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FOREWORD

Small errors in liquid propellant metering can result in extremely
costly penalties in rocket and missile development programs. To carry out a
succesgsful mission, the residual fuel mass of an aerospace vehicle during
flight or when parked in a coasting or rendezvous orbit, must be continually
known with extreme precision. Propellant consumption errors can lead to
failure of the mission, Accurate airborne flow meters will diminish this er-
ror better than level gaging, because the latter is inapplicable to zerc-G flight
where the propellant interfaces in the tank are discontinuous.,

Of equal imiportance is propellant loading accuracy, both to provide a
lift-off total liquid mass, and to verify density/mass computations when volume
tanking to fixed liquid-level probes, Thus, both airborne and ground support
flow metering are involved.

The importance of accurately mecasuring mass quantities of liguids into
space vehicles ranks in importance with thrust and guidance capability.

1t was startling, therefore, during this study to discover that a paucity
of dependable flow meter calibration correlation data existed. Almost without
exception, meters for storable propellants are calibrated with water and uti-
lized on the propcllants without corrections. While facilities for correlating
water calibrations against cryogenic propellants are operated by NASA, indus-
trial laboratories and aerospace corporations, only extremely liinited data and
correlation facilities are available for storable propellants.

The accuracies obtained by storable propellant flow meters are then a
matter of opinion and are not actually known. Even based on expert opinion,
these accuracies are far from gufficient to meet current aerospace needs.

This report outlines current practice in the aerospace and turbine flow
meter industries and discusses a new concept recently introduced by the petro-
leuin pipeline transmission industries which incorporates on-stream calibraticn
and could reduce flow measuring errors by a full order of magnitude.
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ABSTRACT

o —  ——— — — ——

Turbine meter theory and practice are reviewed. Current
practices in calibrating turbine-type flow meters using water or a
standard hydrocarbon to determine K factors for application to stor-
able propellants are examined and found unsuitable for accurate
work. Correlation data in literature and private files are inade-
quate. Criteria are provided for the design of calibration facilities
to provide direct calibration on propellants.

An unusual technique recently developed in the petroleum
industry may greatly increase both accuracy and reliability.
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I.. . DEFINITION OF TERMS AND. ABEREVIATIONS (Ref. 1SA RP31.1
° " and RP37.1) ce

Readout: ~The i;nstrumént which monitors {displays or records) the
’ “flow rate" and/or 'total flow,"

Examples: Pulsé counter ‘
Digital voltmeter =
EPUT-meter

Flow Transducer: The FLOW METER. "A turbine-type flow trans-
‘ ducer with an electrical output is a measuring device in
which the action of the entire fluid stream turns a bladed
rotor at a specd nominally proportional to the volume rate
' of flow, and which generates or modulates an output sig-
nal with a frequency proportional to the rotor speed."
{iSA Recommended Practice RP21. 1)
’ In this report, the flow transducer may be referred to as
the "meter' and "flow meter."

Lounter: An electronic frequency (cycles/sec, or total cycles) read-
out arranged decade-wise. A common form of frequency
counter for reading-out flow is the EPUT-meter (Events-
per-Unit-Time).

Load Cell: An electronic force or weight-measuring transducer,
usually employing & strain-gaged tension or compression
member hermetically encased in a sealed capsule.

Propellant: In this report, a liquid burned as a "fuel" or "oxidizer"
to provide propulsive force to a missile or other aerospace
vehicle.

Examples: RP-1, liquid hydrogen, pentaborane, etc.

Storable: A propellant which is easily stored without excessive evapo-
rative loss such as occurs with cryogenic fluids,
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Cryogenic: Pertaining to liquefied gases, particularly oxygen, nitro-
gen, hydrogen, heiium, and fluorine.
Pulse: Synonymous with cycle, pip, count,
Fuel In this report the fuels are:
Hydrazine (N2Hy4-Mouopropellant)
Unsymmetrical Dimethyl Hydrazine (UDMH)
50-50 Blend (Mixture of 50% NyHy4 and 50% UDMH)
Pentaborane (BsHg)
RP-1 (Refined Kercsene)
Liquid Hydrogen (LHj) a cryogenic liquid
Oxidizer: In this report the oxidizers are:
Nitrogen Tetroxide {(N204)
Chlorine Trifluoride (C1F3)
Liquid Oxygen (L.O2)
Liquid Fluorine (LE2)
Cycle: The preferred term, a ''cycle'' is one of a series of elec-

trical waves which constitute the output signal of a turbine-
type flow transducer. Each cycle represents a discreet
unit volume (or ''mass' in some cases) of the fluid being
measured, and is usually generated by each blade of the
rotor.

Frequency: The repetition-rate of the transducer output signal, usu-

ally expressed in cycles per second.,
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NASA National Aeronautics and Space Administration
DOD Department of Defense
MSFC Marshall Space Flight Center

AEC Atomic Energy Commission
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IIl. DISCUSSION

A, History of Turbine Flow Meters

The use of a bladed rotor, turned by the force of fluid flow, is
not in itself a very recent development. Known aa the ''anemometer,'' a deli-
cately-balanced windmill-type velocity meter has been in popular usage for
many years to measure low-velocity, low-pressure air streams such as found
in fan and blower performance studies, ventilation ducts, air-conditioning sys-
tems, etc,

Cup-shaped, as well as flat-bladed, velocity-sensing devices
have also been used for gaging open-channel flows as seen in irrigation works,
and for logging ship speed.

In closed conduits under pressure: - pipes, there have been used
(and still are found) many thousands of what are called ''propeller'" meters.
These are usually combined with a '"positive-displacement' element which
measures main flow, while the propeller or turbine measures the smaller
bypass or shunt flow.

As a result of the widesprezd acceptance of the term ''propeller-
meter, ' it has often been applied to any flow meter which has a vaned rotor.
lately, the term 'turbine-meter'' or '"turbine flow meter' has come to be as-
sociated more and more with those earlier models which actualiy metered only
a fraction of the total stream.

In order to clarify the terms, the Instrument Society of America
in its Recommended Practice RP31.1 established the definition of a turbine-
type flow transducer {flow meter) as one which measures the _e_n_tig;_ fluid stream,
not just part of it. This definition eliminatcs from this report any consideration
of "propeller'" types operating on only a portion of the total tlow.
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It may be pertinent to also point out that the word ''turbine' is
always associated in engineering circles with a {luid-driven member, where-
as ''propeller" connotes a fluid-driving member, The American Society of
Mechanical Engineers, in "Fluid Meters - Their Theory and Application" is
not in accord with this interpretation, but the aerospace industry has gener-
ally aligned itself with it. Therefore, we will use the generic word "turbine"
in this report.

The aercspace industry has almost universally adopted the turbine-
type flow transducer for flow-rate, as well as total flow measurements of all
types of fluids -- liquids and gases, used in airborne or in ground systems.

Probably the salient feature of the turbine transducer, compared
with other flow meter types, is its distinctly advantageous form of cutput sig-
nal: AC frequency. Frequency in turn is proportional to volume flow-rate.
Although the signal amplitude (voltage) drops off at low flows, along with fre~
quency, this disadvantage is of minor importance to most users,

Anocther strong advantage of the turbine meter over other types
lies in its inherent long-term precision and repeatability coupled with fast re-
sponsc, relatively low cost, low weight and size, as well as low pressure-drop.
Thinking in terms of P/D (positive~-displacement) meters, all of these factors
favor the turbine-type in addition to its preferred output signal mentioned above.

The P/D meter manufacturers, in order to combat the swelling
sales of turbine meters, have been adding pulse-generators to their meters.
Thus, one revolution of the P/D register drive-shaft can stand for 100 or any
Jdesired number of electrical pulses pe. unit volume. With the addition of pulse
generators, the P/D-type meters have overcome only one of the advantages of
the turbine-type; i.e., frequency proportional to flow, but the P/D meters still
are bulkier and offer more flow resistance than turbine-types.

However, authorities agree that the limitations of the turbine
meter in r‘mpect to pPressure- AVDO’ ucno.&\-lv;ty to upayacaau d;a\.ul‘bau\,?, and
inability to endure over-speeding with gas, will soon bring into more frequent
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use several amocoth-bore flow meters. With no parts in the flow stream, this
new generation of meters will in time be more common than any other type.

However, their development has been slow and they are far from practical in
their present state.

It is not hard to visualize the dynamic forces that produce, in a
turbine meter, a rotational speed nominally proporticnal to volume flow, The
torque producing a change in rotor speed is, according to Dr. Jerry Grey:
dde

T =1
dt

T = hydrodynamic torque on rotor blades
1 = axial moment of inertia of rotor

© = angular displacement of rotor

t = elapsed time

Where:

This relationship merely shows that the hydrodynamic torque T
through some discreet swept angle @, and that the heavier

acts on each blade
values), the longer time t it will take to accomplish the

the roter (higher I
change in speed.

If, then, we start off with zero flow (with rotor at rest) and gradu-
ally increase flow, the rotor speed will increase in proportion to the moment of
inerti.. if we neglect frictional losses. In practice, this is not possible. There-
fore, rotor acceleration occurs until a state of equilibrium is reached where
the driving torque exactly equals resistive torque, and the rotor then travels
at the speed where this state of equilibrium exists.

Due to the complex relationship between rotor geornetry, and vis-
cous forces of the fluid acting on the blades and hub of roter, and as this com-
plex relationship varies from one make of meter to another (and between meters
of the same make), it becomes only of academic interest to al%ebraically ex-
press the-equation for rotor speed. Dr. Grey, Hochreiter, 3 and others
have developed such an expression., Suffice to say, the K-factor (cycles per
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gallon) of each individual transducer is the means by which we relate rotor
speed to linear velocity. Since the output frequency # is the same as rotor
speed (by an even factor), and linear velocity is equated to volume flow, we
see that:

K = rotor speed _ f(cycles/sec) _ cycles
volume flow Q{gals/sec) gals

A close: analytical study would bring out the logical deduction
that at cnly one point in each blade is there exactly the same relative velocity
between the blade and a particle of fluid at that spot. At other puints on the
blade the fluid is either being driven by the rotor or the rotor is being driven
by the fluid. This is true because the flow is turbulent in the plane of the rotor,
and velocity distribution along the length of the blade is not ideal. Research in
blade shapes by each manufacturer has resulted in some preferring flat blades
and some preferring twisted blades; the ideal shape is governed to a large ex-
tent by the geometry of the flow passage. The end result toward which all have
strived is, of course, a compromise between linear range, pressure loss, and
viscosity immunity.

One of the earliest aircraft models to be used was one developed
by Mr. David M. Potter while employed by the Navy during World War II. It
was first manufactured about 1945 by the Breeze Company, later by Potter
Aeronautical Corporation. Other early models similar to Potter's were later
produced by such firms as Cox, Fischer & Porter, and Waugh. Today the
aerospace industry has the choice of eight U.S,A. sources of turbine-iype
flow transducers and at least one foreign brand. These are:

1. Cox Instruments, Detroit, Michigan
2. Fischer & Porter Company, Warminster, Pennsylvania
3. Hydropoise, Inc., Scottsdale, Arizona (a Division of

Brooks Instrument Corporation, Philadelphia)

4. Potter Aeronautical Corporation, Union, New Jersey

5. Quantomics Inc., Tarzana, Califoraia

6. Revere Corporation of America, Wallingford, Connecticut

7 Space Instrumentation Company, Santa Monica, California

8. Waugh Engineering Division, Van Nuys, Czlifornia

9 Meterflow Ltd,, 606 N. Feltham Trading Estate, Feltham,
Middlesex, England (Represented in U.S.A. by Communi-
cation Control Corporation, Van Nuys, California)
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With no exception, these transducers all me .sure flow rate and
total flow by generating or modulating an electrical signai proportional to the
volume of flow passing through it, In some cases it is also possible to infer
gravimetric or mass units (pounds or kilograms) by compensating for the
known or inferred specific weight of the fluid. Some types of mass flow meters
can even measure directly in gravimetric units by proper design.

In the majority today are those designs which generate one elec-
trical cycle with each blade that sweeps through the magnetic field present in
the fluid passage. A permanent magnet stationed within the windings of the
pickotf coil produces the field. This principle of transduction is called '"re-
luctance, ' and the coil is known as an active coil. Alternately, some designs
feature a perforated or serrated shroud ring surrounding the blades and re-
volving with them., Each hole or "tooth' generates a cycle, making it poseible
to generate relatively high signal frequencies with just a few blades, or at low
rotary speeds.

In the earlier models a cylindrical permanent magnui was em-
bedded in the rotor hub; or, in large-size meters, magnets were emplaced in
the blade tips. In either case, the rnagnet swept past a stationary 'passive"
pickoff coil on the exterior of the meter housing, inducing a pulse for each
pole-piece that swept under the winding. These are known as "inductance"
types.
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To avoid severe weight and response penalties the reluctive type
element with active coil is used almost exclusively today. The transducer
housing must be made of a non-conductor to eliminate eddy currents that other-
wise would vitiate the signal.

It is equally important to so design the flow meter that the torque
driving the rotor is strong enough at low velocities to overcome bearing and
viscous drag, as well as the electrical drag of the rnagnet. To do this and yet
avoid excessive pressure drop through the unit requires a judicious balance be-
tween rotor design and signal strength.

Future tuirbine flow meter designs are expected which will im-
prove performance in these ways:

a. Lessen the unit's sensitivity to vigscous effects.
b. Incrcase the unit's linear range.

c¢. Enhance reliability and leng-life through better craftsman-
ship and materials, as well as through design improvements.

d. Lower first cost by closer gquality control, resulting in a
diminishing need to individually flow-test or calibrate each transducer.

e. Permit sensing mass-flow directly rather than inferentially,

It is generally felt throughout the aerospace industry that the ul-
timate in flow measurement is a transducer which has no moving parts in the
stream, or better than this, one with no internal parts. Several '"'smooth-bore"
designs are now in the development stage but are not ready for widespread use.
Typical of these smooth-bore types are:

a. Decker's gyroscopic-loop mass flow meter

b. GQGulten's ultrasonic mass flcw meter

¢. Dr. John Laub's boundary-layer thermal cr electro-caloric
mass flow meter, licensed to several companies.
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These are not recommended at this time as a replacement for
turnine-type flow meters,

To help overcome the problem of rotor overspeed resulting from
gas purging or cryogenic (boil-off) gassing, turbine flow meters are some-
times equipped with an electromagnetic brake. Potter and Waugh offer these
medels complete with a small trangistorized frequency switch, which, sens-
ing the rotor speed, energizes the externally-mounted brake coils at aome
preselected value. The rotor can then be arrested or held to a safe speed,

B. An Analysis of Volumetric Turbine Flow Meter Differences

The easential construction and generic differences, easily recog-
nizable, to help distinguish between various makes of volumetric turbine-type
flow transducers, are these:

1. Electrical. - There is no readily distinguishable or charac-
teristic difference between the pickoff-coil on various makes. Except that the
threads may be different, or the method of locking or safety-wiring the pick-
off may vary, any of the flow meters may have a connector containing from
one pin to four ping. This much is almost uniform: they all have the pin-half
of the connecior on the flow meter. This practice is common to most elec-
tronic transducers: the pin-half being on the transducer and the socket-half
on the cable or leads.

Potter's original flow meter design (circa 1948) used a one-
pin connector, the winding being grounded at one end to the flow meter which
in turn was grounded to earth or vehicle-frame (airplane) through the piping
system. However, in time, Potter's customers found it much preaferable to
"float" the coil. This calls for two ping, and today most of the connectors
have at least two-pins, or, a two-screw terminal in comrercial models.

Some users have gone to three-pin and four-pin pickeffs. The
Ingtrument Society of America's standard RP31. | recommends three pins ar-
ranged thus:
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Figure 3. Pickoff Wiring

] A “P {"A ‘
L. B : —sB e
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Type ! Type It
it can be seen from above figures that in the Type I coil the
winding "floats, " while the ""C" pia can be used to ground the circuit or the
cable shield as desired. In the Type Il three-pin connector there is no ground
to the flow meter, the "C' pin being used tv carry the center-tap of the wind-
ing. This technique helps to reduce noise pickup and is preferred by some
users.

In the four-pin pickoff A, B, and C pins are used as in a
three-pin arrangement, while the '"D" pin is "dead.'" The only reason for
four pins is to facilitate standardization of connectors between {low trans-
ducers and other transducer types like pressure, force, etc. which employ
four active conductors.

QOther electrical differences between makes are found in the
nature of the output signal. These differences, not always visually apparent,
are:

a. Quantomics employs a photocell pickoff principle rather
than the electromagnetic (self-generating) principle, to avoid low-flow non-
linearity.

b. Potter, Waugh, and Fischer & Porter can furnish trans-
ducers which, instead of generating a frequency signal, modulate an FM-carrier

signal supplied to the transducer by an external oscillator. This technique im-
proves flow meter performance by extending low flow linearity, because of
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lessened clectromagnetic drag. The reason for this is that generating electri-
cal energy in the flow meter takes work out of the liquid in order to turn the
rotor. If no worlk is performed, there is no electromagnetic drag and hence,
the rotor spins with less drag. Thus, at low flew rates, the speed (hence K-
factor) is higher.

c. Cox has traditionally favored high-frequency output sig-
nals, accomplished by a combination of more blades and/or high rotor speeds.
Higher rotor speeds, of course, come from sharper blade angles, but this
creates more pressure-drop.

d. To develop greater signal strength (volts instead of rnil-
livolts) Potter has used special "high-mu'' magnetic straps on some of their
transducers. This is not done, however, without considerable sacrifice in
linear range, because at lower flows, the added work load performed by the
rotor in generating more electricity can only result in fewer cycles per gal-
lon (K is smaller).

2. Mechanical. - To better explain major mechanical differences
in transducers, it may help to briefly chronicle the lineage or ancestry of the
various makers.

It has been stated that the Pottermeter was among the first,
if not the first, 10 make a start in the field. At about this same time (World
War II), with the upsurge in aircraft engine development and testing, there
was a booming marketi for test flow meters for use in engine run-in cells. The
variable-area flow meter (known as a ''rotameter') had become very popular
for precisely measuring fuel consumption rates.

But the glass-tube rotameter -- glass so that the operator
could read the float position by eye -- was unsafe. If the glass cracked or
broke, fuel spillage would create an extreme hazard. (In fact, at least one
catastrophic explosion and fire at a large eastern aircraft engine plant was
traced to a glass-tubs rotameter failure.)



THE #
%rquafdf

CORFORATION

Report No. FE-~269-3 Page 1II-12

So, the rotameter people -- mainly Fischer & Porter, Cox,
and Schutte-Koerting - - developed all-metal rotameters. In this type, float
position was sensed electronically for indicated or recorded readout. Going

to higher and higher working pressures, these all-metal rotameters became
bulky, heavy, and expensive. The natural evolution was to use a turbine meter.
This brought twe rotameter firms: Cox and Fischer & Porter, into the turbine
flow meter field in the early 1950's.

About 1953, a former Rocketdyne engincering supervisor,
Mzr. Charles C. Waugh, decided to bring out a new turbine meter based on: a
radical design innovation: his rotor would be cantilever-supported from the
inlet straightening vanes. Result: elimination of downstream bearing sup-
ports, longer inlet vanes, a shorter meter. Rotor end-thrust would be ab-
sorbed on a small "washer.'" (Cox and Spaco now use this construction, also.)

About this same time, Revere's turbine flow meter appeared.
Revere's, like Cox and Fischer & Porter, were initially longer than the Potter
and Waugh units due to bearing supports at both inlet and outlet ends.

Two more turbine flow meter firms were recently brought
into existencc by former Potter engineeis: the '"SPACO'" transducer, huilt
by Space Instrumentation Corporation, and the "HYDROPOISE" unit designed
by Mr. Edward Francisco. Generally, in external appearance the Spaco and
Hydropoise flow meters look pretty much like the Potter. Principally, nter-
nal construction differs in that the conventional Potter rotor has the charac-
teristic conical shape, while Spacc and Hydropoise use rotors with small hubs
(sec Figure 1}.

One other geometric design feature distinguishing Potter trans-
ducers from others is their use of a three-lobe rotor support. Until recently, all
Potter meters had this distinctive geometry; now Potter offers optional construc-
tion with flat-shaped straightening vanes.

Various methods of locking the '"internals' in the housing are
employed. From a reliability standpoint it is felt that thuse designs are safer



arquard/

CORPORATION

Report No. FE-269-3

Page 1II-13

which feature retention of the internal assembly by means of an integral step-

diameter machined in the housing hore.
to the use of locking rings set in machined grooves.

This design appears to be preferable
In the stepped-bore design,

the entire rotor-and-vane assembly is ''loaded" into the housing from the inlet
end (see Figure 2},

Generally, each manufacturer would naturally claim design

novelty for the sake of improved performance and reliability. This report
makes no distinction between makes as to these important factors. Our recom-
mendations are based on the probability that any and all of the various design
types will be calibrated. The analysis of available N2O4 correlation data, while
based on only one vendor source, Potter (because it just happened to be the one
used), does not infer that this make is preferred. In this report all makes are
considered acceptable for correlation studies.

C. An Analysis of Commercial Calibrators

The following tabulation shows the type of liquid calibrator nor-

mally used by each manufacturer.

With few exceptions, these calibrators are
also offered for sale by the flow meter manufacturer:

Volumetric Gravimetric
Flow Prover Standpipe Static Dynamic
Meter (Ball Static Dynamic and Weigh Weigh
Mfr. 'or Manom'r. Systemn System
Piston) .
Cox X
F &P X X
Hydropoise X
Meterflo Not known
Potter X
Quantomics >:4
Revere X X
Spaco X
Waugh X X X X
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Meter provers are available from several nun-flow meter manu-
facturers. Two suggested sources are:

1. J. A. Halpine & Son, Inc., P. O. Box 6147, Tulsa 17,
Oklahoma, Telephone: LU /-4i73

Represented in L.os Angeles area by:

Vernon Tool Co., iitd,, 1101 Meridian Avenue
Alhambra, California, Telephone: CU 3-1206

2, I, H. Maloney Co., P. O. Box 1777, Houston 1, Texas
Telephone: FA 3-3161

Represented in Los Angeles area by:

Frost Engineering Service Co., P. O. Box 767
Huntington Park, California, Telephone: LU 7-1133

D. Factors Affecting Accuracy and Calibration

1. Geometric Factors_

a. Meter Size. - Small-size turbine flow meters are more
difficult to calibrate than large ones. Since this report deals more with the
srnaller sizes {1/2-inch through 2-1/2 inches), it is appropriate to discuss at
some length the reasons why this is so, and how to minimize the effects.

(1) Weight or Volume Measurements. - Theoretically,
it could be said, a czrtain per cent error yields the same degree of precision
regardless of batch size. Thus, with large meters, an 0.0l per cent weighing
error on a 1, 000-pound batch is 0.1 pound. With small meters, the same per
cent weighing error on a 100-pound batch is, of course, 0.0l1 pound. However,
certain extraneous errors are constant regardless of batch size. EKxamples
are:
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(a) Human error in reading or recording data. This
can be minimized by automating the data acquisition system.

(b) Effect of dirt, rust, wind, etc. on weigh scales.
Minimize by such precautionary measures as maintenance and wind-break,

(c) Vertical restraint vector force on weigh scalcs
due to connecting pipes. Minimize by proper piping design (horizontal luops,
flexible connections).

(d) Density mcasurement, used to convert data
from gravimetric to volumetric (or vice versa). A discreet error in looking
up handbook figures, or in the temperature measuremcnt, results in a larger
per cent error on small batches than large ones. Minimize by exercising care
on part of operator(s).

(2) Batch Size. - It is fundamental that at low flow rates
on a large-size calibrator, the batch-vize should be proportionately larger to
attain the same degree of precision as with high flow rates. Often there is a
sense of urgency in calibrating a flow meter, and there is a tendency on the
part of the operator to cut the batch size to too small an amount.

{3) Hydrokinetic Effects. - In this area of error there
can be pronounced effects depending on the flow-passage geometry of the par-
ticular transducer under test. The more experienced designers have mini-
mized these potential errors by observing these basgic tenets:

(a) Boundary-layer flow. - In smaller-size flow
meters, particularly with the more viscous liquids, the velocity profile across
the flow passage is more parabolic than flat because the boundary-layer flow
is larger (percentage-wise) than in large meters. This effect will be treated
later under 'Viscosity."

(k) Rotor Drag. - Ina reoter, blade aspect ratic,
number of blades, blade L./D ratio, thickness and sharpness of blade effects
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are more prouounced in gsmall-size flow meters because viscous and electro-
magnetic drag can be a higher percentage of available driving torque. Of
course, the linear range of the meter suffers and the operator sees the effect
in low-flow K factor. The point here is that more care must be exercised in
calibrating small meters than large ones, merely because the particular make
of meter could have been improperly designed, or, the meter could have been
designed for another liquid or another flow range.

{c) Rotor-support/straightening vanes. - In smaller
meters it could happen that the area of free passage through the vanes is a
smaller per cent of pipe area, due to structural streagth requirements. The
main effect of smaller area is higher velocity, with a side effect of altering
velocity dietribution. Thus, the flow pattern approaching the rotor is more
apt to vary from one make to anocther, making correlation between water and
other liquids more difficult.

b, Manufacturing Tolerances. - If a certain manufacturer's
shop quality control is substandard, correlation between water and propellants
will suffer from meter to meter of like size and geometry. The fit of the bear-
ings, and particularly the imprecise machining or hand-filing of the critical
blade-edges, will govern the calibration parameters.

c, Transducer Location in Usage Configuration. - It is gen-
erally recognized that the turbine-type flow transducer is as sensitive to flow
phenomena as are other generic classes of flow meters, such as orifice meters.
Two-phase flow (as encouatered in cryogenic applications), transient flow (sud-
den rate changes), swirl or helicity due tc adjacent elbows, valves and other
components, all tend to bias the flow meter data. There are two approaches
to a golution or at least a lessening of the severity of the effect:

{1} The best and simplest solution, but one not always
feasible, is to install straightening vanes and/or to provide a sufficient straight
inlet run. Under the "CRITERIA" gection of this report recommendations are
made as to the minimum length of straight run and the straightening vanes for
the calibrator. These same criteria, if followed for the transducer's instal-
lation in usage configuration, will help to assure best accuracy.

{2) An alternate plan, if vanes are not used or if insuf-
ficient straight runs are impractical, is to actually calibrate using the identical
piping configuration. The design criteria for the calibrators provides for clear-
ances in the test meter area to permit installing all but the most complicated
metering sections.
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2. Physical Propertie:

a. Viscosity. - The literature is relatively lean in contem-
porary corrclation data between ‘water and quasi-viscous liquids. Private data
are available from only two or three flow meter manufacturers; Fischer & Por-
ter leads in this field, Cox and Petter also have data. In the bibliography, ref-
erences No. 9 (Shafer), No. 2] (Lee and Karlby), No, 22 {Yard) and No. 23
{Hochreiter) are cited, with special emphasis on the postdelivery comments
printed at the cloae of Shafer's paper. The concensus of expert opinion is
that when K-factor is plotted against a Reynolds-Number-type parameter ex-
pressed as f/v (frequency divided by kinematic viscosity), the calibrations of
not only one specific flow meter in various liquids, but also, correlations from
onz gize to another, become meaningful,

Considered judgment prior to this present USAF study was
that the propellants discussed in this report are of sufficiently low viscosity
2s to permit using water calibrations. (The propellant viscosities of interest
are all less than 2 centistokes.) Wyle Laboratories' data (see Chart Nos. 1
and 2, Section IIl) indicate good correlations between water and N2O4. With
only these few hits of data, however, one cannot make generalized conclusions
concerning other sizes and makes of transducers ur other propellants.

Viscosity will change almost every time that density
changes, and temperature is the governing factor in this whole relationship.
It matters little if viscosity decreases, if density also decreases by the came
order of magnitude. That this is true can be appreciated by considering that
viscous drag slows the rotor speed, while low-density liquids also slow it down.

Unfortunately, liquid viscesity variations almost always
outweigh density changes, The manner in which viscous flow slows the rotor
speed is three-fold: (1) the blades have to sweep through an almost stationary
boundary-layer film at the pipe-wall; (2) bearing friction is higher: and (3) vis-
cous flow produces a velocity profile not ideally suited to the shape of the blade.
(The manufacturer can only shape the blade for one specific velocity-profile;
this is why some use 2 plain paddle-shaped blade.) This non-ideal blade then
finds itself having to push some liquid aside in turning, except at one exact
combination of viscosity aud velocity.

A complete study of this problem is probably best found
in Hochreiter's paper (No. 23). ISA Recommended Practice RP31.2 also
treats the subject adequately.
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b. Density. - Density (also called 'specific weight") affects
the usage accuracy and the calibration of a volumetric turbine fiow meter 1n two
ways: (1) the power or torque available to spin the rotor can be mathematically
shown to be linearly proportional to the liquid density, In several papers men-
tioned in the bibliography (notably Head's comments on No. 9), density ''rho' (P)
of the liquid is included in the parametric relaticnship T/jonzDS, where T is the
non-fluid friction torque. Essentially, this says that low-density liquids have
less driving torque to overcome retarding bearing-friction, as well as viscous-
drag forces. It is sufficient to point out, as Head has done, that "the general
problem of water versus liquid hydrogen has loomed large in many informal
discussions.'" Liquid hydrogen is an extreme example of a low-density liquid.

The other manner in which density affects the conven-
tional volumetric turbine flow meter is in accurately knowing its exact numeri-
cal value when converting from volume to gravimetric units. If the calibrator
is a true volumetric device (meter prover, stand-pipe, or other known volume)
and the calibration constant K is desired in cycles per pound instead of cycles
per gallon, a high order of precision is necessary. Because the propellant's
density can vary even from batch to batch of the same manufacture, it is al-
ways prudent to run a representative sample through the laboratory for each
specific lot of propellant. The temperature/density gradient can then be es-
tablished without question, and used to convert temperature readings of the
stream into densities. As an alternate, it is strongly recommended than an
in-line densimeter be built into the calibrator. Precise in-line densimeters
are presently available from Cox and Potter, as well as from non-flow metecr
manufacturers.,

Laboratory-type densimeters of the pycnometer or
Westphal type are recommended for batch sampling.

A word of precaution regarding liquid samples: it is
quite possible that in draining the system to change from one propellant to
another, the new liquid may become adulterated by small amounts of flushing
liquid (water) or by the previous propellant. This possibility further empha-
sizes the desirability of continuous measurement of density by an in-line den-
simeter. The allowable error in density mecasurement must be in the fourth



THE )/
%fqualdi VAN NUYS. CALIFORNIA

CORPORATION

Report No. FE-269-3 Page 1II-19

significant figure if total calibration error is to be minimized. For example,
the denzity of pentaborane (BsHg) which is the lightest of any of the propellants
studied, should be accurate to 39. 00 +. 02 {at 70°F) to be within 0. 05 per cent.
It is mandatory that this order of precision be assured if overall system accu-
racy on a gravimetric basis is to attain the desired level.

c. Temperature and Pressure. - The ISA Recommended
Practice (RP31.2) on *"Installation and Operation of Turbine-Type Flow Trans-
ducers -- Volumetric'' covers the effects of temperature and pressure. Ab-
gtracting from that document, pressure changes ihe density of a liquid very
slightly, and can also have a very small effect on the diameter of the {low
meter housing. These effects are felt only at extremely high operating pres-
sures (usually above 1000 psig), and are negligible at orJdinary calibrating
pressures.

Temperature, however, has two pronounced effects:
(1) mechanical shrinkage or expansion of the transducer housing, and (2) changes
to the physical properties of the ~.easured liquid. The latter include its vis-
cosity, density and vapor pressure. The first two property changes were cov-
ered earlier in this repert, while the effect of vapor pressure is explained in
RP31.2 (Addendum I).

E. Errov Analysis

As an introduction to the treatment of error analysis, it is appro-
priate to review the philosophies underlying this subject. We should want to
congider these questions concerning flow meter errors:

1. What is the difference between accuracy, precision, error,
repeatability, and linearity?

2. How accurate is a new meter?

3. When does a meter start to lose azcuracy, and how does onec
detect this ?
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4, How often should a flow meter be recalibrated?
5, What are the sources of error in calibrating?
6. What are the statistical approaches to error analysis?

7., What are the errors in converting volume flow to mass
flow ?

Taking up the above questions one at a time:

1.  The Instrument Society of America, in its forthcoming Recom-
mended Practice No. RP37. 1, gives the following definitions for all aerospace
test transducers except flow meters:

”ACCEEEX - The ratio of the ERROR to the FULL-SCALE
OUTPUT (expressed as "within + _ prr cent of FULL-SCALE CUT-
PUT), or the ratio of the ERROR to the OUTPUT, expresscd in per cent. "

"Error - The algebraic difference between the indicated
value and the true value of the MEASURAND, usually expressed in per cent
of the FULL-SCALE QUTPUT, sometimes expressed in per cent of the QUT-
PUT reading of the TRANSDUCER."

To all errors which apply to the meter must be
added the errors of the calibrating stand, and these do vary because of the
complication added by the variable calibration stand error.

The 1SA's Recommended Practice on flow transducer termi-
nology (RP31.1) does not attempt to define the precision of a turbine-type flow
transducer as its ''accuracy' or "error'; but assesses its performance instead
in terms of its "repeatability'" and 'linearity,'' which are more meaningful.

The ISA definitions of ''repeatability' and "linearity' as
found in RP31.1 (see Addendum I} are already in accord, generally, with
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industry usage. (In the next section of this report, '"Data Presentation Methods, "
typical graphs are presented to illustrate these definitions.) A cursory review
of several flow meter catalogs reveals these guaranteed performances:

ReEeatabilitx Linearitz
Manufacturer A +0.1% +0.3%
Manufacturer B +0.5% +1.0%
Manufacturer C* + 0. 02% +0.5%
Manufacturer Dok + 0. 1% +0. 2%

*NOTE: Manufacturer C says:

"ULTIMATE ACCURACY -- The precision of the meter equals or sur-
passes the current state-of-the-art in calibration equipment, The abso-
Iute przcigion can only be guessed until the ability to measure thig is
developed. It is probably on the order of .02 per cent, or better."

wtNOTE: Manufacturer D says:

"Precision equipment design and continuous gquality control permit cali-
bration to an accuracy withir. 0.2 per cent of the true flow and repeata-
bility within + 0, 1 per cent. "

Observe, from above excerpts, a difference of opinisn among
four manufacturers on definitions; i.e., saying "precision' and "accuracy”
for "linearity"” or ''repeatability.' However, there seeme to be a general
pattern of quoting a linearity figure of about twice the repeatability. In other
words, the flow meters are twice as good in repeatability as in linearity.

2. How accurate is a new meter? This quesation was answered
in the foregoing discuseion on the meaning of accuracy, error, etc. Recall,
too, the catalog statements of Manufacturer ""C" and Manufacturer "D" to the




arqu&rd/

CORPURATION

Repert No, FE-269-3 Page 1II-22

effect that their flow meters are accurate only to the extent that the calibration
facility is accurate. Manufacturer "C" even infers that his product is more
accurate than his own calibration equipment affords. It can be categorically
stated, then, that: ''a new flow meter is as accurate as the manufacturer's
calibration.' They are all better than + 1.0 per cent linear 2nd repeatable.

3. When does a meter start to lose accuracy? The factors af-
fecting loss precision are mechanical (bearings, rotor) and electromagnetic
{coil). Deterioration of either of thcse effects, other than causes external to
the flow meter, can lead to gross errors. Usually, the result of bearing and/or
rotor wear are manifest in an oscilloscope display of the output signal. Com-
paring the waveshape with that of a new meter can reveal, to a trained eye,
loose bearings or a rotor rubbing the internal housing wall or other mechani-
cal symtoms. A weak coil (loss of magnetism) can also be recognized on the
grid of an oscilloscope by knowing the new meter's true signal strength, Of
course, anyone familiar with the program or project in which the flow meter
is used can detect malfunction through knowledge of what the true flow data
should be.

4. How often should a flow meter be recalibrated? Orne phil-
osophy is that the flow meter can be used until it is suspected of heing in er-
ror by more than a preselected amount. A more sophisticated approach is
to keep recycling freshly recalibrated or new meters into usage on a periocdic
basis. A suggested interval is six months or 100 tests, whichever occurs
firset. Of course, this will vary depending on the amount of abusive use (i.e.,
cverspeeding, excessive temperature shocks, etc.). A flow meter with tef-
lon or other type of plastic sleeve bearing can deteriorate ''on the shelf, "
and these should be recycled on about a 12-month basis.

If the built-in meter prover described in Section V below is
used, huwever, there will be no need to recalibrate. The flow meter would
actually be recalibrated each time it is used.

5. What error 8ources occur in calibrating? Aside irom human
error, the equipment errors are either of a mechanical nature (tank dimensions
changing), or instrumentation in character. These can bo:h be periodically
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verified against established NBS-certified standarde as set forth in JSA-RP31, 3,
Only the owner's long experience with the idiosyncrasies of his particular cali-
brator can guide in the selection of a safe rechecking interval. It is safe to
say that this period should never exceed one year. In fact, most state laws
require annual resealing of a volume or weight measuring device,

6, What are the statistical approaches to error analysis? Prob-
ably the most erudite treatise specifically written on turbine flow meter cali-
brating errors is ASME Paper #57-A70 by Shafer and Ruegg of the NBS:
"Liquid-Flowmeter Calibration Techniques." (No 24 in the bibliography.)
Rather than quote from that paper, for an expanded study of the statistical
methods in use today, it is preferable that textbooks on this subject be con-
sulted.

In ISA-RP31.1], the definition of repeatability is:

e vsssess. . ability to reproduce its calibration factor under the same
conditions. Statistically, it is the product of the coefficient of variation
of a number of calibration data, at nominally the same flow rate, and a
statistical factor accounting for sample size at a stated confidence level."

If a flow meter is repeatedly calibrated without changing a
single condition, one can compute by well-known methods the standard devia-
tion. If, then, this standard deviation (sigma, cr ¢) is divided by the average
calibration factor (Kgy) for all these runs, this is known as the coefficient of
variation (Cy), expressed as a per cent:

Thus, for example, suppose the average K for a certain flow meter calibrated
(without changing a single condition) one hundred times, is 105.7 cycles per
gallon, and the standard deviation for these 100 runs is compuied as 0. 139.
The coefficient of variation, then, is:

0.139

C. =
vV T 708.7

x 100 = 0,131 per cent
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If the coefficient of variation is hased on a large sample size,
68 per cent of all calibration factors will deviate from the mean by an amount
less than the coefficient of variation. The confidence level {probability) that any
one calibration factor will be within this tolerance is said to be 68 per cant.
Higher confidence levels may be established by multiplying the coefficient by a
mathematically determined probability factor larger than 1. Likewise, com-
pensation for small sample size may be made by increasing this factor. Tables
of this factor, called *'t," have been prepared for various confidence levels
over a range of sample sizes down to 2. This provides the basis for a statis-
tical expression of the repeatability characteristic of 2 measuring system
called precision. It is the product of the factor "t" and the coefficient of
variation.

Precision (at a stated or implied confidence level) = tC,,

The accuracy of a measuring system may be expressed in
terms of its precision with respect to a calibration standard and the accuracy
of that standard (Ag). The accuracy of the standard is usually combined with
the coefficient of variation in a square-root-of-the sum-of -the-squares man-
ner before the "t" factor is applied.

Accuracy =+t ‘/ASZ + CVZ

The foregoing discussion of one statistical approach, upon
which the ISA definition for "repeatability'" is founded, helps to explain how
an ideal comparison of flow meter and calibration stand precision may be
made. A typical error analyais of a2 specific flow meter being calibrated on
a specific stand might be performed as follows:

Assume, ag an example, that we are calibrating a 2-1/2 inch
flow meter with a capacity of 400 gpm at a frequency of 500 cps. The K-factor
will then be about 75 cycles per gallon, if we divide the (500 x 60) cycles per
minute by 400 gprm. Let us assume that at the maximum flow rate of 400 gpm
we are limited by cur 300-gallen tank to a 30-second run, and our nei "batch"
is therefore 200 gallons.
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Error in measuring volume by meter prover:

Minimum detectable increment;

At beginning of measured volume = +0.02 gallons
At end of measured volume = +0,02 gallons

. . ,02 + ,02
Possible error in voluime = 200  x 100 = +0.02 per cent

Error in counting flow meter pulses:

Least count error at beginning = | count
Least count error at end of run = 1 count

2 counts x 100

Possible counting error = 500 x 30)cts

= +,013 per cent

Total calibration error:

{Volume error) + (counting error)
+.02% + +.013% = +.033 per cent

7. What are the errors in converting volume flow to mass flow?

One pitfall concerning mass flow deiermination is failure to
measure directly the density of the liquid being processed. While temperature-
density conversions obtained from literature are relatively accurate for pure
chemicals (such as NyQOy4), they are not accurate for most organic fuels. The
latter are composed of a great many chemical variations which differ from
batch to batch. In the manufacturing and storage of these liguids, they occa-
sionally stratify into layers of differing densities. It is also possible that in-
sufficient blending of fuel mixtures such as UDMH and hydrazine will result in
density variations.

The military specifications are not sufficiently specific to
allow accurate temperature-density conversions as illustrated by the following:
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Mil Spec. Liquid Density GM/cc % YVariation
Max. Min. (Max. -Min/min) 100
MIL-R-25576B RP-1 0.815 0.80 1.75
MIL-D-25604B UDMH 0.786 0.783 0.38
MIL-P-26536A Hydrazine 1.006 1,002 0.20
MIL-P-27402 50% NpHy4- 0.903 0.894 1.08
50% UDMH

For accurate volume-mass conversion, density should be de-
termined from well-mixed batches or {rom continuous indicating density meters.

F. Data Presentation Methods

It is cornsidered more meaningful, in the flow meter industry, to
judge performance by the ability of the flow meter to repeat; that is, always
to produce X cycles for Y gallone at one specific flow rate. The number of
cycles produced by a flow ineter for each gallon that passed through it is
called the ''calibration factor'" -- represented by "K.'' A graph of K-values
over the flow range is generally regarded as the most meaningful picture of a
flow meter's performance. The straightness of this plot is the transducer's
"linearity, " while the dispersion of test points above and below this straight
line is its '"repeatability." (See curve on following page.)

A well-designed flow meter in good condition, when calibrated
with water, will result in a linear flow range of about ten-to-one and a repeata-
bility of + 0.1 per cent. In addition, if it is properly calibrated on a high-
precision flow-stand, its ''accuracy'' can be expected to be about + 0. 25 per
cent. As discussed above, however, this "accuracy" depends on so many
other factors that it must be quoted with due caution.

Another manner of presenting a flow meter's calibration data,
preferred by some, is shown on Page 11I-28.
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Notc« that the preceding curve does not intercept at 0/0, because
at very low flow- -ates the rotor will not be turning (due to bearing friction
and/or electromagnetic drag). Also, because the output signal at low rotor
speed is sometimes too weak fo trigger a pulse counter, so the output fre-
quency often reads zero with low flow rates.

G. Instrumentation

It hardly seems necessary to point out the obvious, that no fiow
meter is any better (any more accurate) than the instruments used to monitor
its performance. So it fcllows, that an any and all instruments used for "‘reading-
out'" or "displaying'' the discreet measurements sought after during calibration
runs of a flow meter, must be of a higher order of accuracy than the flow meter
itself.

Regardless of the type of volume cr weight system used on the
calibration-stand, no doubt the most important instrument is that which detects
the flow meter's pulses nd displays a digital number representing the total
cycles, counts, or pulses generated by the flow meter for each gallon of ligquid
passing through the line, It is variously described as a 'counter,'" "timer,"
"EPUT-meter, " or simply "EPUT," and contains a decade-type of readout
that electronically converts a chain of pulses into a digital display of decimal
numbers.

"EPUT" is a familiar term meaning "Events Per Unit Time.
There are several firms making EPUT-meters. A few are: Berkeley,
Hewlett-Packard, General Radio, NLS, etc. This type of instrurent receives
a train of pulses and counts them. In a preselected time interval {(usually ten
seconds), it will count the total number of pulse:z which it receives. Thus, if
it receives a 60-cycle ac power signal, it will count for ten seconds
and read 600.00; then after displaying this figure for an instant, it automati-
cally clears itself and reads it again as 599.99 or 600. 01 cycles {or 60 cps).

A more useful form of the "EPUT-mater'" for flow meters is
perhaps the ''counter.'" A 'ccunter' is a first cousin of the EPUT-meter.
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Instead of merely a.ldiug the total pulses it receives in a "unit-of-time’ (1l sec-
ond, 1 minute, etc.), it just keeps on counting until switched off manually or
automatically. The 'gate' which opens to start the count and closes to stop
the count, in flow meter calibraticon wor'k, is usually a contact activated by a
liquid-level switch, a scale-beam, or the "position" of a displacement mem-
ber as in a meter prover,

In calibrating a flow meter we desire to equate a certain volume
or weight of liquid to a certain total number of pulses. It is very convenient to
gelect a pulse-counter whose ‘''gate' can be remotely and electrically turned
ON and OFF by any type of switch actuated by the initial and final attainment
of desired '"batch" of liquid.

Some calibrators utilize a delicate magnetically-operated reed-
switch on the balance-beam of a weigh scale. Others employ liquid-level
switches to actuate the counter. Still others, whose calibration facility de-
pends on the displacement of a measured volume (as in a '""Meter Prover"),
use a linear movement of "'position' switch to trigger the counting process.

Some emphasis should be placed on the ability of the pulse-counter
to faithfully count only true flow meter pulses, and to reject fraudulent pulses.
What is a ”fraudulent"_pa-se? This is any reversal of polarity not actually rep-
resenting a flow meter-measured chunk of liquid. It may be more casily under-
stood by an illustration: -

Figure 6. Natural Flow Meter Pulses:

A "sine-wave'!' nor-
/\ /\ /\ /\ mally generated by a
4 flow meter with a mag-
\/ \\,/' \‘ /] \/[ \/ netic, bi-polar rotor
One e 3 4 and a passive (non-
Cycle magnetic) coil.

5 Cycles

?l

A '"saw-icoth" wave normally
generated by a flow meter with
an active magnetic coil, and a
rotor made of highly permeable
material. Each blade of the
rotor generates one pulse; one
revolution of a 6-bladed rotor
generates six nulses.
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Figure 7. Fraudulent Pulses

Unusual bearing wear results

often double the count; alwazs
cause sporadic counting.

ﬂ[\\ ﬁr /V\Y ] in ""camel-hump'' waves that

\ A double-count depends on
77— T AL—‘ VaAVAWA trigger (threshold) level of
Cne Cycle counter, voltage-wise.

Sometimes doubled, "Camel humps™

tripled or quadrupled)
If, then, we are satisfied with the purity of the flow meter signal

(by watching it on an oscilloscope), we may rest assured that two pulse counters
will agree to within four counts. (One count possible error at the beginning and
one at end of counting period, times 2.) That is, we will if the counters them-
selves are in good condition and are properly shielded and grounded, for other-
wise they may also count spurious signals (such as 60-cycle from the power
supply). Most counters have a built-in self-check, usually a 1-kc crystal source.

Individual preference dictates choice of decade diaplay: the verti-
cal or the circular zero-through-nine lighted readout. Flow meter manufac-
turers themscives use (and sell) both types; they are equally accurate.

If the time period (elapsed time) of a run is desired, for accurate
flow-rate measurement, a seconds timer may be used., This instrument is
very similar to the EPUT-type counter.

It is always prudent to view the wave-form of the flow meter on
an oscilloscope throughout the calibration to insure that a reliable wave is al-
ways prescnt.

The pulse-counters should have a minimum threshold, or should
"trigger, ' at a vcltage-level below that corresponding to the weakest signal
expected. Most counters start counting when the voltage-level reaches 100 mv.
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Therefore, if the flow meter to be calibrated has a peak-to-peak output of 1.0
volt at maximum flow, and a proportionate strength of 0. 10 volt at 10 per cent
+flow, this 100-mv minimum signal should be ample te assure accurate counting.

Otherwise, a preamplifier must be used.

The meter-prover (described later) provides 'start' and '"stop"
impulses to open and close the gate on the EPUT or pulse-counter. Likewise,
any scale-beam or liquid-level contact can do the same.

It is very important to observe these basic recommendations:

1. Redundancy in pulse-counting is cheap insurance; always use
two counters connected in parallel to the flow meter under test; if they a,lwazs
agree within four pulses, you may rest assured that the count is accurate.

2. 1t is almost as important to keep a ''reterence' or "back-up'
flow meter in the line in series with the flow meter under test. This second
flow mater can be switched to the counters to verify the other flow meter's
readings.

3. Have an oscilloscope {with camera attachment) on constant
duty, and use it to verify the wave-form. If the '"camel-humps'' start show-
ing up, you know you will have inaccuracies. Take a ''picture" of the wave-
form produced by a'new flow meter. File this with the calibration data as a
check on the wave-form produced by the same flow meter with worn bearings.

4. To provide a history for future flow meter calibration corre-
lation, it is quite appropriate to maintain, as a minimum requirement, a log of
the density and viscosgity of the media (test-liquids}) used. In-line densimeters
and viscosimeters are available from the flow meter manufacturers, or can be
recommended by any of them. Alternatively, a sample of the test medium can
be analyzed in the laboratory.

5. Have an accurate resistance-type or thermocouple-type temp-
erature probe in the test! line four diameters downstream from the flow meter
(see ISA - RP31.1, 31.2, 31.3}). A bourdon-spring pressure gauge with remote
dial on the operator's console is also desirable, to monitor line pressure,
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H, Correlations
1. GQGeneralized Correlations. - Generalized correlations which

predict turbine meter behavior based on fluid properties and meter size have
been presented in the literature by Shafer, Lee and Karlby, Yard, Hochreiter,
and others (bibliography A-9, 21, 22, 23), In one correlation the ratio of fre-
quency divided by kinematic viscesity is plotted as a function of pulges per unit
volume of flow. Thus, families of curves can be developed for fluids of differ-
ing voacosities. One manufacturer designs all its meters, regardless of size,
to fall on a single curve. Shafer analyzed many makes of meters at the National
Bureau of Standards and states, ''... a curve is exactly true only for the par-
ticular meter calibrated as manufacturing tolerances are not sufficiently accu-
rate to predict the exact performance of any turbine meter ..., Summarizing
the viscosity-rate tests it has been obsgerved that the lower rates, smailer
meter sizes and higher viscosities all tend to decreage the range of linear
operation ... for meters of the same nominal flow range, the linear range
differs considerably among the various makes, sometimes from a minimum

of 5 to 1 to a maximum of 50 to 1." (See bibliography No. A-9.)

2. Storable Propellants. - With the exception of RP-1 fuel, cor-
relations between water and storable propellants are nearly non-existent, The
only calibration facility located with capability of utilizing storable propellants
is that of Wyle Lahoratories at Norcc, California. Wyl-'s data, though, has
been limited to only a few runa on N204 and 50-50 UDMH/Hydrazine on 2-inch
and 2-1/2 inch size flow transducers. Kerosene (RP-1 fuel) correlation data
are available in the literature (bibliography reference A-23), and in private
files of meter manufacturers.
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N;O4 - WATER FLOW
CALIBRATION CORRELATIONS

Source: Telecon, Lee Mortenson of
Wyle Laboratories on June 7, 1962

Potter 2-1/2 A 2061 (See Figure 8)
gpm

N,O4 (0.01103 ft3/#4 KNz04 Water Kyater
Flow at 58 °F) Cycles/gal. _Epm Cycles/gal.
167 149,657 220 149. 84
226 148,373 220 149.96
144 148.433 200 149.96
98 148.276 180 150.28
182 148,458 16G 150.09
78 148. 142 140 149.75
50 148, 446 120 149, 8%
112 148,276 100 149,96
45 148.033 80 149,83
59 148.058 80 149.88
140 148.215 60 149.90
210 148.373 50 149.91
40 150. 46
30 150,92
Potter 2" Ser. No. 68 (See Figure 9) Potter 2" Ser. No. 69
K K
1;120/4 . Kyater ]\ITZO? ) Kyater
e spc.ygcrf:sl .g:S'.? cycles/gal. s;c)?,;re:s'fz&i.? cycles/gal.
50 243,05 245. 88 243.20 244.36
80 244.97 246,10 243,54 243. 86
120 244.82 246.10 243,51 243.90

150 244.90 245, 80 241.90 243,76
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3. Cryogenic Propellants. - The users of turbine-type flow trans-
ducers for measuring cryogenic liquids, specifically liquid oxygen, nitrogen,
and hydrogen, have developed a lack of confidence over the paat decade in the
predictable relationship between a water-calibrated K-factor and its cryogenic
equivalent. In the aerospace industry this water-to-crycgenic correlation has
been receiving much attention, and deservedly so, because it is particularly
difficult to accurately calibrate a flow transducer with a cryogenic liquid. The
reason for this is that both voclume and weight determinations are precisely
made only by the most careful attention to special techniques. However, pulse-
counting is not a difficult measurement in cryogenic applications. Among the
measurement problems peculiar to cryogenic volumes and weights are:

a. Boil-off losses, which have to be either minimized by
maintaining high system pressure, or actually determined by differential level
or weight measurement of the supply or receiving vessel, or by metering the gas.

b. True density values are almost always questionable, A
temperature measurement immediately downstream (ISA recomimends four
pipe diameters) is usually used as the basis for assuming a density or specific
weight. Some users actually determine both the volume and weight of liquid
passed through the meter, thus avoid the inaccuracy of an assumed density.

¢, Cavitation or two-phase flow must be avoided at all costs. .
This phenomenon easily occure in a cryogenic system if too low a pressure is
maintained at the flow meter. A turbine-type flow meter is especially prone
to cavitation error by virtue of the tendency of the rotor blades to produce local
incipient cavitation through their very shape: they are hydraulically inefficient.

d, Dimensicnal changes in the transducer parts due to ther-
mal shrinkage can produce incalculable errors if uneven geometry results, The
bearings can also become sluggish, adding to the low-flow friction unbalance,
The rotor and housing geometry can change disproportionately if differentially
contracting materials are used., And they almost always are: the housing if
of a non-magnetic metal, the rotor is magnetic, and tkey usually have differ-
ent coefficients of thermal expansion. Therefore, a calculated difference be-
tween a water K and a cryogenic K, using a thermal coefficient of expansion
{contraction) is not usually sufficient. (See Addendum I, ISA Recommended
Practice RP31.2.)
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e. Liquid hydrogen, more than liquid oxygen and nitrogen,
presents a special problem not only because it is much colder (over 100°F
colder), but hecause ita viscosity and density are so low. Users of LH; flow
meters, therefore, have found it impossible to correlate by inferential tech-
niques and always have had to rely on an actual ILHp calibration,

As a practical necessity, most cryogenic flow meters have
traditionally been flow-calibrated in the actual cryogenic liquid, and in the
using configuraticn, For, the great majority of cryogenic fluw metering in-
stallations in the aerospace industry have not been free from error-producing
inlet conditions, nor has it always been possible to eliminate these errors by
using straightening vanes ahead of the meter.

There are, of course, two approaches to the 'in-use" cali-
bration problem: one is to calibrate during actual filling or draining of a tank
through the flow meter during a regular system test or engine run. The dewar
tank, equipped with liquid-level and/or weight transducers, serves as a volume
or weight standard by appropriate density translation as may be necessary.

The other approach is to deliberately set up a flow meter test facility. The
latter solution t{o the cryogenic calibration problem is preferred by most
users because it is possible to instrument tc a higher degree of perfection,
and it is usually easier to schedule series of runs at varying flow rates.

However, it is noteworthy to observe at this point that there
are in this country no more than half-a-dozen or so cryogenic flow meter cali-
bration facilities especially designed for this purpose. It is a known fact that
the Wyle Laboratories facility at Norco, California has the only commercial
crycgenic flow meter test stands. Some valuable mass flow meter compari-
son studies for NASA are presently underway at Norco. The other cryogenic
flow meter calibration facilities, strangely enough, are not owned by flow
meter manufacturers, but are jointly owned and operated by DOD contracters
and the Federal Government. In this category we find:

NASA's Lewis Laboratory, Cleveland, Ohio

NASA's Marshall Space Flight Center, Huntsville, Ala.
Aerojet-General, Sacramento, California

.  Rocketdyne Division, Canoga Park, California

. Pratt & Whitney, West Palm Beach, Florida

Air Products & Cheinicals, Inc,, West Palm Beach, Fla.

mo a0 o
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From the above has come a wealth of cryogenic flow meter
calibration information, among which we find in our bibliography these ex-
amples:

2} Minkin & Hobart "LHj Calibration Facility"

11} Bucknell "LH2 Flow Measurement & Calibration"

12) Dow "The Cost of Instrumentation Error"

13) Grey ""The Turbine Flowmeter for Cryogenic Liquids"

16) Smith 'Accuracies & Calibration Techniques of Turbine-
Type Flowmeters"

17) McElroy '"Measuring Accuracies of the JUPITER Missile
Flowmeters"

18) Minkin & Hobart "LH; Flowmeter Calibration Facility;
Preliminary Calibration on Some Head-Type and
Turbine~Type Flowmeters'!

19) Favero, Mandell, and Yoder "Hydrogen Mass Flowmeter
Development'

20} Wyle Laboratories ""LH2 Mass Flowmeter Evaluation
and Development"

However, not all of the above-listed works treat water-to-
cryogenic correlation. From those that do, we find these specific data of
interest:

ily "........ up to 2 per cent non-predictability of (liquid)
hydrogen calibration from water calibration." Sizes to 3-inch.

12) "One would assume that the calibration factor of a turbine-
type flow meter would vary about 0.5 per cent from water to liquid oxygen. The
Aerojet-General Corporation ........ has established that the actual variation
from water calibration will vary from 0.2 per cent to 2.0 per cent ....... thus
¢stablishing the requirement to calibrate flow meters intended for cryogenic
service in a cryogenic fluid if data inaccuracies below 1 per cent are anticipated."
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13)  "The only errors introduced uniquely by cryogenic-
liquid operation of turbine flow meters are those of cavitation, dimensional
change due to temperature, and viscosity. The latter two result from the ap-
plication of calibrations utilizing a different fluid (usually water).' "It is es-
sential to point out that the composite error lics within a + 1/4 per cent repeat-
ability band without an correction whatscever for all meter pipeline sizes greater
than two inches. For better accuracies than + 1/4 per cent, or smaller pipeline
sizes than two inches, corrections similar to those indicated by Figure 14 must
be made.'" (See Page 11I-45.)

16) "In order to meter 1LOX (LO2) flow accurately using a
flow meter that has been calibrated with water, it has been found necessary
at ABMA* to correct for the following:

*1) Shrinkage of flow meter housing caused by extreme
low temperature of LOX.

2) Viscosity difference between LOX and water.

""The two above factors, shrinkage and viscosity, cause
errors of opposite polarity, with the shrinkage error predominating in large
meters, A correction factor of one-half of one per cent iz applied to all LOX
meters at ABMA.* That is, the water calibration constant is multiplied by
0.995 to arrive at the correct calibration constant to be used for the LOX flow
meters.' (Seven-inch size.)

17) "Conversion factors, to be applied when flow meters
are calibrated with water and used with other flow media, are determined by
the size and material of the flow meter, and by temperature and viscosity of
the flow media. For the JUPITER flow meters, with the calibration constant
expressed in gal/cy, constants determined with water should be multiplied by
a factor of 0,995 for LOX use ...... "

*ABMA, Army Balliutic Missile Agency; is now MSFC.

(NOTE: References 16 and 17 were based on the same test program
at Marshall Space Flight Center.)
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18) "Preliminary tests of several commercially available
turbine-type meters show that the calibration constant (pulses per unit vol-
ume) for liquid hydrogen will differ, on the average, about 1.0 per cent from
the value for water; the difference is not of the same sign for different meters. "

From the foregoing referenced quotations, it is seen that the
authors differ as to the degree of predictability of water-to-cryogenic corre-
lation factors, but generally agree on the causes of this non-predictability, viz:
thermal shrinkage and viscosity. They also agree on the influence of pipe-size,
in that the larger size meters are more predictable (as one would expect).

Ag a result of this study, it is recommended that water cali-
bration factors not be used for cryogenic turbine flow meters.

FOOTNOTE:

The formula for thermal shrinkage of a turbine flow meter, as found
in ISA Recommended Practice RP31.2, is:

K¢
1+ 3e({To - Tc¢)

Ko =

Where: Ko = calibration constant {cy/gal) at operative temperature
K¢ = calibration constant (cy/gal) at calibration temperature
To = operating temperature
T¢ = calibrating temperature
«= = thermal linear coefficient of expansion

Note that K increases as operating temperaturc decreases, and that
the correction applies only when housing and rotor have the same therm=1 co-
efficient oc (alpha).
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1v. SUMMARY OF INTERVIEWS AND CORRESPONDENCE WITH
SPECIALISTS IN THE MANUFACTURE, DESIGN, APPLICATION
AND CALIBRATION OF TURBINE FLOW METER SYSTEMS

A. Specialist Opiniong*

Specialists in the field of turbine flow meter design, manufacture,
and calibration were interviewed to determine the potential accuracy of turbine
meters for volumetric flow meagsurement of RP-1, N2H4, UDMH, 50-50 N2H4/
UDMH, BgHg, N204 and Cl1F3. They were asked to discuss design parameters
of a propellant flow calibration stand and to present data on tests for propellants,
To provide a common denominator in discussion, all the specialists were asked
the question, "'Is it possible to calibrate turbine meters on water and expect
+ 1/2 per cent accuracy when used on propellants ?"

Answers to this question were all negative or uncertain with a few
minor exceptions (for certain meter sizes where the manufacturer had limited
experience on one of the propellants).

Specialists all agreed that correction K factors for converting flow
calibration data based on water or other standards to propellant fluids cannot
be calculated accurately from theoretical considerations alone.

B. Conclusions

Opinions of attainable accuracies for K factore based on water cali-
bration and applied to propellants vary between 0.25 per cent to 2.0 per cent,
depending on transducer size and application. Most thought it advisable to cali-
brate flow meters on the propellant rather than rely on water or standard or-
ganic oil calibrations.

With the exceptions of RP-1 and N3Oy, no correlation data was
found available for flow meters in the size range 1/2 inch to 2-1/2 inches.

*Interviews with specialists were by Bernard Basse. Opinions ex-
pressea were those of the individual interviewed -- not necessarily those of his
employer.
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Data on RP-1 indicates that water calibrations will result in
errors of less than + 0,5% for some types of meters. Since the physical
configurations developed by various meter manufacturers affect the cali-
bration, one must qualify this by stating the limits of flow ratios over which
tae calibrations hold.

Lack of data on other propellants precludes more thanan intelli-
gent guess of attainable accuracy.

Most specialists favored their own pet method of calibration,
These methods included standard balance arm weigh scales and calibrated
volumetric tanks, used either 1) dynamically {measuring weight or volume
while liquid flows into or out of tank), 2) statically (measurement before
and after flow), and 3) calibrated volume tubes. Interest was also shown
for the volumetric flow prover used in the petroleum industry,

C. Interview No. 1

Waugh Engineering Division April 17, 1962
The Foxboro Company
Van Nuys, California

E. W. Miller - Chief Engineer

Waugh Engineering manufactures turbine flow meters and auxil-
iary readout equipment,

Mr. Miller has wricten for the literature (Refer to Bibliography
Item 26) and is an authority on turbine meter design and application, He
recommended calibration using the actual propellants, and emphasized
the importance of this for small meters less than 1 inch in size, Mr., Miller
discussed the turbine meter applications and made the following observations,

1. High density fluids extend low end calibration linearity.
2. Water calibration of turbine meters can be assured under

special circumstances (i.e., 50-50 UDMH/N,Hy accuracy in 2 inch meter),
but cannot be generalized for all sizes and fluids.
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3, Meters are sized by equivalem.fv2 factor; i.e., use smaller
meter and higher velocity fer LHj than for water (p is density, V velocity).

4. Correlation accuracy of metering various propellants based
on water calibrations may have errors in excess of 1 per cent added to the
water calibration error. The correlation error is larger for small meters,

5. Bearing life for continuous service in petroleum is about two
years. The ball bearings are manufactured from 400 series steel, Useful

life in water for continuous duty is less, probably six months to one year,

6. Effects of Meter Geometry

Figure 15

The same make, model

K = Cycles and size can vary in flow

gal. characteristics because
of differences in bearings

and manufacturing toler-

ances (turbine clearance

EPM P and blade surfaces)
7. Effects of Fluid Properties
Plot K vs i_Jsince laiter is proportional to the Reynolds Number,
Figure 16 - Transition region from viscous
flow to turbulent flow
Cycles
K, _-zal_ Region of low flow where magnetic
’ .. and bearing drag (due to friction)
™ //’ become major factor in rotor
= spin rate
-~
f { = Frequency
I3

Viscosity in centistokes

)i

4
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8. Factors affecting shape of curve at low end:

a. Viscosity )
) Fluid Property Effects
b, Lubricity )

¢. Bearing Drag )
) Geometric Properties
d. Shape of Rotor Blades )

e. Electromagnetic Load

D. Interview No, 2

Fluid Flow Calibration Facilities April 25, 1962
Wyle Laboratories
Norco, California

Roland Clark

Wyle Laboratories has two cryogenic liquid flow test stands in
operable condition, and one N,0, system partially disassembled. One
cryogenic system is designed to handle LLO, and LN, and the other handles
LH2. All systems are designed to calibrate turbine flow meters against
a balanced beam scale utilizing calibrated weights, The N;O4 calibration
is statically determined, while the others are dynamically determined.

1. The Liquid Oxygen System conzists of a 500 gallon calibration
tank and a helium pressurization system mounted on a weigh platform,
calibrated weights, a receiving tank and interconnecting piping, valves
and fittings. In operation, the helium pressurizes the oxygen in the weigh
tank and initiates transfer. Equilibrium conditions are attained after
approximately ten seconds of flow. As the balance beam moves through
its initial balance point, a capacitance switch which senses beam movement
actuates a synchronous clock which furnishes a time base, Simultaneously,
recording inst rumentation is energized,
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Calibrated weights which correspond to the selected weight of
fluid to be transferred are then lowered to the weigh platform by pneumatic

cylinders. The run is terminated when the capacitance switch again senses
beam movement.

Maximum flow rate is approximately 50 pps.

The maximum gravimetric system error is calculated to be
+ 0.127per cent rms, and the maximum volumetric svstem error is calcu-
lated to be + 0.213 per cent rms.

2. The Liquid Hydrogen System is similar to the cxygen system
except for -apacity, 8 pps, and details of system design (vacuum-jacketed
lines and redundant recording equipment). Its rms errors for gravirmetric

and volumetric measurements are + 0.140 per cent and + 0. 244 per cent
respectively. -

3. The Nitrogen Tetroxide flow calibration system has not been
used for approximately six months, and is in a state of disrepair. The
system appears to be ciuder than the crvogenic systems. Pressurizing
gas is stored off the weigh platform and corrected tor by calculations based
on the temperature and pressure in the ullage space betore and after
transfer. The weigh system is static (measures imtial and final weight
and is not initiated under dynamic equilibrium conditions).

Mr. Roland Clark estiinated that Wyle could rebuild the N;Oq4
system for use on either storab:e oxidizers or fuels within one week. He
thought the system could be used for calibrating with N;Hy, UDMH, 50-50
NzH4 /UDMH, N;0,4 or RP-1, but could not be sure of compatibility with
BgHg or Cl1F3 without further study.

Mr. Clark provided error analyses of the cryogenic systems
Basic elements considered were:

a. Fundamental accuracy of weigh scale

b. Extraneous loading on scale (mass of piping)
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c. Dynamic lag (inertia of balance arm weigh system)
d. Repeatability of the capacitance triggering switch
e. Accuracy of calibrated drop weights

f. Precision of fluid temperature measurement

E. Interview No, 3

Colorado State University April 30, 1962
Fort Collins, Colorado

S. Karaki

Mr. Karaki, who is now studying for his Doctorate, supervises
special studies in the zrea of hydrodynamics. He recently completed eleven
research and test studies for The Martin Company on characteristics of
turbine meters, determined from water and oil calibrations.

Unlike most other specialists interviewed, Mr. Karaki believes
that long term turbine transducer reliability is limited to minimum errors
of + 1 per cent regardless of the liquid being handled. Errors less than
+ 0.5per cent are readily obtained for a meter on a particular calibration
Tun. When calibrations were repeaied at intervals of one month or greater,
however, almost invariably one or two data points would fall outside the
+ 1 per cent error curve. This was characteristic of all the many makes
and sizes of transducers tested.

Figure 17

+ | per cent
Typical Curve

- 1 per cent
gal.

Flow Rate
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Mr. Karaki is of the opinion that calibration with propellants
is preferable, but not mandatory. He feels that, for low viscosity liquids,
errors arising from rust deposits on turbine blades, evaporation deposits
on bearings, and other random errors intrinsic to the turbine transducer
operation and readout systems are large ecnough in magnitude so that added
correlation errors (from calibration based on a different liquid) do not sub-
stantially change the overall accuracy. (The propellants under consideration
have low viscosities, all less than 2 centistokes. )

Over the linear operating range of the flow meter, specific
gravity variations in the range of interest, 0.6 to &, have little effect on
meter K factors.

Mr. Karaki found only minor effects resulting from bearing wear
when transducers were re-calibrated after each 100 hour's use.

For calibration of small transducers, 2-1/2 inch size and less,
Colorado State University utilizes a static weight system. Density is
corrected for by temperature measurement

(ﬁ’} ) M}
age e | N/ R A
Figure 18, 'Static Weigh System l ' I l
| m—

and calibration runs are monitored by an oscilloscope trace to assure con-
stant flow.

F. Interview No. 4

Cox Instrument Division May 1, 1962
George L. Nankervis Co.
Detroit, Michigan

E. J. Dahn Sales Manager
A. W. Brueckner Chief Engineer

Cox Instrument munufactures turbine type flow transducers,
digital and analog indicators, other instruments, flow meter calibration
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stands, and load cell weigh systems,

For correlation errors less than 1 per cent, they believe it is
mandatory that the transducer be calibrated on the use liquid and not on
a reference liquid. When this is done, system errors of less than + 0.25
per cent are commonplace and easily obtainable, both for digital and analog
readout.

Meters 1 inch and larger have relatively large maximum to mini-
mum flow ratios in which the K factor is constant. Below 1l inch in size,
viscosity and density effects result in decreased linear range.

Figure 19. High fenSity —— Low Viscosity

«— High Viscosity

Flow Rate

It was suggested that if non-toxic fluids with viscosities, lubri-
cities and densities similar to the propellants could be found, they might
be substituted for them during calibration. Cox has the following flow
calibration capability for gaces and liquids.

I Gas: Air 1. 5 cc/min - 2000 cc/min

2. 0-3000 scfm, (up to 1750 scfm traceable to
the National Bureau of Standards)

II Liquids: Water and Hydrocarbons

0.4 pph - 12, 000 gpm
Counters are accurate to 3 counts in 7500 (0. 04%)
1000 lb. weights are accurate to 0.003 per cent
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Cox Calibrators use the dynamic balance arm system, Iitial
movement of the balance arm is picked up by a proximity switch (+ .C01
inch), To refine the proximity switch drift error, a photoelectric cell
pickup will soon be substituted.

Cox flow calibrators feature course and fine flow control valves,
liquid temperature controls, and readout for a digital timer, pulse counter,
oscilloscope monitor, pump pressure and back pressure.

G. Interview No. 5 May 2, 1962

National Bureau of Standards
Washington, D. C.

M. R. Shafer

Mr. Shafer is a nationally recognized authority in the field of
turbine type flow transducers and calibration racilities. He supervises
flow calibrations at NBS and has written extensively on this subject,

Mr. Shafer pointed out that in tests on a large variety of smaller
turbine transducers, the effect of mechanical drag may cause differences
of 1 to 2 per cent between calibrations on the use liquid, although all the
meters might agree on the test liquid.

Where + 1 per cent accuracy is satisfactory, water calibration
is reliable for meters | inch and larger in size provided the K (cycles/gal)
constant is within + 0,5 per cent over the range of interest and the use
viscosity is less than 3 centistokes,

An equation which describes the relative magnitude of parameters
affecting meter operation was analyzed:

I N PD?, T
ND- e d N2 pBS
Q = Ilow Rate € = Fluid Density (rho)
N Rotor Speed —~« = Absolute Viscosity (mu)
D = Diameter T = Mechanical and Magnetic Drag

(above expressed in consistent units)
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2
The function _5/_29__ is dependent on the fluid properties, The
larger this factor, the more turbuleni the fiow and the greater the range of

flow over which the K-factor is constant. _,_’_T
iZ 9 D55
geometry of the meter, mechanical and magnetic drag factors, and the

is dependent on the

momentum of the fluid. Obviously, low values of

resultl in low
_ _ . N2€Dps
drag and constant K-factors. This function varies inversely with D and

becomes small for transducers 1 inch in size and larger.

K (_31c1es

gal. Fignre 20,

Mr. Shafer noted that some meters (particularly small sizes) are
sensitive to pickoff coil location and should be installed with their pickoff coil
in the same orientation as when calibrated.

In discussing the design of a propellant fluid flow calibration facility,
Mr. Shafer suggested that the test stand be designed for at least 4-5 times
the accuracy of the transducers or + 0.1to 0.15 per cent. He favors the bal-
ance arm static weigh system over the dynamic sy stem and either of these
over a load cell system. He feels that the static system is far easier to
troubleshoot. Depending on the diligence of the operators, dynamic systems
take from a few months to a few years to eliminate errors from inertia,
switching, etc. He also cautioned that flexible connections to the weigh tank

must be placed in a horizontal plane to reduce weigh effects and that these are
liable to bc the weakest point in a design.

The National Bureau of Standards uses a modified Cox flow stand
for its calibratisns. For meters with low amplitude signal outputs, amplifiers
(decade amplifier), Ballantine Laboratories in Boonton, New Jersey. and
Kin- Tel, San Diego, California are used.

Mr. Shafer thought that meter provers of the type used in the petro-
leum industry might be quite practical for calibrating with toxic propellants,

-
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H. Interview No. 6

Fischer & Porter Company May 3, 1962
Warminster, Pennsylvania

John Kopp Sales Engineer

A. W. Hernandez Supervisor, Calibration Facilities

Fischer & Porter manufactures turbine type flow transducers,
digital indicators, flow rate indicators and controllers, variable area flow
meters, and flow calibration facilities.

Their personnel have written excellent flow meter articles for the
Instrument Society of America and the Ainerican Society of Mechanical
Engineers.

Regarding accuracy, they estimated + 0.25 per cent maximum
error using RP-1, and a similar accuracy for the other propellants if a sub-
stitute fluid which could simulate the viscosity, lubricity, and density could be
used for calibration. For liquids with low viscosity (such as the propellants),
they felt that 1/2 per cent error could be obtained using water calibration
so long as the meter ranges were limited to linear portions of the flow vs
K-factor curve. Their relative confidence in water calibration systems for
F & P meters used on propellants is indicated below.

Relative Confidence

Flow Ratio in Obtaining + 1/2
Meter Size Max. Flow (gpm) Max Flow - Min. Flow per cent Error

3 500 15-1 10 (Max. )
1-1/2m 100 15-1 7

10-1 10
3/4n 20 15-1 5

10-1 7

5.1 10
1/2" 4 15-1 0

10-1 1

5-1 7

3-1 10
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if the use of the meters were limited to linear flow ranges in
smaller sizes, and the maximum ailowable error was + 0.5 per cent, thena
propellant calibration facility would not ke needed for Fischer & Porter meters.

Fischer & Porter manufactures fluid flow calibration facilities for
high flow rates based on precision bored volume cylinders and manometer
column head indicators.

Mr. Hernandez emphasized the importance of operator training
and maintenance of the calibration equipment, and thought that these were the
most important factors in obtaining accurate calibrations. He noted that 1t
takes the experts at Fischer & Porter from several mcuths 5 in excess of one
year to work the 'bugs' out of a new calibraticn stand and constant attention
is required to maintain accuracy.

In some circumstances more accuracy is obtained by calibrating
one turbine meter against another standard meter rather than against the test
stand, The reasoning behind this is that because of digital readout, repeata-
bility of the turbine meter is greater than that of the calibration stand. The
standard meter would be calibrated a great many times and a statistical curve
obtained which averaged out the repeatability errors cf the test stand, He then
reasoned that for a single curve calibration check on a production meter the
greater repeatability of the standard mecter results in less than the random
errors in the test stand. In practice, Fischer & Porter calibrated simulta-
neously against a test stand and a test meter.

He pointed out that neglect of air entrainment when calibrating at
high flow rates, using pressurized gas, is a common error,

Fischer & Porter manufactures most designs with ball bearings,
but also makes sleeve bearings for some applications. Ball bearings are
440C material which is compatible with N3O, for short periods so long as
the water content is less than 0.1 per cent.
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I. Interview Nc. 7 May 3, 1962

Brooks Instrument Company
Philadelphia, Pennsylvania

Seymonur Blechman Vice President

Brooks Instrument Company manufactures turbine meters in
Scottsdale, Arizona and variable area meters in Philadelphia. Calibrations
utilize water and standard hydrocarbons in methods similar to those of
Fischer & Porter.

Mr. Blechman recommended that calibrations be performed uti-
lizing the propellants rather than rely on water calibrations. Like Mr. Shafer,
Mr. Blechman thought that meter provers of the type used in the petroleum in-
dustry could be economically utilized for direct calibration of propellant meters,

J. Interview No. 8 May 4, 1962

Potter Aeronautical Corporation
Union, New Jersey

W. F. Smith

The Potter Aeronautical Company pioneered the modern turbine
meter utilizing inagnetic pickup and digital counting. In addition to turbine
meters, they manufacture a digital readout density recorder (Potter Densi-
meter) and a line of electronic flow recording and controlling devices.

Like most specialists, Mr. Smith recommended calibration with
the actual propellant. He noted that in calibration of a Potter 3-inch meter
on water, the linearity fell off rapidly at flows of less than 25 gpm. When
calibrated with liquid hydrogen, the linearity fell rapidly below 75 gpm.
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Mr. Smith provided curves showing comparison calibrations on
gasoline, jet fuel and well-water for meters ranging frorm 1/2 inch, 5/8 inch,
1-1/4 inches, 1-1/2 inches, and 2 inches in size. In all these, the gasoline
and jet fuel calibrations agreed with the water calibration within 1/2 per cent.
(Sce Pages 111-37 to 111-40.)

Potter performs its calibrations using water or hydrocarbon liquids.
Calibrations are carried out on dynamic balance arm weigh systems using mag-
netic proximity switches mounted on the balance arm to trigger timing and pulae
counting equipment. In discussing flow calibration stands for toxic propellants,
Mr. Smith suggested investigation of petroleum type meter provers.

K. Interview No., 9 May 16, 1962

Quantum Dynamics
Tarzana, California

Dr. F. F. Liu

According to Dr. Liu, Quantum Dynamics is primarily a research
organization. The company specializes in measurement of transient phenomena.

Dr. l.u's turbine meter has several unique features. Each meter
has two turbine rotors. The downstream rotor, called the slave turbine, is at-
tached to the shaft and is driven by the fluid. The upstream rotor is the mea-
suring turbine and rides ''piggy-back' on a bearing mounted on the shaft. By
this means the relative motion between the measuring turbine and its bearing
becomes small, and frictional resistance, which tends to control the rpm at
low flows, becomes very small. In addition to eliminating low flow friction,
Dr. Liu claims that the use of two rotors at fixed distances produces a stand-
ing wave over the measuring turbine during transient flow (he described this as
analogous to an electrical impedance match), providing accurate and instanta-
neous response. The pickoff is also unique and works from turbine blade-
effected modulation of a 4 megacycle carrier, thus climinating inagnetic drag.
Special light-beam consideration to the hydrodynamic lift and drag effects of
the fluid on the blade reduce pressure drop and increcase response. The over-
all effect, he claims, is a more accurate, high response meter with an ex-
tended linear flow range.
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In some applications, transient (millisecond) responses are more
important than long-term calibraticns. Dr. Liu suggested a research project
to study transient effects on signal strength and on accuracy during response.

Quantum Dynamics manufactures its turbine meters (other than pro-
totypes) through subcontracts.

L. Interview No. 10 June 11, 1962

Calnev Pipe Line Company
Colton, California

C. D. Murphy and Ivan Ricketts

Calnev utilizes positive displacement meters (and not turbine metersj
in its liquid transmission lines. This interview is included here, however, be -
cause Calnev calibrates its rneters volumetricully with a "meter prover' which
has an error of less than 0.02 per cent. The meters are calibrated while ¢n-
stream under normal operating conditions to provide an on-stream flow mes-
surement error of 0.05 per cent by volume. While modifications are required
to revise the materials of construction suitable for propellant handling, the
meter prover system appears to have the potential to greatly diminich flow
measurement errors if applied in the acrospace industries.

The Calnev meter prover is installed in its Cclton, Califcrnia pump
station. It is manually valved onto the main line for mcter calibration approxi-
mately once a week as illustrated on the following page.
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Figure 24. Meter Prover
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By closing valve (1) the flow can be made to ge through the prover
either left to right (valves (2) and (3) open) or from right to left (valves (4)
and (5) open). A spherical ball (shaded) starts and stops the meter counting
mechanism as it passes the mechanical switches (6) and (7). ‘The meter is
not considered satisfactory unless the error on 10 double runs (one run from
left to right and one right to left) is within 0,05 per cent of the prover,

The meter prover is superior to previous calibrators used in the
petroleum industry (i.e., volumetric tanks). Because it requires essentially
no operator skill it is readily adaptable to remote control and can calibrate
without interfering with on-stream flow conditions.

M. Interview No. 1l June 11, 1962

Southern Pacific Pipe Lines, Inc.
Los Angeles, California

M. J. Hogan

Mr. Hogan stated the meter prover is the first major advancement
in flow measurement in pipe transmission in 30 years. Southern Pacific is
placing them in all new lines and will eventually replace all existing volume
tanks., The meters, spread over hundreds of miles distance, can be cali-
brated locally or remotely at the Los Angeles central office.

N. Telephone Consultations

1. Aerojet-General April 20, 1962
Sacramento, California

Mr. Jim McWilliams
Mr. John Close

Water-to-propellant correlation {except for cryogencis) is of
negligible magnitude. Water-to-cryogenics correlation factors are of
considerable magnitude. Storable propellant calibrations are not performed
by Aerojet-General,
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2. Rocketdyne Division April 20, 1962
Canoga Park, California

Lawrence H. Groeper

Pecketdyne does not calibrate turbine meters using storable
propellants. Use of strain gage load cells for flow meter calibrating in water
is a reasonable approach. Rocketdyne measures engine thrust by strain gages
and the manufacturer's ciaim of errors of about 0.15 per cent are fair when
used in conjunction with techniques which electrically balance the readout in-
strumentation for each run.
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V. METER_EBOV%S
A. Discussion

Witk only minor modifications for aerospace usage, meter provers
appear to have potential to reduce flow measurement errors by ar order of
magnitude of ten,

Meter provers are a relatively new development in the petroleum
transmission pipeline industries. They have proven very accurate (+ .02 per
cent error magnitude) and reliable in use; and a tentative draft of a design
standard for the American Petroleum Ingtitute (see Addenda} has bcen proe-
pared.

Simple in operation, thc prover consists of a precision-bored tube
and a fluid-driven piston which forms a leak-tight seal against the tubc wall.
Liquid flow forces the piston to travel between two contacts which are sepa-
rated by an accurately known volume. Electronic measurement of time for
the known volume displacement provides volumetric flow rate. In actual
operation the piston is a plastic ball, cr a cylinder with end seals (called a
pig). These are illustrated in the API Standard.

In current practice, turbine-type flow meters are calibrated on
water to determine the K factor (in cycles/gal.) and this factor is applied to
the meters in use on propellants. Such a technique results in a probable error
of approximately + 1 per cnet in propellant to-water correlation, to which must
be added the imprecision of the flow meter itself: another + .2 to 1.0 per cent.

If, instead, the meters were calibrated on the propellants, this
error might be reduced to, say, +0.5 per cent. (The residual error is due
to physical changes in the bearings, to temperature variations, to variations
in piping configuration between calibration and usage, and to physical and
chemical variations allowable within military specification for propellants.)
This would be true whether the meter were calibrated on a weigh scale or
volumetric meter prover.
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Queting from the API Standard intruduction:
most of these mechanical displacement type provers is that during proving,

the flow of the liquid through the meter being proved is not interrupted. This

permits the meter to be proved on a continuous flow without starting or step-
ping the meter."

to a missile in a manner shown in the following sketch.

Figure 22. Meter Prover Applied to Propellaut Loading System

“The chief advantage of

This principle could be applied as propellant is transferred

\ Timer
Miazsile
Tank
I LY ~ y—'—{Pulsc Counter
"Ball" in
standby D) Pickups
position = Ball or | Prover
pig in
4 motion
i
ﬁ_,_._.._i
@ Propellant

Meter
In operation, the prover ball woull be retained in a standby position
(dotted) until a calibration is initiated. By opening the bottom valve, the ball
is injected into the stream, passes between the two pickups, thereby cali-

brating the meter. It then returns by gravity to its standby position between
the valves (bottom closed and top open).

Since variations in piping configuration, temperature, an. liquid prop-
vrties between a cali:ration run and loading run no longer exist, the only re-
maining errors are the repeatability of the meter and the absolute accuracy of
the prover. These are of an order of magnitude of 0. 05 per cent and 0.02
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per cent respectively. If a continuous recording densimeter with an c¢rror of
less than 0.05 per cent is used in conjunction with the prover, then it would
be possible to determine absolute mass flow with an error of less than 0.15
per cent (prover 0.02 + meter repeatability .05 + densimeter .05 = .12 per
cent, and r.m,s. value is .07 per cent), Such a4 system could prove very
effective in the notoriously "difficult-to-calibrate' small meters under 1-
inch size.

Summarizing, the approximate magnitudes of errors of the v. ious
systems are:

Calibration System Magnitude of Volumetric Error
Water Calibration {applied to propellant}) + L. 0 per cent*
Propellant Calibration + 0.5 per cent*
Meter Prover [in operating line) + 0.07 per cent

*Errors can be muc-. larger for meters under | inch in size fnr these
two systems,

The meter prover also has potential use as an airborne component.
For long duration flights in which the propellants are fed at slow rates, meter
provers could be installed in series with the turbine meter to provide in-i{light
calibration and greatly improved reliability.

Details of design and operation are described in the attached Tentative
API Standard 1101.

Whether installed directly in the operating line or used only as a cali-
brating device, the meter prover appears to have several advantages over
other types,
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a. It has a smaller absolute error than other comrnercial systems,

b. It calibrates directly in terms of volume, eliminating the
necessity for density, viscosity and other corrections.

c. Except for extremes in temperature, it is not affected by
ambient conditions.

d. Itis likely to be less costly to purchase and install than other
systems,

e. Itis simple in design and concept.

f. It eiiminates operator error, is easy to operate, and lends
itself most readily to remote control.

g. It is more versatile and can be used over a greater maximum-
to-minimum flow range.

h. It is easy to clean, flush, dry and maintain,

i, Itis rugged and can bhe inexpensively designed with a wide
safety margin,

Meter provers have a possible disadvantage in that it may be more
difficult to make the seals leak-free on storable propellants than on hydro-
carbons. The velocity between sealing surfaces is relatively slow, however,
and the seals are readily replaced (since leaks are easily detected). The
problem, if it should develop, could be confidently handled by a seal develop-
ment study and by scheduled maintenance and seal replacement. The Martin
Company at Denver, Colorado is currently performing compatability tests
on meter prover seals with Titan [I propellants (nitrogen tetroxide and
50-50 UDMH/hydrazine).

By addition of vacuum insulation, meter provers may also prove
adaptable to use for cryogenic liquid calibrations. In this case, the advan-

tages outlined above are amplified as is the potential problemn of seal leakage.
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vi. COMMERCIAL CALIBRATION FACILITIES

In order to determine where facilities are available in private industry,
The Marquardt Corporation addressed the followirg letter to the companies
listed below.

"Gentlemen:

The Muarquardi Corporation is currently performing a study for a mis-
sile propellant fiuid flow calibration facility for the United States Air Force.
One of the objectives of the study is the determination of available calibration
facilities in private industry which can utilize one or more of the propellants
listed below for direct calibration of turbine type flow meters in the size range
1/2 inch to 2-1/2 inches. Desired flow rates range from | to 450 gpm.

We would appreciate information regarding which of the propellants
you can handle, a description of your system(s), (weight, volumetric, etc.)
includirg accuracy, capacity and other pertineut data.

This information will be utilized to determine where and to what extent
the Air Force can supplement its existing water calibration equipment without

construction of new facilities.

Cryogenic Liquids

Oxygen Hydrogen
Nitrogen Fluorine

Storable Propellant Liquids

Nitrogen Tetroxide

Unsymmetrical Dimethyl Hydrazine
Hydrazine

50-50 Blend {N2H4 and UDMH)
Pentaborane

RP-1

Chlorine Trifluoride

Water

Very truly yours, "
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Letters were sent to:

Douglas Aircraft Company, Sacramento Missile Field Station,
Sacramento, California

United Technology Corporation, Development and Test Site,
Coyote, California

Aerojet-General Corporation
Sacramento, California

General Dynamics/Convair, Electro-Mechanical Standard Lab
San Diego, Califowrnia

General Dynamics/Ft. Worth, Fluid Dynamics Test Lab
Ft. Worth, Texas

Rocketdyne Division of North American Aviation
Canoga Park, California

Aerojet-General Corporation
Azusa, California

Lockheed Aircraft Corporation
Burbank, California

Wyle Laboratorics
El Segundo, California

Air Products Company
Trexlertown, Pennsylvania

General Electric Company, Evendale Plant, Flight Propulsion L.ab Dept.
Cincinnati, Ohio

Foxboro Company
Foxboro, Massachusetts
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Bailey Meter Company
Wickliffe, Ohio

Taylor Instrument Companies
Rochester, New York

Brown Instruments Division
Philadephia, Pennsylvania

National Bureau of Standards, Cryogenic Eungineering Lab
Boulder, Colorado

National Bureau of Standards
Washington 25, D. C.

Stellardyne Laboratories
El Cajon, California

Potter Aeronautical Corporation
Union, New Jersey

Waugh Engineering Division
Van Nuys, California

Cox Instruments
Detroit, Mictigan

Brooks Instrument Company
Hatfield, Pennsylvania

Revere Corporation of America
Wallingford, Conuaecticut

Space Instrumentation Company
Santa Monica, Calijornis

Page VI-3
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Plantation Pipe Line Company
Atlanta, Georgia

Fischer & Porter Company
Warminster, Pennsylvania

Aro, Inc., AEDC
Arnold Air Force Station, Tennessee

Hamilton Standard
Windsor Locks, Conuecticut

Pratt & Whitney Aircraft
East Hartford, Connecticut

Hydropoise, Inc.
Scottsdale, Arizona

Sixteen replies were received. Only one company {Wyle Laboratories)
reported facilities for calibrating with storable propeliants. Four reported
facilities for calibrating with cryogenics (Aerojet-General Corporation, Roc-
ketdyne, Wyle Laboratories, and Air Products for AEC), and many reported
the capability to calibrate with hydrocarbons and water. (Rocketdyne performs
storable propellant calibrations during loading at test stands, but these would
not be applicable to this study.

A. Summary of Replies to Letter of Inquiry Regarding Ligquid Flow
Calibration Capability

Source Capability
Aerojet-General Liquid oxygen, liquid nitrogen and water

Water Capacity -- 1000 lb/sec.

Storage Capacity -- 300 3 plus startup
and after flow tank

Pressurization -- 150 psi

Line Diameter ~- 10 inches

Repeatability --- +0.05 per cent
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Source

Rocketdyne

Potter Aercnautical

Air Products & Chemicals,
Inc.

Taylor Instrument Companies

National Bureau of Standards
Boulder, Colorado

Minneapolis-Honeyweil

Foxktoro Co., Massachusetts

Fixcher & Porter Company
Bailey Meter Company
Hamilton Standard

Stellardyne Laboratories

Cox Instruments

Aro, Inc. Arnold Air Force
Station, Tennessee

Wyle Laboratories

Page VI-5

Capability

In-place calibration of propellants d ring
transfer operations; water-oil and water-
glycerine mixtures.

Water, hydrocarbons and freon.

. None - Described LHy system in West Palm

Beach constructed and operated for AEC,
1000 gpm Gilmore load cell weigh system.

Water only,

None

No facilities for propellants.

Water and other non-volatile fluids; too small
fcr commercial test work.

Water and hydrocarbons.

No facilities for propellants.

No facilities for propellants.

10, 000 gpm water system designed to cali-
brate gas flow by volumetric water dis-
placement.

Hydrocarbons and water.

No facilities for propellants.

Sce chart on follewing page.




Page VI-6

Report No. FE-269-3

VAN NUYS, CALIFORNIA

arquardy

TH

Vs

aatyexadp-uoN Appudaandy,

wd8
0Z°0 S1°0 wdd gog | 00¢ - 52 0S PHEN
wd3
1Yy3rop o1IEIS 020 51°0 wd3 0p8 | 005 - 52 0s HNAN
wd3
0Z°0 S1°0 wd3 008 005 - 62 05 PHIZN/HWNAN 006 w X
wdg
14yStam ou3eIS 02°0 S1°6 wd3 008 | 00S - S? 05 YoIN 005 el
wdd
02°0 S1°0 wdd pgo¥ | 005< - 00§ 05 o?H
JySram -swir ], o wdg
stureuAg 52°0 SI°0 wd8 ppo% | 005€ - 006 0s INT
wd3
620 S1°0 wd8 000¥% | 00SE - 005 0s XOT 001% o}
wds
02°0 S1°0 wd? o8 00S - §2 0S OZ2H
IySram -awr ], wd3
srwreudqg sZ°0 510 wd8 008 | 006 - 52 0s INT
wd3
52°0 S0 wd8 008 | 00S - 52 05 XOT 00S 2
(d3s/qr)
1yBram -awry 62°0 ST°0 22s/qr 01 10°S - G'0 05 INT
srwueulg (39s/qr) i
€20 S1°0 298/qr 01 [0°S - G°0 0s HT 059 v
(%) (%) aley a8uey (S1sd) Ajidoede)
SIUIWILIOY)) JII}WUNIOA SSEN MOT g moidg m.ﬁﬂmmn& SPINTI Yue], u1alshy
Aoeandoy walsig wWNWIXenw udrsag uonyvIQITRD

STFMIOLVIOIVT HATAM







THE ’
%rquard/ VAN NUYS, CALIPORNIA

CORPORAT ¥

Report No. FE-269-3 Page VII-1

Vi, CRITER!A FOR TURBINE FLOW TRANSDUCER
CALIBRATION FACILITIES

The calibration facilities will be operated by the United States Air
Force at Edwards Air Force Base, California. They should be suitable
for the calibration of up to four various-size transducers in an eight-hour
day, based on thirteen point calibrations. Facilities shall be designed for
fixed outdoor installation on a concrete pad provided by others. (Refer to
Figure 28, Page VII-17.)

A. Operating Conditions

Two indepeundent systems shall be provided, one for calibration
utilizing storable oxidizer propellants N;O4 and C1F3 and the other for
calibration utilizing storable fuels, RP-1, hydrazine, Unsymmetrical
DiMethyl Hydrazine, 50-50 blend of hydrazine and Unsymmetrical DiMethyl
Hydrazine and pentaborane. (For properties and recommended handling
practices refer to attached charts and to references in Section B of the
Bibliography.) The facilities shall be designed to handle any combination
of the following transducer sizes and flowing conditions.

Oxidizers Fuels
Transducer Sizes (in.) 1/2 to 2-1/2 1/2 to 2-1/2
Flow Rate (gpm) 1 to 500 I to 500
Pressure (psig) 0 to 100 0 to 50

Provisions shall be made to control the liquid temperature
between 60°F and 1009F by hot water heating, using electrical energy for

water-heating. (Cooling is not required for conditions when the liquid
temperature is in excess of 60°F.)




R

UNCLASSIFIED

THF y
%r UAIL .. ovs cavomn

LOIRIRATION

Report No, FE-269-3

Pape

Vit -2

SR N P 1 5 A R o W

UNCLASSIFIED

Fagure 23




UNCLASSIFIED

THE ’
%fquardi VAN NUYS. CAUIFCRNIA

CURPERATION

Report No. FE-26%-3 Pug: V1I-3

UNCLASSIFIED




g i

¢

lan

THE

UNCLASSIFIED
yardf

9

Report No. FE-269-3

IRFERATION

-4

3e7 Vi

M 8 Bl B
e Ly [+ :

Py

RED ok

|

ANT_PROPEH LEES

90 | wo: o

R

]
i

i

. 1 Hrg _}?%.;;_J_;L
|

i —-—TE?Mf’t‘f:a)l ru

. ]
- g

R %

NEEVRE

~i

e

UNCLASSIFIED




-

[

THE v
%rquard/

CURPORATION

Report No. FE-269-3 Page VII-5

B. Ambient Conditions

The facilities shall be suitable for operation in ambient conditions
which vary from 0°F to 120°F, wind 50 mph, dust, sand and freezing rain.
The local altitude at the site is 2, 635 feet, and local gravity* is 32 15 ft/sec?

C. Operability

Due to the hazard, the systems shall be capable of remote opera-
tion and instrumentation readout for multiple point calibrations of a trans-
ducer from the control panel without operator attendance to propellant
handling equipment or instruments. Minimum readout instrumentation shall
provide digital transducer pulse counts, digital millisecond timing, pro-
pellant density and temperature and weight or volume of liquid transferred.

D. Minimum Acceptable Standards of Measurement

1. Reference to National Bureau of Standards. - Digital counting
and timing equipment shall be traceable to standards which have been cali-
brated against Bureau of Standards Station WWV.

Scale counterpoise weights for the gravimetric calibrators
shall conform to the tolerances for Class C Commercial Test Weights as
stated in Circular 3 appearing in Volume III, Handbook 77 of the National
Bureau of Standards, the acceptance tolerances (applicable to new or newly
adjusted weights) being one-half the tabular tolerances. Calibration of
counterpoise weights shall be by comparison at regular intervals with
laboratory reference standards traceable to the National Bureau of
Standards.

The weights shall be made of 4 non- magnetic, free-turning,
stainless steel similar to AISI Type 303, shall be of one-piece construction
and suitably slotted, when necessary, to permit centering of the weights
about the counterpoise hanger; they shall not be plated or lacquered and
the only adj ustment permitted will be by removal of material. Surfaces
of the weights, including those exposed by adjustment operations, shall be
smooth and all corners and edges obviously rounded Il.ach weight larger

*The value of local gravity may be useful in ihe near future if and when the
aerospace industry converts to absolute gravity units or if a force weigh
system {load cell) is used.
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than 0.1 pound shall be engraved with its nominal weight and its counterpoise
value when used in connection with a scale of proper ratio; die-impressed
figures are not acceptable.

Systems based on precision bored volumetric containexs shall
also be calibrated against Class C Commercial Test Weights, by meacurement
against distilled or de-ionized water, at known temperature or against NBS
voiumetric standards.

2. Other Measurements, - Density measuring devices shall be
accurate to + 0. 0005 specific gravity.

Temperature indicators shall have a maximum error of + 1°F.

E. Flushing and Drying

The system shall be designed for convenient and safe filling and
draining of the propellants. Provisions shall he made for water or solvent
flushing all surfaces which contact propellant liquids and all surfaces on which
propellant vapor condensate may collect. Drains with manual valves shall be
placed at all low points where liquids cannot be readily draired.

Provisions shall be made for vacuum drying the flushed system
without disassembling it.

F, Overspeed Protection

¥or systems in which liquid transfer is accomplished by pressur-
ized gas, provisions must be made which will assure that the gas will not
enter the transducers and cause overspeed,

G. Errors
The systems, including instrumentation, shall have a maximum

calibration error of + 0.15 per cent of actual flow and a maximum repeat-
ability error of + 0.1per cent of actual flow for all test fluid conditions and
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rales of {low, and run times of between one and ten minutes. These errors
shall be demonstrated mathematically taking into consideration as a minimum
those errors outlined in Section VII. O, '"Special Requirements for Calibration
Systems.'" It is likely that to attain these accuracies, a minimum of two
systems each for the oxidizer and fuel calibrations will be necessary.

H. Materials of Construction

All metal surfaces which might contact the propellants shall be
austenitic stainless sieel, Type 304, 304L, 316, 316L, 321 or 346. Gaskets
shall be 1/8 inch thick teflon. Gas, water or solvent handling equipment on
the downstream side of filters shall be constructed of copper or austenitic
stainless steel,

Thread lubricants shall be compatible with the fluids contained
(see Bibliography - Safety and Propellant Handling Guides).

1. Valve Leaks

A method of leak detection shall be included at all valves where
liquid can bypass the weight or volume measuring equipment, An acceptable
method of leak checking is to provide double valves with a leak test point
located between them. With both valves closed and pressurized, any leak-
age will flow out the test point.

Figure 26. LEAK CHECK

Pressurizing Test Point Pressurizing

\ / \

Valves being lcak checked

s
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J. Safety

With only one exception (RP-1}), the propellants are extremely
toxic and will result in serious harm if allowed to contact the eyes or skin,.

The facility shall be provided with suitable leak detectors and
audible and v'sible alarm systems. Care shall be exercised to exclude from
the design all low point enclosures where toxic fumes may collect.

Exhaust gases containing propeliants and/or propellant vapors
shall flow to fume scrubbers and be vented in a manner that will prevent
accumulation of the stack gases in the operating area.

All lines and equipment carrying fuels shall be electrically
grounded.

Lines containing propellants or with pressures in excess of 200
ps. shall not be piped into the control building.

In addition, the facilities shall comply with the recommendations
of technical manual T. Q. l1C-1-6, "General Safety Precautions for Missile
Liquid Propellants.'" Other recommended reference guides are listed in
the Bibliography, Section X, B.

The control panel shall be located in a control building equipped
with safety view glass and constructed in accordance with Group G of the

Uniform Building Code.

K. Weather Protection

Weigh systeni components which may be affected shall be protected
from wind or drafts. This includes, as a minimum, weigh tanks, connecting
pipe and scale beams. Balance pivots and other critical components shall
be protected from weather erosion and corrosion, as well as from spillages,
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L. Applicable Codes and Standards

Equipment shall be designed and constructed in accordance with
the latest editions of the following codes,

l. Vessels. - American Society of Mechanical Engineers,
Section VIIIL

2. Pipe. - American Standards Association B 31.1.

3. Welding. - American Society of Mechanical Engineers,
Section IX.

4, Electrical, - National Electrical Manufacturers' Association
5. National Board of Fire Underwriters, National Electrical Code

6. Joint Industry Conference
Hydraulic Standards for Industrial Equipment
Pneumatic Standards for Industrial Equipment

7. Instrument Society of America RP31.1, RP31.2, RP31.3

8. American Petroleum Institute, Standard 1101, Part [,
Mechanical Displacement Meter Provers.

M. Scope of Work

This criteria applies to weight or volume measuring systems
consisting of tanks, interconnecting piping, valves and fittings, pump (and
motor) or gas transfer and storage systems, solvent storage and flushing
equipment, vacuum drying equipment, safety devices such as gas analysis
and relief valves, instruments, remote control consoles and interconnecting
pipes and transmission lines,
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N. Piping Configurations (Refer to Figu»e 29)

Straight piping runs on the inlets and - utlets of transducers shall
be a minimum of ten pipe diameters on the upstream side and five pipe diam-
eters on the downstream side. Straightening vanes consisting of thin-wall
tubes a maximum of one-third the diameter of the containing pipe and five pipe
diameters long shall be assembled, welded and placed ten pipe diameters up-
stream of transducer locations. Transducer connection shall provide leak-
tight seals, provide smooth inside surfaces without diameter steps and shall
have no breaks along the wall in excess of 1/1b inch.

The test section shall be horizontal, and arranged to accept both
a test transducer and a standard reference transducer in series, with straight-
ening vanes between.

Readout equipment shall be capable of counting pulses from both
transducers simultaneously.

The test transducer and its straightening varcs shall be readily
removable. The space remaining shall be large enough so that a section
duplicating the actual use configuration (maximum size 2-1/2 inches) can
be substituted.

All non-propellant lines, except vacuum lines, which enter a pro-
pellant line or propellant tank shall be protected by double check valves; i.e.,

two check valves in series.

O. Special Requirements for Calibration Systems

!. Weigh Systems. - Weigh systems shall be balance arm sys-

tems, or load cell systems and shall be static or dynamic systems. (Refer
to Figures 30 and 31.)

a. Static System. - In the static weigh system, the liquid
shall be recirculated in a closed loop and diverted to the weigh fank hy means

of a fast-acting diverter valve. The weight of the storage vessel shall be de-
termined before and after the run, under static conditions.
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Error analysis shall include minimum of following:

Scale Load Cell(s)

(1) Accuracy of weights (1) Accuracy
Sensibility of scale Sensibility
Repeatability of scale Repeatability
Readout error
Drift effect
Tempevature compensation

Scale & load Cell(s)

(2) Extraneous loads from
connecting lines and
liquid retained in lines

Effect of scale displace-
ment on extraneous loads

(3) Dynamic lag
(Lag in diverter valve;
time in opening and
closing)

(4) Density measurement error

{5) Timer and pulse-counter errors

(Errors shall be reported as + the sum of the individual
errors (and not as rms). ) -
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b. Dynamic Weigh System, - In the dynamic weigh system,
the initial and final weights are measured at a precisely determined time
increment while liquid is flowing out of (or into) the weigh tank. After
initiation of the calibration time cycle, calibrated weights are added to
(or removed from) a platform on the weigh scale, and the run is terminated
when the final weight is the same as the initial weight (i.e., the weight of
liquid transferred equals the calibrated weights), A load-cell weigh system
rmay be substituted for the scale. In this case, the timing devige is
initiated by a pushbutton and electronically terminated when the final load
cell signal is equal to the initial signal.

Error Aaalysis

Scale Load Cell(s)
(1) Accuracy of weights (1) Accuracy )
) on increasing
Sensibility of scale Sensibility ) weight and
) on decreasing
Repeatability of scale Repeatability ) weight

Readout error
Drift effect
Temperature compensation

(2) Extraneous loads from connecting lines and liguid
retained in lines

(3) Effect of scale displacement on extraneous loads
(4) Inertia error by the method of Shafer and Ruegg
(ASME paper 57-A-70, 1957, "Liquid Flow Meter

Calibration Techniques'')

{5) Density Measurement error
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(6) Timer and pulse counter error

(7) Photo-cell or magnetic pickup repeatability and lag
errors

(8) The correction due to a varying amount of liquid in
the falling column within the weigh tank by the chang-
ing level in the tank, and kinetic effects of the falling
column

{9) Time for acceleration of scale and indicating mecha-
nism to constant velocity prior to starting timer

2. Volumetric Systems. -~ The volumetric flow calibration sys -
tem measures liquid displacement in a precision-bore tube. In a vertical tube
(or "standpipe'), the displacement is commonly measured by a mercury mn-
ometer; in 2 horizontal prover by a ball or piston in the tube which is moved
by the liquid. Timer stop and start are initiated by an instrument which prec-
cisely measures the height of the mercury column, or the position of the dis-.
placer ball or piston.

Mercury is commonly used as the rnanometer liquid because
of its excellent electrical conductivity, high specific weight, and stability.
It is not compatible with the propellants, however, and another manometric
liquid would have to be found. The propellant itself might be satisfactory
for fuel calibrations, in vhich case the manometer would become a liquid
level gage. Unless both legs of the manometer are pressurized, the high
vapor pressure of the oxidizers makes them unsuitable for manometer liquids.

If a volumetric calibrator of the type commonly referred to
as a meter prover in the petroleum industry is provided, it shall be bidirc¢s-
tional and means shall be provided for determining leaks across the ball or
piston seals. (Refer to Figure 32.)
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Error Analysis

a. Static Systems
(1) Repeatability of volumetric measurement

(2) Precision of tube dimensions and effects of
temperature and pressure

(3) Lag in diverter
{(4) Density measurement error
{5) Timer and pulse counter errors
(6) Precision in readout of manometer
b. Dynamic Systems
(1) Repeatability of volumetric measurement

(2) Precision of tube dimensions and effects of
termperature and pressure

{3) Lag, precision and repeatability of mechanical or
proximity counter and timer start and stop switches

{(4) Density measurement error

(5) Timer and pulse counter errors
(6) Precision in readout of manometer
(7) ncomplete drainage of walls

(8) Assurance that the pressure measuring device has
completed its acceleration prior to starting timer
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P. Instrumcnt Society of America

The Instrument Society of America is about to publish Recommended
Practice RP31,2 covering the proper installation and operation of a turbine-
type flow transducer. This so thoroughly treats the subject of influential
inaccuracy factors that it is attached in its preliminary form as an addendum,

Q. Preliminary Estimate

With only criteria upon which to base an estimate, it is, of course,
impossible to provide accurate figures {or the cost of the calibration facilities,
This is especially true since the criteria allows a wide selection of gravi-
metric and volumetric calibrators.

As a rough guide, however, and based on a volumetric type cali-
brator and support equipment, the cost should be in the range of $120, 000
to $140, 000,

These figures include costs for supply and installation of two cali-
brator systems, one oxidizer and one fuel, each similar to that shown in
the following illustration and complete with vessels, valves, piping, exhaust
stacks, calibrators, vacuum drying systems, vapor leak detectors, instru-
mentation, and a small control building.

They do noet include Contractor fees and markup, and design costs;
and they assume that all utilities, electricity, water and gaseous nitrogen
are available at the site,

If a more elaborate facility were provided, with individual storage
for each propellant, the cost may be expected to be in the range of $170, 000
to $200, 000. Individual storage, of course, reduces the amount of flushing
and drying to be performed when changing propellants and facilitates fluid
handling and simplifies logistics problems.
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MANUAL VALVE

CYLINDER OR SOLENQID OPERATED VALVE

CONTROL VALVE DIAPHRAGM OR MOTOR OPERATED

CHECK VALVE (ARROW SHOWS DIRECTION OF FLOW)
SAFETY VALVE

DENSITY INDICATOR

LIQUID LEVEL TRANSMITTER

LIQUID LEVEL INDICATOR

TEMPERATURE TRANSMITTER

PRESSURE TRANSMITTER

PRESSURE INDICATOR

TEMPERATURE INDICATOR

Figur: 27
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TYPICAL PROPELLANT STORAGE VESSEL

-SAFETY VALVE
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TO VENT
STACK
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)

TEMPERATURE
CONTROLLER
TRANSMITTER
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TRANSMITTER

FLUSH
WATER
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2
PROPELLANT
FILL —=
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Figure 34
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VIII. CONCLUSIONS

With the exception of RP-1 fuel, empirical data illustrating flow correla-
tions between water and storable propellants is very nearly non-existent.

Correlations developed in theory and proven in practice on hydrocarbon
liquids (such as RP-1) indicate that for transducers above l inch in size and
water, calibrations are accurate to within approximately + 0.5%. The probable
magnitude of error with these sizes, when water calibrations are applied to
transducers for use on other propellants, is about + | per cent.

Further generalizations about turbine transducer accuracies cannot be
made because of radical differences in geometries between manufacturers,
model differences of one manufacturer, and quality controls and maintenance
difierences between models of a given make and size.

An on-stream meter prover of the type used in the petroleum industry
could reduce metering errors to about + 0.1%.

Despite extensive correspondence and interviews with experts in the
field, only one location was found which could calibrate turbine transducers
with propellants: Wyle Laboratories at Norco (lL.os Angeles area), California.
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IX. RECOMMENDATIONS

A, Itis recommended that on stream calibrations as performed by use
of meter provers in the petroleum industry be adapted to aerospace test stands
to reduce the probable error of +1 per cent of current water calibration
practice to a demonstratable error of + 0.1 per cent. To accomnlish this,
it would be prudent to establish a development program to assure that compo-
nents of t prover can be made leak tight against storable propellants. (The
Martin Company is now running such tests on N;Oy and 50-50 N2H4/UDMH).

B. It is recommended that the prover be adapted to use on cryogenic
liquids,

C. It is recommended that a storable propellant calibration facility of
the caliber of the National Bureau of Standards be established at F.dwards Air
Force Base or elsewhere to increase the reliability of calibrations and fill the
void on water-propellant correlation data.

D. It is recommended that the existing Potter-Pacific water flow cali-
brator at Edwards Air Force Base, Laboratory Service Building #8451, be
relained in its present configuration, and not converted to use on storable
propellanis. The reason for this is that it is highly desirable to maintain a
"referee' or water-standard calibrator to provide a local facility for water-
to-propellant correlations. Then, if our previous recommendation is followed,
the flow meter (preferably assembled in its usage pipe-section) can be first
water-calibrated on the existing Potter-Pacific rig in Building 8451 and then
propecllant-calibrated in the new calibrator. The resulting correlation errors
can then be statistically accumulated to build a case history that will also aid
others in this field,
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X1 Ai DENDA

As of the writing of this report, Instrumoent Society of America Stand-
ards RPP3LE,. 2 and RP31. 3 and American Petroleum Institute Standar | 1101
(T'entative) arce in preliminary ldraft form and may require some revisions
before acceptance for publication,
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FOREWORD

This Tentative Recommended Practice has been pre-
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not be static, but should be subject to periodic re-
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CONTENTS
1. PURPOSE

1.1 This Recommended Practice establishes:

1.1.1 Uniform terminology for components and
petformance characteristics,

1.1.2 Uniform installation dimensions.
1.1.3 Uniform electrical output.
2. scopr

2.1 Thix Recommended Practice covers volumetric
turbine-type flow transducers having an elec-
trical output. They are used for either rate
measurement or totalization, and are either
self-generating or modulating.

3. TERMINOLOGY

3.1 A turbine-type flow transducer with an elec-
trical output is a measuring device in which
the action of the entire fluid stream turns a
bladed rotor at a speed nominally proportional
to the volume rate of flow, and which gener-
ates or moduiates an output signal with a
frequency proportional to the rotor speed.

3.2 Rotor, rotor support(s), housing, and pick-off
ate the preferred names for the major parts of
a turbine-type flow transducer,
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3.4

.5

3.6

The drawing symbol for a turbine-type flow
transducer is a hexagon with a major diagonal
of X dimension centered on, and coincident
with, the indicated major axis of an X by 2X
rectangle,

——— ZX
- X — ]
v x
$——— - —3
N>

A letter V" is inserted in the hexagon to
designate ‘‘volumetric’’, and a flow-direction
arrow (one head f{or uni-directional, two heads
for bi-directional) is inserted as shown,

The pressure drop of a turbine-type flow trans-
ducer is the differential pressure in psi at
maximum linear flow measured between points
four diameters upstream and four diameters
downstream from its ends, using water at 600F.

The calibration factor of a turbine-type flow
transducer is designated by the letter “‘K”’
and is expressed in cycles per gallon (U.S.)
or cycles per cubic foot, under the following
specified conditions:

3.5.1 Calibration fluid,

3.5.1.1 Specific weight (Ibs/gal or 1bs/
cu ft)

3.5.1.2 Viscosity (centistokes)

3.5.1.3 Downstream temperature (OF)

3.5.1.4 Downstream pressure (psia)

3.5.1.5 Flowrate (gal/minor cu ft/min)
3.5.2 Line configuration,

3.5.2.1 Length of straightline upstream

3.5.2.2 Length of straight line down-
stream

3.5.2.3 Type of flow straightner

The repeatability of a turbine-type flow trans-
ducer is its ability to reproduce its calibra-
tion factor under the same conditions. Statis-
tically, it is the product of the ‘‘coefficient

3.7

3.8

of variation’ of a number of calibration data,
at nominally the same flow rate, and a ‘‘sta-
tistica! factor’’ accounting for sample size at
a stated confidence leve..

The linearity of a turbine-type t.  transducer
is the maximum percentage devi...ion from a
stated calibration factor, of a number of mean
calibration factors approximately equally
spaced over a flow range.

The linear range of a turbine-type flow trans-
ducer is the flow range upon which the evalu-
ation of linearity is based.

4. SPECIFICATIONS

4.1 Housing Dimensions

4.1.1 For flared tubing (MS 33656) the stand-
ard turbine-type flow transducer lengths

ure:

Nominal Tube Transducer Length Ehulvalent
Diam (Inches) (Inches) Citting
3/8 C2.21927/32) | AN 8326
1/2 2.453(2 29/64) AN 832-8

3/4 3.250(3 1/4) AN 824-12

1 3.563(3 9/16) AN 824-16

1-1/2 4.594(4 19/32) AN 824-+

2 | 6.063(6 1/16) AN 824-32

4.1.2 For flanged pipe (all flange types and
all pressure ratings) the staadard tur-
bine-type flow transducer lengths sre:

Page 2

Nominal P-;;;e_D;r-n“ 1 Tl;r-nﬁ;i;c:r—l_‘enga ]
(Inches) o _ (Inches)
1 8
1172 9
2 9
3 10
4 12
6 14
8 16
10 20
Y 2
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4.1.3 For male-end threaded transducers the
lengths aie the same as for flanged
transducers.

4.2 Electrical Connector

4.2.1 For self-generating turbine-type flow
transducers the standard connector is
a 3-pin MS 3102A-10SL-3P. The ‘“‘A*
pin is positive,

4.2.2 For those installations requiring ox-
plosion-proof or ruggedized connector,
use an approved sctew-type terminal,

4.3 Electrica) Output

4.3.1 For all turbine-type flow transducers
the standerd output characteristics are:

4.3.1.1 Voltage inte a 10,000 ohm load
at minimum linear flow shall be
not less than 30 millivolts,
peak-to-peak.

]

4.3.1.2 Frequency at maximum linear
flow shall be nominally 250,
500, 1000, or 2000 cycles per
second.
4.3.1.3 Impedance at maximum linear
flow shall not exceed 10,000
ohms.
4.4 Identification Symbols
The following information shall be permanently
marked on the transducer housing.
4.4.1 Manufacturer
4.4.2 Part or Model Nc.
4.4.3 Serial No.
4.4.4 Flow Direction

4.4.5 Nominal Tube or Pipe Size

A

]

International l{eadquatters
INSTRUMENT SOCIETY of AMERICA
Penn Sheraton Hotel, 530 Wm. Penn Place
Pittsburgh 19, Pa,

Page 3
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FOREWORD

This Tentative Recommended Practice has been prepared as a part of
the service of the Instrument Society of America toward a goal of uniformity
in the field of instrumentation. To be of real value this report should not be
static, but should be subject to periodic review. Toward this end the Society
welcomes all comments and criticisin, and asks that they be addressed to the
Standards and Practice Board Secretary, Instrument Society of America,
Penn-Sheraton Hotel, 530 Wm. Penn Place, Pittsburgh 19, Pennsylvania.

Robert L., Galley - Chairman, General Dynamics/Astronautics, San Diego,
California

Henry F. Eichenberger - Vice Chairman, General Dynamics/Convair,
San Diego, California

Keith C. Campbell - Douglas Aircraft Co., Inc., Santa Mcnica, California
Edgar L. Zwieback - Douglas Aircraft Co., Inc., Long Beach, California

Lawrence H. Groeper - Rocketdyne, A Division of North American Aviation
Corporation, Canoga Park, California

Walter L. Sterling - Marquardt Corporation, Van Nuys, California

Robert Siev - Aerocjet General, A Division of General Tire and Rubber Com-
pany, Azusa, California

Francis J. Stockemer - Lockheed Aircraft Corporation, California Division,
Burbank, California




me g %
4 Zsrquald/

CORPURATION

Report No. FE-269-3 SECTION X1

Addendum I
Page 2

1. PURPOSE
1.1 This Recommended Practice establishes:
1.1.1 Installation (Section 3)
1.1.2 Check-Out (Section 4)
1.1.3 Data Acquisition (Section 5)
i.1.4 Data Interpretation (Section 6)
2. SCOPE
2.1

.

This Recommended Practice covers installation and operation of
volumetric turbine-type flow transducers as described in RP31.,1.

3. INSTALLATION

3.1 Environmental Considerations

A number of environmental conditions may affect the operation of
a turbine-type flow transducer. Of these, moisture is the most
common cause for malfunction. Electrical pick-off and connecior
must be waterproof to eliminate trouble from this source. Temp-
erature of the transducer is largely determined by the temperature
of the flowing fluid. However, the temperature of the pick-off and
counector may be influenced by the environment. Low temperatures
do not usually cause malfunction, but high temperature may result
in failure of the insulation. Mechanical vibration will shorten the
service life of a transducer and may also bias the data obtained.
Magnetic fields in the proximity of the transducer or transmission
cable may introduce spurious signals, or may attenuate the output
if the circuit is not adequately shielded. The possibility of such
signals vitiating data is greater when automatic frequency counting
equipment is used.
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Line Configuration

The turbine-type flow transducer is affected by upstream and down-
stream line configuration. The condition which produces this effect
is primarily swirl of the flowing fluid and therefore upstream con-
figuration is much more influential than downstream. Rules speci-
fying a certain number of diameters of straight line upstream and
downstream, which have been determined for orificc typc flowmeters,
are not applicable to the turbine type. A flow straightener is effective
in eliminating swirl, and the upstream rotor support of a turbine type
transducer acts to some extent as a straightenesr. However, because
of differences in the effectiveness of the various rotor supports as
straighteners, it is not pussible to generalize on minimum length of
upstream and downstream line. Suffice to say that the turbine-type
flow transducer should be located with most of the available straight
line upstream, Unusual downstream disturbances, such as a pump
inlet may require a reduction in this ratio or in extreme cases a
downstream straightener may be necessary.

Care should be taken not to allow piping to impose excessive stresses
on the transducer honusing,

Flow Straighteners

When it is not practical to provide a long straight flow path upstream
of a turbine-type flow transducer or when maximuin accuracy 18 de-
sired, a flow straighter r should be installed. Various designs of
straighteners have been proposed. Tube bundles and sectiong of
honeycomb have been found effective., In addition to effectiveness,
the pressure drop and durability should be considered. For maxi-
mum accuracy, the transducer should be calibrated with the straight-
ener installed upstream in the same manner as during operation.
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3.4 Attitude of Transducer

Turbine-type flow transducers are usually calibrated on a flow bench
in a horizontal position. In a majority of cases they are installed in
the same attitude, However, when installed in a position other than
horizontal, a difference in axial thrust balance may cause a change in
the calibration factor. For maximum accuracy this effect should be
known to be negligible for the design of transducer being used or the
unit should be calibrated in the attitude in which it will be installed.
For small transducers the angular position of the pick-off should be
similarly considered.

3.5 Minimum Operating Pressure {Absolutc)

A minimum cperating pressure for any particular flow transducer in-
stallation should be maintained to preclude a change in the calibration
factor due to various types of two-phase phenomena. The minimum
operating pressure is a function of the vapor pressure of the fluid and
the presence of other dissolved gases. The minimum operating pres-
sure must be experimentally determined under actual test conditions
and is defined as the line pressure at “vhich the calibration factor at
125 per cent of the nominal maximum flow rate increases 1/2 per
cent over the corresponding calibration factor obtained at the same
flow rate but with a 10 psi higher pressure. The minimum operat-

ing pressure shall be measured four diameters downstream of the
flow transducer.

3.6 Prevention of Overspeeding

A number of conditicus may cause the rotor of a turhine-type flow
transducer to turn at a speed higher than its rated value. Whether
such overspeeding causes damage to the transducer depends upon
the degree and duration. Improper selection of the transducer or
excessive flow rate due to failure of some other component of the
system can both cause overspeeding. Depletion of the metered
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liquid in a pressurized feed system will usually cause ruinous over-
speeding as the gas passes through the turbine-type flow transducer,
Perhaps the most frequent cause of severe overspeeding of a liquid
turbine-type flow transducer is gas in the line. Gas may be intro-
duced during assembly of the system or may result from a change of
state of the metered liquid under certain conditions of ternperature
and pressure. Overspeeding can be prevented by care in design and
operation of the system. Careful assessment of the applicability of
the above possible causes of overspeed to a given system is the first
step. Proper location of the transducer with respect to valves can
minimize risk. Finally, provision and use of a mcans for limiting
flow or bleeding gas from a liquid systemn is» c¢ssential. Different
types of overspeed protection devices arc available for specific ap-
plication; including mechanical and electromagnetic brakes,

3.7 Filtration

For proper transducer operatioh the measured fluid should not con-
tain solid particles having a maximum dimension more than half the
clearance between rotor blade tip and bore of the housing. The ser-

vice life of the transdur.er will be extended by filtering the measured
fluid.

As a guide, the following U. S. standard sieve mesh sizes are recom-

mended:

Transducer Mesh Particle

Size Size _ Size
3/8-inch 170 88 microns
1/2-inch 120 125 microns
3/4-inch 45 350 microns

l-inch 45 350 microns
1-1/2-inch and up 18 1000 microns
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Flow Direction

When installing a turbine-type flow transducer in a system, observe
the flow direction arrow, or wording, marked on the transducer, re-
garding inlet and outlet ends.

Electrical Installation

3.9.1 A two-conductor or three-conductor shielded cable should
be used for the electrical output. Wire size should be based
on allowable signal attentuation. Avoid installation in a con-
duit containing power cables. (See Section 5,2.1)

3.9.2 The positive lead of the cable is connected to the '"A" pin
of the transducer connector.

3.9.3 For grounded piping, cable shield is to be ungrounded at
the transducer end. It should be grounded at the instru-
ment end only.

4. CHECKOUT

4.1

System Check

The type of checkout procedure will depend largely upon the flow
transducer application. In some instances it may be possible and
most expedient to establish test flow to functionally check the com-
plete measuring system, with no serious consequences if proper
operation is not ebtained on first attempt. In other instances it
may be of paramount importance that propcr operation is obtained
each and every time test flow is established, so that one or more
of the following pre-test checks may be justified.
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Rotor Spin Check

The most comprehensive check that may be made of a turbine-type
flow transducer, associated circuitry and readout equipment, short
of actually establishing flow, is to spin the rotor by tangential im-
pingement of a jet of fluid, When such a check is desired, a pres-
sure connection for this purpose must be provided on the housing.
Any fluid that will not contaminate the system may be used. Ex-
treme care must be exercised in making a spin check to avoid
over-speeding. Even if excessive speeds are avoided, bearing lu-
brication may be inadequate so that prolonged chccks should be
avoided.

Induced Signal Check

The pick-off, associated circuitry and rcadout equipment of a self-

generating flow transducer may be checked by an induced signal. A
small coil, connected to an A, C. power source, is held in the prox-
imity of the pick-off so as to effect an energy transfer. This func-

tionally checks the circuit without breaking any connections and can
be used to facilitate proper attentuation adjustment.

Applied Signal Check

The associated circuitry and readout equipment of a self-generating
flow transducer may also be checksd by applying the signal directly.
Provision is made for connecting an oscillator in parallel with the
pick-off to accomplish a check similar to that of Para. 4.3. Note,
however, that the pick-off is not checked by this method. Care must

be exercised to make sure that circuit characteristics are not altered

or continuity disturbed by connection and disconnection of the oscil-
lator.
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4,5 Coniponent Check

If any of the above checks indicate some malfunction, the circuit
should be separated into two parts for additional checks.

4.5.1 Pick-Off Check

The resistance of the pick-off and resistance to ground
should conform to the manufacturer's values plus allow-
ance for any additional lead that may be included.

4.5.2 Readout Equipment Check

The readout equipmeut and associated circuitry should be
checked by applying an oscillator signal of approximately
30 mv, peak-to-peak, at a frequency corresponding to that
of the transducer at minimum linear flow.

5. DATA ACQUISITION

"Data acquisition' as used herein includes any treatraent of the transducer
cutput signal necessary for converting it into a form convenient for inter-
pretation,

The data signal is transferred and converted in the following general man-
ner. The electrical output from the flow transducer is sent to the signal
conditioning equipment by means of a signal transmission system. After
the signal has been properly conditioned, it is sent to a data presentation
system, which consists of a monitor display or recording system. The
display and recording can be a combination of analog and digital readouts.

The various recording systems shown below are meant only as a guide
since there are many possible variations and combinations.
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5.1 Signal Transmission

The common methods of transmitting electrical signals generated
by the flow transducer to the signal conditioning equipment are as
follows:

Most common

3
|
7u e

[aBd

Single-Ended Input
B High Impedance;

v' - c Voltage Scnsing
E — ; D
;__r S,

Signal Conditionin Input

Used when noise is a very serious problem.

T >

l_% EIE Differential-Input;

Noise-Pickup-Cancellatior

Signal Conditioning Input
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sed for ungrounded transducer.
) T T )
v 1B Single-Ended-Input;
¥ c Low-Impedance;
@ Current-Measuring.

~— - — —

- = A
W HB oy Single-Ended-Input;
[ L S ;
?C ow-Impedance;
Current-Measuring.
=/

¥

Used when high accuracy is the most important consideration,
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Signal Conditioning

In addition to the basic operations of amplification or attenuation,
certain signal conditioning may be done to obtain data in a different
form.

5.2.1 A rate-type signal conditioner counts, for repetitive short
timme intervals, the number of cycles of transducer signal
produced in each of those time intervals. By the choice of
a suitable time interval, desired units of volumetric flow
rate may be indicated. Flow rate may be indicated even in
gravimetric units if specific weight is constant.

5.2.2 A "totalization-typoe' signal conditioner is the process of
accumulating the number of cycles proportional to the total
volumetric flew which has passcd through the transducer
during auy preselected time interval,

5.2.3 An integration-typc signal conditioner provides a de volt-
age level] proportional to the signal frequency.

5.2.4 A "scaling-type' signal conditioncer multiplies or divides
the transducer output frequency by some selected factor.
It is generally used tu facilitite presentation and reduc-
tion of data.

Data Presentation
5.3.1 Monitor Display
Display is divided into two gencral categories. digital and

analog. Both rate and totalization data are easily displayed
digitally, while rate can also be displayed in analog form.
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Recorded Data

To obtain a permanent record of the data, it is usually re-
corded by means of an electric typewriter, counter printer,
graphic recorder, oscillograph or magnetic tape system,.
There are numerous combinations of recording systems,
the detailed discussion of which would be beyond the scope
of this Recommended Practice.

5.4 Supplemental Data

In many applicationg, the measurement of one or more additional
variables may be necessary for complete interpretation of the flow
data.

5.4,

5.4.

1

Y

Such supplemental data are generally limited to the following:

Temperature

Temperature of the measured fluid often has an effect on
the performance of a turbine-type flow transducer, Any
one or more of the fullowing effects may produce errors
and must be considered. There is a mechanical effect
caused Ly thermal cxpansion or contraction of the trans-
ducer housing and rotor when the operating temperature
materially differs from calibration temperature. (See
Paragraph 6.1.1) An elevated or depressed operating
temperature changes the physical properties of the fluid
being measured, specifically, its vapor pressure, vis-
cosity and specific weight. (See Paragraphs 3.5, 5.4.2
and 5. 4.3)

Viscosity
Kinematic viscusiiy measurement is desirabie when operat-

ing over a wide temperaturc vangc or near the low end of
the transducer's flow range, and when high accuracy is
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imporwant. Fluid viscosity is usually determined indirectly
by measuring the fluid temperature at a point four diameters
downstream of the flow transducer. The measured tempera-
ture information is used to obtain the fluid's viscosity from
known temperature vs viscosity data for the particular {luid
being measured. Available data on the viscosity-temperature
relationship of the fluid being measured may be supplemented
by analysis of samples from the actual batch to determine the
viscosity at operating temperature. Alternatively, a viscosi-
meter can be used for direct measurement.,

Specific Weight

It is necessary to know the specific weight of the fluid at the
flow transducer when gravimetric flow data are desired.
This may be determined from a temperature measurement
in the same manner as is described {or vircosity. Alter-
natively, a densitometer may be used. In some systems
the densitometer is arranged to compeusate automatically
the volumetric flow measurement - that flow rate and {low
totalization are presented in gravimetric units. This ap-
proach often entails some loss of accuracy.

Pressure

Where compressibility is an important factor, {luid pres-
sure is measured. The pressure should be measured four
diameters downstream of the flow transducer (see Para-
graph 3.5).

6. DATA INTERPRETATICN

This section deals only with the analytical factors which affect the flow data
acquired. It is presurned that factors such as two-phase flow, pulsation
and electrical interference have been minimized to a degree consistent with
the accuracy desired.
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Volumetric Flow Measurement

Regardless of whether the signal conditioning equipment provides
a measurement of flow rate or total flow, the readings must be
divided by the calibration factor, "K' {(defined in paragraph 3.5

of RP31, 1), to obtain volumetric data., As noted in that paragraph,
the factor is a function of several independent variables for which
corrections may be applied according to accuracy requirements.
For totalization, a mean ‘ffective calibration factor must be deter-
mined based on representative values of these variables. If the
signal conditioning equipment introduces a scaling factor, it must
also be applied to the data at this time. The flow through a turbine-
type flow transducer is torsionally deflected by the rotor due to
bearing friction and signal generation torque,” In a properly func-
tioning transducer this effect is small and is incorporated in the
calibration factor., The magnitude of the etfect, however, varies
inversely with the specific weight of the flowing fluid, and size of
transducer. Consecquently, if the sper ific weight ©f the operating
fluid differs from that of the calibrating {luid, an crror is antro-
duced. Even a change in gpecific weight, due to temperature or
pressure variation, affects the faitor. Because the magnitude of
this crror is related 1o the transducer design, no generalized ¢or-
rection tan be given, Fortanately, th - crror is small, but cven so
it is desirable to calibrate with a flid of approximately the =ame
specific weight as the operating fluid, and at the sam: temperature
and pressure in the casc of a gas or compressible hiquid.

Corrections, if applied at all, are usually for onc or more of the
following:

6.1.1 Temperature
Transducer temperature is usually assumed to be that of

the flowing fluid. When operating temperature differs
from that noted during calibration, an error i1s introduced
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due to dimensional changes of the housing and rotor. A
correction besed on the thermal coefficient of expansion
( ) may be approximated as follows:

KC
1+3 (To-Tg)

K, =

Note that K, decreases as operating temperature increases
and that the correction applies only when housing and rotor
have the same thermal coefficient.

€£.1,2 Flowrate

The calibration factor "K' is usually expressed as a con-
stant. When a range of flow rates is to be covered, error
can usually be reduced by expressing the factor as a linear
function of flowrate’ either with or without temperature cor-
rection. In some cases a non-linear expression of calibra-
tion factor may be justified.

6.1.3 Viscosity

If viscosity of the ooerating fluid differs from that of the
calibrating fluid, or if it varies during operation due to
tempcraturc change, it may be necessary to obtain cali-
bration data at more than one viscosity. Thesc data are
best utilized as a single relationship of K factor vs Rey-
nolds Number if transducer characteristics enable such

a presentatior., For simplification, the quantity f/ (out-
put signal divided by Kinematic viscosity) which is approxi-
mately proportional to Reynolds Number, may be used in-
stead. If transducer characteristics are such that a single
relationship is not obtained the data must be utilized as a
family of constant viscosity relationships of K factor vs
flowrate. * In either case these relationships may be ex-
pressed as linear or non-linear functions.

*Either flowrate or frequency (of output signal) can be plotted, as
they are essentially proportional one to ihe other.
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6.2 Gravimetric Flow Measurement

When flow data obtained with a turbine-type transducer are desired
in gravimetric units, the volumetric rate or total flow must be mul-
tiplied by the specific weight of the metered fluid at operating condi-
tions. See paragraph 5.4.3.
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1. Purpose

This Recommended Practice has been prepared to serve as a guide in
the accurate calibration of turbine-type flow transducers for non-
cryogenic liquid service.

2. Sc ope

This Recommended Practice covers the techniques involved in the
calibration of volumetric turbine-type flow transducers as described
in RP31.1.

3. Calibration Methods

Methods suitable tor the calibration of turbine-type flow transducers
may be classified as:

a) Direct Gravimetric
b) Indirect Gravimetric
c) Volumetric

Each of these methods has advantages and disadvantages depending upon
the ligquid being metered and the type of operation. The gravimetric
methods require that the specific weight of the liquid be determined ac-
curately to provide a basis for converting weight to volume, and, the
effect of the buoyancy of the air must also be considered. The volu-
metric method is advantageous where specific weight determinations
are difficult to perform, and is more direct in that conversions from
weight to volume arc not required.

The calibrator may be either of the open-type for use with low vapor
pressure liquids only, or of the closed-type in which a pressure greater
than atmospheric is maintained to prevent liquid loss from the rneasur-
ing vessel by evaporation. The calibration methods are further classi-
fied as Static or Dynamic.
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Static Method

In this rnethod, weighing or measurement of volume occurs unly while
the liquid is not flowing into or out of the measurement vessel. This
method is ca;ai)le of high accuracy under properly controlled condi-
tions and is conveniently traceable to the National Standards through
static checks with reference units of weight or volume.

Dynamic Method

In this method, the measurement of volume or weight occurs while the
liquid is flowing intv or out of the measuring vessel. Although more
suitable for many applications, it may involve dynamic errors which
cannot be detected through static checks with reference units of mass
of volume. Therefore, it is important that each new dynamic calibra-
tor of a different type or size be checked carefully to prove that sig-
nificant dynamic errors do not exist.

Calibration Procedures

Two procedures for conducting a turbine-type flow transducer are the
running start-and-stop and the standing start-and-stop. The procedure
which more closely duplicates the type of service anticipated in the ap-
plication of the transducer shuuld be selected whenever possible.

Running Start-and-Stop

The running start-and-stop requires that a reasonably constant flow rate

be maintained through the transducer prior to, during, and immediately

after the collection of the liquid in the measurement vessel. This dupli-

cates the type of service encountered when the transducer is used for
the measurement of flow rate or for totalization of large throughputs of
long time-interval duration.
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Standing Start-and-Stop

The standing start-and-stop more closely duplicates applications involv-
ing totalization of small throughputs of a short time-interval duration,
This procedure requires that a ''no-flow' condition exist at the trans-

ducer prior to the beginning and at the end of the calibration run.

Gencral Precautions

Genevral precautions which should be considered in the design of a cali-
bration system for turbine-type flow transducers include the following:

System Piping

The piping between the transducer and the measurement vessel should
be short, of small volume compared to the volume coliected during the
calibration interval, and especially designed for the convenient elimi-
nation of all air and vapor. It should be s0 constructed to assure that
all of the liquid and only that liquid passing through the transducer is
collected in the meas:urement vessel during the calibration interval.

Throttliﬂg or Flow Control

Throttling or flow control valves should be Jocated downstream of the
transducer to reduce the possibility ¢f two phase flow occurring within
the transducer under test. When this is not practical, a back-pressure
regulator or similar device should be installed downstream tc maintain
the required back pressure.

Leak Indicators

Positive methods, visual if possible, should be provided to assure that
no leakage occurs through the emptying mechanism of the measurement
vessel during the calibration interval.
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Measurement Vessel Capacity

The capacity of the measurement vessel should be not less than the vol-
ume delivered in one minute by the transducer operating at its maximum
flow rate. Use of considerably smaller capacities may involve an appre-
ciable sacrifice in the accuracy of the calibration procedure.

Calibration Systems

Direct Gravimetric, Open, Static, Calibrator

This system as shown in Figure 1 is applicable to the running start-and-
stop procedure of calibration and can be used only with liquids of low
vapor pressure. It utilizes a diverter to direct the flow as desired to
storage or to the measurement vessel (weigh tank) without disturbing
the rate of flow. The diverter actuates the electronic counter at the
midpoint of its traverse, diverts the flow quickly, and has approxi-
mately equal traversing speeds in each direction.

Prior to a calibration run, the diverter is positioned for return to stor-
age, the flow rate adjusted to the desired value, the dump valve closed
and the tare weight of the weigh tank determined. The diverter is then
operated to divert the liquid into the weigh tank, automatically starting
the counter. After collection of the appropriate amount of liquid, the
diverter is repositioned to return to storage, automatically stopping the
counter. The total cycles accumulated and the liquid temperature at
the transducer are recorded, gross weight measured and net weight
determined. The volume of liquid corresponding to this net weight is
calculated from the specific weight of the liruid at the temperature of
the liquid passed through the transducer during the run. Considerations
are included for the effect of air buoyancy.

The modification of this system as shown in Figure 2 is applicable to
the standing start-and-stop procedure of calibration. In this method,
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the diverter is replaced by an on-off valve located near the end of the
line discharging into the weigh tank. Prior to a standinp start-and-

stop calibration, the on-off vaive is opened and the flow rate adjusted
by means of other valves to the desired value. The on-off and dump

valves are then closed, the tare weight measured, and the counter re-
set to zero. The on-off valve is opened and the counter automatically
totalizes cycles from the transducer without external actuation. When
an appropriate amount of liquid has been collected, the on-off valve is

closed, liquid flow stops, and readings of gross weight and total cycles
are obtained.

Direct Gravimetric, Open, Dynamic, Calibrator

This method is used only for the running start-and-stop procedure of
calibration. The electronic counter is actuated by the counterpoise

beam of the weigh-scale. The principal components of a dynamic cali-
brator are shown in Figure 3.

Dynamic factors which may influence the accuracy of calibration by
this method may include: change in inertia of the weigh system with
the resultant change in time required to accelerate the counterpoise
beam past the counter actuation pcint; the change in impact force of
the falling liquid between the initial and final weigh points; the collec-
tion of an extra amount of liquid from the falling column by the rising
level in the weigh-tank; and surging of the liquid in the weigh-tank at
the instant the we.ghing is performed.

Prior to a calibration by this procedure, the weigh-tank dump valve is
opened, the flow rate adjusted to the desired valuc, the counter reset
to zero, and an appropriate counterpoise tare-weight selected. This
weight should be sufficiently large to prevent the counterpoise beam
from rising until forces resulting from the closing of the dump valve
have subsided and significant drip-off from the dump valve has ceased.
(ienerally, the tare time should be of 10 or more seconds in duration,
but shorter intervals are sometimes adequate when operating near the
maximum capacity of the system.
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The counter is triggered when the weight of liquid in the wecigh-tank in-
creases to the point where it balances the counterpoise tare weight. An
additional weight, equivalent to the presclected number of pounds of
calibrating liquid, is then added to the pan depressing the counterpoise
beam. When the mass of liquid in the weigh-tank balances this weight,
the counter is automatically stopped. Data recorded for the run include
total cycles, net weight of liquid collected, and the teraperature of the
liquid at the transducer.

Direct Gravimetric. Closed, Calibrator

This calibrator provides a method of maintaining suificient back pres-
sure in the weigh-tank to prevent significant cvaporation of high vapor
pressure liquids during the calibration interval. As a dynamic cali-
brator, it is uscd with the running start-and-stop precedure. The
standing start-and-stop procedurc can be usted when it is operated as
a static calibrator.

The schematic diagram, Figure 4, shows liquid flow out of the weigh
tank through the transducer during the calibration run. The pressur-
izing gas provides the necessary pressure level to prevent evaporatinn
and to cause the liquid to flow through the syst:in. The method s
equally suitable for applications in which flow intc the weigh-tank 1s
desired during the calibration run. Ju this case the test section of
flow straightener, transducer, and flow control is reversed from that
illustrated.

The procedures followed and data recorded in conducting a calibration
run with this calibrator are similar to those previously described for

the open-type gravimetric calibrators. However, in this closed sys-

tem, the weight of pressurizing gas entering or leaving the weigh-tank
during a calibration run is sigmficant. Thus, adrquate supplementary
instrumentation must be supplied to determine accurately the weight of
pressurizing gas transferred to or from the weigh-tank during the run.
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6.4 Indirect Gravimetric, Open, Calibrator

This method is used only for the running slart-and-stop procedure of
calibration. The principal component of the system, Figure 5, is a
vertical standpipe whose height is very large compared to its diam-
eter. The large L/D ratio is necessary to minimize the surface area
at which e aporation may occur and to produce measurable changes in
pressure at the bottom of the standpipe as the liquid leve!l rises. In-
cremental increases in pressure are measured by means of a mercury
manometer equipped with electrical contacts or by any other suitable
pressure measuring instrument which can be set to start and stop a
counter at preselected pressure increments. The weight of liquid
added to the standpipe is then the product of the standpipe cross-section
area and the measured change in pressure, and is indepencent of the
density of the calibrating liquid to the sarne extent that any cther weigh-
ing procedure is independent of the density of the liquid being weighed,
As in the case of other weighing procedurcs a correction must be made
for the cffect of buoyancy of the atmosphere on the liquid. For a sys-
tem using a single leg mercury manometer as the pressure sensing
ingtrument, corrections are also made for the weight of liguid enter-
ing the manometer well and the change in elevation of the mercury
level in the well. The basic equation for exact head balance and liquid
weight is as follows:

. Pl At At At At
W=.05613(ﬂ)1\1 °th Phg (1+A—w)-Pa(]+'A—l)- Pl(m-m—'




arquard/

CORPURATION

Report No. FE-269-3 SECTION X1l
Addendum III
Page 8
Wherz W = weight of liquid discharging from transducer being cali-

brated, which is the sum of that entering the standpipe
and that entering the mercury manometer as mercury
is displaced.

Hp, = Change in elovation of mercury meniscus; i.e., distance
between contacts used in inches.

Ppo = Mercury density at manometer temperature, grams/cc.
Pl = Density of calibrating liquid, grams/cec.

Pa = Density of atimospheric air, which is assumed constant
at .0012 grams/cc.

Al = Cross-section area of standpipe, in square inches.
At = Cross-section area of manometer tube, in square inches.
Aw = Cross-section area of manometer well, in square inches.

The procedures followed and the data rcecorded are essentially the same
as those for the direct gravimetric calibrators.

Dynamic considerations applicable to this system are: (l) ascertain

that the pressure-measuring device has completed its acceleration and
attained a constant veloc:ty before the weigh-time interval is commenced,
(2) oscillations resulting from the natural frequency of the pressure in-
dicator must not exist and, (3) air compression in the standpipe, espec-
ially at high flow rates, can result when restrictions such as flame
arrestors are placed in the vent. It is readily seen that errors indi-
cating higher than actual flow can result when such restrictions exist.
Other important considerations are: Lffects of thermal expansion on
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the standpipe cross-sectional area and on the density of the manometer
fluid, and incomplete drainage of the standpipe walls before starting the
weigh-time Jetermination, a particularly significant factor when high
viscosity liquids arc used,

Volumetric Calibrators

This method of calibration may be subdivided into the saine system
types as the gravimetric calibrators. Volumetric calibrators may be
designed as static or dynamic systems and for open or closed opera-
tion. The liquid level in the measurement vessel may be determuaned
continuously by employing a buoyant force technique or incrementally
using liquid level probes.

In using a volumetric calibrator, the true volume passed through the
transducer is that volume registered by the measurecment container

with corrections applied to include allowances for the change in:

a)  Measurcment container limensions with change in pressurce, C),.

b}  Mecasurement container dimensions with change in temmperatuie, Cigg.

c) Volume of liquid as a result of pressure differences existing be -
tween the transducer and the measurciucent container, Clp‘

d) Volume of test liquid as a result of temperature differences exist-
ing between the transducer and the measurement container, Cy;.

The calibration factor is then computed:

Total Count B Total Count
\' (Trans T, P) Vlnd B Cmp . Clp . Clt

cycles/gallon =

Where: V(Trans T,P) = true volume at transducer temperature and
pressure in gallons.

Vind = volume indicated by the volumetric measuring container.
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Component Accuracy

Weights

Scale counterpoise weights for the gravimetric calibrators shall con-
formn to the tolerances for Class C Commercial Test Weights as stated
in Circular 3 appearing in volume 111, Handbook 77 of the National Bu-
reau of Standards, the acceptance tolerances (applicable to new or newly
adjust weights) being one-half the tabular tolerances. Calibration of
counterpoise weights shall be by comparison at regular intervals with
laboratory reference standards traceable to the National Burrau of
Standards.

1t is recommended that scale counterpoise weights procured in the fu-
ture for use on lever-type weighing systems of gravimetric calibrators
shall be made of a non-magnetic, free-turning, stainless steel similar
to AISI Type 303, shall be of one piece construction and suitably slotted,
when necessary, to permit centering of the weights about the counter-
poige hanger; they shall not be plated or laguered and the only adjust-
ment permitted will be by removal of material. Surfaces of the weights,
including those exposed by adjustment operations, shall be smooth and
all corners and edges obviously rounded. Each wcight larger than 0.1
pound shall be engraved with its nominal weight and its counterpoise
value when used in connection with a scale of proper ratio; die-impressed
figures are not acceptable.

Pressure Sensing Devices

The intervals between electrical contacts in the mercury manometer
type pressure sensing instrument shall be measured by means of a
Shadograph, Cathetometcr, or other optical techniques. Consideration
must be given in the application of these techniques to the possibility of
error introduced by image distortion when viewing the contacts through
the glass manometer wall. The measurements shall be made in a
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temperature controlled area, and at the same temperature as that to
which the manometer is normally expused. Other pressure sensing
devices such as differential pressure transducers shall be calibrated
with precision dead weight testers, the accuracy of which is traceable
to the National Burcau of Standards. Further, they shall be tempera-
ture compensated or temperature coutrolled,

Calibration Liguids

The liquid used in performing a calibration should, whenever pussible,
be the same as that for which the transdacer is to be used in service,
and the operating venditions should be duplicated.

A substitute calibrating me.Jdiun may be employed when 1t is impracti-
cal to use the eperating liquid. When this is done, the kinematic vis-
cosity and specific gravity of the calibrating liquid should be within 10
per cent of that of the operating liquid. The lubricity of a liquid cannot
be as accurately defined as viscosity and specific gravity, but this
parameter shoulld be considered when using operating liquid simulants
and should be matched as closely as possible.

Filtration shall be provided to protect the transducer against damage
and/or malfunction from solid particles or other malerials such as
lint. As shown in RP31.2, the degree of filtration required is a func-
tion of meter size. For general usage on a calibration stand where
various size meters are to be calibrated, a 50 micron or finer filter
shall be employed.

Installation Procedure

When installing the transducer in the calibration rig, observe the flow
direction arrow, or wording, marked on the transducer regarding in-
let and outlet en:ls.
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If flow straighteners or straight sections of pipe are userd as an inte-
gral part of the transducer service installation, then the calibration
shall be performed with the saine configuration. Under those circum-
stances where the transducer rmust be used immediately downstream

of pipe e'hows or other swirl producing pipe fittings, it is recommended
that the calibration be performed with the same plumbing configuration,
but this technique does not guarantee a good calibration,

The transducer shall be calibrated in a horiwontal position with the
pick-off vertically upward since this is the normal attitude for most
service installations., However, when the service installation is other
than horizontal, a difference in axial thrust balance may cause a change
in the calibration factor. Pick-off orientation may also cause an error
due to the reiationship of magnetic drag and gravitational forces in some
types of transducers. For maximum accuracy, thesc effccts should be
known to be negligible for the design of the transducer being used or
the unit should be calibrated in the attitude in which 1t will be installed.
When a transducer is equipped with two or more pick-offs, the trans-
durer is to be calibrated with all pick-offs installed,

Calibration Procedure

The meter shall be "run-in" for a period of at least five minutes prior
to calibration to insure good operation of the transducer during calibra-
tion.

During the run-in period, the rms miilivolt output of the pick-off shall
be measured and recorded at the rated minimum and maximum flow
rates. The wave shape of the output signal shall also be observed on
a cathode-ray oscilloscope to check for transducer malfunctions,

The pressure drop across the transducer shall be measured at maxi-
mum rated flow (Ref. RP31.1).
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The operating pressure shall be measured and should be such as to
preclude a change in the calibration factor due to various types of
two-phase phenomera. The pressure shall be ineasured four diam-
cters downstream of the flow transducer (Ref. RP31.1). The re-
quired back pressure may be determined by specific tests, but in
the absence of exact data it may be set at a pressure equal to the
sum of the vapor pressure of the liquid at the operating temperature
plus three times the measured pressure drop across the transducer.

The temperature of the calibrating liquid shall be measured with a
thermocouple or other temperature sensor four diameters downstream
of the transducer. If it is necessary to install the temperature senscr
upstream of the transcducer, because of installation considerations,
make certain that the sensor does not introduce swirl in the liquid.

In all installations, the sensar mast be inunersed to a sufficient depth
to minimize thermal cunduction error.

The total number of pulses (or cycles) accumnlated for each calibra-
tion point shall be dictated by the flow measurement accuracy require-
ment. Since the usual electronic counter has an inherent accuracy of
+ 1 pulge (or cycle}, it is apparent that a sufficient number of pulses
(or cycles) should be accumnulated to make that error negligible.

The total count method dees not require that flow rate be maintained
absolutely constant when calibrating in the region in which the cali-
bration factor is essentially independent of flow rate. Variations in
flow rate of not more than 4 per cent should not iatroduce significant
errors. However, in the laminar and transition regions, the calibra-

tion factor is affected significantly by Loth flow rate and liquid viscosity.

Thus, in calibrating in these regions, flow rate should be maintained
constant to 1 per cent or better or the duration of the calibration run,
as well 22 the total pulse count, should be measured. These data then
provide means of determining the exact average frequency existing dur-
ing the run.
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All gravimetric calibration rnethods require an accurate basis for con-
ve:ting weight to volume. Thus, the specific wecight of the liquid in
pounrds per gallon at the transduccer temperaturce and pressure should
be determined to an accuracy of 0.05 per cent or better. Considera-
tions must also be included for the effect of air buoyancy. Suitable in-
struments for the deterranination of specific gravity include the hydrom-
eter, Westphal balance, and pycnomecter.

The conversion from specific gravity to specific weight should take into
consideration the cffect of temperature on both the liquid and the specific
gravity measuring instrument. This may amount to as much as 0.5 per
cent per 10°F for the liquid and .0l per cent per 10°F for the instrument
in working with typical hydrocarbons. Applicable tables to provide for
these corrections are sometimes available. ASTM D-125° Petroleum
Measurement Tables for use with liquid hydrocarbons and soft glass
60°F hvdrometers are an example.

Specific weight may also be computed directly when specific gravity is
measured itha 60°F hydromecter at the transducer calibration temp-
erature {t) by the relation:

Wuy(t) = 8.3372 (5G; + C) = pounds per gallon in vacuo at temperature, (t).

where: 8.3372 = weight in pounds of a gallon of water in vacuo at 60°F.

8G; = true specific gravity as indicated by a soft glass 60/60°F
hydrometer at the temperature t °F.

C = 0.000025 (25).) S8G; {60 - t) = a correction for the expansion

or contracticn of the hydrometer from the reference
ternperature of 60°F. For liquid hydrocarbons having a
specific gravity range 0.7 to 0.9 the approximate value,
C = 0.0001 per 10°F, is usually accurate.
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Similar corrections to compensate for temperature effects on other
specific gravity and density measuring instruments are usually avail-
able from the instrument manufacturcr. A plot of specific gravity
versus temperature for the calibrating liquid in use is required for
this direct computation method when calibration temperature is not
constant or specific gravity cannot be determined at the exact cali-
bration temperature.

Data Handling

The total number of pulses (or ¢ ycles) accumulated on the counter dur-
ing a test run divided by the number of gallons passed through the trans-
ducer gives the basic calibration in cycles per gallon,

The npumber of calibration points shall not be less than five and should
include the minimum and maximumn flow rates as specified by manu-
facturer.

The number of runs at each calibration point shall be not less than two
and shall be taken with the flow rate increasing and decreasing to deter-
mine the effect of hysteresis on repeatability. Successive runs should
have repeatability within + .1 per c.nt.

Data Presentation

Since the turbine type flow transducer is a volumetric device, the cali-
bration data should be presented in volume units. The standard format
should be a plot or cycles/gallon versus frequency. Cycles/gallons is
designated by the letter "K" (Ref. RP31.1). For convenience to the
user, it is also correct to present the data in a number of other ways
such as: gallons/cycle, or pounds/cycle. When a transducer is cali-
brated with a number of liquids with various kinematic viscosities, it
is useful to plot the data as cycles/gallon ("'K") versus frequency di-
vided by the viscosity in centistokes. This in essence shows the effect
of Reynolds Number on transducer performance.
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The volumetric data are convertible to gravimetric units by the follow-
ing relationship:
lIb/hr = fx 3600 x Wy, (Trans T, P)

K

Where: K = cycles per gallon at a given frequency
{f = cycles per second (meter output)

Wuv = Weight per unit volume in vacue of the test liquid at
transducer temperaturc and pressure.

Correlation with NBS

It is recommended that flow rate correlation checks shall be made with
the National Burecau of Standards at two-year intervals.

The correlation checks shall be made using turbine type transducers of
proven repeatability as transfer standards. The transducers so used
shall be termed "Reference Transducers.'

The liquid used shall be Mil-Spec. 7024 A Type-2 which is the liquid
used in the NBS calibrator.

A minimum. of five poinis covering the full range of the transducer shall
be taken in the calibration of the Reference Transducers.

The number of test runs at each calibration point shall be 8 to 10 and the
standard deviation shall be no greater than . 06.

The Reference Transducer shall he calibrated by the users on a monthly
basis to maintain surveillance of the accuracy of the calibration facility.
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14, Comparison Calibrations

14,1 In-place calibrations of turbine type flow transducers may be performed
when it is impractical to remove them from the operating system or
when it is desirable to determine the effect of pulsation or swirl which
may be present in the system.

14.2 In-place czlibrations are performed using turbine type flow transducers
which shall be termed '"Master Transducers. '

14.3 The Master Transducer shall be instalied in series with the transducer
to be calibrated and the proper steps taken to reduce pulsation and swirl
at the inlet to the Master Transducer,

14.4 A five-point calibration shall be made covering the rated range of the
transducer. The flow rate points are set by the frequency output of
the Master Transducer and the flow rate is held constant using a fre-
quency meter, electronic counter, or cathode-ray oscilloscope for in-
dication of flow variation. Cycles per gallon shall be used as the basis
for the comparison of indicated flow rates as follows:

CPS;
Kz = K; x CPS| Where: K = Cycles per gallon of Master
Transducer.
K, = Cycles per gallon of transducer
being calibrated.
CPS| = Cycles per second of Master
Transducer.
Cycles per second of transducer
being calibrated.

CPS,

This simple method can be used only if the temperature of the operating
liquid is the same at both meters. If the temperature of the liquid is
different at the two locations, then a correction must be made for the
difference in specific gravity.
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CPS; SP ¢ Gr2

Then: Kz = Ki x =557 * 55+ 6,

Where: SP ¢ Gr] = Specific Gravity at the Master Tranaducer

SP o Grp = Specific Gravity at transducer being calibrated.
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In the May 1962 meeting of the A,P,J, Committee in Denver, there were
numerxcus changes made in the draft of January 31, 1962 PROPOSED 1962
SUPFL.EMENT - API STANDARD 1101 - MECHANICAL DISPLACBMENT MHETER PROVERS,
These changes are for the most part revisions of grammar, The only
changes of any consequence are those which pertain to Section 7 - The
Water Draw Method of Calibration, Discussion of this method may be found

on page 30 and Appendix E.

It was agreed that for water draw pressures of 75 pounds and higher, the
water compressibility correction factor would be 0,0000032, For water
pressure of 25 pounds to 75 pounds the correction factor would be

0,0000042 and for water pressure up to 25 pounds the factor would be
0,0000055,

It was further agreed that the formula to be used to account for changes

in volume of a prover due to internal pressure would be
Pressure X Prover Diameter

1 «23,2 % 10° x Prover Wall Thickness

J. Charles Halpine
A,P,1. Conmitteeman
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I. INTRODUCTION

During the preparation of the 1960 revision to API Standard 1101,

general developments were being made in the techniques of proving meters

by Mechanical Displacement provers. These developments are now sufficiently

advanced to warrant standardization and are covered in this supplement.

Improvement in the techniques of meter proving has progressed to the
extent that mechanical displacement provers reduce the expense and diffi-
culty of proving large capacity meters and makes more practical the appli-
cation of these meters in large pipe line, tanker and barge metering
operations. Yet these techniques apply equally well to-smaller size
meters, as for instance those being used in LACT operations,

The 1960 Revisinn of API Standard 1101 includes a brief description
of some of the "Mechanical Displacement™ provers in paragraphs 2026 and
2027. It is in this field that most of the new developments have occurred
and with which this Supplement is chiefly concerned, Mechanical displace-
ment provers have been developed for pipe line use which utilize a cali-
brated portion of the pipe line itself as the prover. Auxiliary sections
of piping, constructed specifically as prover sections, are also widely
used and these may be straight sections of piping of "folded" and laid in
the form of a loop. Both portable and stationary provers may be constructed
on these principles., Some provers are so arranged that liquid can be dis-
placed in either direction, viz., the reciprocating or bidirectional types.

The chief advantage of most of these mechanical displacement type

provers is that during proving, the flow of liquid through a mecter being

~1-
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proved i3 not interrupted. This permits the meter to be proved on a con-
tinuous flow without starting or stopping the meter.

When a meter is being proved while it is running under normal operat-
ing conditions, such as is possible with mechanical displacement provers,
the volume required to be displaced from the prover by the displacing device
is deperdent upon (1) the resolution with which the meter register can be
read and (2) the resolution with vhich the position of the displacing device
can be located at the extremities of the prover section. The application
of high rate pulse generators on the meters and precision displacer detectors
in the prover section, combined with the elimination of errors arising from
the start-stop method, have enabled the use of considerably smaller provers

than previously described in API Standard 1101, paragraphs 2026, 3034 and
3035§.

2=
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II. DESCRIPTION OF SYSTEMS

The continuous flow technique of meter proving is accomplished by
several types of mechanical devices, all of which are relatively simple
and commercially available. Each type, however, is dependent upon a common
basic principle of operation; accurately and repetitively displacing a
precalibrated and known volume of liquid from a cylindrical container with
a mechanical sealing displacing device driven through the container by
fluid energy from the stream being metered. Simultancously, the corres-
ponding wetered volume is indicated. A ratio is determined between the
known volume displaced and the meter registration to determine the meter
factor.

A meter being proved on a continuous flow basis must be equipped at
the time of proof with two registers. The first may be either the mechan-
ical or electronic, driven by the méter continuously and is the meter's
totalizing register. The second may be of the electronic pulse counting,
although not restricted to this type, and is gated on and off by the passage
of the displacing device across detectors at the extremities of the prover
section; and is employed as the proving register.

In order to reduce the physical dimensions of these provers to a con-
venient and economic size, a high resolution of the meter's proving regis-
ter and detector device is necessary. High register rcsolution may be
accomplished by attaching a pulse generating device to the meter to provide
a high number of pulses relative to the rotation of the meter. These pulses
are counted by a proving register. High resolution of the detectors can

reduce the length of the prover.
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When proving by mechanical displaccment provers only those pulses
received during the pioving run must be counted and the limits of the
prover volume must be defined by detecting or sensing devices which are
actuated by the displacer. These detectors are utilized vo start and stop
the proving counter at the limits of the displaced volume so that pulses
created by the meter during the proving run only are counted. Such detec-

~ tors must have the ability to detect and signal the location of the dis-
placer with a resolution comparable to that of the pulse generating and
counting system,

There are two basic methods or designs of the continuuus flow,
mechanical prover, namely, unidirectional and bidirectional. As their
names imply, the unidirectional prover allows the displacer to travel in
only one direction through the proving section, while the bidirectional
type allows the displacer to move in either direction, for it incorporates
a means of reversing the fiow through the prover section.

Both unidirectional and bidirectional provers may be constructed so
that the full flow stream of the meter or meter battery being proved may
pass through the prover. Mechanical displacement provers can be manually
or automatically operated.

The following describes details to each type of prover.

UNIDIRECTIONAL PROVERS

Unidirectional provers miy be divided into two categories; (1) the
non-return in-line type, commonly referred to as the "measured mile® and
(2) the return or circulating type often called the "endless loop.%

(1) Non-Return Unidirectional Prover

This type prover is an in-line prover which utilices a

section of a pipe line as the prover section and is

—4-
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described in API Standard 1101, Paragraphs 3034 and 3035.
The system is usually most condusive to the proving of a
battery of meters operating on a common stream and the
entire metered stream flows continu..sly through the in-
line prover. Detectors are placed at selected points
which define the calibrated volume of the prover section.
This volume is usually determined by the master meter
method described in Section VII. A displacer launching de-
vice is placed up-stream of the prover section, and receiv-
ing facilities are installed at some pcint downstream of the
prover section. Often conventional scraper traps already
installed may be used., To make & proving run, a displacer
(scraper, piston, or spheroid) launched upstream is allowed

to displace the prover volume and then received downstream.

(2) Return Unidirectional ("Endless Loop")

The calibrated continuous prover loop technique is a varia-
tion of the in-line proving described in the above paragraph
and is shown in Figures 4 and 5. This type prover involves
the passage of circulation of the displacer, usually a
spheroid, arocund a prover section consisting of a closed
loop of pipe in which a central control interchange unit
{special ball type valve modified to handle spheroid Figure
4) acts as a common launching and receiving device, In the
*endless loop! technique, the piping is arranged so that the
downstream end of a loop of pipe crosses over the up-stream

end of the leoped section. The central interchange also




%f uard/

Report No FE 269-3 i SECTION XI
Addendum 1V

Page 6
scmetimes employs two valves which permits the displacer to be
launched through the prover without the necessity of removing
the displacer from the proving system and reinserting it at
the upstream end of the prover, Such continuous or "emd less™
calibrated prover loops may be manually operated or may be
power operated and automated to enzble the proof of a meter by
actuation of a push button. The metered stream is usually
permitted to run through the loop section of pipe in a normal
operation and consequently need not be isolated from the
carrier line unless desired. This enables the movement of
a multiplicity of liquids through the prover section affording
a self flushing action and minimizing intermixing between

different liquids.

BIDIRECTIONAL PROVERS
These provers may be divided into two categories; (1) "Running Start-
Stop," (Figures 1, 2, and 3), and (2) "Standing Start-Stop" (API Standard

1101, Paragraph 3033 and Figures 21 and 22.

(1) Bidirectioral "Running Start-Stop"

These are of the type which consist of a prover section in
which the displacer travels back and forth. Suitable
manifolding and valves either manually or autvmatically
operated enables the reversal of the flow through the
prover. The prover section is often a straight piece of
pipe, and normally employs a cylindrical displacer, or it

may be contoured or folded. The straight or the folded

6
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type can be designed in such a way as to fit into limited
space or enable its portability. A sphervid is normally
used in the "folded" or Mcontoured™ type. The direction of
flow through the prover section, and conscquently the direc-
tion of movement of the displacer, is alternated by manipu-
lation of the prover's minifold or directing valves. At
the end of each stroke, the liquid by-passes the displacer
until the valves are reversed. A meter proof run usuwlly
consists of a round trip of the displacer for greatest
accuracy and consequently the volume displaced from this
type prover is expressed as the sum of the displaced volume

in two directions.

(2) Bidirectional, "Standing Start-Stop"

This type prover is built in relatively small sizes for
relatively small flow rates and is particularly condusive
to proving meters which make intermittent deliveries of
high vapor pressure liquids, such as LP Gas. Because this
type prover does not have the advantage of allowing the
meter to be proved on the “Running Start-Stop™ basis its
volume must conform to volume specification described in
Standard 1101 for such type provers. The prover requires
no special high speed read-out equipment on the meter for
resolution, for the meter is operated and read in much the
same manner as with a conventional prover tank. After re-
cording the opening meter reading, and with the displacer

against vhe stop at one end of the calibrated section, the

-
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valve or valves are operated to reverse the stream through
the prover. The prover velime usad is that displaced by
one stroke of the piston in either direction and a round
trip is not necessary for a proof run. Meters proved by
this type prover should be equipped with a totalizing

register having a least reading compatible with the dia-

placed volume.

8-
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III - EQUIPMENT FOR MECHANICAL PROVERS

CONSTRUCTION DETAILS COMMON T0 ALL MECHANICAL PROVERS

The materials selected for a prover should conform with the applicable
codes for thc pressure rating and area dosignation of the system at the
point at which the prover is to be located. Proper corrosion allowances
and the usual design considerations for pressure piping should be made.
Suggested minimuam material standards for any system are Crade B, carbon
stecl pipe and fittings, and Crade 1, Al181 carbon steel flanges. Pipe
should be selected for roundness, smoothness, and only the best lengths
employed.

In the fabrication of provers, care must Le exercised to assure pro-
per alignment and concentricity of pipe jJoints and this should be made as
neat as practicable. All welding should be in accordance with applicable
codes. Care should be taken to prevent burn through, icicles, high-lows
and the like when applying the stringer bead in prover section welds.

For the lower ASA ratings it is often advantageous to butt the ends of
pipe and welding fittings together to reduce burn~through. Should flanged
joints be required, dowel pins for precise alignment of the joints should
be employed and gasket concentricity should be assure..

Internal coating of the prover section with a suitable coating
material which will provide a hard, smooth, long lasting finish will
reduce corrosion and prolong the life of the displacer and prover. It
appears that internal coatings are most useful when the prover is used with
liquids having little or no lubricity, such as aviation and motor gaso-
lines, LPG, etc. Generally, the more impervious the elastomer is to

petroleum liquids, the more desirable intermal coating becomes. The
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impervious elastomers generally have the least wear resistancz. However,

excellent results and satisfactory longevity of the elastomer have been
experienced by using common mill finished pipe without coating.

Insulation of provers, when installed above ground may contribute
to better temperature stabilization. Proper temperature stabilization
of the proving system is normally accomplished by the continuous circula-
tion of liquid through the prover section.

It is recommended that industrial thermometsrs having a suitable
range be used, graduated in single degrees or less and accurate to
1 degree F. or better., They shall be installed at the meter and at the
prover inlet. (A.P.I. Standard 2500)

Pressure gauges arec required in closed Prover Systems, These gauges
shall be reliadle and of suitable range, calibrated to an accuracy of 1%
of full-scale reading. (Refer to Par. #2018 in A.P.Y, Code #1101.)

T_COMMON TO ALL DISPLACEMENT PROVE

Displacing Devices

One type of displacing device commonly used in mechanical provers is
the elastomer spheroid which is hydrostatically filled with water or
glycol-and-water under pressure, and expanded so that its minimum diameter
is slightly larger than the inside diameter of the prover section. Expan-
sion to between one and two per cent greater than pipe I.D, is considered
satisfactory for the operating diameter of the apheroid. This allows it
to act as a squeegee and leave only a minute conzistent film on the wall
of the prover section. Care must be exercised to assure that no air re-
mains inside the spheroid during its expansion. The elastomer must be

impervious to the operating liquids,

-10-
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A second typs of displacing device is the cylindrical mechanical pis-
ton with cups. It is made so that standard pipe line scraper cups can be
fastened to each end in such a way that the lip of the cup is facing away
from the piaton. This forces the lip of the cup out agains. the iuside wail
of the pipe when a pressure differential is excerted across the cup. This
allows the cups to act also as a squecgee and leave only a minute consistent
film on the wall of the prover.

A third type of displacing device, somewhat similar in nature to the
cylindrical piston, is the ™dumbbell scraper". This usually consists of a
solid steel shaft, of appropriate length with respect to the pipe diameter,
to cach end of which is attached one or more elaytomer pipe line scraper
discs or cups. Steel back-up plates may be used on each side of the discs
for rigidity. The discs are normally considerably larger in diameter than
the inside diameter of the pipe and hence fit the wnll of the pipe tightly
to effect the squeegee action.

Other displacera will be acceptable if they give the same reproducibility

and accuracy as the three types described above.

Yalves

All valves used in mechanical prover systemy must be bubble tight on
low differential pressure tests. It is highly advisable to provide a
method for checking valve leakage in the system design. Full positioning
of flow reversing valves in bidirectional provers mugt be completed before
the displacer actustes the first detector to assure that liquid does not

by-pass the prover while the displacer is making its trip between detectors.

Detection Devices and Switches

For any given direction of the displacer, detection devices and

~]11-~
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switches must detect the position of the displacer at the sa;érﬁ;igé within
close tolerance sach time it passes the detector. They muat initiate a
signal to properly start or stop the proving register. They must be actuated
only by the passage of the displacer. Dlsplacers composed entirely of an
elastomer normally empiloy or require detectors of the mechanically actuated
switch type. For displacers composed of both magnetic and elastomer ma-
terials, detectors may be of the mechanical, electronic proximity, or
induction pickup types. The tolerance to which the detectors in a prover
section can signal the position of the displacer is one of the governing

factors in determining the length of the prover section.

Meter Pulsc Cenerators
A meter should be equipped with a pulsing device which will generate

electrical pulses of satiafactory characteristics for the type of proving
register employed. It should generate a sufficient number of pulses per
unit volume to provide the required resolution. For positive displacement
meters, these units may consist of a gear increuser mounted on, and driven
by, the meter. On the output shaft of the gear increaser is mounted some
type of pulse generating device. There are several types of pulse gener-
ating devices which may be used.

1. The reluctance type meter pulse generator uses a reluctanze coil
which is mounted a fixed distance from the teeth, -grooves or blades of a
rotating wheel. As this wheel is rotated by the meter, the passage of the
teeth, grooves or blades in close proximity to the reluctance pickup coil
produces electrical pulses, of an amplitude proportional to meter speed,
These pulses are transmitted to the proving counter. These devices have

a minimum speed at which they should be operated. Below this minimum speed
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they will not generate pulses of sufficient amplitude to be counted hy the
electronic counter. Many turbine type meters employ pulse generators oper-—
ating on this principle. The reluctance coils are wound on a perminent
magnet core. The teeth, grooves or blades of the rotating wheel o rotor
must be constructed of a magnetically-permeable metal., This method is
described as "wariable reluctancet.

2. The inductance type meter pulse generator is similar to the re-
luctance type, except that inductance coils are wound on a core of mag-
netically~-permeable inetal. The rotating wheel or rotor either has a magnet
in the hub or magnets in the blade tips or wheel tips.

3. The photoelectric type meter pulse generator uses a photoelectric
cell and fixed light sourcc between which is interpesed a marked, roothed
or perforated rotating wheel or disc driven by the meter. The markings,
teeth or perforations on the wheel are concentric with the center of the
rotsting wheel and arranged so that rotation of the wheel causes interrup-
tions in the light heam to the celi. Manufacturers supply cach devices with
various numbers of tceth or perforations on the rotating wheel to give the
desired number of interruptions per revolution. These interruptions of the
light to the photocell produce short duration pulses of equal amplitude
regardless of speed of rotation. These pulses arc transmitted to the elec-
tronic counter.

Other types of pulse generators miy be considered acceptable if they
operate with satisfactory reproducibility and accuracy.

Excessive or variable torque load on the cutput shaft of a meter can
effect the meters performance. Any pulse generating device, if permanently

installed on a meter, should create an absolute minimum torque loiad on the

13-
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output shafr. Any pulse generating device intended for installation on a
meter only during its proof shall be sufficiertly torque free to produce
the same meter factor with and without the pulse generator being installed.
Uniformity of rbtation of the pulse generating device with respect to
flow rate, is mandatory, Since the pulse generating device usually delivers
a relatively large number of pulses per revolution, the angular travel of
the pulse generating wheel for one pulsc is extremely small. For this
reayon, cxtreme care must be exerciscd in the design of pulse generator
driving systems to prevent a }oping, jumping or erratic action of this
wheel. Wear on gear, back lash in gears, torsion in drive shafting of
mechanical accumulating systems and other mechanical faults must be elimi-
nated., Wwhere employed, the type of meter calabrator, udjuster or tempera-
ture compensator cmploying « vontinuous integrating mechanism is preferable
and will usually provide greater accuracy than the cyclic integrating or

cyclic rotation boosting type.

Electronic Pulse Counters

Usuitlly an electronic pulse counter is employed as the meter proving
counter te effect high resolution and easc of remote indication., These may
be simple pulse counting devices, and miy be equipped with a built-in start-
stop electronic switching circuit operated from the prover section detectors.
Solid state counters are rugged and adaptable for field use. Any such
courters may display the count by nixic tubes, decimal counting units, decade
counting tubes and others. The minufacturer's requirements for grounding
circuits, usc of proper shielded cable and its adequate isolation, proper

plugs and receptactles for cables, etc. must be strictly folloved.

-14-
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Transients pulses must not he picked up by electronic counters. where
remote praving of meters is contemplated, clectronic counters having binary
coded output for remote Lransmission of each counter digit are available.

Connections should be provided on these Prover Systems to allow water
calibration or master meter calibration at a later date, (Refer to con-

nectjons shown on Fig. #1, Fig. #2, Fig. #3 of this manual.)

EQUTPMENT FOP. UNIDIRECTIONAL PROVERS

The equipment necessary for the proper operation of the return type
or Yerdless loop"™ unidirectional prover is centered around the spheroid
interchange unit. It is within this unit that the sphercid is remaved from
the flowing stream at %*he downstream end of the meter prover section and
caused to be passed through the interchange conduit by gravity and reinserted
at the upstream end of the prover section.

Sphercid interchange unit valving may be accomplished with several
different combinations of valves. Each of these compriscs a system of
valves located in the interchange conduit for “locking® or yassing the
spheroid vertically downward through the conduit, yet at the same time
preventing flow through the conduit which wouid by-pass the prover section.
Typical combinations of valves are:

1. Dual clapper type check valve assembly, with power oper-

ated clappers opening vertically downward, as illustrated
in Figure 5.
2. Dual through conduit type valve assembly with or without

power operators as illustrated in Figure 5.

3. Single special ball valve modified for spheroid handling,

inscrtion and removal, as illustrated in Figure 4.

152
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The controls and power operators employed in connection with the %end-
less™ type loop valves, etc., will be dependent primarily upon the degree
of automition with vhich it i3 desired to operate the unit.
Al] of the above “endless loop"™ units utilize special oversized
launching and separating tee assemblies as follows:
1. Separator Tees - Should be sized at least one pipe size
larger then the nominal s phere, or loop size. By the
vse of fluid dynamics formulas, the required size of
the separator may be computed by properly considering rate
of flow and density of vhe inflated sphere. Sizing of
the tee is very critical te assurc dependable separation
of the spheroid from the stream. It is often nccessary to
sizc the tee several pipe sizes larger at the higher flow rates.
For practical purposes, the liquid velocity through this tee
should not excced 2-3/4 feet per second unless special baf-
fling is employed within the tee to remcve the spheroid.
Smooth flow transition fittings arc important on both ends
of the run of the tee. Bars should be welded across the
outlet end of the run to prevent the sphere from leaving the
tee unit., Care hould be taken in designing the bars to
assure that they will not be damaged by the sphere. Fig. 4 shows
details of the separator tee.
2. launching Tees - are generally only one pipe size larger than
the sphere, and have smooth trangition fittings leading into
the prover section. The launching tee should have a sight

inclination toward the praver section to assure proper

~16-
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movement of the apheroid into prover during periods of low

fiow such as might occur during a calibration by the water

digplacement method., A typical example of operation is

thit of 1.e special ball valve of Figure 4, with a blanked-

off bore that forms a cavity to hold the sphere, and prevents

fluid communication acrcss the valve, The valve should be

sized one pipe aize larger than the sphere. This allows the

sphere to drop into and out of the bore of the valve. The

valve may also have provisions for a side outlet and closure

to facilitate easy insertion or removal of the sphere when

the ball plug is in the 90°® position (cavity horizontal.)

The interchinge unit must have bubble-tight seals at low

differential presgsure.

Launching and receiving facilitiea for the non-return "measured

mile" provers shown in Figure 231 of APT Standard 1101 may be of almost any
type varying from simple hand operated acraper barrels to fully aatomated
units. Launchers should be provided with meany to isolate the bdarrel from
line pressure when loading the displacer and provisions should be made
for the relcvase of only vne displacer at a time when desired. Receivers
usually consist of an over sized barrel with pressure isolation means and
a suitable closure. Side outlets or other through flow means must bte
provided on such reccivers and when sphercids are being used as the dis-
placing device, such sid» ocutlets should be barred or shielded to prevent
the spheroid from entering or blocking the outlet. This is usually most
safely accomplished by installing an oversized, perforated sleeve per-
marently fixed in the receiving barrel tc receive and confine the sphercids

in line while permitting the liquid to flow through and around the sleeve.

13-
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EQUIPMENT FOR BIDIRECTIONAL PROVERS

Components used on Ridirectional Prover systems are identified in

Figures 1, 2, and 3 of this supplement. The outlets on the prover barrel

to the check valve should be drijled holes or slots. The openings should

bhe deburred and should have a total area equal to or greater than the check

valve size. The total area of the drilled holes is usually 1! times the

area of the outlct on the end of the prover barrel. (sec Figure 1)
Multi-pert or four separate valves with linkage arc usually employed

for reversing the direction of the displacer. All valves must provide

continuouy flow through meter during proving.
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liquid which can be metered pravided that the liquid does not hive a

deleterious =ffect on any of the components of the prover system, and

provided the proving operations simulate the normal meter operating con-

ditions

These meter proving systems are useful in oil industry metering

because:

1.

2.

They lend themselves to a high degree of automation,
Errors resulting from evaporation of liquid during

a proof run are reduced,

The cffects of temperatﬁre on previously known meter
proving techniques are reduced.

They provide a means of rapidly proving meters under
actual operating conditions of flow rate, pressure,
and temperature.,

They eliminute observation errors in quantity gauging.
They are suitahle for proving preperly cquipped positive
displacement and turbine meters of virtually any size.
They are highly advantagcous in their ability to prove
a meter under the meters actual undisturbed flowing
conditions without the necessity of shutting off flow
through the meter which allows the meter to perform its
normal measurcment function.
Need of stand-by meter and pertinent switching of

valves during proving is eliminated.
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They eliminate problems associated with high viscosity
liquids and the tendcacy for such liquids to cling to

the prover surface.

Problem of wax deposition or incrustation is effectively
eliminated with the use of mechanical displacement provers
in that the repecated passage of the displacer through the
meter prover section precludes the possibility of wax

buildup which might otherwise effect the volume of the

prover,

-20-




P -a.r L’(?l'dl‘ VAN NUYS, CALIFORNIA

QMRPURATION

Report No. FE-269-3 SECTION XI

Addendum 1V
Page 21

V. DESIGN OF MECHANICAL DISPLACEMENT METER PROVERS

Choice of Prover Type

In approacking the design of a mechanical prover it is necessary to

establish the type of prover required for an installation and the manner

in vhich it will be interconnected with the meter piping., Common types

include the unidirectional (Figures 4 & 5) and the bidirectional (Figures

1, 2, ¥ 3). From a study of the application, usage, and space limitations,

it will be possible to establish the following:

(a) That the system be portable or permanent.

(b) The number of meters to be proved at a site and whether

(c)

(d)

(=)

they are to be proved individually or as a battery on

a common strean.

That portions of the prover are desired above or below
ground level.

The degree of automation to be incorporated in the proving
operation.

1f the prover is to be continuously kept in series with
the meter or isolatcd from the metered stream when not

in vse.

Design of Prover and Related Piping

A -

Effect of flow rate through system

In determining the diameter of the pipe to be used in the
prover gection, the hydraulic loss through the mechanical prover
should be compatible with the head loas considered tolerable in
the metering installation. Generally speaking, the diameter of
the prover section should not be less than the outlet diemeter
of any single meter to be proved. It may be larger, and this will
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usudlly be necessary where a battery of meters is to be
proved as a unit on a common liquid stream. The inlet and
outlet lines including valves and connections to the prover
should be sufficiently large to prevent a significant change
in flow rate through the meter when flow is directed through
the prover.

Economical utilization of materials, space considerations,
and prover selection will usually indicate the displacer
velocity. The displacer velocity for a bidirectional system
may be approximately 2.5 ft/sec. as a typical design specification.
For a unidirectional system, this miy be 10 ft/sec. Velocitics
of up to 10 ft/svc. are considered to be tolerable for both
systems if the prover system incorporates means of reducing
surges and the velocity of the displacer before it completes

its stroke.

Design of volume displaced in prover

One approach to the design of the system would be to pro-
vide that the volume between the detcctor switches be approxi-
mately 0.5 per cent of the maximum flow rate through the
prover system. With this, other items that are considered in
determining the prover volume are:

(a) Reproducibility of the proving system.

(b) HRepeatibhility of detector switches to provide

the —cquired resolution.

(¢} Resolution of meter proving counter.
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The reproducibility of the proving system will be
deperdent upon the sum total of the reproducibility limits
of the svstem components. This refers particularly to the
resolution action of the detectors and the meter proving
reglyter. Therefore, if the designer secks high reproduci-
bility he must select the components and establish dimen-
sicns accordingly.

The repeatibility of detector switches to provide the
required resolution can be illustrated as follows:

The length of any mechanical displacement

prover from detectur to detector is established

mathematically as a function of the resolution with

which the detector switches are able to lacate the
djsplacer and the desired reproducibility of the
system to indicate the quantity of liquid displaced
from between the detectors. To illustrate, assume
that a prover Is to be designed which will have the
ability to repeatedly displace a quantity of liquid
which has a maximum variavion of 0.02%, i.e., plus
or minus 0.01%. This represents a reproducibility
of quantity displacement of plus or minus 1 part

in 10,000. To obtain this reproducibility, the
length of the prover from detector to detector

must be 10,000 times the lineal range or tolcrance
within which the displacer detector can repeatedly

signal the location of the displacer. For the sake

-23-




arqugm%d/

Report No, FE-269-3 SECTION X1
Addendum IV
Fage 24

of jllustration, assume that cach of the two detector
switches chosen for a prover has the ability to signal
the location of & displacer somewhere within the range
of 1/32" or 0.0312". This mcans that the length of oae
trip of the displacer can vary from the length of
another trip of the displacer by a maximum of 1/16"
or (.0625"., To have a repraducibility «f displacement
of 1 pairt in 10,000, the prover would have to be 10,000
(0.0312") - 312 - 26" long trom detector to detector.
It showld be specifically noted that there are mmerous
kinds of detectors availuble and numerous conditions
under which they may be operated in ~onjunction with
a displacer and that the theoretical reproducihility
of a prover is dependent on the practical reproduci-
bility of ity detector signals with respect to prover
length., 1If a lesser degree of accuracy is required,
the prover section my he mide proportionately shorter.
11 a higher degree of accuracy is required, the prover
miy be made longer or the detectors more resolute.
The resolution of the meter proving counter is illustrated
as follows:

Any type of meter proving register which can be
started and stopped by the first and second detcctors
respectively and which has a least reading compatible
with the reproducibility desired of the system may be

used with a1 mechanical displacement prover. To obtain
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high resolution of meter reading, it is usually expedient
to use a pulsc generator on the meter and an electronic
counter as the meter proving register. Electronic counters
have the ability to indicate pulse intervals to within
f 1 interval in any mumber of intervals counted.
Therefore, if it is again desired, as in the above,
to have a reproducibility of 1 part in 10,000, it is
necessary to generite a minimum of 10,000 pulses (counts
or least rcading units) on a merer proving counter during
a proof of & meter, This miy be accomplished by properly
designing the tachometer so that the product of the
tachometer pulse output prr unit of volume and the dis-
placed volime of the prover will equal the desired aumber
of pulae intervaly or least reading units, Caution is
suggested, however, in the ude of gear driven tachometers
on positive displacement meters, to assure backlash, drive
shaft torsion, cyclic effecty, vte., are not allowed in
any manner to effect the pulse gencration. Such effects
are usuwilly most successfully eliminated by limiting the
pulse gencration rate to approximitely 1000 pulses per
revolution of the meter cutput drive shaft and at the
same time ad justing the displaced volume of the prover to

produce the total number of pulses required during a proof.

A typical approach to the design of a mechanical displacement meter

prover i3 cited in the following example for a six inch meter operating

at a 1200 B/H.
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ASSUMPTIONS:

1 - Prover volume to bhe ;ﬁ of maximum flow through prover system,

2 - A desired repetition of prover system is within 1 ,025%

3 - A pulsc generator to be employed on the meter will generate
1000 pulges per harrei and thiz will be fed into a digital
counter having an indicating ability of * one count for any
number of pulse intervals counted.

4 - Resolution of each of thc detector switches will be assumed
to be ¥ .030 inch meaning that there could be a maximur. un-
detected difference in length of the wrover section f-om one
meter proof run to the next of 0,12 inch.

$ -~ Maximum displacer velucity up to 10 feet pe. second.

DESICN

By assumption onc, the volume between the detector switches would be

0.005 x 1200 = 6.0 barrels.

By the second assumption, a scries of proof runy must be preduced with

the largest variation not more than .05%,
By the third assumption the total variation of two counts tiat miy exist be-

twcen proof runs. To satisfy assumption #2, the total number of pulses re-

quired is obtained by _EfiEElisﬂlﬁgﬂ =4000 pulses. Thiy means that the

4000 pulses/run
h f = .
volume of the meter proof must be 1000 pulse/barrel 4 barrels

Treating the fcourth assumption, the minimum length of the prover section
would be governed by the resvlution of detector switches. As it is required
to calibrate provers within a total difference of 0.02 percent between cali-

bration runs, the length between detector switches would be 0.12 inch/0.0002
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equals 600 inches or SO feet, 1f the resolution in assumption four had been

'i' .015, the length between detectors would hive been 25 feet.

OTHER DESICN FEATURES

The designer should refer to Section I1] for details on equipment that
are applicable to the type of prover that is being considered.

It is recommended for the reciprocating type prover and others where
applicable that the inlet connections to the prover section be located
on the bottom side to prevent accumulation of foreign material.

All valves agsociated with any type prover system must be dos.gned

to provide bubble tight shut—off. The locations of thermometers, pressure

gauges, valvey and other appurtenances are recommended on Figures 1, 2,
and 3,
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VI. INSTALIATION OF MECHANICAL PROVERS

Mechanical Features

All components of the prover installation, including connecting
piping, valves, manifolds, etc., shall be in accordance with applicable
pressure codes. Once the prover is on stream, it becomes a part of the
pressure system. The prover section and related components, if installed
above ground, shall have suitable hangers and supports as prescribed dy
applicable codes and sound engineering principles. Adequate provisions
ahould be made for expansion and contraction, vibration, reaction to pres-
aure surgey, etc. Considerarvion should be given to the installation of
suitable valving to {solate the prover unit from linc pressure when not
on stream, for maincenance, removal of the displacer, etc. ALl units
should be equipped with suitable vent and drain connections. Provisions
should de made for the dispoual of liquids or vapors drained or ventued
from the prover section, by pumping back into the system, or by diverting
it to some collecting point. Thermometers and pressure gauges shall be
installed at or near the inlet and outlet of every mechanical prover in
order to accurately determine the average temperature and pressure of
the liquid between the detectors. It is usually advisable and expedient
to provide permanently dblinded flanges or valve connections on either side
of a bubble tight block valve in the carrier stream which can serve as a
permanent connection for proving portable meters, or as a means such as
required for calibration of the prover by the waster meter procedure or

the waterdraw procedure. (See Figures 6 and 7).

Electrica) Features

A}l wiring and controls shall conform to applicable codes. Explosion

proof components shall conform to the appropriate class and group applicable
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to the location and operation. All electrical cortrsls and compoucnis
should be placed in a convenjent location for operation and miintcnance.
Manufacturer's instructions for installation and grounding of such items aa
tachometers, electronic counters, signal cables, etc., should be strictly

followed.

Safety Features

Safety relief valves with adequate discharge piping and suitable for
the control of thermal expansion and contraction of the liquid in the
prover saction, while isolated from the main atream, shall Le installed.
Power controls and remote controls should be suitably protected with lock
out switches and/or circuits between remote and adjacent panel locations
to prevent accidental remote operation while a unit is being controlled
locally. Suitable safety devices and locks smiould be installed to pre-
vent inadvertent operation, or unauthorized tampering. -All automated or
power operated meter proving systems may have emergency wenual operators
for use in the event of failure of the power source or in the event of an

accident,
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VI, THE CALTBIATION OF MECHANICAL DISPLACEMENT METER PROVERS

Introduction

Any mechanical prover must be calibrated before being pliaced in mever
proving service to determinc the quantity of liquid which will bLe dis~
placed from it during a meter proof. This volwme shall be known as the
Y“Base Volume! of the prover and will be the volume displaced during a
proof when the prover is at 60 degrees F and the liquid at atmospheric
pressure. It should be clearly established that the proof of 4 meter with
a unidirectional prover vill comprise 4 single trip of the displacer be-
tween the two detectors while the proof of a meter with a bidirectional
prover will comprise a complete round trip of the displacer between de-
tectors. For this rcason the base volume of a unidirectiomal prover is
the calibrated volume displaced between detectors whercas the base volume
of & bidirectional prover is the sum of the calibrated volumea displaced
between detectors for a round tiap of the displacer.

Two general methods for the caiibration of mechanical displiyce-
ment meter provers are recognized. These are: (a) Calibration by means
of NBS certified test measures and wiater and (b) calibration by means
of master meters, Appendix IT describes another method of calibration
using precise dimensional measurements and subscquent calculations and
conversjion to the desired liquid measure units of barrels or gallons.
This method has been found to be suitable in certain cases, and may be

used where mutually agreeable to all parties concerned.

CALIBRATION OF PROVER USING WATER DRAW METHCD
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General

The calibration of provers may be simplified, when possible, by placing
the prover, test measures, and test liquid in a constant-temperature en-
closure to allow thes equipment and test liquid to reach an equilibrium tem-
perature, The displacer will have to be moved through the prover section
several times. This will provide for reaching equilibrium temperature con-
ditions and eliminate any air pockets. The temperature and pressure of
the water at each end of the prover should be observed and the average
considered as the temperature and pressure in the prover at the start of
the calibration. When a temperature change occurs in the measures with-
drawn during a calibration, corrections must be made in accordance with
Paragraph 2123 through 2125 of API Standard 1101.

It is recognized that some provers will be calibrated outaide under
extreme hot or cold temperature conditions. In these cases, the prover
should be temporarily isclated and sheltered to reduce the extreme tem-
perature effects.

Test measures for the calibration of the prover using the waterdraw

method are to be in accordance with Paragraph 2041 through 2047 of APl
Standard 1101,

Breparation of Prover for Calibration

The prover can be calibrated by using temporary small diameter water
lines and valves ay shown in Figures 6 and 7 or by using the valves and
piping that will be part of the field installation. This is shown in Fig-
ures 1, 2 and 3. 1In both cases, the prover, including all valves and

fittings, shall be tested for leaks., A suitable means is to be provided
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for precisely locating the rosition of the displacer when the displacer
causes the detector to react. Figures 6 and 7 show a suggested method
employing aignal lights. Solecnold valvee activated by the detector

switches have been successfultly used.

Calibrating Procedure
The following paragraphs describe the method of calibrating a mechan-

ical displacement meter prover by water withdrawal, A volume in either
direction must be eith:r an "off to off™ switch (light) indicution or an
"on to on™ gwitch (light) indication. The procedure described below in-
volves an "on to on" switch light indication.

After the displacer has been moved back and forth in both directions
several times and a trial run has been made to determine the approximate
volume 30 as to closely anticipate the final switch operaticn, the dis-
placer is driven past one of the switches into the dead space just out-
side the prover volume on either end of the prover. Observe when the
switch goes "on'" and then stop the water while driving the displacer
across the detector toward the dead space, just as the switch goes Yoff",
Reverse the valves so the displacer tiavels toward the prover section,
wisting water, Waste the water slowly through the slow-rate bleed or if
the ad justment is sensitive enough, through the nozzle. Stop the waste
just as the switch indication is in the “on™ position. The water is then
directed into test measures of suitable size. Continue these measure with-
drawals until the last several gallons of the approximate volume. Reduce
the withdrawal to a slow bleed rate until the “on" switch indication is
observed, whereupon the water to the measure is stopped. The condition

of the drain hose and other withdrawal equipment shall be the same at the
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end of the last withdrawal as it was at the beginning of the first with-
drawal. A displacer trip is now made in the opposite dire. ‘on, repeating
the above procedure, These two tLrips do not necessarily have to agree in
observed displaced volume since the switching action may be different for
each direction, but the total round trip volume is considered the observed
volume of the prover at this point.

Repeat the above described round trip procedure until two consecutive
round trip volumes are determined which, after correction, agree with each
other within 0,02 per cent, The average of twu such round trip corrected
volumes is considered the "base™ round trip volume for the prover at 60
degrees F, and atmospheric pressure,

The corrected volume for two consecutive trips in the same direction
should also agree within 0.02 pey cent.

The procedure for water calibrating a unidirectional type of prover
is substantially identical to the procedure described above for a single
stroke or trip of the displacer in the bidirectional prover after proper
consideration of the diiference in metiod of manipulating the displacer.

In the above discussion, the volumes observed as the sum of the test
measure volumes for each trip of the displacer must first be corrected for
temperature effects on the observed volume by the procedure descrided in
Paragraphs 2123-2125 of API Standard 1101 and this temperature corrected
volume in turn corrected for water compressibility using the factor F =
0.0000032 per psi shown in Paragraph 2122 of APl Standard 1101 from the
calibrated pressure to atmospheric pressure. Then a reduction must be
made because of the increased size of the prover under pressure by applying

the proper factor for the calibrating pressure as described and shown in
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Table 2. The observed volume for each trip should be corrected individually
to get the base trip volume displaced at 60 degrees F. aud atmospheric
preasure,
At the completion of a calibration, the data sheets should be used
to prepare a suitable certificate for the prover and these should be signed
by all parties witnessing the caljbration, A sample data sheet and certi-

ficate is shown in Figures 10 and 11.

CALIBRATION OF PROVER USING MASTER METER METHOD
Ceneral

The procedure for determining the displaced volume of a mechanical
displacement type prover hy the master meter mcthod involves eysentially
(1) the very accurate determination of the performance of a suitable sin-
gle master meter or cf each of a battery of several meters comprising a
master meter calibration unit by proving them against some acceptable
standard in accordance with techniquey described in API Standard 1101
using preferrably a liquid of low volatility which can subsequently be
flowed at normal operating conditions through the prover to be calibrated,
(2) the connecting of this precalibrated master meter unit in series with
the prover section to be calibrated in such a way that the total flow
through the prover section must also pass through the master meter unit,
(3) the connecting of the mechaiical displacer signals at the extremities
of the prover section to suijtable meter proving registers on the master
meters, (4) the launching of the mechanical displacer through the meter
prover section and (5) the assignment of the corrected volume indicated
by the master meters as the displaced volume of the prover, (6) the master

meter should be proved again after the calibration of the mechanical prover.
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For precise calibration, it is recommcnded that the master meter be non-
temperature compensated, and be equipped with a direct drive shaft between
meter peasuringelement and proving register, thus eliminating all cyclic
corrections by the meter.
Erocedure

Select a master meter calibration unit, either one meter or a suitable
battery of meters in parallel if the flow rate is too high for one meter,
wherein the meters are in the best of repair and operating condition and
have a« history of consistent performance, Each is equipped with a sujtable
high resolution meter proving register which can be gated "on" and "off™
by the displacer detectors. In addition this master meter calibration unit
should have the normal totalizing registers producing the necessary reso-
lution, if these registers are to be used in proving the unic, The meters
should be protected with suitable strainers or filters. Air vents should
be installed at their high points and at the high points of their asscciated
piping.

Each master meter is first connected individually betveeL a suitable
source of supply of liquid and a meter prover. The prover used shall be
one that has been calibrated by use of NBS certified test measures,

After making a suitable mmber of preliminary meter proofs to assure
that all the air is out of the meters and associated piping and that equip-
ment and liquid temperatures are stabilized, a series of meter proofs is
mide to sccurately determine the performance of the master meter over the
range of flow rates which will encompass the flow rate anticipated through
the meter when it is subsequently used to calibrate the prover. Usually

it is expedient to make an accuracy curve for the meter, plotting meter
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factor vs. flow rate, and at the same time showing the ohgcerved meter

and prover temperatures and pressures. Sufficient runy of this nature
showld be made to assure that congistent and repreducible factors are
being obtained and that the average results are accurate and reproducible.
The meters! proving registers may or may not be used in these curve de-
termirations depending on the proving methed but will subsequently be

used in the calibration of the mechanical prover section. Because of
this, it is mundatory that the operation of the meter proving registers

do not in any way cffect the meter performince. Data for these meter
proofs may be kept on a form similar to Figure 12,

when the proof of the master meter unit is complete und the curves
for cach meter known, the unit is connccted in serics with the mechanical
displacement prover to be calibruted, miking certain that no liquid can
Lypiss the master meter unit. The unit miy be connected at either the
upstream or downstream end of the proving section., The master meter
proving registers are cdnnectcd to the displacer detectors in the came
manner ay the proving registers of the normally installed operating meters.
Flow of liquid of the type used in the proof of the master meters

is started through the meter prover section and mister meters at a rate

not to exceed the capacity of the master meters and not less than 25 per
cent of the expected normil operating rate for the mechanical prover. The
rate must be within the range for which the master meter was proved. This
flow is continued until it is certain that all vapor is out of the mcters,
associated piping, meter prover section, etc,, and temperature observations
show that tempevatures in the system have stabilized. When such ccnditions

prevail, the mechanical displacing device is launched through the meter
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prover section and allowed to move through the section to its normal point
of stoppage. The mechanical displacer must be identical to that which will
be used in future normal operation of the prover. During such a run, the
temperature and pressure of the stream at the master meters should bc observed
Just after the diaplacer has panscd the firat detector, again when it is
approximately half way through the section and finally just before it cn-
counters the second detector., These observations are averaged and recorded
as the temperature and pressure of the atream at the master meter during the
run. Similarly, the temperature and pressure at or near both detectors
should be observed immediately before the displacing device passes the first
detector and these observations averaged and recorded to give the average
temperature and pressure of thc liquid displaced between the detectors
during the run., The quantity indicated by each proving register should he
recorded for each run made.

A suggested form, “leport of Calibration of Unidlrectional Meter Prover
Section by Master Meter Method", Figure B, shows the manner in which the
prover volume is calculated, including the manner in which pressure cor-
rections may be made to a master meter factor when it's case pressure is
not the same during its use as it was when it was proved. This form is
shown for a master meter unit having three meters, viz, A, B and C, in
parallel when a prover section is calibrated. A form similar to Figure R
ar 9 may be used for recording and calculating the prover volume of a bi-
directional prover,

It is usual practice to make a reasonable number of repetitive runs
in this calibration procedure, for once the master meter and other equip-
ment §s located and operating, it is relatively simple and quick to make

test runs. Acceptable practice is to average the results of a number or

~37-




THE ”
%rqua/df

Report No, FE-269-3 SECTION XI

Addendum iV
Page 38

obviously consistent test runs to get the final prover section displaced

volume. However, the average of two censecutive runs which are within 0.02

per cent are similarly acceptadle,
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VIIT. OPEIATION OF MECHANICAL PROVERS

Ceneral

The basic principles of meter operation and proving as outlined in
Standard 1101 definitely apply to mechanica) displacement proving systems
except as described in this aupplement, Attention is called to Appendix
C of Standard 1101, "General Iuformation of Meter Operation¥, &3 well as
individual paragraphs describing displacement provers. This section pre-
sents some additional basic operating fundamentalws applicable to mechanical
displacement provers, particularly of the "on stream®™ or "running start-

atop" type, which are unique to the technique.

Preparation for Proving

Equipment checking prior to proving should include inapection of all
valves where leahage vould effect results, the attachment of any acceasories
used for proving, and the energising of any electricil circuity required.
Thermoiseters ard pressure gauges should be checked aa frequently as ruquired
to maintain accurate temperature and pressure meagurement.

The entire stream from the meter or battery of meters to be proved
is diverted to flow through the prover, In most unidirectional permanently
installed provers the flow through the meters is normally continuous through
the prover section as well. Flow is maintained through the :meters and prover
section until stable conditions of temperature are reached. Vent connections
must be checked to insure that the meter and prover section are completely
purged, and that no pockets of air or vapor remain in the system.

A trial proving run is frequently conducted as a fimal check before

commencing the recorded meter proving. This is geod practice, and is recom—
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mended, particularly on thosc type provers where this readily accomplished
with little loss of time. The trial runs shculd include checking of the
electronic or other read-out equipment. Opservation of the readings from
the trial run will often indicate equipment malad justment not otherwise

apparent,

Conducting Proving Runs

The physical operations necessary to conduct proving runs will vary
with specific installations, these installations ranging from complete man-
ual operation to fully automatic. Bazically, however, the operation will
consist of operating a valve or combinmation of valves that cause the metered
stream to move the diaplacing device through the calibrated section of the
prover. The proving counter reading is recorded prior to the atart of every
run, or if so equipped, it may be reset to zero.

In the case of manually operated provers, it is deairable to perform
the valve switching with deliberate, uniform speed, completing the operation
well before the displacement device enters the calibrated section of the
prover. In sutomated systems, a purh button normally initiates a complete
meter proof cycle ard the timing of the operation is a matter of ad justment
of the valve operators and the proper sequencing of the control system.

In unidirectional provers, a proving run consists of one trip of the
displacement device through the calibrated section.

In bidirectional provers, a proving rum usually consists of a round trip
of the displacing device.

Upon completion of each proving run, the data is recorded, the inirial

counter reading again determined and additional proving runs are made as

—40-
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required. The data for each direction may also be recorded for bidirectional
provers. Sufficient runs should be made to verify the accuracy of the
measurement. A suitable meter proving report should be prepared upon which
to indicate the data and final meter factor as described in Appendix C. A
sample report 13 illuatrated in Figure 12 for liquids with vapor pressures
at or below atmosphoric pressure, Figure 13 is a suggested report for

liquids with vapor pressure above atmospheric pressure.

Srecial Technigues for Specific Types of Provers
Proving A Battery of Meters With Any Mechanical Prover:

Most of the operating procedures described hercin have bean for the
proving of a single meter, the simplest case. If the meter to be proved
is part of a battery of meters handling a common stream, it is merely
necessary to divert the stream from the meter to be proved through the
prover. The flow is then adJusted to the desired rate,

A battery consisving of two or more metery operating in psrallel on
a common stream may be sudstantially the same during proof as during nor-
mal measurement. The orover must, of courase, be sized for the total flow
through the battery. Each meter may be equipped with its own proving
register or a combining or swmning system may be employed to accumulate
the registration of two or more meters into a common output which is in
turn transmitted to a single proving register. If such mechanical or
electronic totalizing equipment is employed, extreme care must be exerc’ ied
in the selection and use of such equipment to prevent the introduction of

errors. The proving operatiorn is the same as that for proving a single

-41-
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meter. The registration recorded on the provicg report ix the combined
total of that for the individuil meters. The meter factor thus obtained

in applied to the combined observed readings of the meters in the bat-

tersy.

AWJanck: jan
January 31, 1962

.42
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APPENDIX B

CERTIFICATE OF CALIBRATION OF MECHANICAL DISPLACEMENT
METER PROVER

OCTORER 6, 1901

CERTIFICATE NO. 1

TO WHOM IT M\Y CONCLRN

SUBJECT - METER PROVER
SERIAL NO, 10
OWNER - JOdN DOF. COMPANY
MANUFACTURER ~ X COMPANY
LOCATION -~ HOUSTON, TEXAS

This i3 to certify thut on October 6, 1961, we the undersigned calibrated
subject prover and established the atmospheric velume at 60 F, which
would be displaced for a round trip of the displacer using witer as a
calibrating mediwm,

YOLIRME DISPLACGED YOLUME DISHLALLD VULIME DISPLAGEE
JEFT TO RIGHT RICGHT TV LEMT ROUND TRIP

120.6102 gallons 120.6070 gallons 241.2K32 gallons
120.6160 gallons 120,66068 gallony 24]1.,2%2M gallons

Average volume displaced per roumd trip

of displacer at atmospheric pressurs

and 60* F, 241.2H30 gallons or
§.744K barrels

The following NRS certified test measures were used in cstablishing the
volume displaced between the detector switches per round trip of the
displacer.

NRS No, 2455 Certificd to Deliver 1 US Gallon at 60° F
NBS No, 455 Certified to Deliver S US (allons «t 60 F
NBS Nu. 456 Certified to Deliver 50 US (1llons at 60° F

The calibration wus conducted according to the latest edition of APY
Standard 1101 and its Supplements, and was witnessced by the widersigned.

All parties concerned were satizfied with the procedure followed amd the
volume ¢at-hlished.

Signed Signed

For For

FIGUHE 11
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pP-plX G
R’ HCTER PROV‘\N}- Ré,l’&(RT - PROVER SECYION METHOD

{For metere with or without tomparsture ssmponseters)

Statlon or Terrinal___ _Syme Q) Company ... _Report Mn. 22 ___

Meter No. __2and J _ __Serial No..____ __ _.____.___Dbate __ 1/:2“15_1_., N

Mater Makhe __ ANy . . Size 6" Batch No. N-b45.22

initial Totaiizer Reaqing_ ..~ .Product ____Gasoline ——

Date Meters Last Repairnd e APy Gravity_ 60,7 e e
fuw wo. 3 RUN 40§

DLSCRI»IION OF QuARTITY

o l'_’:. 3 . |mrs wree

S L =

1. h~n Weter gradinge m.u Mlu‘wuu /obt Z.‘i..‘ni(l i ,,y,gﬁ;r_i N

3. dnitia) weter Resaie, Tohyl Fulges s Mlses/ B0l 00,000 . 000
3. Megistcation by werer  Anls, v <kl U0 a2
[ 5. Tolal Registration fnr Rur  Bol-. Yum ot ) ] - hadla

3. temp. of Mreamat wter G T4k
| 6. Factor for weter Veng. [-1380 (f1om Tadle &) C Quual0 . e e

1. Correctad Meter Fegolvatiun LR ] 4. G1u ol
Lll._ weter (_no Prossyrye 1 det & Outlirg 83 ] 4l j". _ 'Jg _ — _i J_____._______”
|Peoven szcTion viLi oata ] e tm e e abemag . BT
¥, Presnures 4l Trip Mo 1 @ trip w0, 2 vl ] 'S N_I__________J
10. dverage Prover Frossure Sum of 84 2 0 o rn s e = o
L. Temga, a4t Trap du. L8 Terp wo. Thaly 1 UK T S ~ ________4___1
12, hruy Frover lemg, Sua of e . FUR'R P
13. 8awn Prover volum - Bols. R TV IR 121 I S
[16. facior for Prover #ressure Cps . ('I_D'(‘Z‘ _ 16000 }
18. Yaclor tor #rover Trap, Cie {tarie 1) R AT o]
18 Faclor for vt reessurPonte Galt no1) | 100k

17. factor tor Liguid temp. D= 1880 {Tatle £} S a2 - —

18. Met Prover voluee - Bols. 13denidelsn? L 53‘557 . e i

ruvm cwvmm-s
19, Tinw Sru(-r Launcrad

20. Elapsed Time for Rua - sine, & Secs. 18

[PU S
{8t = win. ) o nec, .

21. Llapsed fime for Run - urs, ,50& 0.0k .
1{.__1"1 o’_Ilw Guring Run - BPn s 204 ) o P\ o RL T
23, Heter Pacior {wrtn cmp-:t_{ala') L] o 7 . _
28, meter fuctor {wilhoul compensator ) 18+ 7 1.0059 |
P i g - T- - . 2.
28. Amt. Corr. for FActor §.00M) {1.000¢) - 2w
sicugo or_____ . Heary Smith . FACTOR TO BE aPPLIED  L1.0053 e 2025 e
ChECRLD &Y ﬂnrry Joneo e e & 92 L e _,..P5) METER CASE PRESSURE

FIGURE- I2
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Line

Line

Line
Line

Line

Line

Line

Line
Line
Line
Line
Line

Line

Line

1.

10.
11.
12.

13.

14.

Final Meter Reading
Meter proving counter reading taken at completion of run -: total

pulses ¢ pulses per barrel.

Initial Meter Heading

Meter proving counter rcading taken before start of run = total
pulses ¢ pulses per barrel.

Registration by Meter - Darrgls
Cross meter reglstraticn during run, Line 1 minus Line 2,

Total Registration for Run
Sum of all metery operating on a common straam,
Temperature of Registration °F.
Average temperature of product at meter from temperatures taken
at starc and completion of the proof run.
Factor For M.ter Temperature (Fmt)
Temperature correction factor for temperature recorded in Line §
to convert gross volume in Line 4 to a 60,0 ¥, volume, This
factor may be obtained from the ASTM-IP Petroleum Measurement
Tables - D-125Q, Tuble 6, Reduction of volume to 60°* F, against
API Cravity at 60® ¥,
Corrected Meter Registration
Meter registration corrected to 60.0° F. barrels. Line 4
multiplied by Line 6.
Meter Case Pressure - Inlet and Outlet
Average of pressurcs ~bscrved on inlet and outlet sides of meter.
Pressure at Detector Ny. 1 and letector No.
Read just before displacer hits detector No.
Average Prover Pressure
Sum of No. 1 and Nc., 2 detector pressures v 2.
Temperature at Detector No. 1 and Detector No. 2.
Read just befure displacer hits detector No. 1.
Average Frover Temperature
Sum of No. 1 and No. 2 detector temperatures + Z,
Base Prover Volume

Displaced volume of meter prover section with pipe temperature of

60.0* F. and internal pressure of O psig. This volume has been
accurately determined by special calibration and will remain fixcd
for any given prover.

Factor for Prover Pressure Cpg

The circumference of the prover pipe stretches with imreasing pres-

sure; thus the base volume of the prover changes with internal

pressure. This coirection factor (Cpg) i3 used to ad just the base
volume of the prover pipe to the volume it will contain when com-
pletely full of liquid under pressure. The factor is obtained by

entering Table 2 of the Appendix E with the average prover pressure,

Line 10, and picking the factor for the proper size prover pipe.
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Line 15.

Line 16.

Line 17.

Line 18,

Line 20.
Line 21.
Line 22.
L‘ne 23 .
Line 24,
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Factor For Prover Temperature OCey
The volume of a atecl vessel increases with increasing tem-

perature; thus the base volume of the prover changes with
pipe line temperature. This corrcction factor (Ceq) is used
to adjust the base volume of the prover pipe to the volume i
will contain at its average observed temperature. The factor
is obtained by entering Table 1 of the Appendix D with the
average temperature, Line 12, and selecting the proper factor.

Factor For Liguid Pressure F
This factor (F,)) is used to convert the base prover liquid
volume at the g%scrved pressure of Line 10 to its equivalent

volume at standard pressure conditions, The factor is ob-
tained by solving the equation shown in API Standard 1101,
Table 1T,

Factor For Liquid Temperaturc

Temperature correction Yactor (Fyy) to convert base prover
liquid volume at its average temperature, Line 12, to its
equivalent volume at 60° I, Use ASTM-1P Petroleum Measurement
Tables - D-12%0, Table 6.

Net Prover Volume .- Barrels

Volume of 1iquid displaced from prover section during proof
run at standard reference conditions of pressure and tempera-
ture. Equal to Line 131 X Line 14 X Line 15 X Line 16 X Line
17.

Elapsed Time Run
Measured with stopwatch Lo nearest second. Kead in minutes

and seconds,

Flapased Time for Run — Hours

Rate of Flow - RBPH

Line 4 times Line 24 divided by Linec 21.

Meter Factor (With temperatuss compensator,

Line 18 divided by Line 4.

Meter Facror (Without temperature compensator)

Line 18 divided by Line 7. Fill in factor to be used and rate
In DPH at bottom of sheet and sign report. Check report and
make sure all items are properly filled in,

FIRMULA USED FOR CALCULATIONS

Formula for Line 18: V; =K x C

Where:

ps X Ces X Fp1 x F1e {1)

V] = Net prover volume cdisplaced @ 60* F. and
standard prezsure

K = Base prover volume when prover is at 60° F,.
and O psig.
C.o = Correction factor f:r change in pipe volume

ps (dimensions) with change in pressure. (Appen-

dix E ~ Table 2).
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Formula for Line 7:
Where:

Formula for Line 24:

Where:
SAMPLE CALOUIATION
Product
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Correction factor for change in pipe
voluwac {(dimensions) with change in tem-
perature. (Appendix D - Table 1)

Correction factor for change in liquid
volume with change in pressure. (API-1101-
Table II)

Correction factor for change in liquid
volume with change in temgcrature ?ASTM
Tables D-1250 - Table 6

c(F ) (2)
Net Piter registration @ 60° F, and operating
pressure,

Oross meter registration (observed)
Correction factor for clange in meter
registration with change in temperaturc

(Line 6)

v, - Nel Frover volume (kD]

V; Net Meter Registration

Meter Factor for meter without temperature
compensator,

60.7° AP} Caseline

S50 psig Aver:ge Prover Pressure

74.4* F, Average Prover Temperatwe

49.112 Bble. Gross Meter Registration
74.4* F. Meoter Tempevature

49.362 Base Volume

0 psig Standard Pressure for Product being
pumped.

= 1.0001 from Table 1, Appendix E.
= 1,0003 from Table 3, Appendix D-

Solving for "F" from Standard 110k, Table II, the
average prover temperature of 74.4° F. is closest to
74.0° F. and the API gravity of 60,7 is closest to

61* API. From Table 11, Standard 1101 Compressibility
Factors per PSI for Liquid Hydrocaruons, the compres-
sibility ¥ per 1lb. is found to be 0.0000082.

=z

L)
[}

oy
et
= a
[

i

it

1 + (pP-Pq) (F) from Standard 1101, Table II.
1+ {50-0) (.0000082)

1 + 0.0004

1.0004

= 0,9910 (ASTM~IP Table 6)
= K x Fpp x Fpe x Flp x Fie

49,362 x 1.0001 x 1.0003 x 1.0004 x 0.9910

= 48,957
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L
1

me 0,990 (ASTM-1P Table 6)
\F) =G (Fmt)

49.112 x 0.9910
45,070

-3
-~
[} fl

Vi = ¢8.957 = 1.00%9
V, 48,670

SE._OF METER FACTOR

The meter factor as shown on Line 24 of report is mulrviplied by the
observed meter registration, obtained from meter totalizer counter, to give
the gross meter volume at standard (atmospheric) pressure conditiony and

meter operating temperature, This volume may then be corrected to give net
60° F. barrels, if desired.

Meter factors obtained as above ar. accurate only so long an the

internal meter Jperating pressure axistent during the proofl is maintained
during its routine operation.

Where clectronic registers are employed as proving counters, the

formulas used adbove are unchanged but the pulses per indicated barrel must
be considered.
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METER PROVING REPORT - PROVER SECTION WM¥VHQD
{For Metera Vith or Without Tweperature Cozmperastors)

Station or Terminal___Same  On  (owm __Report, Ko. 26
Mater Xo. 3 Serial No. 7. Date -
Mater Make ANY. Size = Batch To. ¥

Icitial Totalixer Reading £3a10 Product
Date Meters Last Repaired J-72-37 Specific Gravity @ 0OF £qdvepor Pnu% i g&'

DESCRIPTION OF QUANTTTY RUN B0, 1 RUR RO, 2
JHETER _REQISTRATION DATA
1. Pinal Meter Reading - Total
. Pulses $ Pulsas/Rbl. 42.//2
2. Initlal Meter Reading Total T " ke i
- Tises s rulaes/B1. (-]
a. Rexistration by Meter - Bbls. (line ) - lipe @ w71
+ Temp, of stresa at meter - P 2.4
g“‘r ’c. for Ability of liquid pha 1. OD8£28
s Factor -'_".'.'.S.W'_.WIL_" of . 1 _phased I——
. Fector for meter 1ig amp. (P}o'ic 3TR D12 NVENR ) 1 | -
. Nat Bole. through meter {reduced to std. coudi-
—tiras®ee) (line 3 x lipe 6 x live 7) ] $8./07¢%
QIR SFCTIQN JOUME. JATA..... . - C e
—
9. Presowrs 4t Trip Bo. L A Trdp Moo & L
“I0. Average Prover Fressure sus of live 1042 S
Qi Tewp. av TripWo. IR Tyip Mo, & . |_7as & e J._ 1 _
12, Average Irover Temp. sum of line 112 4

-t b — = = v e+ o —— o - V— = v oy

From calibration) £2 362 L

Teee Trover Vojume - Bbls.
AN Pacter for Prover iresewyse.
Ag_,, Pactor for Frover Temp. Omn
16, Pactor for ¢ nihl!t; of Il;uﬂ %o“_ 200890

7. ¥actor for I;LE tamp. lfFom -
15. Bt volwme in T (reduced to stan 1
codditionphes (nn; 13 = lipe 1b x lise 1%
17

4347504266

39. Elapsed time - & oo, ___ L1130 —

20, Rate flov Wi./Hr. [libe 18iLine 19 in Sec.)x360Q] gu"v,gglz ]
1. Mater factor (ilas 18 o line 8 00%

Rote: Thls mater factor coaverts meter readihg
to metered Tolums at sstered coaditiooa.
To acavert %o etaniard conditions ses
Section IV of AFI std. 110).

® lips 6 % 1s1-(Pressure @ mster - equilidrius vapor pressure)rF
#% 1ine 13 » lel-(Pressure @ prover -~ ejuilidrium vapor presaure)¥
Where ¥ 1s the liquid socwmpressibility feator fron eppendix of API Stendard 1101.

a5 Yolume reduced to stamiard conditions msans ths volums the liquid would ogowpy if
1t vere at SCF and at equilibri‘a pressure st 60F.

Signed by Checked by

];////
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APPENDIX O

STEEL CORMECTION FACTOR Cts - TEMPERATURE
(See Parag.aph 3045, API Standard 1101)

A volumetric correction factor must Le applied to the base prover
volume to account for the change in volume of the picver with change in
itas stcel cemperature,

ct, =~ Correction factor for converting the volume of the prover at

60* ¥, (base volume) to its volume at some observed average
temperature

=1+ (Tp - 60) (Em)

where:

Tp = avorage temperature of the steel vomprising the prover section,
usudlly aysumed to be the same as the average liquid temperature
in the prover section, in degreea fahrenheit, as indicated at
Detecuors No. 1 and No. 2.

Em « coefficlient of cubical expansion of 0,00001HZ per degrev fuhren-
heit for a mild steel vessel ay recommended in ASA Standard R
31.3-1959: Petroleum Tefinery Piping.

The following i3 a convenient tabular fem® of values of Fpt from
~3.34” F. 10 150.1*F.2

TABLE 1
Ip_(Observed Iemgeraturr[ Fpt

-3.3 - 2.1 99R9

2.2 - 1.0 .9990

7.7 --1341 L9911
13.2 - 18.7 .9992
18.8 -~ 24.2 L9993
24.3 - 2917 L9994
29.8 - 35.2 .9995
35.3 - 40.7 .0996
40.8 - 40.2 9997
46.3 - 51.7 .000R
1.8 - 57.2 .9999
37.3 - 62.6 1.0000
62.7 - 6€.1 1.0001
68.2 -~ 73.5 1.0002
73.6 - 79.0 1.0003
79.1 ~ R4.5 1.0004
84.6 yQ., o0 1.0005
90.1 95.5 1.0006
95.6 - 10i.0 1.0007
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{Cont'd.)Tp_{Observed Tempera ture)

101.1 - 106.5
106.6 - 111.9
112.0 - 117.4
117.5 - 122.9
123.0 ~ 128,3
128.4 - 133.8
133.9 - 139.2
139.3 - 144.6
144.7 - 150.1

1.0008
1.0009
1.0010
1.0011
1.0012
1.0013
1.0014
1.0015
1.0016

SECTION XI
Addendum 1V
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APPENDIX E
PERIVATION OF FORMJLA FOR Cpg ~ FORMULAE FOR CHANGE IN VOLUME CF PROVER “IT¥

CHANGE IN PRESSURE

Pavagiaph 2116 - 2122 ~ API Standard 1101 describes a method for
determining experimenvally the volume of a prover under pressure. However
because it is sometime more convenient tn calculate the change in volume
with change in pressure, the following derives a formulae for this calcu-

lation,

There are several approaches to the derivation of the formula for determining
the change in volume of a cylinder with change in pressure one derivation

follows:

Nomenclature —

Cps = the factor for determining the increase in prover vulume

b
L
Y

-

b

o o o b 9w

v

~m

L~
Cw

YThen:

As?

And g

with increrase in pressure.

internal diameter in inches of prover section at serv gage
pressure,

length in inchea of prover sectivn at sero gage preswure.
internal circwnference In inches of the prover asection at
serc gage pressure,

interral volume in cubic inches of prover section st xero
EAR® Presaure,

increase in prossure in pounds per square inch of the
prover section.

increase in prover internal diameter in inches with increase
in pressure P,

increase in prover length in inches with increase in pressuie
Pl

increase in prover internal circumference in inches with
increase in pressure P,

increage in prover volume in cublc inches with increase in
preasure P.

modulus of elaaticity in pounds per square inch.

prover wall thickness in inches,

hoop stress in pounds per square incir in prover wall due to
pressure P.

Poisson's ratio.

ps = 1‘;“'—‘-

v = 7RS4 DL

V+AYV = .7854 (D+AD)? (L+AL)
Cps = 1854 (D+AD)2 (:+A1)

.7854 b1
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| o 42:5 - 20) P(O.5D + 0.6¢)
Kt

e

If we assume E = 30,000,000 and u = ,2§

Then: cps = 1 l !O-SD + O.Gt! (‘)

15 x 106¢

If we assume that a buried pipe prover will be restrained so that the in-
ternal pressure causes no longitudinal streas but does cause hoop stress,
then AL becomes zero and AD is not affected by Poisson's ratio, Thus,
from equation (1)

cpr = 1+ ELAD
plL

And from equation (2)
AD =

"R

Then:y Cps = 1 + %1
Substituting from equation (3)

L G +0.6¢)

Cps = 1
Et
If E is 30,000,000
Then: Cpy ~ 1 +I:.LQ=_"£_*_2-_6.§). (5)
15 x 106¢

1t will be noted that the equation for a free end prover, eguatiun {4) and
for a buried prover, equation (5) are the ssme. It will also be noted that
if a value other thar (.25 !a uged for loisson's ;atio the two eguations
will not be the same.

Because the term {0.6t] is insignificant in equation (5), it can be e)iminated
ard the final formula simplified as iollows:

ro.sn D

G = <+ = 1 +
A TR\ 30 x 106t
Where: P = {(Pp -~ Pa)
Pp — Operating or observed pressure psig
Pa = Pressure, paig at which base volume of prover was

determined (usually C paig)
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2 .
Cps = D +20LAD+1ADZ+D2AL +2DADAL+A L AP
2
%L

faasmuch as AD and AL are quite small, Anz, AD AL, and AL ab? are
extremely small and may be neglected,

A 2
Then: Cps = 1+32.L_2_$ML 1)
b%

I1f a material has stross in only onc plane, the strain will be equai to
the length of the segrent multiplied by the stress over the modulus of
elasticity. However, if the material is stressed in two directions, the
atrain will be reduced by an amount ¢equal the stress in the perpendicular
divection divided by the modulus of elasticity and multiplied by the con-
sidered length and a factor known as Poisson's ratio, A pipe prover with
free ends will have a longitudinal stiess equal to one half that in a
circumferential direction. Thus, the changes in diameter ( 0[) and
length L of a prover can be written in terms of either circumferential
or longitulinal stress.

As: AC = C(R . ui)
E 2K
Andy  Ap - AC
) c
Theni AD - n(i-vL) (2)
E 2

and: AL = LE - u)

Then: Cps = 1+

p2L
- | 4+ Zi_ s+ .SS_ S
1 (l-: u l?)
2.58 ~ u2S

As the hoop stress (reference, Section VIII, ASME Boiler and Pressure
Vessel Code) is:

b ~o
s - P(r! + 0.5t} (33

t

14 (2.5 - 2u) P(B + o.0t)

Cps = Z

t

E
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CALIBRATION OF PIPE PROVERS

fuse of dimensinnal measurements)

The {uilowing outline describes the methods used in determining
tho actual volume of the calibrated pipc prover by means of accurate
dimensivnal measurement and subsequent calculation and conversion
to liquid measure, barrels or jalions.

The prover pipes on which this procedurc has been used and the
accuracy actually established have been interaally honed. It is not the
intent in this honing to achieve a pertoct cylinder, rather to provide &
polished surface free of burrs and ruughness.  Also careful pre-
sslection of the pipc is vsscntial to sssure st is iree ol dents, {lattening
or internal fissures that would cruate extreme diametric variations.

METHOD NO.,l - DIAMETRIC MICHOMETER MEASUREMENTS

This can only be carrivd out where the pipe [.D. is large enough
t0 permit a persun to work inside taking measuremaents. It has been
accomplished in provers as small as 16",

For diamoetric measurcmnents aniazide micrometer calibrated

to 68°F is used. It is left sn contact with tho pipe at all times
except when in usc xo that it will be at pipe temporature. Further,
it Is equipped with a handle insulated from it to reduce any
expansion ci{rct duc to rnanual handling.

2. A cylindrnical jig covered on the wutside with fell, for thermal
insulation, marked at 45° intervals and haviig a level attached to it
is used to determine the measurement points and is pulled through
the pipe ahcad of the person making the measurements. The
person making thc mcasurements lies on a felt pad to insulate his
body heat from the pipe. The jig is moved forward through the

pipe in even increments, usually 4, 5 or 6 inches and 4 diamctric
measurements are made at each position.

3. Every fourth set of measurements is subsequeatly ré-checked.
4. All measurements are recorded as to longitudinal location and also

to each radial position.  First and last longitudinal locaticns are
jvst outside the calibrated section.

. The longitudinel mneasurement is made with an accurately calibrated
steel tape (68°F) from centre to centre of deotection swiich hoies,
the final part increment on the tape being mcasured by calipers.
This measurement i8 made ins:ide the pipe with the pipe rolled s0
that the detection switch holes are vertically downward.
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From the recorded n.casurementa calculations are made of the
orecise volume in this manner:

(a) Arithmetic average of 4 diameters is worked out,

{b} The RMS value (standard deviation) of these 4 diameters is
also calculated to establish the difference between this and
the arithmetic average.

{c) Using (a) or (b) (generally the differunce iw negligible and
she arithmetic average can be used) the average cross
sectional arca 19 estahblished and the volume can thou be
accurately worked gut,

(d) As a furthor chuck thu maxunun probable error iv calculated
for all the meanurumonts taken,

Using the change of volunie coofficient (0. 0000182) of the pipe for
teinporature deviation frum that at the calibration temporature

a grapgh and a table s set up for the actual volume at all oit
temperaturces encountured,

METHOD NO. ¢ - CIRCUMFERENTIAL MEASUREMENTS

This methad has been used in small and large diametar pipras

{as small a: 4" nominal pipe).

A jig is made up to takec intcrnal circumforential measurements
at even increments (4, 5 or 6 inches) along the pape. A briov
description of ane such jig is a» follows:

{a) A heavy metal shoe resting on the pipe bottom has anchored
to it and resting on the pipe the fixed end of a flexibie steel
tape{abous 1/2" wide). It alsu holds a very strong npring
device and a dial gauge reading in thousandths,

{b) The above tape ia attached to the jig by [lexible fingers to
maintain it in the precise vertical and horizontal planes.

(c} From the fixed end in the jig the tape is held very tightly
against the pipe internal circumierence by the frem-end being
under the pressure of the spring in (a) above. Any movement
of this irce end is linked te the dial gauge. -

At some point near the end of the pipe where the person maling
the racasurcments can reach, a tape of similar material which

has been made up just slightly shorter than the irterpal circurn-

et g
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ference of the pipe and with ite ends machined square, is
positioned.  Using a blued wedyge this tape 13 forced against
the pipe wall and the tiue length is established with the tape
removed and »eld lat.  This length 18 that of the tape hald
flat, pluy wuedge (reason for bluning). The true lungth
of the tape in its curved utate 18 then Lalcuiated sance the
true neutral of a tape moves from centre to 444%) {rom the ) ,
inside and 56% from the oulmicie when it is furmed into a cdrcla, . o

3. MNow the jig s sct up at this aame point and the dial gange is
zeroed,  All subscquent readings of the dial gauge aw it moves
down the pipe are referved plus or minus of this datum. Readings
can be takon by louking dowy the pipe through a magnilying H‘hl
glaun.

4. ‘I pipe size permits, diametric measuremoents av in Method No.l
arc dune at soine lucations as a cruss chedh,

5. As a further crosws check a prere of pipo an wot up and machined
to a circumfervnce cqual ta et cutablishod in (&) abave. The lape
and wodge procedure ow reprated to deternune any deviation of
the pipe anternal civeamference {rom that of a true ciscle. No
sigmficant diffuience has yot bhen found,

6. Longitudinal mcasaren.cat is anade sinalarly to that in Method
Ho. L. Toaswmist wn finang the ventre of the urlection switch holes,
a very sharply pmanted conical puece 18 machined 4o that its point
is flush with the @jpe antetaue when it is held into the ball reccss
by & plug sciewed mto the act . ction switch coupling ui the pipe.

1. Froum the average of cach of the curcumferences "S" squared the
averags cross sectional arca . calculated waing ©

8. Asg 1n mcthod No, 1, the voluing e cudne {cet and barreis is then
calculated.,  Also trinperature cod ffitient 19 aimalariy applied.
The mathcinatics of probable error can aleo be appiicd if so
desired.

It 1s fedt that use oi either of the above methods will achisve
a very accurate true voluine ot the prover pipe, this volurne being
capatile of verification by the mathcematicr. Also, 1n cither method
{particularly No. 2 as it s much faster) a3 pumber of calibration runs
can be made and compared.
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