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ABSTRACT

Because flow is one of the most common process variables measured, numerous

types of Qowmeters based on a variety of measurement principles are available. Although

these numerous flowmeter types allow one to measure almost any flow, the wide variety

also makes selecting an appropriate flowmeter a complex and potentially difficult task.

This paper reviews the definition and importance of basic hydraulic principles and the

design parameters critical to an accurate flow measurement, the principles used in flow

monitoring and their advantages and disadvantages, and a method for selecting an

appropriate flowmeter.

FLUID PROPERTIES AND DESIGN PARAMErERS

One of the most important hydraulic parameters is a dimens/onless value called the

Reynolds number (Re). The Re is the ratio of inertia forces to viscous forces in a flow

system as described by

Re = p x V x D = Inertia Forces
u Viscous Forces
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where: Re = Reynolds number

e = fluid density

V = fluid velocity

D = characteristic dimension

u = absolute viscosity of fluid.

Dissimilar flow systems can be compared by use of the Re. The flow condition in a

system can be described as laminar, transitional, or turbulent. The magnitude of the

Reynolds number indicates the type of flow condition present. For example, in pipeline

flows laminar flow exists if the Re is less than 2000, transitional flow occurs in the Re

range 2,000 to 12,000, and turbulent How exists at Re higher than 12,000. The advantage

of using the nondiuensional Re is that the above ranges hold true for gases, vapors, and

liquids. For any flowmeter application, the Re must be calculated with the appropriate

characteristic dimension. Certain flowmeters function only in particular flow regimes, so it

is necessary to determine the system Re for each flow case.

Viscosity, at least for Newtonian fluids, is the resistance offered by a fluid to

deformation. In addition to being a term in the Re, viscosity changes can affect many

flowmeters. Temperature also plays an important role in a flow system; it affects density

and viscosity and thus Re. Pressure may be an important factor if the fluid is a gas or

vapor, but it usually is not critical for liquids.

Understanding the flow system design parameters will help minimize the chance of

being caught by a common pitfall or selecting an improper instrument. Some of the more

important parameters will be discussed. These critical parameters generally fall into three



categories: performance, environment, and economics. Performance parameters include

accuracy (uncertainty), repeatability, resolution, turndown ratio (rangeability), and

response time. Environmental concerns include fluid temperature, pressure, and viscosity;

ambient temperature and humidity; corrosive working fluid; radiation; and fluid phase.

Economic considerations include flowmeter hardware cost (sensor, transmitter or

conditioner, tubing, wiring), installation requirements (flanges, straight pipe lengths, taps),

pressure drop, reliability, maintainability, and frequency of calibration.

Accuracy is a term defining the flowmeter's ability to measure the "correct" or "true"

flow. However, manufacturers often state accuracy in terms of the maximum error or

inaccuracy (e.g., ±1%). To avoid confusion with the norm, the term "accuracy" will be

used in this article to define the maximum error (as most specifications do). Accuracy

should combine error contributions iVom linearity, hysteresis, repeatability, drift, and

thermal instability. A point of caution is that accuracy is often given as a percentage with

no qualifier. Accuracy should be listed as percent of full scale (span or upper range

value) or as percent of rate (reading). This difference may be very significant for

flowmeters with large rangeability. For instance, a flowmeter with a full-scale value of

100 kg/s and a 1% accuracy yields either a constant error of ±1 kg/s or a constant error of

±1% of reading. For a meter with a 10 to 1 range, the ±1 kg/s represents a ±1% error at

a flow of 100 kg/s, but at a flow of 10 kg/s an error of ±10% results. A percentage of

reading accuracy yields a ±1% error throughout the entire range. If the accuracy

specification is not qualified as to "of full scale" or "of reading," the prudent assumption is

that the accuracy is "of full scale."



Occasionally, the accuracy specification may be given as an uncertainty value, which

better describes why the inaccuracies exist (because real errors carry some amount of

uncertainty with them). The uncertainty value is most helpful when a confidence level is

given with it. For example, a 95% confidence level means ihat the flowmeter's output

would fall within the stated uncertainty range 95% of the time.

Repeatability is the degree of agreement between consecutive measurements of the

same flow. This value may be specified as a percent of full scale or as a percent of rate.

Turndown ratio (rangeability) is the ratio of maximum and minimum measurable flow

rates. For example, if the maximum flow rate is 100 kg/s and the minimum is 5 kg/s, the

turndown ratio is 20 (or 20 to 1).

Environmental parameters of particular importance to the nuclear industry are

nuclear radiation and ambient conditions (especially during postulated accident events).

Radiation can degrade flowmeter performance or even cause complete failure. The

flowmeter (sensor and electronics) subjected *o a radiation field can be affected by both

the dose rate and the total accumulated dose. Excessive drift, nonlinearity, and/or

complete failure can result. The first two problems could go undetected. Radiation

shielding or the use of remote signal conditioning may be required to ensure that adverse

effects are minimized.

During postulated accident events at a nuclear facility, ambient conditions may

change significantly. The flowmeter system may experience large drifts or performance

degradation due to heat and moisture effects. Care should be taken in specifying the

flowmeter's sensitivity to ambient temperature changes and the adequacy of its housing to

resist moisture.



Compatibility of flowmeter material with the working fluid and the surrounding

atmosphere should be checked for each application as well as (if necessary) compatibility

with radiation.

A Gnal point to consider is that of overload conditions. Possible excursions should

be reviewed and their possible effects on the flowmeter system evaluated. Items such as

voltage spikes, spurious noise, pressure spikes (water hammer), and temperature spikes

should be addressed as to their possible negative effects and as to the need to design

methods to mitigate such effects.

Economic considerations may be the most difficult to assess adequately because of

the difGculty of obtaining the data necessary to make an informed decision. The cost of

flowmeter hardware is relatively easy to determine, but the lifetime cost of ownership is

more subtle. Costs for installation (hardware and labor), pressure losses that translate to

energy loss, maintenance, and calibration must be considered. Reliable data on the last

two areas are difficult to obtain and assess meaningfully. Reliability, ease-of-repair, mean

time between failure (MTBF), mean time to repair (Ml IK), and calibration methods (in

situ or in a laboratory) all affect the lifetime cost and may be the largest portion of

lifetime ownership expense.

In a nuclear facility, high reliability is essential not only from a performance

perspective but also from a maintenance viewpoint. Plant availability and high labor costs

dictate a low maintenance, easy-to-repair flowmeter system. The flowmeter's reliability

and maintainability field service history should be investigated to determine actual i/TTBF

and MTTR rather than accepting manufacturers' data on MTBF and M'l'l'K.



Installation (especially if improperly completed) will affect flowmeter performance.

Accuracy limits usually are determined under ideal flow conditions, which are not often

repeated in actual practice. Requirements for straight runs of piping upstream and

downstream should be met and, if this is not possible, the potential errors should be

evaluated. Flow conditioners may be needed to reduce these errors. Improperly installed

gaskets or the introduction of other undesired flow disturbances will lead to degraded

performance. Location of pressure taps, their quality, and the pressure tubing runs must

be chosen with care to avoid additional uncertainties.

FLOWMETER TYPES, ADVANTAGES, AND DISADVANTAGES

At least 100 types of commercially available flowmeters employ one of the 10 or so

basic measurement principles. Most of the measurement techniques are for fluid flow in a

closed system; the remainder are for open-channel flow. Several very good handbooks or

guides are available that discuss the various measurement techniques and their advantages

and disadvantages.1'3 Only flowmeters for closed systems will be discussed in this paper.

The differential-producing, or head-class, flowmeter is the most widely used of all

types, probably partly because of its long history of satisfactory performance. The basic

principle of operation of differential-pressure (dP) flowmeters is Bernoulli's streamlined

energy equation. When flow is constricted (by an obstruction), its kinetic energy increases

at the expense of the available potential energy. If pressure taps are located above and at

or below the obstruction, then the pressure drop between taps is related to (among other

things) the square of the velocity at the two locations. The most common type of dP

flowmeter is the orifice meter. Other popular dP meters are Venturis, flow nozzles and

tubes, Pitot tubes, and elbow flowmcters The advantages of dP flowmeters are that they



are well understood; are simple; contain no moving parls; are easy to install; and work

with liquids, gases, and vapors. Disadvantages include square root (nonlinear) response,

small turndown ratio (3:1 or 4:1), high energy loss, straight piping requirements, and

possible undetected decalibration caused by corrosion.

Because of the disadvantages associated with the dP flowmeter, other flowmeters

have been developed in a search for the one "universal" meter. Turbine, magnetic, target,

and vortex flowmeters were developed 30 to 40 years ago in an attempt to find the

universal meter, or at least an improvement over dP versions.

The principle behind the turbine Oowmeter is that its rotor speed increases linearly

with flow velocity. Turbine blade rotation, which is a measure of the fluid velocity, is

detected by a noncontacting pickup. The turbine flowmeter's principle advantages are fast

time response; accuracy (±0.25% of rate); very good rangeability (10:1 to 50:1); and the

ability to function with gases, vapors, and liquids. Its disadvantages include sensitivity to

viscosity and dirt and to velocity profiles, and the need for increased maintenance because

of rotating parts.

The magnetic flowmeter is based on the principle of magnetic induction. The fluid

(a conductor) moves through a magnetic field produced by the obstructionless meter and

generates a voltage. The magnitude of the voltage is a linear function of the average

velocity of the fluid passing through the field. Current designs operate with very low

conductive fluids in laminar or turbulent regions. Advantages include zero head loss, easy

to respan, good rangeabiiity (10:1), insensitivity to velocity profile, fluid density and

viscosity, and accuracy (±0.5% of rate). Some disadvantages are moderate to expensive

cost, operates only with liquids and slurries, and fluid must have a minimal conductivity.



The target flowmeter consists of an obstruction (target) in the flow path that

accelerates the fluid in an annular space. A reduced pressure is created on the target's

rear surface. The resulting difference between the upstream and downstream surface

pressures, integrated over the target area, is a measurable force. The square root of this

force is proportional to flow rate (from Bernoulli's equation). The force is often sensed

by measuring the strain on a beam that supports the targei. The target flowmeter's

advantages are that it is inexpensive; has no moving parts; operates with liquids, gases, or

vapors; and works with dirty or viscous fluids and cryogenics. Its primary disadvantages

include small turndown ratio (3:1), low accuracy (±1% full scale), large straight pipe

requirements, and the response is nonlinear.

The vortex flowmeter is based on the fact that bluff body in a flow stream causes

vortices to be shed off the back side of the bluff body. Shedding frequency is linearly

proportional to fluid velocity over a wide flow range. The major advantages of this

flowmeier are good accuracy (±1 to 1.5% of rate), good rangeability (10:1 to 15:1),

insensitivity to fluid properties, low pressure loss, and no moving parts. Its disadvantages

include corrosion to the bluff body that could cause an undetected calibration shift, and

low-flow velocities are a problem; the meter docs not operate on flows with Re < 2000

and is nonlinear for flows with Re < 10000.

Two other types of meters that have been in use for a long time are the positive

displacement and variable-area or rotamcter. The positive displacement flowmeter divides

the flow into small, discrete, known volumes. These volume units can be counted, and

thus are a measure of volumetric flowratc. The advantages of these meters include good

accuracy, especially for liquids (±0.5% of rate), good rangeability (10:1), excellent



performance in viscous fluids, and measurement of very low Hows. Disadvantages include

that the fluid-must be clean (filtering is a good idea) and that wear can lead to

inaccuracies and maintenance expense (routine calibration may be required).

Rotameters consist of a variable-area tube with a float. The area of flow restriction

between the tube and the float is varied to maintain a constant differential pressure.

When the fluid flows up through the tube, the drag and buoyant forces balance the

gravitational force at an equilibrium position. With the proper design, a linear response

results. The primary advantages of the rotameter design are that it is inexpensive, it has

good rangeability (5:1 to 12:1), it is easy to install, and it requires minimal straight pipe.

Disadvantages include that it must be mounted vertically, it has mediocre accuracy (±0.5

to 2% of full scale), and it requires accessories for data transmission.

Some of the newer types of flowmeters include ultrasonic and mass flow (Coriolis

and thermal). Ultrasonic flowmeters work on one of two basic principles: Doppler shift or

time-of-flight. The Doppler shift type sends an ultrasonic signal of known frequency into

a liquid flow. The beam reflects off particles or other discontinuities, and the difference

in frequency between the original beam and the reflected beam indicates the flow velocity

of the reflecting particle. An ultrasonic transducer can clamp on to the outside of the

pipe, and thus is a nonintrusive instrument, which is a major advantage. The flowmeter

also can be used on slurries and aerated liquids, has a good turndown ratio (10:1). and can

measure very low flow velocities. The main disadvantages are that the fluid must contain

some particles and be a liquid and that straight piping runs are required. The time-of-

flight meter functions by pulsing an ultrasonic beam across the pipe in the flow direction

and then in the opposite direction. The time difference between these flight paths is



proportional to flow velocity. The transducers can be clamp-on or wetted (which is more

accurate). The advantages include wide rangeability (40:1), low velocity measurement

(0.03 m/s), nonintrusive design, no pressure loss, and no moving parts. The disadvantages

are that the fluid must be clean and that straight piping runs are required. Recent

developments have extended the time-of-flight technique to gas flows and to solid/liquid

and gas/liquid mixed-phase flows.4

Mass flowmeters are based on two different principles: one is the Coriolis effect and

the other is a thermal difference. The Coriolis-effect meter is based on the Coriolis force

that is generated when a section of pipe is vibrated while there is flow through it. The

amplitude of the force is a function of fluid velocity and its mass, or the mass rate of flow.

The major advantages include a direct mass How measurement, good rangeability (better

than 10:1), good accuracy (±0.5% of rale), independent of fluid properties,

obstructionless, and requires little straight piping. Some of the disadvantages are that the

meter is expensive and that it can be sensitive to pipe vibrations, making careful

installation essential.

Thermal mass flowmeters work by heating a sensing element to a temperature above

that of the fluid stream. The resulting amount of cooling of the element is a function of

the mass velocity of the fluid stream. Advantages are that it measures mass flow directly

and has low pressure loss, good turndown ratio (10:1 or better), and good accuracy

(±0.5% of rate). Disadvantages include sensitivity to fluid properties, and the calibration

may be affected by coatings depositing on the sensing element. New variations of thermal

flowmeters include designs for leak detection5 and multiphase fluids.6
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Other new flowmeter designs include ihe wedge, a variation on the segmental

orifice, the use of smart transmitters to extend How ranges, innovative averaging Pitot

tubes, and capacitance mass flowmeters for liquid/solid and gas/solid two-phase flows.

Mass flowmeters have been designed for service in nuclear radiation fields.

GUIDELINES FOR SELECTION

Selection of the best flowmeter for a particular application depends on the relative

importance of the various design parameters. How critical each parameter is to the success

of a quality measurement cannot be formalized into set rules but must be evaluated using

engineering judgment. This judgment must be based on knowledge and experience (some

may argue black magic and luck). The relative importance of each factor changes from

measurement to measurement. However, the cause is not hopeless. Using the vast

experience gathered by the flow measurement community (i.e., knowing the predominance

of a certain class of flowmeter for a particular flow type) is a good start. There are also

several general questions whose answers arc helpful in the selection process. These

general questions, and some specific ones, are as follows:

What are the performance criteria?

- Accuracy (full scale or of reading), and over what range?

- Turndown ratio

- Repeatability (critical for control applications)

- Response (time or linear)

- Mass flow or volumetric flow rale required
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What are the fluid conditions/ambient conditions?

Fluid phase (gas, liquid, vapor, or multiphase)

Fluid properties (clean, dirty, skirry, corrosive, temperature, pressure, viscosity),

and how much do they vary'!

- Ambient temperature and humidity

What are the installation requirements?

- Open channel or closed conduit

- Line size, straight pipe lengths, (low conditioners

- Reynolds number

- Calibration (in situ)

Ease of maintenance

- Can flow be interrupted for installation or calibration?

What are the economic considerations?

Cost of primary sensor and accessories

- Installation cost (hardware and labor)

- Energy consumption (pressure loss)

- Reliability, availability, and maintainability

- MTBF, MTTR (knowledgeable technicians)

- Can the meter adapt to changing conditions?

The answers to these questions will go a long way toward selecting a quality

flowmeter.



Although the flow community still awaits the one flowmeter that can be applied to

any flow condition, the wide variety of currently available meters allows almost any flow to

be measured accurately and reliably. For this to occur, however, each flow application

must be reviewed and its particular requirements understood before the selection process

will yield an appropriate flowmeter.
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