel Tubing
P

Tubing Adaptor
Pt

Static Pressure
Connection

Static Pressure Holes
Outer Pipe Only
(P)
Vp

Vp ~ Pt - P

Impact Pressure Opening (Pt)
Figure 2-9: Pitot Tubes Measure Two Pressures

1% AR, with a potential for 0.25% AR
if calibrated. While discharge coefficient data is available for Reynolds
numbers as low as 5,000, it is advisable to use flow nozzles only when
the Reynolds number exceeds 50,000.
Flow nozzles maintain their accuracy
for long periods, even in difficult service. Flow nozzles can be a highly
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used mostly on difficult fluids, where
the dramatic savings in maintenance
can justify the initial cost. The unique
flow restriction is designed to last the
life of the installation without deterioration.
Wedge elements are used with
3-in diameter chemical seals, eliminating both the lead lines and any

dead-ended cavities. The seals attach
to the meter body immediately
upstream and downstream of the
restriction. They rarely require cleaning, even in services like dewatered
sludge, black liquor, coal slurry, fly
ash slurry, taconite, and crude oil.
The minimum Reynolds number is
only 500, and the meter requires
only five diameters of upstream
straight pipe run.
The segmental wedge has a
V-shaped restriction characterized
by the H/D ratio, where H is the
height of the opening below the
restriction and D is the diameter. The
H/D ratio can be varied to match the
flow range and to produce the
desired d/p. The oncoming flow creates a sweeping action through the
meter. This provides a scouring effect
on both faces of the restriction,
helping to keep it clean and free of
buildup. Segmental wedges can measure flow in both directions, but the
d/p transmitter must be calibrated
for a split range, or the flow element
must be provided with two sets of
connections for two d/p transmitters (one for forward and one for
reverse flow).
An uncalibrated wedge element
can be expected to have a 2% to 5%
AR inaccuracy over a 3:1 range. A calibrated wedge element can reduce
that to 0.5% AR if the fluid density is
constant. If slurry density is variable
and/or unmeasured, error rises.

• Venturi-Cone Element
The venturi-cone (V-cone) element
(Figure 2-8B) is another proprietary
design that promises consistent performance at low Reynolds numbers
and is insensitive to velocity profile
distortion or swirl effects. Again, however, it is relatively expensive. The Vcone restriction has a unique geometry
TRANSACTIONS
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Figure 2-10: Pipeline Installation of Pitot Tube

that minimizes accuracy degradation
due to wear, making it a good choice
for high velocity flows and erosive/corrosive applications.
The V-cone creates a controlled
turbulence region that flattens the
incoming irregular velocity profile
and induces a stable differential
pressure that is sensed by a downstream tap. The beta ratio of a
V-cone is so defined that an orifice
and a V-cone with equal beta ratios
will have equal opening areas.
Beta ratio = (D2 - d2).05 / D
where d is the cone diameter and D
is the inside diameter of the pipe.
With this design, the beta ratio can
exceed 0.75. For example, a 3-in meter
with a beta ratio of 0.3 can have a 0 to
75 gpm range. Published test results on
liquid and gas flows place the system
accuracy between 0.25 and 1.2% AR.
TRANSACTIONS

Pitot Tubes
Although the pitot tube is one of the
simplest flow sensors, it is used in a
wide range of flow measurement
applications such as air speed in racing cars and Air Force fighter jets. In
industrial applications, pitot tubes
are used to measure air flow in pipes,
ducts, and stacks, and liquid flow in
pipes, weirs, and open channels.
While accuracy and rangeability are
relatively low, pitot tubes are simple,
reliable, inexpensive, and suited for a
variety of environmental conditions,
including extremely high temperatures and a wide range of pressures.
The pitot tube is an inexpensive
alternative to an orifice plate.
Accuracy ranges from 0.5% to 5% FS,
which is comparable to that of an
orifice. Its flow rangeability of 3:1
(some operate at 4:1) is also similar
to the capability of the orifice
plate. The main difference is that,

Differential Pressure Flowmeters

while an orifice measures the full
flowstream, the pitot tube detects
the flow velocity at only one point in
the flowstream. An advantage of the
slender pitot tube is that it can be
inserted into existing and pressurized
pipelines (called hot-tapping) without requiring a shutdown.

• Theory of Operation
Pitot tubes were invented by Henri
Pitot in 1732 to measure the flowing
velocity of fluids. Basically a differential pressure (d/p) flowmeter, a
pitot tube measures two pressures:
the static and the total impact pressure. The static pressure is the operating pressure in the pipe, duct, or
the environment, upstream to the
pitot tube. It is measured at right
angles to the flow direction, preferably in a low turbulence location
(Figure 2-9).
The total impact pressure (PT) is
the sum of the static and kinetic
pressures and is detected as the
flowing stream impacts on the pitot
opening. To measure impact pressure, most pitot tubes use a small,
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0.316 R

Figure 2-11: Traverse Point Locations
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Figure 2-12: Multiple-Opening Averaging Pitot Tube

sometimes L-shaped tube, with the
opening directly facing the oncoming flowstream. The point velocity
of approach (VP) can be calculated
by taking the square root of the difference between the total pressure
(PT) and the static pressure (P) and
multiplying that by the C/D ratio,
where C is a dimensional constant
and D is density:
VP = C(PT - P)H /D
When the flowrate is obtained by
multiplying the point velocity (VP) by
the cross-sectional area of the pipe
or duct, it is critical that the velocity
measurement be made at an insertion depth which corresponds to the
average velocity. As the flow velocity
rises, the velocity profile in the pipe
changes from elongated (laminar) to
more flat (turbulent). This changes
the point of average velocity and
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requires an adjustment of the insertion depth. Pitot tubes are recommended only for highly turbulent
flows (Reynolds Numbers > 20,000)
and, under these conditions, the
velocity profile tends to be flat
enough so that the insertion depth is
not critical.
In 1797, G.B. Venturi developed a
short tube with a throat-like passage that increases flow velocity
and reduces the permanent pressure
drop. Special pitot designs are available that, instead of providing just
an impact hole for opening, add a
single or double venturi to the
impact opening of the pitot tube.
The venturi version generates a
higher differential pressure than
does a regular pitot tube.

faces forward into the flow, while
static ports do not, but are, instead,
spaced around the outer tube. Both
pressure signals (PT and P) are routed
by tubing to a d/p indicator or
transmitter. In industrial applications, the static pressure (P) can be
measured in three ways: 1) through
taps in the pipe wall; 2) by static
probes inserted in the process
stream; or 3) by small openings
located on the pitot tube itself or on
a separate aerodynamic element.
Wall taps can measure static pressures at flow velocities up to 200
ft/sec. A static probe (resembling an
L-shaped pitot tube) can have four
holes of 0.04 inches in diameter,
spaced 90° apart. Aerodynamic bodies can be cylinders or wedges, with
two or more sensing ports.
Errors in detecting static pressure
arise from fluid viscosity, velocity, and
fluid compressibility. The key to accurate static pressure detection is to
minimize the kinetic component in
the pressure measurement.

• Static Pressure Measurement
In jacketed (dual-walled) pitot-tube
designs, the impact pressure port

Pitot tube shown with associated fittings and
pressure transmitter.
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• Single-Port Pitot Tubes
A single-port pitot tube can measure
the flow velocity at only a single
point in the cross-section of a flowing stream (Figure 2-10). The probe
must be inserted to a point in the
flowing stream where the flow
velocity is the average of the velocities across the cross-section, and its
impact port must face directly into
the fluid flow. The pitot tube can be
made less sensitive to flow direction
if the impact port has an internal
bevel of about 15°, extending about 1.5
diameters into the tube.
If the pressure differential generated by the venturi is too low for
accurate detection, the conventional pitot tube can be replaced by a
pitot venturi or a double venturi
sensor. This will produce a higher
pressure differential.
A calibrated, clean and properly
inserted single-port pitot tube can
provide ±1% of full scale flow accuracy over a flow range of 3:1; and, with
some loss of accuracy, it can even
measure over a range of 4:1. Its advantages are low cost, no moving parts,
simplicity, and the fact that it causes
very little pressure loss in the flowing
stream. Its main limitations include
the errors resulting from velocity
profile changes or from plugging of
the pressure ports. Pitot tubes are
generally used for flow measurements of secondary importance,
where cost is a major concern,
and/or when the pipe or duct diameter is large (up to 72 inches or more).
Specially designed pitot probes
have been developed for use with
pulsating flows. One design uses a
pitot probe filled with silicone oil to
transmit the process pressures to
the d/p cell. At high frequency pulsating applications, the oil serves as
a pulsation dampening and pressureTRANSACTIONS

averaging medium.
Pitot tubes also can be used in
square, rectangular or circular air
ducts. Typically, the pitot tube fits
through a 5/16-in diameter hole in
the duct. Mounting can be by a
flange or gland. The tube is usually
provided with an external indicator,
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measure water velocity in open
channels, at drops, chutes, or over
fall crests. At the low flow velocities
typical of laminar conditions, pitot
tubes are not recommended
because it is difficult to find the
insertion depth corresponding to
the average velocity and because

Figure 2-13: Area Averaging Pitot Station

so that its impact port can be accurately rotated to face directly into
the flow. In addition, the tube can be
designed for detecting the full velocity profile by making rapid and consistent traverses across the duct.
In some applications, such as EPAmandated stack particulate sampling,
it is necessary to traverse a pitot
sampler across a stack or duct. In
these applications, at each point
noted in Figure 2-11, a temperature
and flow measurement is made in
addition to taking a gas sample,
which data are then combined and
taken to a laboratory for analysis. In
such applications, a single probe
contains a pitot tube, a thermocouple, and a sampling nozzle.
A pitot tube also can be used to

the pitot element produces such a
small pressure differential. The use of
a pitot venturi does improve on this
situation by increasing the pressure
differential, but cannot help the
problem caused by the elongated
velocity profile.

• Averaging Pitot Tubes
Averaging pitot tubes been introduced
to overcome the problem of finding
the average velocity point. An averaging pitot tube is provided with multiple impact and static pressure ports
and is designed to extend across the
entire diameter of the pipe. The pressures detected by all the impact (and
separately by all the static) pressure
ports are combined and the square
root of their difference is measured as
Volume 4
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an indication of the average flow in
the pipe (Figure 2-12). The port closer
to the outlet of the combined signal
has a slightly greater influence, than
the port that is farthest away, but, for
secondary applications where pitot
tubes are commonly used, this error
is acceptable.
The number of impact ports, the
distance between ports, and the
diameter of the averaging pitot tube
all can be modified to match the
needs of a particular application.
Sensing ports in averaging pitot tubes
are often too large to allow the tube
to behave as a true averaging chamber. This is because the oversized

same advantages and disadvantages
as do single-port tubes. They are
slightly more expensive and a little
more accurate, especially if the flow
is not fully formed. Some averaging
pitot sensors can be inserted through
the same opening (or hot tap) which
accommodates a single-port tube.

• Area Averaging
Area-averaging pitot stations are
used to measure the large flows of
low pressure air in boilers, dryers, or
HVAC systems. These units are available for the various standard sizes of
circular or rectangular ducts (Figure
2-13) and for pipes. They are so

Installed
Drill
Thru
Valve
Inserted

Figure 2-14: Hot Tap Installation of a Pitot Tube

port openings are optimized not for
averaging, but to prevent plugging. In
some installations, purging with an
inert gas is used to keep the ports
clean, allowing the sensor to use
smaller ports.
Averaging pitot tubes offer the
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designed that each segment of the
cross-section is provided with both
an impact and a static pressure port.
Each set of ports is connected to its
own manifold, which combines the
average static and average impact
pressure signals. If plugging is likely,

the manifolds can be purged to keep
the ports clean.
Because area-averaging pitot stations generate very small pressure differentials, it may be necessary to use
low differential d/p cells with spans
as low as 0-0.01 in water column. To
improve accuracy, a hexagonal celltype flow straightener and a flow
nozzle can be installed upstream of
the area-averaging pitot flow sensor.
The flow straightener removes local
turbulence, while the nozzle amplifies the differential pressure produced by the sensor.

• Installation
Pitot tubes can be used as permanently
installed flow sensors or as portable
monitoring devices providing periodic
data. Permanently installed carbon
steel or stainless steel units can operate at up to 1400 PSIG pressures and
are inserted into the pipe through
flanged or screw connections. Their
installation usually occurs prior to
plant start-up, but they can be hottapped into an operating process.
In a hot-tap installation (Figure
2-14), one first welds a fitting to the
pipe. Then a drill-through valve is
attached to the fitting and a hole is
drilled through the pipe. Then, after
partially withdrawing the drill, the
valve is closed, the drill is removed
and the pitot tube is inserted. Finally,
the valve is opened and the pitot
tube is fully inserted.
The velocity profile of the flowing
stream inside the pipe is affected by
the Reynolds number of the flowing
fluid, pipe surface roughness, and by
upstream disturbances, such as
valves, elbows, and other fittings.
Pitot tubes should be used only if the
minimum Reynolds number exceeds
20,000 and if either a straight run of
about 25 diameters can be provided
TRANSACTIONS
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upstream to the pitot tube or if
straightening vanes can be installed.

• Vibration Damage
Natural frequency resonant vibrations can cause pitot tube failure.

plus: 1.25 in for K-in diameter probes;
1.5 in for H-in; 1.56 in for I-in; and
1.94 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
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spring is used to return the flow element to its resting position when the
flow lessens. Gravity-operated meters
(rotameters) must be installed in a vertical position, whereas spring operated
ones can be mounted in any position.
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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 vibration if the process fluid velocity (in
feet per second) is between a lower
limit (VL) and an upper limit (VH). The
values of VL and VH can be calculated
(for the products of a given manufacturer) using the equations below.
VL = 5253(M x Pr x D)/L2
VH = 7879(M x Pr x D)/L2
Where M = mounting factor (3.52 for
single mount); Pr = probe factor (0.185
for K-in diameter probes; 0.269 for
H-in; 0.372 for I-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
TRANSACTIONS

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 pressure drop and measure the flow of liquids, 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 indication 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 available 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 contacting hot and corrosive fluids, to
Volume 4
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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 (P1) is variable.
They can handle extremely small
flow rates from 0.01 cc/min for liquids and from 0.5 cc/min for gases.
The most common size is a glass
tube rotameter with G-in (6 mm)
connections, a range of 0.05-0.5 gpm

Flow at
P0 Outlet Pressure

Tube
Spring #1

Float

Diaphragm
P2
Regulator
Valve

Flow Control
Valve (V)

Spring #2
Flow at
P1 Inlet Pressure
Figure 2-16: Purge Flowmeter Design

spaces of tanks and other equipment. Purging with nitrogen gas
reduces the possibility of developing
a flammable mixture because it displaces flammable gases. The purgeflow regulator is reliable, intrinsically
safe, and inexpensive.
As shown in Figure 2-16, purge
meters can operate in the constant
flow mode, where P2 - P0 is held constant at about 60 to 80 in H2O
differential. In bubbler and purge
applications, the inlet pressure (P1) is
held constant and the outlet pressure (P0) is variable. Figure 2-16
describes a configuration where the
outlet pressure (P0) is held constant
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(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 rating 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 negligible, 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 density and viscosity. For this reason, it is
necessary to size the rotameter for
each application. When sized correctly, the flow rate can be determined by matching the float position
to a calibrated scale on the outside
of the rotameter. Many rotameters
come with a built-in valve for adjusting flow manually.
Several shapes of float are available 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
TRANSACTIONS
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actual flow to a standard flow. For liquids, this standard flow is the water
equivalent in gpm; for gases, the standard flow is the air flow equivalent in
standard cubic feet per minute (scfm).
Tables listing standard water equivalent 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 resistance. Other float materials include
carboloy, sapphire, and tantalum. End
fittings are available in metal or plasTRANSACTIONS

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 dissolves 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 rotameters 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 nitrogen, 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 directreading device is accurate for only
one specific gas or liquid at a particular temperature and pressure. A correlation flowmeter can be used with
a wide variety of fluids and gases
under various conditions. In the same
tube, different flow rates can be handled by using different floats.
Small glass tube rotameters are suitable 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 practical 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 operating temperature and pressure.

Differential Pressure Flowmeters

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

Figure 2-17: Multi-Tube Rotameter Station

rotameter in a vacuum. 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 instrument 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 235-2,350 ml/min and a
white to 5,000 ml/min.
For higher pressures and temperatures 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 followers with readouts outside the
metering tube.
Metal-tube rotameters can be
Volume 4

31

Differential Pressure Flowmeters

2

Viscosity of Metered Liquid, Centistokes X

rm
rc

50

10

5

1

1

5
10
Water Equivalent Flow (GPM)

rm = Density of metered liquid

50

100

rc = Density of calibrating liquid (water)

Figure 2-18: Rotameter Maximum Velocity

used for hot and strong alkalis, fluorine, 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 K 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 provided with external indication
through a rotatable magnetic helix
that moves the pointer. The transmitter can be intrinsically safe, microprocessor-based, and can be provid32
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ed with alarms and a pulse output
for totalization.
Plastic-tube rotameters are relatively low cost rotameters that are
ideal for applications involving corrosive fluids or deionized water. The
tube itself can be made from Teflon®
PFA, polysulfone, or polyamide. The
wetted parts can be made from stainless steel, PVDF, or Teflon® PFA, PTFE,
PCTFE, with Viton® or Kalrez® O-rings.

• Accuracy
Laboratory rotameters can be calibrated to an accuracy of 0.50% AR over a
4:1 range, while the inaccuracy of
industrial rotameters is typically 1-2%
FS over a 10:1 range. Purge and bypass
rotameter errors are in the 5% range.
Rotameters can be used to manually 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 exceeded, the indicated flow must be corrected 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 affected by the upstream piping configuration. The meter also can be installed
directly after a pipe elbow without
adverse effect on metering accuracy.
Rotameters are inherently self cleaning because, as the fluid flows
between the tube wall and the float,
it produces a scouring action that
tends to prevent the buildup of foreign matter. Nevertheless, rotameters should be used only on clean
fluids which do not coat the float or
the tube. Liquids with fibrous materials, abrasives, and large particles
should also be avoided.

• Other Variable-Area Flowmeters
Major disadvantages of the rotameter
are its relatively high cost in larger
TRANSACTIONS
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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 differential it produces.
Advantages of a bypass rotameter
include low cost; its major disadvantage 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 variable-area flowmeters with a stationary core and a piston that moves as
the flow varies. In one design, the
piston movement mechanically
moves a pointer, while in another it
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 connection provides local flow rate indica-
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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 safety interlock systems.
T
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FLOW & LEVEL MEASUREMENT
Mechanical Flowmeters
Positive Displacement Flowmeters
Turbine Flowmeters
Other Rotary Flowmeters

Mechanical Flowmeters

D

iscussed in this chapter are
various types of mechanical
flowmeters that measure
flow using an arrangement
of moving parts, either by passing
isolated, known volumes of a fluid
through a series of gears or chambers
(positive displacement, or PD) or by
means of a spinning turbine or rotor.
All positive displacement flowmeters operate by isolating and counting known volumes of a fluid (gas or
liquid) while feeding it through the
meter. By counting the number of
passed isolated volumes, a flow
measurement is obtained. Each PD
design uses a different means of isolating and counting these volumes.
The frequency of the resulting pulse
train is a measure of flow rate, while
the total number of pulses gives the
size of the batch. While PD meters
are operated by the kinetic energy
of the flowing fluid, metering
pumps (described only briefly in this
article) determine the flow rate

angles to the flow, suspended in the
fluid stream on a free-running bearing.
The diameter of the rotor is very close
to the inside diameter of the metering
chamber, and its speed of rotation is
proportional to the volumetric flow
rate. Turbine rotation can be detected
by solid state devices or by mechanical sensors. Other types of rotary element flowmeters include the propeller (impeller), shunt, and paddlewheel designs.

Positive Displacement Flowmeters
Positive displacement meters provide
high accuracy (±0.1% of actual flow
rate in some cases) and good repeatability (as high as 0.05% of reading).
Accuracy is not affected by pulsating
flow unless it entrains air or gas in the
fluid. PD meters do not require a
power supply for their operation and
do not require straight upstream and
downstream pipe runs for their installation. PD meters are available in sizes
from G in to 12 in and can operate

is reduced and metering accuracy is
therefore increased as the viscosity of
the process fluid increases.
The process fluid must be clean.
Particles greater than 100 microns in
size must be removed by filtering. PD
meters operate with small clearances
between their precision-machined
parts; wear rapidly destroys their
accuracy. For this reason, PD meters
are generally not recommended for
measuring slurries or abrasive fluids.
In clean fluid services, however, their
precision and wide rangeability make
them ideal for custody transfer and
batch charging. They are most widely
used as household water meters.
Millions of such units are produced
annually at a unit cost of less than
$50 U.S. In industrial and petrochemical applications, PD meters are commonly used for batch charging of
both liquids and gases.
Although slippage through the PD
meter decreases (that is, accuracy
increases) as fluid viscosity increases,

Disc
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Vane Slot

Ball

Rotor

Inlet
A) Nutating Disc

Outlet

Outlet

Inlet
B) Rotating Valve

Figure 3-1: Positive Displacement Flowmeter Designs

while also adding kinetic energy to
the fluid.
The turbine flowmeter consists of a
multi-bladed rotor mounted at right
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with turndowns as high as 100:1,
although ranges of 15:1 or lower are
much more common. Slippage
between the flowmeter components

pressure drop through the meter also
rises. Consequently, the maximum
(and minimum) flow capacity of the
flowmeter is decreased as viscosity
TRANSACTIONS
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increases. The higher the viscosity,
the less slippage and the lower the
measurable flow rate becomes. As
viscosity decreases, the low flow

Because it must be nonmagnetic,
the meter housing is usually made of
bronze but can be made from plastic
for corrosion resistance or cost

Mechanical Flowmeters

of these meters is required to be
±2% of actual flow rate. Higher viscosity can produce higher accuracy,
while lower viscosity and wear over
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Figure 3-2: Piston Meter Designs

performance of the meter deteriorates. The maximum allowable pressure drop across the meter constrains the maximum operating flow
in high viscosity services.

• Liquid PD Meters
Nutating disc meters are the most
common PD meters. They are used as
residential water meters around the
world. As water flows through the
metering chamber, it causes a disc to
wobble (nutate), turning a spindle,
which rotates a magnet. This magnet
is coupled to a mechanical register
or a pulse transmitter. Because the
flowmeter entraps a fixed quantity
of fluid each time the spindle is
rotated, the rate of flow is proportional to the rotational velocity of
the spindle (Figure 3-1A).
TRANSACTIONS

savings. The wetted parts such as the
disc and spindle are usually bronze,
rubber, aluminum, neoprene, Buna-N,
or a fluoroelastomer such as Viton®.
Nutating disc meters are designed
for water service and the materials of
which they are made must be
checked for compatibility with other
fluids. Meters with rubber discs give
better accuracy than metal discs due
to the better sealing they provide.
Nutating disc meters are available
in L-in to 2-in sizes. They are suited
for 150-psig operating pressures with
overpressure to a maximum of 300
psig. Cold water service units are
temperature-limited to 120°F. Hot
water units are available up to 250°F.
These meters must meet American
Water Works Association (AWWA)
standards for accuracy. The accuracy

time will reduce accuracy. The AWWA
requires that residential water meters
be re-calibrated every 10 years.
Because of the intermittent use
patterns of residential users, this corresponds to recalibrating L x I in
residential water meters after they
have metered 5 million gallons. In
industrial applications, however, these
meters are likely to pass this threshold
much sooner. The maximum continuous flow of a nutating disc meter is
usually about 60-80% of the maximum flow in intermittent service.
Rotating vane meters (Figure 3-1B)
have spring-loaded vanes that entrap
increments of liquid between the
eccentrically mounted rotor and the
casing. The rotation of the vanes
moves the flow increment from inlet
to outlet and discharge. Accuracy of
Volume 4
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±0.1% of actual rate (AR) is normal,
and larger size meters on higher viscosity services can achieve accuracy
to within 0.05% of rate.
Rotating vane meters are regularly

large particle size or abrasive solids.
The measurement chamber is
cylindrical with a partition plate separating its inlet port from its outlet.
The piston is also cylindrical and is

are rated to 1,500 psig. They can meter
flow rates from 1 gpm to 65 gpm in
continuous service with intermittent
excursions to 100 gpm. Meters are
sized so that pressure drop is below

A

B

A

B

A

A) Oval-Gear

B) Rotating Lobe

C) Rotating Impeller

Figure 3-3: Rotating Positive Displacement Meters

used in the petroleum industry and
are capable of metering solids-laden
crude oils at flow rates as high as
17,500 gpm. Pressure and temperature
limits depend on the materials of
construction and can be as high as
350°F and 1,000 psig. Viscosity limits
are 1 to 25,000 centipoise.
In the rotary displacement meter,
a fluted central rotor operates in
constant relationship with two wiper
rotors in a six-phase cycle. Its applications and features are similar to
those of the rotary vane meter.

• Piston Meters
Oscillating piston flowmeters typically are used in viscous fluid services
such as oil metering on engine test
stands where turndown is not critical
(Figure 3-2). These meters also can be
used on residential water service and
can pass limited quantities of dirt,
such as pipe scale and fine (viz,-200
mesh or -74 micron) sand, but not
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punctured by numerous openings to
allow free flow on both sides of the
piston and the post (Figure 3-2A). The
piston is guided by a control roller
within the measuring chamber, and
the motion of the piston is transferred to a follower magnet which is
external to the flowstream. The follower magnet can be used to drive
either a transmitter, a register, or
both. The motion of the piston is
oscillatory (not rotary) since it is constrained to move in one plane. The
rate of flow is proportional to the
rate of oscillation of the piston.
The internals of this flowmeter can
be removed without disconnection of
the meter from the pipeline. Because
of the close tolerances required to
seal the piston and to reduce slippage,
these meters require regular maintenance. Oscillating piston flow meters
are available in H-in to 3-in sizes, and
can generally be used between 100
and 150 psig. Some industrial versions

35 psid at maximum flow rate.
Accuracy ranges from ±0.5 % AR for
viscous fluids to ±2% AR for nonviscous applications. Upper limit on
viscosity is 10,000 centipoise.
Reciprocating piston meters are
probably the oldest PD meter designs.
They are available with multiple pistons, double-acting pistons, or rotary
pistons. As in a reciprocating piston
engine, fluid is drawn into one piston
chamber as it is discharged from the
opposed piston in the meter.
Typically, either a crankshaft or a horizontal slide is used to control the
opening and closing of the proper orifices in the meter. These meters are
usually smaller (available in sizes
down to 1/10-in diameter) and are
used for measuring very low flows of
viscous liquids.

• Gear & Lobe Meters
The oval gear PD meter uses two
fine-toothed gears, one mounted
TRANSACTIONS
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at high flows and can be used at high
operating pressures (to 1,200 psig)
and temperatures (to 400°F).
The lobe gear meter is available in
a wide range of materials of construction, from thermoplastics to
highly corrosion-resistant metals.
Disadvantages of this design include a
loss of accuracy at low flows. Also,
the maximum flow through this meter
is less than for the same size oscillatory piston or nutating disc meter.
In the rotating impeller meter,
very coarse gears entrap the fluid
and pass a fixed volume of fluid
with each rotation (Figure 3-3C).
These meters are accurate to 0.5%
of rate if the viscosity of the
process fluid is both high and constant, or varies only within a narrow
band. These meters can be made
out of a variety of metals, including
stainless steel, and corrosion-resistant plastics such as PVDF (Kynar).
These meters are used to meter
paints and, because they are available in 3A or sanitary designs, also

rotating impellers is sensed by proximity switches (usually Hall-effect
detectors) mounted external to the
flow chamber. The sensor transmits a
pulse train to a counter or flow controller. These meters are available in
1/10-in to 6-in sizes and can handle
pressures to 3,000 psig and temperatures to 400°F.

• Helix Meters
The helix meter is a positive displacement device that uses two radially pitched helical gears to continuously entrap the process fluid as it
flows. The flow forces the helical
gears to rotate in the plane of the
pipeline. Optical or magnetic sensors
are used to encode a pulse train proportional to the rotational speed of
the helical gears. The forces required
to make the helices rotate are relatively small and therefore, in comparison to other PD meters, the
pressure drop is relatively low. The
best attainable accuracy is about
±0.2% or rate.

+10

+1.0
Error

horizontally, the other vertically,
with gears meshing at the tip of the
vertical gear and the center of the
horizontal gear (Figure 3-3A). The two
rotors rotate opposite to each other,
creating an entrapment in the crescent-shaped gap between the housing and the gear. These meters can be
very accurate if slippage between the
housing and the gears is kept small. If
the process fluid viscosity is greater
than 10 centipoise and the flowrate is
above 20% of rated capacity, accuracy of 0.1% AR can be obtained. At
lower flows and at lower viscosity,
slippage increases and accuracy
decreases to 0.5% AR or less.
The lubricating characteristics of
the process fluid also affect the turndown of an oval gear meter. With liquids that do not lubricate well, maximum rotor speed must be derated to
limit wear. Another way to limit wear
is to keep the pressure drop across
the meter below 15 psid. Therefore,
the pressure drop across the meter
limits the allowable maximum flow
in high viscosity service.
Rotating lobe and impeller type
PD meters are variations of the oval
gear flowmeter that do not share its
precise gearing. In the rotating lobe
design, two impellers rotate in opposite directions within the ovoid
housing (Figure 3-3B). As they rotate,
a fixed volume of liquid is entrapped
and then transported toward the
outlet. Because the lobe gears
remain in a fixed relative position, it
is only necessary to measure the
rotational velocity of one of them.
The impeller is either geared to a register or is magnetically coupled to a
transmitter. Lobe meters can be furnished in 2-in to 24-in line sizes. Flow
capacity is 8-10 gpm to 18,000 gpm in
the larger sizes. They provide good
repeatability (better than 0.015% AR)
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Figure 3-4: Effect of Viscosity on Low-Flow Accuracy

milk, juices, and chocolate.
In these units, the passage of magnets embedded in the lobes of the

As shown in Figure 3-4, measurement error rises as either the operating flowrate or the viscosity of the
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process fluid drops. Helical gear
meters can measure the flow of highly
viscous fluids (from 3 to 300,000 cP),
making them ideal for extremely

which also serves to position the tubing. This type of metering pump is used
in laboratories, in a variety of medical
applications, in the majority of envi-

and the required flow rate and discharge pressure. Check valves (or, on
critical applications, double check
valves) are selected to protect
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Figure 3-5: Metering Pump Designs

thick fluids such as glues and very
viscous polymers. Because at maximum flow the pressure drop through
the meter should not exceed 30 psid,
the maximum rated flow through the
meter is reduced as the fluid viscosity increases. If the process fluid has
good lubricating characteristics, the
meter turndown can be as high as
100:1, but lower (10:1) turndowns are
more typical.

• Metering Pumps
Metering pumps are PD meters that
also impart kinetic energy to the
process fluid. There are three basic
designs: peristaltic, piston, and
diaphragm.
Peristaltic pumps operate by having
fingers or a cam systematically squeeze
a plastic tubing against the housing,
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ronmental sampling systems, and also
in dispensing hypochlorite solutions.
The tubing can be silicone-rubber or, if
a more corrosion-resistant material is
desired, PTFE tubing.
Piston pumps deliver a fixed volume of liquid with each “out” stroke
and a fixed volume enters the chamber on each “in” stroke (Figure 3-5A).
Check valves keep the fluid flow
from reversing. As with all positive
displacement pumps, piston pumps
generate a pulsating flow. To minimize the pulsation, multiple pistons
or pulsation-dampening reservoirs
are installed. Because of the close
tolerances of the piston and cylinder
sleeve, a flushing mechanism must be
provided in abrasive applications.
Piston pumps are sized on the basis
of the displacement of the piston

against backflow.
Diaphragm pumps are the most
common industrial PD pumps (Figure
3-5B). A typical configuration consists
of a single diaphragm, a chamber, and
suction and discharge check valves
to prevent backflow. The piston can
either be directly coupled to the
diaphragm or can force a hydraulic
oil to drive the diaphragm. Maximum
output pressure is about 125 psig.
Variations include bellows-type
diaphragms, hydraulically actuated
double diaphragms, and air-operated, reciprocating double-diaphragms.

• Gas PD Meters
PD gas meters operate by counting
the number of entrapped volumes
of gas passed, similar to the way PD
meters operate on liquids. The
TRANSACTIONS
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primary difference is that gases are
compressible.
Diaphragm gas meters most often
are used to measure the flow of natural gas, especially in metering consumption by households. The meter
is constructed from aluminum castings with cloth-backed rubber
diaphragms. The meter consists of
four chambers: the two diaphragm
chambers on the inlet and outlet
sides and the inlet and outlet chambers of the meter body. The passage
of gas through the meter creates a
differential pressure between the two
diaphragm chambers by compressing
the one on the inlet side and expanding the one on the outlet side. This
action alternately empties and fills
the four chambers. The slide valves at
the top of the meter alternate the
roles of the chambers and synchronize the action of the diaphragms, as

calibrated for natural gas, which has a
specific gravity of 0.6 (relative to air).
Therefore, it is necessary to re-calibrate the flow rating of the meter
when it is used to meter other gases.
The calibration for the new flow rating (QN) is obtained by multiplying
the meter’s flow rating for natural gas
(QC) by the square root of the ratio
of the specific gravities of natural gas
(0.6) and the new gas (SGN):
QN= QC(0.6/SGN)0.5
Diaphragm meters are usually rated
in units of cubic feet per hour and
sized for a pressure drop of 0.5-2 in
H2O. Accuracy is roughly ±1% of reading over a 200:1 range. They maintain
their accuracy for long periods of
time, which makes them good choices
for retail revenue metering applications. Unless the gas is unusually dirty

Displacement
Flowmeter

M

operate with little or no maintenance
indefinitely.
Lobe gear meters (or lobed
impeller meters, as they are also
known), also are used for gas service.
Accuracy in gas service is ±1% of rate
over a 10:1 turndown, and typical
pressure drop is 0.1 psid. Because of
the close tolerances, upstream filtration is required for dirty lines.
Rotating vane meters measure the
flow of gas in the same ranges as do
lobe gear meters (up to 100,000
ft3/hr) but can be used over a wider
25:1 turndown. They also incur a lower
pressure drop of 0.05 in H2O for similar accuracy, and, because the clearances are somewhat more forgiving,
upstream filtration is not as critical.

• High-Precision PD Systems
High-precision gas meters are usually
a hybrid combining a standard PD
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Figure 3-6: High-Precision PD Meters Equalize Inlet and Outlet Pressures

well as operating the crank mechanism for the meter register.
Diaphragm meters generally are
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(producer gas, or recycled methane
from composting or digesting, for
example), the diaphragm meter will

meter and a motor drive that eliminates the pressure drop across the
meter. Equalizing the inlet and outlet
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Vapor separators are usually included, to prevent vapor lock.

pressures eliminates slip flows, leakage, and blow-by. In high-precision
gas flowmeter installations, highsensitivity leaves are used to detect
the pressure differential, and displacement transducers are used to
measure the deflection of the leaves
(Figure 3-6A). Designed to operate at

1st Detector

• Testing, Calibration & Provers
All meters with moving parts require
periodic testing, recalibration and
repair, because wear increases the
clearances. Recalibration can be

2nd Detector

Displacer

Flow Tube

Flow

Calibrated
Volume

Figure 3-7: Field-Mounted, In-Line Flow Prover

ambient temperatures and at up to
30 psig pressures, this meter is
claimed to provide accuracy to within 0.25% of reading over a 50:1 range
and 0.5% over a 100:1 range. Flow
capacity ranges from 0.3-1,500 scfm.
For liquid service, a servomotordriven oval-gear meter equalizes the
pressure across the meter. This
increases accuracy at low flows and
under varying viscosity conditions
(Figure 3-6B). This flowmeter uses a
very sensitive piston to detect the
meter differential and drives a variable speed servomotor to keep it
near zero. This design is claimed to
provide 0.25% of rate accuracy over a
50:1 range at operating pressures of
up to 150 psig. High precision
flowmeters are used on engine test
stands for fuel flow measurement
(gasoline, diesel, alcohol, etc.). Flow
ranges from 0.04-40 gph are typical.
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done either in a laboratory or on line
using a prover.
Gas systems are recalibrated
against a bell-jar prover—a calibrated
cylindrical bell, liquid sealed in a tank.
As the bell is lowered, it discharges a
known volume of gas through the
meter being tested. The volumetric
accuracy of bell-jar provers is on the
order of 0.1% by volume, and provers
are available in discharge volumes of
2, 5, 10 ft3 and larger.
Liquid systems can be calibrated in
the laboratory against either a calibrated secondary standard or a gravimetric flow loop. This approach can
provide high accuracy (up to ±0.01%
of rate) but requires removing the
flowmeter from service.
In many operations, especially in
the petroleum industry, it is difficult
or impossible to remove a flowmeter from service for calibration.

Therefore, field-mounted and in-line
provers have been developed. This
type of prover consists of a calibrated chamber equipped with a barrier
piston (Figure 3-7). Two detectors are
mounted a known distance (and
therefore a known volume) apart. As
the flow passes through the chamber, the displacer piston is moved
downstream. Dividing the volume of
the chamber by the time it takes for
the displacer to move from one
detector to the other gives the calibrated flow rate. This rate is then
compared to the reading of the
flowmeter under test.
Provers are repeatable on the
order of 0.02%, and can operate at
up to 3,000 psig and 165°F/75°C. Their
operating flow range is from as low
as 0.001 gpm to as high as 20,000
gpm. Provers are available for benchtop use, for mounting in truck-beds,
on trailers, or in-line.

• PD Meter Accessories
PD meter accessories include strainers, filters, air/vapor release assemblies, pulsation dampeners, temperature compensation systems, and a
variety of valves to permit dribble
cut-off in batching systems.
Mechanical registers can be
equipped with mechanical or electronic ticket-printers for inventory
control and point-of-use sales.
Batching flow computers are readily
available, as are analog and intelligent digital transmitters. Automatic
meter reading (AMR) devices permit
the remote retrieval of readings by
utility personnel.

Turbine Flowmeters
Invented by Reinhard Woltman in the
18th century, the turbine flowmeter
is an accurate and reliable flowmeter
for both liquids and gases. It consists
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of a multi-bladed rotor mounted at
right angles to the flow and suspended in the fluid stream on a free-running bearing. The diameter of the
rotor is very slightly less than the
inside diameter of the metering
chamber, and its speed of rotation is
proportional to the volumetric flow
rate. Turbine rotation can be detected by solid state devices (reluctance,
inductance, capacitive and Halleffect pick-ups) or by mechanical
sensors (gear or magnetic drives).
In the reluctance pick-up, the coil
is a permanent magnet and the turbine blades are made of a material
attracted to magnets. As each blade
passes the coil, a voltage is generated

are made of permanently magnetized
material (Figure 3-8B). As each blade
passes the coil, it generates a voltage
pulse. In some designs, only one blade
is magnetic and the pulse represents a
complete revolution of the rotor.
The outputs of reluctance and
inductive pick-up coils are continuous sine waves with the pulse train’s
frequency proportional to the flow
rate. At low flow, the output (the
height of the voltage pulse) may be
on the order of 20 mV peak-to-peak.
It is not advisable to transport such a
weak signal over long distances.
Therefore, the distance between the
pickup and associated display electronics or preamplifier must be short.

One Pulse
Per Blade
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they are in the presence of a very low
strength (on the order of 25 gauss)
magnetic field.
In these turbine flowmeters, very
small magnets are embedded in the
tips of the rotor blades. Rotors are typically made of a non-magnetic material, like polypropylene, Ryton, or PVDF
(Kynar). The signal output from a Halleffect sensor is a square wave pulse
train, at a frequency proportional to
the volumetric flowrate.
Because Hall-effect sensors have no
magnetic drag, they can operate at
lower flow velocities (0.2 ft/sec) than
magnetic pick-up designs (0.5-1.0
ft/sec). In addition, the Hall-effect sensor provides a signal of high amplitude
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Figure 3-8: Generation of Turbine Flow Signal

in the coil (Figure 3-8A). Each pulse
represents a discrete volume of liquid. The number of pulses per unit
volume is called the meter’s K-factor.
In the inductance pick-up, the
permanent magnet is embedded in
the rotor, or the blades of the rotor
TRANSACTIONS

Capacitive sensors produce a sine
wave by generating an RF signal that
is amplitude-modulated by the
movement of the rotor blades.
Instead of pick-up coils, Hall-effect
transistors also can be used. These
transistors change their state when

(typically a 10.8-V square wave), permitting distances up to 3,000 ft.
between the sensor and the electronics without amplification.
In the water distribution industry,
mechanical-drive Woltman-type turbine flowmeters continue to be the
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standard. These turbine meters use a
gear train to convert the rotation of
the rotor into the rotation of a vertical shaft. The shaft passes between
the metering tube and the register
section through a mechanical stuff-
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turbine meters must register
between 98-102% of actual rate at
maximum flow when tested. Class II
turbine meters must register
between 98.5-101.5% of actual rate.
Both Class I and Class II meters must
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Figure 3-9: Typical Turbine Flowmeter Calibration Curve

ing box, turning a geared mechanical
register assembly to indicate flow
rate and actuate a mechanical totalizer counter.
More recently, the water distribution industry has adopted a magnetic drive as an improvement over high
maintenance mechanical-drive turbine meters. This type of meter has a
sealing disc between the measuring
chamber and the register. On the
measuring chamber side, the vertical
shaft turns a magnet instead of a
gear. On the register side, an opposing magnet is mounted to turn the
gear. This permits a completely
sealed register to be used with a
mechanical drive mechanism.
In the United States, the AWWA
sets the standards for turbine
flowmeters used in water distribution systems. Standard C701 provides for two classes (Class I and
Class II) of turbine flowmeters. Class I
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have mechanical registers.
Solid state pickup designs are less
susceptible to mechanical wear than
AWWA Class I and Class II meters.

• Design & Construction Variations
Most industrial turbine flowmeters
are manufactured from austenitic
stainless steel (301, 303, 304SS),

whereas turbine meters intended for
municipal water service are bronze or
cast iron. The rotor and bearing
materials are selected to match the
process fluid and the service. Rotors
are often made from stainless steel,
and bearings of graphite, tungsten
carbide, ceramics, or in special cases
of synthetic ruby or sapphire combined with tungsten carbide. In all
cases, bearings and shafts are
designed to provide minimum friction and maximum resistance to
wear. Some corrosion-resistant
designs are made from plastic materials such as PVC.
Small turbine meters often are
called barstock turbines because in
sizes of I in to 3 in. they are
machined from stainless steel hexagonal barstock. The turbine is suspended by a bearing between two
hanger assemblies that also serve to
condition the flow. This design is
suited for high operating pressures
(up to 5,000 psig).
Similar to a pitot tube differential
pressure flowmeter, the insertion turbine meter is a point-velocity device.
It is designed to be inserted into
either a liquid or a gas line to a depth
at which the small-diameter rotor will
read the average velocity in the line.

This innovative turbine meter trades out a transmitted signal for local LCD indication.
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bility is from ±0.2% to ±0.02% over
the linear range.
Because there are minor inconsistencies in the manufacturing
process, all turbine flowmeters are
calibrated prior to shipment. The
resulting K-factor in pulses per volume unit will vary within the stated
linearity specification. It is possible,
however, to register several K-factors
for different portions of the flow
range and to electronically switch

Because they are very sensitive to the
velocity profile of the flowing stream,
they must be profiled at several
points across the flow path.
Insertion turbine meters can be
designed for gas applications (small,
lightweight rotor) or for liquid (larger
rotor, water-lubricated bearings).
They are often used in large diameter pipelines where it would be costprohibitive to install a full size meter.
They can be hot-tapped into existing
Flow
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downs if accuracy is de-rated to 1%
of full scale (FS).

• Sizing & Selection
Turbine meters should be sized so
that the expected average flow is
between 60% and 75% of the maximum capacity of the meter. If the pipe
is oversized (with flow velocity under
1 ft/sec), one should select a Halleffect pick-up and use a meter smaller than the line size. Flow velocities

Coil Protection Box
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5XD

5XD

Flow
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Figure 3-10: Flow Straighteners Reduce Straight Pipe Runs

pipelines (6 in or larger) through a
valving system without shutting
down the process. Typical accuracy
of an insertion turbine meter is 1% FS,
and the minimum flow velocity is
about 0.2 ft/sec.

• Turbine Meter Accuracy
Figure 3-9 shows a typical turbinemeter calibration curve describing
the relationship between flow and
K-factor (pulses/gallon). The accuracy of turbine meters is typically
given in percentage of actual rate (%
AR). This particular meter has a linearity tolerance band of ±0.25%
over a 10:1 flow range and a ±0.15%
linearity in a 6:1 range. The repeataTRANSACTIONS

from one to the other as the measured flow changes. Naturally, the Kfactor is applicable only to the fluid
for which the meter was calibrated.
Barstock turbine meters typically
are linear to ±0.25% AR over a 10:1
flow range. The linearity of larger
meters is ±0.5% AR over a 10:1 flow
range. Turbine meters have a typical
nonlinearity (the turbine meter
hump, shown in Figure 3-9) in the
lower 25-30% of their range. Keeping
the minimum flow reading above this
region will permit linearity to within
0.15% on small and 0.25% on larger
turbine meters. If the range of 10:1 is
insufficient, some turbine flowmeters can provide up to 100:1 turn-

under 1 ft/sec can be insufficient,
while velocities in excess of 10 ft/sec
can result in excessive wear. Most turbine meters are designed for maximum velocities of 30 ft/sec.
Turbine flowmeters should be
sized for between 3 and 5 psid pressure drop at maximum flow. Because
pressure drop increases with the
square of flow rate, reducing the
meter to the next smaller size will
raise the pressure drop considerably.
Viscosity affects the accuracy and
linearity of turbine meters. It is therefore important to calibrate the meter
for the specific fluid it is intended to
measure. Repeatability is generally not
greatly affected by changes in viscosity,
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and turbine meters often are used to
control the flow of viscous fluids.
Generally, turbine meters perform well
if the Reynolds Number is greater than
4,000 and less than or equal to 20,000.

upstream straight-pipe runs
• 20 diameters for 90° elbow, tee,
filter, strainer, or thermowell;
• 25 diameters for a partially open
valve; and

Turbine meters also can be damaged by solids entrained in the fluid.
If the amount of suspended solids
exceeds 100 mg/l of +75 micron
size, a flushing y-strainer or a

Paddlewheel
Sensor

Locknut

Flow

A) Impeller

B) Paddlewheel

Pipe Tee

Figure 3-11: Rotary Flowmeter Designs

Because it affects viscosity, temperature variation can also adversely affect
accuracy and must be compensated
for or controlled. The turbine meter’s
operating temperature ranges from 200 to 450°C (-328 to 840°F).
Density changes do not greatly
affect turbine meters. On low density
fluids (SG < 0.7), the minimum flow
rate is increased due to the reduced
torque, but the meter’s accuracy usually is not affected.

• Installation & Accessories
Turbine meters are sensitive to
upstream piping geometry that can
cause vortices and swirling flow.
Specifications call for 10-15 diameters
of straight run upstream and five
diameters of straight run downstream
of the meter. However, the presence
of any of the following obstructions
upstream would necessitate that
there be more than 15 diameters of
44
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50 or more diameters if there are
two elbows in different planes or
if the flow is spiraling or
corkscrewing.
In order to reduce this straightrun requirement, straightening vanes
are installed. Tube bundles or radial
vane elements are used as external
flow straighteners located at least 5
diameters upstream of the meter
(Figure 3-10).
Under certain conditions, the pressure drop across the turbine can cause
flashing or cavitation. The first causes
the meter to read high, the second
results in rotor damage. In order to
protect against this, the downstream
pressure must be held at a value
equaling 1.25 times the vapor pressure
plus twice the pressure drop. Small
amounts of air entrainment (100 mg/l
or less) will make the meter read only
a bit high, while large quantities can
destroy the rotor.

motorized cartridge filter must be
installed at least 20 diameters of
straight run upstream of the
flowmeter.

• New Developments
Dual-rotor liquid turbines increase
the operating range in small line size
(under 2 in) applications. The two
rotors turn in opposite directions.
The front one acts as a conditioner,
directing the flow to the back rotor.
The rotors lock hydraulically and
continue to turn as the flow decreases
even to very low rates.
The linearity of a turbine meter is
affected by the velocity profile (often
dictated by the installation), viscosity,
and temperature. It is now possible to
include complex linearization functions in the preamplifier of a turbine
flowmeter to reduce these nonlinearities. In addition, advances in
fieldbus technology make it possible
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to recalibrate turbine flowmeters
continuously, thereby correcting for
changes in temperature and viscosity.
Flow computers are capable of linearization, automatic temperature
compensation, batching, calculation
of BTU content, datalogging, and
storage of multiple K-factors. The
batching controller is set with the
desired target volume and, when its
totalizer has counted down to zero,
it terminates the batch. Such packages are equipped with dribble flow,
pre-warn, or trickle-cut-off circuits.
Whether functioning through a
relay contact or a ramp function,
these features serve to minimize
splashing or overfill and to accurately terminate the batch.

• Gas Turbine & Shunt Meters
Gas meters compensate for the
lower driving torque produced by
the relatively low density of gases.
This compensation is obtained by
very large rotor hubs, very light rotor
assemblies, and larger numbers of
rotor blades. Gas turbine meters are
available from 2" to 12" and with flow
ratings up to 150,000 ft3/hr. When
operating at elevated gas pressures
(1,400 psig), a rangeability of 100:1 can
be obtained in larger size meters.
Under lower pressure conditions,
typical rangeability is 20:1 with ±1%
linearity. The minimum upstream
straight pipe-run requirement is 20
pipe diameters.
Shunt flowmeters are used in gas
and steam service. They consist of
an orifice in the main line and a
rotor assembly in the bypass. These
meters are available is sizes 2 in. and
larger and are accurate to ±2% over
a range of 10:1.
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Other Rotary Flowmeters
Other types of rotary element
flowmeters include propeller
(impeller), shunt, and paddlewheel
designs.
Propeller meters are commonly
used in large diameter (over 4 in) irrigation and water distribution systems. Their primary trade-off is low
cost and low accuracy (Figure 3-11A).
AWWA Standard C-704 sets the
accuracy criterion for propeller
meters at 2% of reading. Propeller
meters have a rangeability of about
4:1 and exhibit very poor performance if the velocity drops below
1.5 ft/sec. Most propeller meters are
equipped with mechanical registers.
Mechanical wear, straightening, and
conditioning requirements are the
same as for turbine meters.
Paddlewheel flowmeters use a
rotor whose axis of rotation is parallel to the direction of flow (Figure
3-11B). Most paddlewheel meters
have flat-bladed rotors and are
inherently bi-directional. Several
manufacturers,
however,
use
crooked rotors that only rotate in
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the forward direction. For smaller
pipes (H" to 3"), these meters are
available only with a fixed insertion
depth, while for larger pipe sizes (4"
to 48") adjustable insertion depths
are available. The use of capacitively coupled pick-ups or Hall-effect
sensors extends the range of paddlewheel meters into the low-flow
velocity region of 0.3 ft/sec.
Low-flow meters (usually smaller
than 1 in.) have a small jet orifice
that projects the fluid onto a
Pelton wheel. Varying the diameter
and the shape of the jet orifice
matches the required flow range
and provides a flowmeter that is
accurate to 1% FS and has a rangeability of 100:1. Higher accuracy
can be achieved by calibrating
the meter and by lowering its
range. Because of the small size of
the jet orifice, these meters can
only be used on clean fluids and
they incur a pressure drop of about
20 psid. Materials of construction
include polypropylene, PVDF, TFE
and PFA, brass, aluminum, and
stainless steel.
T
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