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FOREWORD

The American Petroleum Institute takes no position as to whether any method,
apparatus, or product mentioned herein is covered by an existing patent, nor as to
the validity of any patent alleged to cover any such method, apparatus, or product.
Furthermore, the information contained in this standard does not grant the right, by
implication or otherwise, for manufacture, sale, or use in connection with any meth-
od, apparatus, or product covered by letters patent; nor does it insure anyone against
liability for infringement of letters patent. )

This standard may be used by anyone desiring to do so, but neither the American
Petroleum Institute nor any of its members shall be held responsible or liable in any
way either for loss or damage resulting therefrom or for the violation of any federal,
state, or municipal regulations with which it may conflict.

Copyright © 1970 American Petroleum Institats
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INTRODUCTION

This standard has been prepared as a guide for design, installation, and
operation of turbine meter systems in liquid hydrocarbon service. Primary
emphasis is placed on the turbine meter and its accessories, bul many of the
concepts and innovations described arc adaptable to other devices concerned
with the volumetric measurement of liquid hydrocarbons. For details of
specific equipment previously documented by the American Petroleum In-
stitute, refer to AP! Standard 1101: Measurement of Petroleum Liquid
Hydrocarbons by Positive Displacement Meler (ANSI Z11.170-1965), APt
Standard 2531: Mechanical Displacement  Meter Provers {ANS5I
Z11.171-1965), and API RP 2533: Melering Viscous Hydrocarbons.

The turbine meler has been recognized as an acceptable quantity mea-
suring device for many years; however, its uscfulness to the oil industry has
become apparent only during the past decade. Improvements to the mea-
suring element and the ever-increasing rates of flow jointly account for vig-
orous interest in a compact, mechanically simple, long-lived liquid meter.

The turbine meler consists of a rotor or propeller which senses the linear
velocity of a flowing stream. The moving liquid imparts a rotational or
tangential velocity to the rolor which is proportional to rate of flow. The
movement of the rotor is detected by mechanical, optical, or electrical
means and is recorded on an appropriate readout device.

Turbine meters have typical performance characteristics that are besl de-
seribed by meter performance curves (see Appendix A, Fig. A-1). Principal
paramecters, such as flow rangeability within tolerable limits of lincarily and :
repeatability, are related 1o fluid propertics (i.e., density, viscosity, and va-
por pressure) and to mechanical meter characteristics (i.¢., rotor mass, bear-
ing friction, magnetic drag, and wetted arca refating to fluid imposed drag on
the turbine or rotor).

The combination of fluid propertics and mechanical meter characteristics
produces 2 deviation from an ideal of meter linearity. Accordingly, turbine
meler selection should be governed by an assessment of the characteristic
curves of the proposed turbine meter.

Turhine meters selected for the noted operating criteria, when properly
installed and carefully proved, will perform continuous measurement with a
minimum of inaccuracy.

Mechanically, turbine meters are well able Lo withstand the rigors imposcd
by scvere flow overranging accompanied by extreme flow pulsations. How-
ever, they are susceptible {o damage from extrancous solids entrained in the
liquid, particularly if these are of significant size, but [linely divided solid
parlicles gencrally pass through the meter without causing damage. In rare
cases where large objects become lodged in the meter, even Lo the point of
stalling a rotor, fluid blockage with resultant overpressurization of the sys-
tem is not likely to occur,
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The turbine meter system effectively measures liquid volume, but it does
not offer a universal solution to every {low measurement problem — at least
not at this time. This standard describes how a turbine meter system works
and endeavors to give the reader a technical background to better understand
the details of its operation. The descriptive material is incorporated in the
appendixes of the standard. A major effort has been made to describe
techniques and effects that contribute to the successful attainment of a high
degree of metering accuracy and reliability within a demonstrated turbine
meter system capability. Achievement of this goal is the responsibility of the
equipment manufacturer; but {o an even greater degree, it becomes the
responsibility of the ultimate user. Should the highest level of precision be
unnecessary or unjustifiable, 2 number of the recommendations in this stan-
dard may be compromised. Certain of the recommendations should never be
ignored. Thercfore, those which, if not {ollowed, would adversely influence
the satisfactory performance of a turbine meter system have included the
compulsary verb form shall. The word should indicates provisions which are
advisory but not required in every instance. The word may indicates pro-
visions which are optional and, consequently, are at the discretion of the
user.

The intent of this standard is to give the reader the most compleie and
comprehensive information currently available. Because of the lack of ex-
perience in a number of operational areas, revisions Lo this standard will be
required at some time in the future.

Sufficient leeway has been incorporated into this text so that experi-
mentation and equipment improvements may be encouraged withoul cre-
ating undue hardship, while at the same time a procedure may be
implemented to satisfactorily deal with each new application.
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MEASUREMENT OF PETROLEUM LIQUID HYDROCARBONS

BY TURBINE METER SYSTEMS

SECTION I-INSTALLATION

SCOPE

10681  This scction covers the selection and nstal-
lation of turbine meters, their aceessories, and associ-
ated equipment.

CHOICE OF METERS AND AUXILIARY EQUIP.
MENT

1002 All types of measurementl systets musl
meet certain fundamental requirements. These in-
clude accurale proving lacilities; adequale protective
devices such as strainers, reliel valves, and air or vapor
climinators; and dependalle pressure andd fluw con-
trols. A further fundamental requirement is Lthat the
proving of a turbine meter should, to the greatest
possible extent, duplicate the normal operaling con-
ditions of the meler.

1003 Turbine meter installations include the mea-
suring element and ils readout devices. These compo-
nents of @ meter system may be installed cither
remotely from one another or integrally.

1004 Criterta that should be considered in the se-
lection of a meter and its auxiliary equipment are:

a. Types of liquids the meter will measure, including
viscosily, gravily ruanges, vapor pressure, ard corro-
sivity.

b. Range of operating flow rates and type of tlow —
continuous or intermiltent.

c. Performance characteristics reguired for the ap-
plication (sve Appendix A, Fig. A-1).

d. Range of operating pressures and maximum al-
lowable pressure loss through the meter when run at
the maximum anticipated flow rate.

e.  Temperature vange within which meter will oper-
ate and the applicability of automatic temperature
compensalion.

f. Space available for meter installation.

g Quantity and size of abrasive and corrosive con-
taminants that may be carried in the liuid stream.

h. Types of readout devices or indicating systems to
be employed and signal preamplification, if required
(see Appendix A, Fig. A-2)

i.  Compatibility of auxiliary meter readout equip-
ment and flow rate indication. il included in the
syslem; ease and method of meter registration adjust-
ment, if desired.

j. Power supply requirements for continuous or in-
termitient meter readout.

k. Eleetricad code requirements,

L Type and method of proving to be employed.

m. Maintenance methods and cost.

n. Class and Lype of end conneclions.

1005 Aulomatic temperalure compensators and
sravity sclectors, if installed, shall be chosen to re-
spond to operating condilions within volume and
temperalure measurement {olerances required  (see
Appendix B, Par. B-23 through B-26).

1006 Valves thal may affect measurcment aceur-
acy in a measurement system shall be capable of rapid
yel smooth opening and closing, They shall provide u
positive shutoll and should be equipped with a telt-
tale bleed.

1607 Any bypass around a meter or battery of
melers shall be provided with a blind or a positive
shuloll deviee eyuipped with a tefliale bleed.

1008 Spring-loaded or sell-closing valves shail be
of such design that they will nol open to admit air
when subjected Lo hydraalic hammering or to vacuum
conditions.

1009 For intermitient flow service, valves shall be
ol the fast-acting, shock-free type to minimize the
adverse effeets of low flow rates when starting and
stopping liquid movement.

FLOW STRAIGHTENING

1010 Turbine meter performance can be affected
by liquid swirl and nonuniform velocily profiles in-
duced by upstream  piping configuration, valves,
pumps, joint misalignment, and welding projeclions,
icicles, or other obstructions. For these reasons, flow
straightening is an importanl aspeel in the design of
the meter run.
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1011 Flow straightening is an established com-
mon practice. It is accomplished by the use of suffi-
cient lengths of straight pipe or a combination of
straight pipe and straightening vanes employed in the
meter run to condition the fluid flow immediately
upstream and downstream of the turbine meter.

1012 When only straight pipe is employed, the
fluid shear or internal friction belween the fluid and
pipe wall must accomplish flow straightening. Consid-
eration should be given lo computing the upstream
pipe length in aceordanee with Appendix C.

1013 When straight pipe with an internal element
is employed in either the upstream or downslream
portions of the meter run, the internal elements usu-
ally consist of a cluster of tubes, vanes, or equivalent
devices inserted longitudinally in the section of
straight pipe (sec Appendix A, Fig. A-3). Such
straightening elements effectively assist in the flow
straightening and conditioning requirement. Where
this type of flow straightener is used upstream of the
meter, the total straightening section is approxi-
mately 10 pipe diamelers long and usually incorpo-
rales an upstream mixing chamber 2 to 3 pipe
diameters long ahead of the straightening vanes, a
straightening vane assembly 2 to 3 pipe diameters
long, and a terminal mixing chamber — immediately
before entry into the meler — approximately 5 pipe
diameters long. Internal element flow straightencrs
may also consist of a series of perforated plates or
wire mesh sereens to accomplish the desired results,
but these forms are less commonly used.

1014 Proper design and construction of the
straightening vane assembly used in an internal ele-
ment flow straightening section is important to en-
surec that swirl shall not be generated by this
assembly, thus negating the function of the entire
flow straightening section. 1t is recommended that:

a. Elements be manufactured from thin-wall tubing
or light-gage metal vanes suilably smoothed on the
leading and trailing edges.

b.  No less than four tubes or vanes be employed.

¢. In cross-section, the design be as nearly uniform
and symumeltrical as possible.

d. In straightening vane assemblies constructed of
tube bundles, the L/D ratio of each individual tube of
the bundle be at least 10 to 1 (sce Appendix A, Fig.
A.3, ltem d).

e. Design and construction be sufficiently rugged to
resist distortion or movement at high flow rates,

[ Alignment of straighlening elements be parallel to
the pipe axis.

g General internal construction be elean and free of

welding icicles, burrs, and oversize weld beads.

1015 In addition to the usc of flow straightening
sections, there shall be a maximum separation of the
meter run from pumps, elbows, valves, and other fit-
tings which may induce swirl. Flanges and gaskets
shall be internally aligned.

PIPING INSTALLATION

1016 A schematic diagram {or a turbine meter in
liquid hydrocarbon service is presented in Fig. 11 to
provide a working basis for the design of a turbine
meter run and related equipment. Certain items may
or may not be required for a particular installation.

1017 Turbine meters normally are installed in a
horizontal position. The manufacturer should be con-
sulted if space limitations dictate another attitude.

1018 Where the {low range is too great for any
one meler or for its proving, the installation of a bank
of meters in parallel may be used. I meters are oper-
ated in parallel, each individual meler shall be equip-
ped with a readout device.

1019 Meters shall be installed in such a manner
that they will not be subjected Lo undue strain and
vibration. Provision should be made to minimize
meter distortion caused by piping expansion and con.
traction.

1020 Measurement systems shall be installed in a
manner which will result in maximum dependable op-
erating life. In certain services, this requires that pro-
tective devices be installed to remove abrasive from
the liquid or other entrained particles which could
stop or cause premature wear of the metering mech-
anism. If strainers, filters, sediment lraps, settling
lanks, waler absorbents, a combination of these
items, or other suilable devices are required, they
shall be sized and installed to prevent flashing of the
liquid prior to its passage through the meter. These
protective devices may be installed singly or in inter-
changeable battery form, depending on the import-
ance of continuous service. In services where the
liquid is clean or the installed meter does not require
or warrant protection, elimination of protective de-
vices may be desirable.

1021 Mcasurement systems shall be installed so
that the meter will operate within its viscosity, pres-
sure, temperature, and flow range.

1622 Meters shall be adequately protected from
pressure pulsations and excessive surges as well as ex-
cessive pressures caused by thermal expansion of the
liquid. This may require the installation of surge
tanks, expansion chambers, relief valves, and/or other
protective devices:
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Legen

NS —

1 | METER RUN

?Zl N

FLOW

d:

Block: valve

Pressure gage {optional)

Filter, air climinator, and/or stratner (as required)
Straight pipe (Appendix C)

Straightening vane (as required)

Turbine meter

Straight pipe (with steaightening vane, as required)

8,
9.
1

11.

12.
13.

L]

A
O

Pressure gage

Thermometer

Proving conncctions (should be downstream of
meler run)

Valve with double-block and bleed or valves with
a telitale bleed

Control valve (as required)

Check valve (as required)

NOTE: All seclions of line which may be blocked between valves should have provisions for pressure relief.

FIG. I-1-Turbine Meter System Schematic Diagram.
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1023 When an automatic deviee, such as a
flow-limiting valve or restricling orifice, is required to
prevent flows in excess of the maximum rated capac-
ity of the meter, it should be installed downstream
from the meter run, whenever possible. 1 a
pressure-reducing deviee is used on the inlet side of
the meter, it shall be installed as far upstream from
the meter run as possible. It shall be adjusted so that
sufficient pressure will be maintained on the outlet
side of the meter run o prevent any vaporization of
the metered Liguid,

1024  Any condition thai tends to contribute to
the release of vapor from the liguid shall be avoided
by proper system design and by operation of the tur-
bine meter within the combined rated flow runge and
back-pressure requirement, Flow separation and va-
porization in the turbine meter are best controlled by
operating the meter within the manufacturer’s rated
range and at a minimum back pressure, BP, immedi-
ately downstream of the meter, equivalent o twice
the pressure drop, AP across the meter at maximum
flow plus 1.25 times the vapor pressure at maximum
operating temperature (BP = 24P+ 1.25 absolule
vapor pressure), Location of the meter run should
determine the need for incorporating or considering a
hack-pressure valve or a pressure-reducing valve (sce
Appendix A, Fig. A-4.)

1025 Each meter shall be installed in such a
manner as to prevent passage of air or vapor through
il. In some cases, it may be necessary to install vapor
elimination equipment ahead of the meter to accom-
plish this objective. When air elimination equipment
is used, the air-release vents shall be adequately piped
Lo an appropriate and safe location.

1026 Meters and piping shall be installed so that
accidental drainage or vaporization of liquid is avoid-
ed. The piping shall have no high points or pockets
where air or vapor might accumulate and be carried
through the meter by the added turbulence resulting
from increased flow rate. The entire installation shall
be such that air will not be introduced into the sys-
tem through holes, leaky valves, piping, glands of
pump shafls, or connecting fines.

1027 Lines from the meter to the prover shall be
installed so that the possibility of trapping air or va-
por is minimized. This can sometimes be accom-
plished by sloping the meter calibration line upward
to the prover. The distance between a meter and its
prover should be as short as possible. The size of the
gonnecling lines shall be large enough to prevent a
significant decrease in How rate during proving.

1028 Piping shall be designed so that the volume
of liquid retained in the piping from the meter to the

point of delivery into the prover shall be the same at
the end of each delivery.

1029  Special consideration should be given (o lo-
caling each meter, its auxiliary equipment and piping
Lo minimize commingling if dilferent liquids are han-
dled through them.

1030 Most turbine meters will register {low in
both directions. When this is not desired, flow rever-
sal should be prevented.

1031 A rcliable thermometer, or a thermomeler
well permitting the use of a temperature-measuring
device, shall be installed immediately downstream of
a meter run to permit determination of metered
stream temperatures. The thermometer specifications
and installation details are the same as those pre-
seribed for prover tank thermometers in AP Stan-
dard 1101, Par. 2014 through 2017. U
temperature-compensaled melers are used, a suitable
means {or checking the operation of the compensat-
ing devices is required.

1032 A reliable recording or indicating pressure
gage of suituble range and accuracy shall be installed
in or near the inlet or outlet of every melter run where
determination of the meter case pressure is required
(sce API Slandard 1101, Par. 2018).

1033 Measurement systems shall be provided with
cither manual or automatic means to permit proving
the meter under the same conditions of flow rale,
pressure, temperature, and liquid characteristics as ex-
ist during the normal operation of the meter.

ELECTRICAL INSTALLATION

1034 Every turbine meter has the capability of
producing an electrical output which may be used to
operate a wide variely of readout devices. Many of
the methods employed to produce this electrical sig-
nal are described and discussed in Appendix D.

1035 The output signal of a turbine meter may be
considered to be a train of electrical pulses, with cach
pulse representing a discrete volume of liquid
throughput. Two approaches have been taken to pro-
duce electrical pulses. The first method dircetly trans-
lates the mechanical motion of the rotor, or metering
clement, into electrical energy through magnetic in-
duction. The second method requires that external
electrical power be supplied to a proximity or photo-
sensing device, which may be externally shaft driven,
but does not actually generate electrical energy by
the rotational movement of the metering clement. In
the first method, generally both pulse frequency and
magnitude are proportional to flow rate. In the see-
ond method, only pulse frequency is proportional to
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flow rale since outpul voltage is virtually of constant
magnitude.

1036 Most electronic readout devices condition a
wave form for the counting of cach pulse or measure
the meter output frequency for flow rate indication.
Signal strength may be of a relatively low-power level;
thus installation cenditions should be dealt with as
necessary. Recommendations described herein will be
applicable to all turbine meters but will be required
for low-power-level signals.

1037 A turbine meler system is composed of a
minimum of three components: the meter (pulse pro-
ducer), the transmission line (pulse carrier), and the
readout device (pulse counter and display). It is essen-
tial that these three components be compatible with
one another and that cach of the components meet
the recommended specifications of the turbine meter
manufacturer.

1038 Every turbine meter system must mect two
general requirements (o operale properly. First, the
readout device shall be suffliciently sensitive lo res-
pond to every pulse produced by the turbine meter
throughout its operating  range. Sceond, the
signal-to-noise ratio shalt be sufficiently high so that
spurious electrical signals will not influcnce the read-
out device.

1039 The signal output characteristics (see Ap-
pendix A, Fig. A-1) normally associated with turbine
meters and their influence upon proper syslem oper-
ation are:

a. Pulse amplitude: Each readout device dircetly
connected to ‘the meter (pulse producer) must have
proper sensilivily to operate with the pulse ampli-
tudes generaled over the raled operating flow range.
b. Pulse frequency: The maximum frequency limit
of each readout device must be equal to, or greater
than, the maximum output {requency of the turbine
meter al ils highest expeeled (tow rate.

¢. Pulse width: The duration of every pulse gencer-
ated by a turbine mcter must be long cnough to be
detecled by the readout device.

d. Pulse shape: A sine wave output cannot be used
to operate a readout device requiring a square wave
input withoul adding proper preamplification and
shaping, '

1040 Great care must be exercised in the electri-
cal transmission installation so that signal amplitude
from the turbine meter can be maintained at the high-
est level while reducing the magnitude of the noise
signals, whenever possible. Optimum signal level is
maintained by:

. Limiting the length of transmission line from the

meter to the readout devices,

b. Observing the importance of proper impedance
selection (see Appendix D, Par. D-10).

¢. Using the best available and technically compat-
ible signal transmission cable (see Par. 1042).

d. Introducing a signal preamplificr into the trans
mission system at the turbine meter, il transmission
distance or manufacturer’s requircments so diclate.

e. Ensuring that supply voltages Lo preamplifiers and
constant amplitude pulse generating systems are of
proper magnitude and do not exceed noise level or
ripple requirements as specificd by the equipment
manufacturer.

f. Ensuring that all pickup coils are sccurely mount-
ed and properly located.

g Periodically inspecting and cleaning all terminals,
connectors, connector pins, and wiring junctions.

h. Replacing components which, through deteriora-
tion, result in a weakened signal.

1041 Electrical noise may be the mosl trouble-
some element in turbine meter systems employing
low-level signal outputs. Even high-level output
systems requive that proper steps be taken to elim-
inate false noise signals. Noise signals are super-
imposed on meter signals by three distinct methods:
electromagnetic induction, electrostatic or capaeitive
coupling, and electrical conduction (see Appendix D).

1042 As the operation of the turhine meter sys-
tem is the responsibility of the user, proper intlial
instaflation is of utmost importance. Greal care must
be exercised in effectively isolating the system from
external electrical influences. To minimize unwanted
noise signals, proper grounding and shiclding of mcter
and prover detector transmission cables are manda-
tory. Major considerations are:

a. A shiclded and jacketed signal cable shall be used.
The recommendation of the meter manufacturer
should be followed in selecting the proper number
and size of conductors, the type and material used in
the shield, the outer insulation requirements, and
other considerations. At a minimum, twisted two or
three conductor, stranded No. 18 to No. 22 Awg,
braided shicld, plastic or oil-resistant rubber insulated
transmission wire is suggested.

b. The shield of the transmission cable shall be
grounded only at one point Lo prevent the formation
of a ground loop; grounding of the shield only at the
readout is recommended.

¢. A continuous run of transmission cable should be


http://www.avadocuments.com/doc/api-st-2534-1970-scan
http://www.avadocuments.com/doc/api-st-2534-1970-scan

Sju2lNd0J

12 AMERICAN PETROLEUM INSTITUTE

used. wherever possible. Where splices are absolutely
necessary and totally unavoidable, continuity of the
shicld must be assured. The splice shall be wrapped
with clectrical tape to prevent inadvertent grounding,
d.  When maltiple readout devices are used and wired
in parallel, shiclded cable shall be used for intercon-
necting wiring. Grounding of cach shield shall be at
the same point.

¢, The transmission line should be installed in a
metallic conduil, wherever possible. This usually pro-
vides additional shielding against unwanted electio-
magnetic radiation,

f. The transmission line shall not share a conduil
witli any thing other than shielded eables. The conduit
may contain shiclded cabies from mulliple turbine
meters, detector switches operaling a prover totalizer
gating civeuil. direet-current bridge-type temperature
sensors, and the like. However, if the maximum elec-
frical power — in terms of microwatls, milliwatls, or
witlls - carricd by any one transmission cable is 10 or
more times greater than the mininum power carried
by any meter signal transmission cable, separate con-
duits should be provided.

g Rouling ol the trunsmission line and conduit
shotld not closely parallel conduits carrying power to
clectric motors, starters, and the like. Areas of stray
clectromagnetic radiation, such as motor starters and
underground sunp pumps, should be avoided.

f. When transmission cable is run in ducts, as well as
mside control cabinets, every attempt should be made
to keep the shiclded cable bundle intact and separaté
from other conductors. When two or more trans-
mission cables constitute a bundle, they should be
twisted together so that neither transmission cable is
subjected to heavy noise induction.

. Bund-pass [ilters and isolation transflormers may
be used as a4 metbod of atlenualing spurious noise
signals. These should be installed in accordance with
the manulacturer’s instructions.

J- Under conditions of extreme noise, it may be nee-
essary {o isolate the turbine meter from the piping
system by installing gaskets and insulated bolt bush-
ings and washers. This may be particularly necessary
when cathodic protection rectifiers used for corrosion
control are being interrupted during test periods.

k. Spare transmission cable run in a conduit with an
active transmission line shall bave the shield grounded
at the same single point as the active line.

1043 The fulluwing formulas are suggested as a

guide for approximating maximum transmission line
tength for any given {urbine meter system. In areas
where little noise is anticipated, these formulas are
considered conservative.

a. For pickup output voltage of less than 1.000 v
(1,000 mv) at minimum expected flow rates:

Transmission run length, in feet = mv (rms)
output x 1.0 {t per mv.

b. For pickup output voltage from 1.000 v 1o 5.000
v (5,000 mv) at minimum expected flow rates:

Transmission run fength, in feet = mv (rms)
outpul x L5 ft per mv,

¢. For output voltages of 5 v or more, including
outputs from meter-mounted preamplifiers, al mini-
mum expecled flow rates:

Transmission run length. in feet = mv (rins)
output x 2.0 ft per mv.

d. For frequency-modulated, wave absorplion or
other special pickup devices, the advice of the manu-
facturer should be followed.

e. Initems (a) and (b) where the desired run length
is greater than the values derived, it is recommended
that a preamplifier be added to the transmission
system. It should be mounted as close as practicable
to the turbine meter.

1044 Special consideration must be given to the
selection of readout devices for the turbine meter
system. Initial considerations should include:

a. Environment: Ascertain the need for explosion-
proof, weatherproof, corrosionproof, or fungusproof
devices. Evaluate the high- and low-lemperature ex-
tremes.

b. Maintenance: Provide easy access for mainte-
nance and obtain recommended spare parts for items
that have a predictable failure rate such as nixie tubes
and electromechanical registers. Allernative or back-
up devices and standby power supplies are suggested
where continuous service is mandatory.

c. Compatibility: All readout devices shall be com-
patible with the turbine meter and the transmission
system to which they are connected. In those in-
stances where a readout device is a link in a data
transmission system, special care must be taken to
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assure that it has an output compatible with the data
transmission system.

1045 Readout devices are available to perform a
number of different functions. They should be sclect-
ed to assure readout in the desired form. The limits of
each individual readout device should be noted so
that it may perform optimally within the turbine
meter system. Readout devices may be either analog
or digital. Both devices are electronic units which
sense turbine meter frequency but not voltage magni-
tude,

1046 Analog devices are used extensively in flow
rate indication, mulliple stream blending, process
control, and similar applications. An analog output is
obtained by conversion of frequency to a propor-
tional direct-current or voltage, The proportional
direct-current oulput usually displayed on a visual
scale may be used to drive separate control circuits.
Readout may be scaled in units of flow rate, such as
harrels per hour, liters per minule, or pereent of flow.
The overall accuracy of an analog readout device var-
ies hetween 0.1 to 2.0 percent of full-scale indication.

1047 Highest precision is obtained with a digital
readout device which totalizes the individual pulses
produced by the turbine meter throughout an interval
to an aceuracy of plus or minus one count. In its
simplést form, the digital readout device indicates
either total pulses received or pulses received per unit
time from the meter. The basic pulse counter or pulse
totalizer does nol necessarily display flow or volu-
metric units until after calculations are performed
with the appropriate factors Lo convert the accumu-
luted pulses into units of volume or flow rate.

1048 A varicty of clectronic digital readout de-
vices are available for use with turbine meter systems.
The following outline indicates the types and classes
in gencral use Y and includes deviees for special applica-
tions. Readout resolution will be plus or minus one
indicated unit; thus, the value of this unit of registra-
tion can be ol extreme importance.

A. Pulse Totalizing Counters

Those which indicate every pulse received from the
turbine meter and atford the highest degree of read-
vut resolution. They usually incorporate two or more
Hluminated display units. These counters may be clas-
sified as follows:

a. Prover counters: Those in which a special gating
circuit in the counter is triggered by swilches in the
proving system to start and stop the counter.

b. Digital flow rate indicators: Those in which a
gating circuit in the counter starts and stops the
counter over a preselected time interval. A fixed pre-
selected time base provides uncorrected flow rate
indication; a variable preselected time interval can
provide corrected digital flow rate indication, since
meter, temperature, and pressure fuctors may be in-
corporated, and corrected for, in the time base.

B. Computing Counters

Those in which readout is in terms of the number
of multiples or pulses received by the counter. The
readout of these counters may be by means of illumi-
nated display but is normally accomplished with an
electromechanical or mechanical register which re-
quires that the incoming pulses be divided. These
counters may be classified as follows:

a. Fixed ratio computing counters: Thosc in which
the incoming pulses are normally divided by 10, 100,
1,000, etc., so that display is 1/10, 1/100, 1/1,000,
ete., of the total pulses received. Some of these units
are designed to divide by a fixed number other thun a
multipie of 10.

b. Variable ratio computing counters: Those in
which the incoming pulses are divided (or multiplied
and then divided) by variable divide circuits. The di-
vide circuits are selected manually by means of exter-
nal knobs or patch boards based on turbine meter
pulses per volume under specific operating con-
ditions. The selection is made on pulses per volume or
the reciprocal of pulses per volume depending on the
counter manufacturer. Readout is in direct units for a
specific operating condition. Such counters may in-
corporate the meter, temperature, and pressure cor-
rections into the variable ratio and read out the true
net volume, where desired.

¢. Quantity predetermining counters: Those in
which contact closure is provided after a preset quan-
lity is delivered. Quantity may be in terms of puises
for some devices or may be in terms of volume if the
device also performs the function of a variable ratio
computing counter. Repeat quantity measurcment
and batch quantity plus total quantity measurement
options are available for some units.

d. Stepper-motor-driven counters: Those in which
readout is by a mechanical counter driven by a step-
per motor. The stepper motor is driven by an clee-
tronic converter. The converter divides total pulse
input; stepper motor revolutions are directly related
to converter pulse input.
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C. Add-Subtract Counters

Those which diseriminate between forward and re-
verse flow. Increasing registration results from flow in
one direction, whereas flow in the opposite direction
causes the unit to subtract digits.

1049 A tfotalizer is usually equipped with some
form of visual display and may include a printing
mechanism. The most commonly used methods for
translating pulse information into numerical display,
within certain limitations, are as follows: :

a. Electromechanical registers: The first register
wheel is driven by a relay and rachet assembly; most
units have a maximum counting rate of 50 counts per
second. The numerals are either displayed or printed.

b. Stepper-motor-driven registers and tickel

printers: Incremental rotation or a step per input
pulse is used to revolve the register wheels. The num-
erals on the wheels can be read either directly or
printed on paper.

c. FElectronic or illuminated display: The display
usually takes the form of inerl-gas-filled tubes or
backlighted projection units that are capable of
counting at a frequency higher than that encountered
in turbine meter systems. Neither unit is capable of
printing, although photographic recording systems are
available. o : .
d. Memory or storage registers: The registers dis-
play or print information only on command. This
method is used for remole inquiry and data trans-
mission, although a visual display may appear locally
in illuminated form. :
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SECTION II-METER PROVING PROCEDURES

SCOPE

2001 This section covers proving procedures
applicable to turbine meters in liquid hydrocarbon
service. Meter proving procedures staled in APl
Standard 1101, Sect, I, and APl Standard 2531,
Sect. VIII, are applicable.

2002 Either of the two types of provers, volu-
metric or gravimetric, described in APl Standard
1101, Sect. II, can be used to prove turbine meters.
However, turbine meters, particularly in larger sizes,
are capable of measurement at very high flow rates;
therefore reference volumes should be designed espe-
cially for such use.

2003 With the volumetric or gravimetric method,
either of the following Lypes of provers can be em-
ployed:

a. Open provers: Those which are open to the at-
mosphere through unrestricted openings.

b.  Closed provers: Those in which a pressure great-
er than atmospheric is or may be maintained during
the meter-proving operations.

PROVISIONS

2004 A turbine meter should be proved in its per-
manent installalion at the expected operating rates of
flow, pressure, temperature, and viscosity on the lig-
uid which it will measure in normal operation. When
a meter is used to measure more than one produet or
grade of crude oil, the meter shall be proved on cach
such product or grade of crude oil which shows a
significant dilference in physical properties affecting
overall measurement aceuracy. The meter shall be ori-
ented in the same position during proving as during
operation so that an unusual bearing load does not
adverscly affect the performance.

2005 Turbine meters can be proved satisfactorily
by either the standing start-and-stop or the running
start-and-stop method, as described in APL Standard
1101, Sect. 1L The standing start-and-stop method is
considered less desirable; however, if used, the follow-
ing precautions must be obscrved:

a. The prover volume shall be sufficient for at least
I min of flow at the maximum anticipated llow rate.

b. The start-stop valve is to be opened to the prov-
ing rate in as short a time as possible, but not so
quickly as Lo cause shock or cavitation to occur with-
in the meter run,

15

¢, The valve must be closed quickly bul withoul
causing shock or damage to the meter or the mani-
folding. Reversed or oscillating flow must not veeur
when the valve is closed.

2006 The running start-and-stop method of prov-
ing is recommended for a turbine meter. In mosl ap-
plications, this method is considered the hest
universal technique for cither the volumetric or gravi-
metric proving of a turbine meter.

2007 All turbine meters are capable of producing
an electrical pulse output for proving. Highest read-
oul precision is obtained with a pulse Lotalizing
counler which accumulates the pulses generated by
the meter during a proving run Lo within plus or
minus one pulse. Such u proving counter wili not nee-
essarity readout directly mto units of volume without
a mathematical correction to convert indicated pulses
10 the units desired (sce Par. 1048).

2008 For meter proving, the following points
should be observed:

a. Prover counter shall display d minimum of five
digits to within plus or minus one count.

b. Total count for a proving run should not be less
than 10,000 diserete puises and preferable more so
that counter error of plus or minus one count will
become £ 0.01 pereent or less.

¢. Input sensitivity shall be sulficient to have the
capability of counting every input pulse of the ampli-
tude generated by the meter at the proving rate.

d. Counter shall he equipped with a manual or elce-
trical reset.

e. Prover counter shall have provisions for external
starl-und-stop through a galing circuit which is actu-
ated by contact closures or equivalent. Mechanical
latching relays are undesirable.

f. An acceptable form of pulsc-doubling for a prover
counter employs the technique of counting positive
and negative pulses, or the equivalent, of the gener-
ated signal. Simple eleetronic frequency mulliplica-
tion is not acceptable.

2009 The minimum proof volume should he such
that a total of at feast 10,000 pulscs, preferably more,
will be counted by a normal proving counter. Thus, if
a meter produces 1,000 pulses per barrel, and a stan-
dard proving counter is used, the 10 bbi of volume
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will be needed; if the same meter is used with a
doubling prover counter (see Par. 2008, item f), then
not less than 5 bbi of volume will normally be satis-
factory.

2010 It is suggested that a minimum of five runs
be made for each proof and the results averaged. This
is particularly necessary in the early life or
breaking-in period of a measurement system and after
an overhaul (see Sect. IV, Par. 4006). Once the per-
formance of a measurement syslem has been estab-
lished, check provings of less than five runs may be
considered salisfactory. Maintaining system factor
control charts (sec Appendix B) facilitates determin-
ing what is acceptable in the matter of repeatability
and sets “action limits™ within which all system fac-
tors can be deemed satisfactory.

MECHANICAL DISPLACEMENT PROVERS

2011 The preferred method of proving utilizes the
mechanical displacement meter prover, described in
APl Standard 2531, and offers the following advan-

tages for turbine meters:

a. Meters can be proved under actual operating con-
ditions, at actual pressures, and on fluids which might
otherwise be difficult to handle.

b. Stable-state flow conditions may be maintained
throughout the meter proving run.

¢.  Time required for proving can be greatly reduced.

d. Combined clements of meter and prover lend
themselves to automatic as well as remole operation.

MASTER METER PROVERS
A. General

2012 Any meter or battery of meters having an
established master factor, which is maintained when-
ever the master meter is relocated, may be used lo
prove a turbine meter by the running start-stop
method (see Appendix B, Par. B-5, and B-25, Ex-
ample 1). The master factor shall be established with
the same liquid and under similar operating con-
ditions as the meter to be proven. Master meter prov-
ing is less precise than proving against a known
volume, and reasonable results can be obtained only
il extreme care is laken to guard against experimental
errors. The most commonly encountered experimen-
tal errors are:

a. Inaccuracies in thermometry (see Appendix B),
particularly when observed temperatures  are

“rounded off™ to the nearesl degree, can introduce
errors of magnitude far greater than any other likely
source. Therefore, it is recommended that the master
meter, or meters, and the run of the turbine meier
being proven be located as close together asis practi-
cable. When this is done, temperatures and pressures
may be assumed equal for purposes of volume coire-
lation between the master meter and melter Lo be
proven. When il is not possible to assure thal the
masier meter and the meter to be proven aie oper-
ating under necarly identical pressure and temperature
conditions, then pressure and lemperature shali be
observed with the preatest possible precision, and
appropriate correclions made.

b. Preferably, both master unil and meter to be
proved should be equipped with prover counters con-
necled in such a way that all counters can be started
and stopped simultancously.

¢.  Master meters should be instalted downstream of
the meter lo be proved, whenever possible. In par-
ticular, the temporary installation of a master meler
upstream of the meler to be proved may adversely
affect the desired long-term performance of the tur-
bine meter system.

B. Positive Displacement Meters with Master Factors

2013 If positive displacement meters with master
factors are utilized, il is suggested that the units be
equipped with pulse generators, or similar devices,
capable of producing a high-resolution oulput. When
so equipped, the reference volume for proof becomes
the same as that described in Par. 2009, except that
the meter producing the least number of pulses per
unit volume shall be used to determine the minimum
required length of run.

2014 Less sophisticated methods may be used to
prove a turbine meter with positive displacement me-
ters having master factors providing the following
conditions are understood and acceptable:

a. Error resulting from reading the displacement
meter register “on the fly” may cause an excessive
scatier in readings.

b. Rate changes occurring during the proving cycle
may cause the turbine meter to respond more rapidly
than the displacement meter, resulting in pessible
scutler. :

¢. When a pulse generating device is not used with
the positive displacement meter, the minimum run
length should equal the least reading of the register
times 10,000, That is, if the register can be consist-
ently and precisely read to the nearest 1710 bbl, the
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minimum proof volume would be 1,000 bbl; if to the
nearest 1/100 bbl, the proof volume would be 100
bbl. If proof runs conducted in this manner are not
satisfactory, a series of runs of larger volumes should
be made until repeatability is satisfactory to all par-
ties concerned.

C. Turbine Meters with Master Factors
2015 A turbine meter with a master factor may

be utilized as a proving standard provided the follow-
ing precautions are observed:

a. Both units have sufficient flow-straightening de-
vices so that one unil does not adversely affect the
performance of the other.

b. Electronic readouts are all properly grounded at
the same single point.

¢. Both counters are noisefree under zero flow and
“open gate” conditions.

d. Both counters are started and stopped by the

same initiating signal or contact closure. (Internal
electronic gating circuits are recommended.)

VERIFICATION OF COUNTER REGISTRATION

2016 When a prover counter is used to determine
a factor that is to be applied to a computing counter,
the result of this factor as applied to, or performed
by, the computing counter must be verified. This may
be accomplished by operating both counters simulta-
neously for a period of time to assure readout resolu-
tion of one part in 10,000 for both counters. The
appropriate factors to arrive at net volume for each
counter are applied and these two net volumes com-
pared. The difference between the two readout sys-
tems should be minimal and, if warranted, the cause
of error should be determined and corrected. The reg-
istration of the computing counter may be verified by
the proving counter. This is accomplished by gating
the prover counter when it displays a nominal 10,000
pulses and by gating the checked counter when a
whole digit is exactly displayed on the latter.
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SECTION HI-EFFECTS OF TEMPERATURE AND PRESSURE VARIATION ON METER MEASUREMENT

SCOPE

3001 This scetion deseribes the physical effects
on a meter as the result of changing its internal Liquid
temperdure oF pressure, or both. These effects in-
clude  mathematical  corrections by which  the
quantity flowing through a meter may be determined
for a condition of [unpud!un' and pressure other
Hhan thal al which the meter was proved.

PROVISIONS
3002 Turbine meters tend to be  viscosily
=ensilive. While for an individual meler it may be

pussible to develop an empirical equation whereby
the meter factor at v centistokes can be computed if
the meter factors are known at x and z centislokes,
thi= cannot be done fur turbine meters as a class.
Atthongh the viscosity of liquids is related to tem-
peraturc, the sensitivity of turbine meters to viscosity
variation implies a corresponding sensitivity to tem-
prrtture changes which cannot be expressed in a
ipantitative way. However, the viscosity sensitivily of
turbine meters is usually negligible at lower vis-
cosities, and so for these liguids the unknown com-
ponent i negligible. For  these  liquids,  the
temperature effects on turbine meters may be cal-
culated by the methods deseribed in this section and
in Appendixes Eand F.

Turbine meters also tend to be nonlincar over a
flow rule range, but a general expression has not been
derived to predict this deviation. As pressure changes
normally result in changes in flow rate, a generally
applicable expression for the pressure sensitivity of
turbine meters canno! be isolated. However, the
meter factor curve on low-viscosily liquids may be
nearly lincar over a wide range of flow rate, and in
these conditions the pressure effects on turbine
meters may be caleulated by the methods deseribed
in this seetion and in Appendixes E and F.

The procedures described in this seetion and in
Appendixes E and F are therefore applicable to tur-
bine meters which are measuring lower viscosily
liquids, but it is difficull to specify the lower
viscosily limit. On light products and gasolines with a
viscosily less than I ¢St at 60 F, the procedures
should predict the behavior of most turbine meters,
As the ligquid viscosily increases above 1 ¢St at 60 F,
the behavior may start to deviate because of the in-
creasing sensitivity of the melter to viscosity and flow

18

ratc. As devialion depends on the size and the type of
meter, il is impossible to slipulate an exact viscosity
range. The procedures deseribed should be applied
only afler accurate measurement has been achieved
and all partics to the transaction are agreeable Lo the
procedure. For liquids more viscous than 15 ¢St al 60
F, and for all crude oils, the mathemalical treaiment
does notl apply and is not recommended. Turbine
melers for these liquids should alweys be proved at
the melering conditions,

3003 A limited change in the temperature or pres-
surc of the more commonly metered light, reflined
liquids usually docs not give rise Lo sufficient changes
in viscosity, density, lubricity, ete., to cause signifi-
cant c¢ffect on turbine meter accuracy. However, this
is not necessarily the case with heavier hydrocarbon
liquids or lighter liquefied gases. Therefore, when
metering liquids where slight changes in physical
properties from temperature and pressure are known
to have hittle effect on meter performance, and where
it is necessary o operate a meler (w1lhout reproving)
at some pressure and/or lemperature other than that
al which the meter was proved, use of the math-
ematical corrections in this section will enable the
mainienance of a reasonable degree of metering
accuracy. The derivations of the correction faclors
Cismpc and Cpsmpe which follow are based on metal
propertics and include a number of assumptions
detailed in Appendix E. Although these are logically
sound, it is preferable to prove a turbine meter at
conditions which are identical to its expected
operaling conditions, whenever possible. The use of
the mathematical correction procedure to get from
one sct of temperature and pressure conditions to
another should be employed only with the knowledge
that:

1. Potenlial error increases as the magnitude of the
difference between the proving and operating con-
ditions increases.

2. Meter proof establishes the accuracy of the meter
at the proving conditions and, in so doing, physically
accounts for all variables at those conditions.

DESCRIPTION OF EFFECTS

3004 The cifect of changing the flow rate, vis-
cosity, density, lubricity, and related variables in an
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operating meter cannot be conveniently expressed
mathematically for all makes and sizes of meters. If
only the variables temperature and pressurc are iso-
lated from those nonuniform effects, and if limited
temperature and pressure changes have little or no
significant effect on flow rate, viscosity, density, and
so forth, it may be concluded that changing the tem-
perature or pressure inside a meter changes only the
physical dimensions of the liquid and the meter. The
extent of these latter effects may be obtained from
tables for the liquid and calculated for the meter.
Changing the temperature of the metered liquid with-
in a meter from that which existed during proof
results in: 1, changes in the relative volume of the
liquid, Cetm , in accordance with ASTM D 1250: Stan-
dard Petroleum Measurement Tables; and, 2, changes
in the physical dimensions of the mecter due to ther-

mal expansion or contraction of its housing and parts,
Cism, as calculated in Par. 3010 and Appendix E.
Changing the pressure of the metered liquid within a
meter from that which existed during proof resulls
in: 3, changes in the relative volume of the liquid due
to compressibility, Cpim, in accordance with APl
Standard 1101, Table II; and, 4, changes in the
physical dimensions of the meler arising f{rom
mechanical strain of its housing due to pressure,
Cpsm , as calculated in Par. 3016 and Appendix E.
Only the forcgoing four effects can be expressed in
proper mathematical terms to permit reasonable mea-
surement accuracy under varying operating con-
ditions of temperature and pressure for all meters.
Even then, the reliability of this mathematical
technique diminishes as the extent of temperature
and pressure variations increase.

BASIC FORMULA FOR METER FACTOR

3005 Insofar as flow rate, viscosity, density, lub-
ricity, frictional resistance, and related variables are
considered, a meter factor is valid only so long as the
meter is measuring under the conditions of the vari-
ables which existed when the meter was proved and
for which the meter factor was established. There-
fore, reference conditions of a meter factor, insofar as
the variables are concerned, are based on the con-

ditions which existed when the meter was proved; the
meter factor is applicable only so long as those
proving conditions exist.

3006 With respect to the variables of temperature
and pressure only, the reference conditions of a meler
factor may be selected at any desired values. The
most common technique (an alternative is described
in Appendix F) uscs reference conditions of tempera-
ture and pressure as follows:

Liquid temperature in the meter =60 F.

Liquid pressure in the meter
Meter housing lemperature
Pressure in the meter housing

= pressure in meter al time of proving.
= emperature of meter at time of proving.
= pressure in meter at time of proving.

3007 The general formula for determining a meter
factor having reference conditions as described in Par.
3006 is:

(B V) (Ctlpﬁﬂ) (Cp!pr) (Crspﬁc) (Cpspr)

MFeoapc =

MFﬁO&pc -

(MR) (C!!m 60) (Cplmpc) (Ctsmpc) (Cpsmpc)

However, the preceding formula is greatly simpli-
fied in normal applications so that:

- (B (Cpitpr) (Cespeo) (Cpspr)

(MR)

This assumes that a turbine meler is proven:

1. Against @ mechanical displacement meler prover; and
2. Operated at the conditions which existed at the time of proving.
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Then, the liquid temperature in the meter is identical to that in the prover
so that Crpso and Cimeo have an identical mathematical value and are
self-cancelling. Also, the last three factors shown in the denominator are all
unity (1.0000) since they are mathematically incorporated into the meter
factor for identical operating and proving conditions.

In summary, the remainder of Sect. Ill may be ignored if the aforemen-
lioned two conditions are mel in a turbine meter installation.

NOMENCLATURE

MFsospe = meter factor having reference conditions of
- temperature and pressure as {ollows:

Liquid temperature = 60 F.

Liquid pressure = pressure in meter al proving condition.
Meter temperature = temperature of meter at proving condition.
Meter pressure pressure in meler at proving condition.

1}

BV = base volume of mechanical displacement meter prover or
prover tank when its internal pressure is O psig and its tem-
perature is 60 F.

Ciipso = correction factor for the temperature of the liquid in the

prover to reduce the volume of liquid observed in or dis-

placed from the prover at prover temperature Lo its equiva-

lent volume at 60 F, To obtain Citpes, sce ASTM D 1250: ,
Cpipr = correction factor for the pressure on the liquid in the prover

to reduce the volume of liquid observed in or displaced from
the prover at prover pressure to its equivalent volume at the
reference pressure of measurement. The reference pressure
of measurcment for liquids having vapor pressures equal o
or less than atmospheric is 0 psig. Cpip, is derived from the

formula
B l-m(Pg—Pc){F)
V,= (V’I)[W]

for converting a volume at a high pressure to its equivalent
volume at a lower pressure (see APl Standard 1101, Par.

3046). 1
Cﬂlpr = VL;
then, C o L=(P—P.)(F)
e T T (Pa—P,) (F)
Where:

Py = reference pressure of measurement in pounds per
square inch gage normally considered as 0 psig for
liquids having vapor pressures less than atmospheric.

Pe = equilibrium pressure in pounds per square inch gage
for the liquid in the prover, normally considered 0
psig for liquids having vapor pressures less than
atmospheric.

|
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. F = compressibility factor in pounds per square inch for
the liquid in the prover al prover temperature from
APl Standard 1101, Fig. 33 or Table 11.
Py = average pressure on liquid in the prover, in pounds
per square inch gage.

Cispso = correction factor for the temperature of the steel in the
prover to reduce the base volume of the prover at 60 F Lo its
equivalent volume at the observed prover temperature.
Cispeo for mechanical displacement provers is obtlained
from APl Standard 2531, Appendix B, Table 1. Crspeo for
prover tanks is obtained from the Ces values in APl Standard
1101, Par. 3045,

Cpspr = correction factor for the pressure on the steel of the prover
to reduce the base volume of the prover at 0 psig Lo its
equivalent volume at the observed prover pressure. Cpspr for
mechanical displacement provers is obtained from API Stan-
dard 2531, Appendix B, Table I1. Cpsp, for prover tanks is
obtained as described in APl Standard 1101, Par. 2116
through 2122, Cpsp,r for all meter provers operating at
atmospheric pressure is equal to 1.0000.

MR = meter registration, closing meter reading minus opening me-
ter reading during a meter proof or during any measuring
period.

Cumeo = correclion factor for the temperature of the liquid in the

meter to reduce the meter registration volume at the ob-
served meler temperature to its equivalent volume al 60 F.
Citm 6o is obtained from ASTM D 1250,

Cptinpe = correclion factor for the pressure on the liquid in the meter
to reduce the meter registration volume at meter operating
pressure to the equivalent volume at meter proving pressure.
When a meter is being proved, the proving and operating
pressure are the same and Cpim pe is equal to 1.0000. When a
meler is operated at the pressure at which it was proved,
Cotmpe is equal to 10000, Cp i pe is obtained by usc of the
following formula (see API Standard 1101, Par. 3046):

C] — 1_(P9_Pu;u) (F:J)
pimne 1"(”0"‘[).:'0) (Fa)

Where: ‘
Pp = internal meter case pressure during meter proving,
in pounds per square inch gage.
P.p = equilibrium pressure at proving temperature.
Fp = compressibility factor per pounds per square inch

for the liquid involved at the proving temperature
from API Standard 1101, Fig. 33 or Table IL

P, = internal meter case pressure during meter opera-
tion, in pounds per square inch gage. When prov-
ing a meter, Pp = Po.

Peo = equilibrium pressure at operating temperature.
When proving a meter, Pep = Pes.
Fo = compressibility factor per pound per square inch

for the metered liquid at the operating tempera-
ture from API Standard 1101, Fig. 33 or Table 1I.
When proving a meter, Fp = Fo.
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