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ORIFICE METERING RESEARCH - A USER'S PERSPECTIVE
J. E. Gallagher, P.E. - Shell, USA
R. E. Beaty - Amoco, USA

SUMMARY

International cooperation for concentric, square-edged orifice
discharge coefficient research between North America and Western
Europe is presented in light of A.G.A. Report No. 3's adoption of
a new discharge coefficient equation.
CUrrent North American research projects are headed towards various
solutions on orifice metering installation effects. Interpretation
of the results from the authors' viewpoints is discussed along with
two recommended methods for determining the proper location of
A.G.A~ tube bundles.
The application of in situ calibration of flowmeters is discussed
from a global perspective. Substantive issues concerning the
application of sonic nozzles, gas piston prover development,
utilization and performance are presented from an holistic
viewpoint.
Several physical properties are required for fiscal calculations of
natural gas compressibility, absolute viscosity, isentropic
exponent, CSTAR for sonic nozzles and calorific value. A summary
of the current status is presented along with additional user
needs .
The orifice meter has a long history of use and experimentation.
Because of this, it sometimes may be perceived as outdated,
inaccurate and unreliable. In reality the opposite is true. To
illustrate this viewpoint, loss control performance is presented
for several pipeline systems transporting compressible fluids.
Incentives are presented for additional research and standards
development from an operator's perspective.
NOTATION
Beta

CSTAR
diameter ratio, (Iit/Df)
critical flow factor for gas flowing through a
sonic nozzle
orifice plate bore diameter at flow conditions
meter tube internal diameter at flowing
conditions
nominal pipe diameterD
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Ev
~L1

velocity of approach factor
perfect isentropic exponent
distance from flow disturbance to flowmeter in
nominal pipe diameters
distance from piping disturbance to inlet of
flow conditioner in nominal pipe diameters
distance from outlet of flow conditioner to
flowmeter in nominal pipe diameters
length of flow conditioner in nominal pipe diameters
fluid density at flowing temperature and pressure
fluid density at base conditions

L2

L3

1 XtiTAOOCCTION
The North American natural gas industry produces, transports, and
distributes approximately 700 billion cubic meters of gas each year
(25 tr illion standard cubic feet). The western European market
transports and distributes 250 billion cubic meters of gas each
year (9 trillion standard cubic feet). Because of the importance
of gas measurement for industry operations and fiscal
accountability, it is essential that metering be accurate,
reliable, and cost efficient over a range of conditions.
All of this gas is measured at least once, and most of it several
times, in meter si~es ranging from 25 - 900 mm (1 - 36 inches), at
pressures from below atmospheric to 14 MFa (2,000 psi), at
temperatures from 0 - 100 degC (32 - 212 degF), with several types
of meters. For large volume flow applications utilize orifice and
turbine meters. Rotary and diaphragm meters are generally used for
lower flow applications. Ultrasonic, vortex, insertion turbine,
integral orifice 1Ileter, and others are chosen for specialty
applications.
The orifice meter remains the predominant meter for natural gas
production, large volume natural gas flow applications and chemical
meterinq applications (Figure 1). In fact, it is currently
estimated that over 600,000 orifice meters in North America are
being used for custody transfer and allocation measurement
applications associated with the petroleum, chemical and gas
industries.
As a result, the current focus of today's measurement community is
lower uncertainty levels through an efficient and effective
program. One qoal is to minimize the uncertainty associated with
"non-ideal" flow conditions. A second qoal is improved predictive
capabilities of the natural gas' physical and transport properties.
A third goal is to provide pragmatic alternatives towards lower
uncertainties through in-situ calibration of meters, centralized
calibration of meters, and/or installation of dissimilar meters in
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series.
2 WORLDWIDE DISCHARGE COEFPICIENT EQUATION
The greatest series of orifice coefficient of discharge data
completed prior to 1980 was conducted at Ohio State University
(OSU) under the direction of Professor S. T. Beitler. All of these
experiments were conducted between 1932 and 1933 on water using
seven pipe diameter ranging from 25 to 350 mm (1 to 14 inches). It
is important to note that the experiments were conducted before the
existence of any national or international orifice metering
standard. The OSU data base was adopted by Dr. Edgar Buckingham and
Mr. Howard Bean to derive mathematical equations to predict the
flow coefficient for orifice meters. Pioneers like Buckingham and
Bean developed excellent equations based on the data at that time.
A joint committee from the American Gas Association (A.G.A.) the
American Petroleum Institute (API) and International Standards
Organization (ISO) was formed in the early 1970's to investigate
perceived problems with the OSU data base. Jean Stolz from France
and Wayne Fling from the united States collaborated in the data
base assessment. They discovered upon analysis of the OSU data
that only 303 of the data points were technically defensible.
In 1978, Jean Stolz derived an empirical orifice discharge
coefficient equation which physically linked near field pressure
tappings. This innovative equation was based on the OSU 303 data
set for flange and radius tappings. The corner tap data was
obtained from witte's corner tap experiments conducted in the 30s.
In 1980, the Stolz equation was adopted by ISO 5167 replacing the
Buckingham equation.
In 1981, recognizing the small amount of definitive data available,
the Commission of ~ropean Communities (EC) and the united States
simultaneously initiated a multimillion dollar program to develop
an empirical discharge coefficient data base for concentric, square
edged orifice meters. The original EC experimental pattern covered
corner, radius and flange pressure tappings at nine laboratories on
two sizes of meter tubes - 100 and 250mm. The EC added two
additional meter sizes in the mid 80s - 50mm and 600mm. In the
United States, a project undertaken by the API and the Gas
Processors Association (GPA) investigated flange pressure tappings
at two laboratories on five sizes of meter tubes - 50, 75, 100, 150
and 250mm.
The EC and API/GPA data were collected using oil, water, natural
gas and air as the test media. The meter tubes used in the test
were manufactured from commercial pipe. The criteria for the
experiments was a uniform fully developed velocity profile. When
the data base was combined into a regression data set, the US and
EC experiments yielded highly compatible data.
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Xn 1988, international cooperation between the North American and
EC flow measurement experts resulted in unanimous acceptance of the
equation form proposed by Reader-Harris of the United Kingdom's
National Engineering Laboratory with two amendments by Gallagher.
The combined EC and API/GPA experimental pattern was well balanced
so that the data could be accurately evaluated for corner, flange
and radius tappings. The Reader-Harris/Gallagher (RG) equation was
regressed using this combined data set of 10,152 corner, flange and
radius tap points. At the instruction of API's Board of Directors,
this equation was balloted and subsequently adopted into the latest
revision of A.G.A. Report No.3 (ANSI 2530/API HPMS 14.3/GPA 8185)
published in 1990.
Since the regression of the RG equation, additional EC discharge
coefficient data on oil, water and natural gas has been accumulated
on 50 and 600mm meter sizes. To date, none of the additional
flange tapped data has fallen outside the predicted uncertainty of
the RG equation. The RG equation could be updated to reflect the
additional data. However, no equation is expected to significantly
improve the prediction results for flange tappings.

3 FLOW CONDITIONS
All flowmeters are subject to the effects of velocity profile,
swirl and turbulence structure approaching the meter. The meter
calibration factors or empirical coefficients calculated from the
discharge coefficient equations are valid onlv if similarity exists
between the metering installation and the experimental data base.
These parameters should not be significantly different from those
at the time of meter calibration, or from those which existed in
the empirical coefficients of discharge data base. Technically
this is termed the Law of Similarity.
Many piping configurations and fittings generate disturbances with
unknown characteristics. Even a simple elbow can generate very
different flow conditions from "ideal" or "fully developed" flow.
In reality, multiple piping configurations are assembled in series
generating complex problems for standard writing organizations and
flow metering engineers. The problem is to minimize the difference
between "real" and "fully developed" flow conditions on the
selected metering device to maintain a low uncertainty associated
with the fiscal application. For clarity, we will refer to this as
"pseudo-fully developed" flow.
A method to circumvent the influence of the fluid dynamics (swirl,
profile and turbulence) on the meter's performance is to install a
flow straightener in combination with straight lengths of pipe to
"isola te" the meter from upstream piping disturbances. Of course,
this isolation is never perfect. After all, the straightener's
objective is to produce a "pseudo-fully developed" flow.
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In general, upstream piping elements may be grouped into the
following categories -

* those that distort the mean velocity profile but
produce little swirl

* those that both distort and generate bulk swirl
with respect to installation effects and the near term flow field,
the correlating parameters which impact similarity for orifice
meters are summarized in Figure 2.
3.1 FUlly Developed Plow
The classical definition for fully developed turbulent flow is
stated by Hinze as follows -

"For the fully developed turbulent flow in the pipe the
mean-flow conditions· are independent of the axial
coordinate, r and axisymmetric, assuming a uniform wall
condition."

From a practical standpoint, we generally refer to fully developed
flow in terms of axisymmetric velocity profile which is in
accordance with the Power Law or Law of the Wall prediction.
However, one must not forget that fully developed turbulent flow
requires equilibrium of the forces to maintain the random "cyclic"
motions of turbulent flow. This requires that the velocity
profile, turbulence intensity, wall shear stress, Reynolds
stresses, etc., are constant with respect to the axial position.
The dependence of the turbulence in the outer region (or pipe core)
on upstream condition points toward a "long memory" of the flow in
this region. In contrast, the inner region (or pipe wall) has a
"shorter memory". consequently, the recovery from any disturbance
of the inner region will be much quicker than that for the outer
region. Also, we cannot forget the interdependence of the two
regions.
3.2 Types of Plow conditioners
Flow conditioners may be grouped into three general classes based
on their ability to correct the mean velocity profile, bulk swirl
and turbulence structure (Figure 3).
The first class of straighteners is designed to primarily
counteract swirl by splitting up the flow into a number of parallel
conduits. This class of straighteners includes A.G.A. radial tube
bundles, A.G.A. hexagonal tube bundles, ISO 5167 tube bundles,
AHCA's honeycomb and the Etoile (Figure 4).
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The second class of straighteners is designed to generate an
axisymmetric velocity profile distribution by subjecting the flow
to a single or a series of perforated grids or plates. The profile
is redistributed by use of the blockage factor or porosity of the
flow conditioner. This class of straighteners includes the
Sprenkle, Zanker and Mitsubishi designs.
The third class of straighteners are designed to generate a
"pseudo-fully developed" velocity profile distribution through
porosity of the straightener and the generation of a turbulence
structure. The turbulence structure is generated by varying the
radial porosity distribution. This class of straighteners includes
the Sens and Teule, Bosch and Hebrard, K-Lab and Laws designs
(Figure 5).

The optimal flow conditioner has the following design objectives:

• elimination of swirl
• production of axisymmetric, pseudo-fully developed

mean velocity profile
• production of pseudo-fully developed turbulence

structure
• low pressure drop across the flow conditioner
* rigorous towards mechanical damage
* low fabrication and construction costs

In achieving these objectives, the flow conditioner cannot and will
not maintain fully developed turbulent flow with respect to the
axial position. The reason is fundamentally simple - the random
cyclic forces are no~ controlled by the conditioner for self-
maintenance of tlJe velocity profile with respect to the axial
position.

All flow conditioners have the following shared geometrical
limitations -

* A minimUlll distance between the upstream piping
elements and the inlet of the straightener to ensure
that the straightener performance is optimized.

* A minimum distance between the outlet of the
straightener and the flow meter to ensure that the
straightener does not act as a disturbance.

These shared geometrical limitations are based on Prandtl's Mixing
Length Theory.
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4 XNSTALLATXON RESEARCH
Historically, flow conditioners have defined an acceptable
uncertainty of +l> 0.50 percent due to piping elements. The
original research of A.G.A. on orifice meter effects could not
discern effects below this level due to the limitation of the
research equipment in the 30s, 40s, 50s and 60s.
with the birth of microchip technology, large steps towards
lowering the uncertainty are possible due to the advent of smart
transmitters, sophisticated flow computers, personal computers,
Computational Fluid Dynamics (CFD), thermal anemometry (TA) probes
(i.e., hot wire, hot film, x-wire), Laser Doppler Velocimetry or
Anemometry (LOV/LOA), characterization of flow meters in real time,
high pressure gas piston provers, ultrasonic flowmeters, coriolis
flowmeters, videoimagescopes, etcetera. These "new" tools are
providing significant advances in the refinement of existing
metering equipment as well as the birth of new technology.
The advent of LOV/LDA technology has provided a tool to perform
three dimensional flow field measurements. This technology is
capable of measuring three non-orthogonal velocity components
simultaneously, resolving from those three independent orthogonal
velocity components, and then computing the mean velocity vector,
the time averaged Reynolds stress tensor, and other items
associated with those values. In this manner, variations in the
flow field (upstream and downstream of flow conditioners, flow
meters, fittings, etc.) can be documented. The next step involves
comparing these measurements to Computational Fluid Dynamics (CFD)
predictive models such as Creare's FLUENT code. Through these
comparisons the optimum turbulence model can be identified. The
final results should have a predictive model which approximates the
decay of distorted flow fields through flow conditioners and flow
meters.
A fundamental understanding of the effects of upstream flow
conditioning on flowmetering is essential for significant
improvements. Recent LOV/LOA and TA probe research is attempting
to provide a thorough understanding of the complex flow field. The
LOV/LOA, or TA probe are tools which provide us with the needed
insight to the microscopic flow field. Studies at NIST
Gaithersburg (Mattingly and Yeh), Texas A&M (Morrison et. al.),
NIST Boulder (Brennan, et. al.), SwRI (Morrow, Park et. al.), NOVA
Husky (Karnik, et. al.), CERT (Gajan et. al.), NEL (Reader-Harris,
et. al.), Gasunie, K-Lab (Wilcox et. al.) and others have recently
measured mean velocity profiles and turbulence structure associated
with upstream flow conditioning effects.
The optimum turbulence model does not currently exist for CFD
installation effects' applications. Hopefully, existing and
planned turbulence structure measurements and installation effects
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research will provide future scientists with the needed insight for
this development. Irrespective of this limitation, CFO technology
will still be utilized to maximum the experimental pattern
efficiency and to provide sensitivity analyses.
5 ORIFICE ME~ER XNS~ALLATIONEFFECTS
The goal of current orifice research programs is to focus on the
effects of various installation conditions for natural gas
applications. since significant deviations from the Law of
similarity cause measurement errors, the main goal is to identify
and quantify the error associated with these flow disturbances.
Present industry standards provide installation specifications for
pipe length requirements and flow conditioner location upstream of
orifice meters (A.G.A. 3/ANSI 2530/API MPMS 14.3 and ISO 5167).
Unfortunately, considerable disaqreement over straight length
requirements exist between these two highly respected standards.
CUrrent upstream effects research has focused on assembling
experimental data for evaluation of straight length requirements
stated in the respective standards.
In North America, the design practice is to minimize the upstream
piping and utilize A.G.A. tube bundles to provide "pseudo-fully
developed" flow. Typical North American installations consist of
90 degree elbows or headers upstream of the orifice meter. Tube
bundles are cOJlllllonlyused to eliminate swirl and distorted velocity
profiles. In ltiesternEurope, the practice is to utilize long
upstream lengths to generate "pseudo-fully developed" flow.
Because of these design differences, the current research programs
do not fully complement each other in their direction.

5.1 Flow conditioner Location
Gas Research Institute's Meter Research Facility (MRF), loca.tedat
southwest Research :Institute (SWRI) in Texas, was constructed to
carry out definitive research in key flow metrology areas for the
natural gas industry. In light of this charter, swRI is conducting
a series of experiments to address the user community concerns.
The sliding vane technique is essential to the efficient and
effective research program at SwRI. This technique relocates the
tube bundle without venting the meter run or disconnecting flanges,
thereby saving considerable time and manpower without introducing
additional laboratory uncertainties. Results for a 100mm tube
clearly indicate the existence of a cross-over zone (Figure 6).
Comparison of the results for an Ll of 1000 and 450 indicate no
perceptible difference in the cross-over zone between the two
upstream lengths. These results are consistent with research data
from several Western European flow laboratories. For example, the
European community (Ee) program conducted at Gasunie and NEL
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indicates the cross-over zone exists between 10 and 150. However,
when L1 is limited to 170, a considerable shift in the cross-over
zone is apparent (Figure 7).
Numerous research papers have attempted to specify the tube bundle
location for zero additional uncertainty due to upstream
installation effects. At times, the results between researchers
have appeared to contradict each other. In an attempt to
understand the physical cause for a cross-over, a number of
researchers have measured the velocity profile and turbulence
intensity at various positions in the upstream piping. Prior to
these measurements, it was believed that swirl angle and velocity
profile ~ were required to classify the approach flow as
"pseudo-fully developed".
Velocity profile and turbulence measurements has provided key
insights into understanding the flow field. Results have
determined that the cross-over zone for a 90 degree elbow preceding
the meter run's has a flatter profile than the allowance contained
in ISO 5167. To date, it is evident that when the mean velocity
profile downstream of the tube bundle was fully developed in
accordance with ISO 5167 specifications, a significant orifice
metering error existed. This implies that other factors contribute
significantly to the orifice meter's flow field. The questions
associated with this phenomena may be partly answered by the
following postulates -

* first order dependence on the type of upstream flow
disturbance

* first order dependence on the distance L3
(turbulence level, swirl angle, velocity profile,
mixing length between the tube bundle and the
flowmeter)

* second order dependence on the distance L2
(turbulence level, swirl angle, velocity profile,
mixing length between the disturbance and the flow
conditioner)

In the authors' opinion, the turbulence structure generated by a
flow disturbance has a significant impact on the cross-over zone
associated with orifice meters. Apart from the measurements of
Mattingly, Morrow, and Karnik, no turbulence measurements
downstream of a tube bundle appears in the literature. Several
researchers (Karnik, Morrison, etc.) have postulated a relationship
exists between orifice metering error and the turbulent velocity
field. Until further measurements are conducted on the physics of
the flow downstream of conditioners (Reynolds stresses, mean and
turbulent velocity field, integral length scales and the Taylor
microscale), additional insight into this interaction is not
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possible.
5.2 praqaatic Solutions
The guiding principle of this section is to provide a systematic
compilation o~ instructions and basic rules for the location of
~lo",conditioners for nev and existing orifice metering facilities.
To assist the user community, the authors propose two methods for
determining the proper location of A.G.A. tube bundles - fixed
location method and correlation method. The Beta should be limited
to a ranqe of ~.20to ~.60for both approaches.
For the first method, the authors recommend a fixed location for
the tube bundle as follows:

• a fi~ed L3 lenqth of 11D
• a minimum L2 length of 3D

For the second method, the authors propose a correlation which
predicts the cross-over zone for A.G.A. tube bundle (19 tube radial
design) flow conditioners. The correlation predicts the cross-over
ZODe as a function of Beta, EV, L1, and L3 for A.G.A. tube bundles
(Figures 8 and 9). In the authors' opinion, a minimum L2 length of
3D is applicable for all flow conditioners. This requirement has
been included in the correlation method.
Hany factors affect the solutions to flow conditioning problems -
economics, piping limitations, operating ..,indows,etcetera. The
options proposed by the authors provide pragmatic solutions to real
problems for operators of orifice metering facilities (Figure 10
and 11). The user selection is based on economic justification to
minimi2e the uncertainty associated with upstream conditions.
For example, in evaluating existing large volume installations
(fixed Ll distance), the user could select any of the following
options -

• lower the Beta limit based on existing L3 length and
the correlation method

• relocate the existing flow conditioner using the
correlation method

or,
relocate the flow conditioner to an L3 of lID and a
minimum L2 of 3D

• install a new flow conditioner (Laws, etc.) with an
L3 of 110 and a minimum L2 of 3D
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Using the methods described above, the authors have estimated the
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additional uncertainty due to flow disturbances. For Betas below
0.40, the uncertainty should not exceed +/- 0.10 percent and may be
considered negligible. For Betas above 0.40 and below 0".60, the

~ uncertainty should not exceed +/- 0.25 percent.
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* calibrate the metering facility in situ with the
current flow conditioner, orifice plate, and
associated instrumentation

* install a new flowmetering device
The options described above are listed in order of increasing
capital expenditures. Please note that the authors consider it
impractical to relocate existing manifolds and headers.

6.1 xntroduction
The first measurement standards were based on weight. Any
commodity to be traded could be judged against a known weight to
evaluate its true worth. with solids the procedure is relatively
simple. However, liquids measured with this procedure require
additional information if the data obtained is to be reported in
traditional units. The additional information is the density of
the fluid. To avoid measurement inequities, corrections are
required for acceleration due to local gravity and air buoyancy.
These correction converts observed weight to mass. It is obvious
that this procedure is well suited for a laboratory environment.
verifying the accuracy of flowmeters in specific applications has
been one of the desires of the user community. Shop tests of
orifice meters and turbine meters with various upstream
configurations has been conducted for several years to aid in the
design of high volume metering facilities. The question posed by
the user community is - "Can the operator ensure the parties
involved in the fiscal transfer that the measurement station is
adequately described by the tested design?".
At this point, the scientific community followed three parallel
branches for high pressure/volume applications -

* high pressure bell provers (> 33 bars)
* "bootstrapping" method
* sonic or critical flow nozzles

In response to the North American community's request, the Gas
Research Institute (GRI) has initiated funding for assessment of in
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situ calibration devices - sonic nozzles, master meters and piston
provers. These tests, planned for 1993, will be conducted at GRI's
HRF facility.
One of the oldest laboratory volumetric gas measurement standards
is the bell prover. The early systems employed a low pressure bell
which was liDited to extremely low pressures. As measurement
technology progressed, the demand to measure gas at elevated
pressures increased.
The "bootstrapping" method requires a bell prover to prove a number
of highly accurate lower capacity meters. These parallel meters
are, in turn, used to prove larger capacity meters. A group of
these larger capacity meters are then used in parallel to prove an
orifice meter or turbine meter. The process works well in the
laboratory, but is less acceptable in a field environment. A
master turbine Deter proven at low pressure and operated at
elevated pressures will exhibit K-factor shifts in the positive
direction. When air is used as the proving media for meters
normally used to measure natural gas, conversion errors occur.
Another major problem is one of logistics. Moving a large group of
master Deters to a number of locations is difficult. Equally
difficult is the ability to duplicate actual operating conditions
in the laboratory. Since transporting master meters may result in
damage, time consuming validation cross testing may be required at
each test site. contaminants in a gas stream can damage or reduce
the accuracy of the master meters. As a result, field tests can be
biased and costly repair and recertification of the master Deter is
required.
sonic nozzle technology remained dormant until Matz, Smith and
Stratford's design work in the early 60s. Real gas critical flow
factors, CSTAR, were developed by Johnson of NASA in 1965 allowing
the application of sonic nozzles for calibration purposes. Sonic
nozzles have been successfully applied as laboratory standards on
single component gas streams. Varying degrees of success has been
achieved on multiple component gas streams in field and laboratory
applications. A modification of the sonic nozzle, the Digicell,
incorporates eleven parallel sonic nozzles sized in a binary
progression and Dounted in a single housing.
For sonic nozzles, clean, dry natural gas is a prerequisite.
Solids and liguids swept along with the gas can damage the bore of
the sonic nozzle. Some contaminates (i.e., sulfur) can deposit in
the nozzle throat. Entrained or free water in the natural gas
combine to form hydrates due to the drop in flowing pressure and
temperature. Additionally, hydrocarbon dewpoint concerns are real
for multiple component streams. compositional analysis from a gas
chromatograph in combination with an equation of state are normally
used to predict the physical properties of the flowing gas. The
sonic nozzle's mass flow equation requires an iterative solution to
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determine the critical flow factor, CSTAR. The master meter's mass
flow equation requires the calculation of density at both operating
and base conditions. Analytical errors and uncertainties related
to the physical properties' predictions increase the uncertainties
associated with this technique. Continued research on the speed of
sound prediction used in the CSTAR iteration is necessary to
provide a long term viable method for multiple component streams.
Estimates by studzinski et al place the current uncertainty for
CSTAR as high as 0.60 percent for a multiple component natural gas
stream.
6.2 High Pressure Gas PistoD Prover
In the last decade, high pressure gas piston provers were
introduced to the natural gas community. The application of this
device was inspired by the chemical industry's development for
highly compressible polymer grade ethylene systems in Europe and
North America. At this same time, the liquid small volume prover
(SVP)~ demonstrated the acceptability of double chronometry
interpolation techniques for turbine meters. Through the
pioneering efforts of Gasunie, Shell, Amoco, DSM, Ruhrgas and
Ogasco, a modified SVP approach was developed for chemical, C02 and
natural gas applications.
The modified SVP technology launches a piston into the flowing
stream and measures its progress through the prover using high
precision detector switches. The area between the detector
switches, known as the calibrated section, is traversed by the
piston for calibration purposes. Most designs use free floating
pistons, although, ram assisted pistons work equally well. The
critical requirement is to assure that the pressure disturbance
associated with launching the piston has subsided before the
initial detector switch is activated. Steady state conditions
during the calibration of the flowmetering device is mandatory for
application of the results.
TWo gas piston prover designs are currently available - single wall
and double wall. Both design are available in unidirectional or
bidirectional options.
In the single wall design, the pipe wall acts as both the measuring
chamber and pressure containment vessel. As a result, correction
for the change in the calibrated volume is required due to the
flowing temperature and pressure.
The double wall design incorporates a smaller pipe inside a larger
pipe. The double wall design uses the outer pipe as a pressure
containment vessel resulting in the pressure across the inner pipe
wall to be approximately zero. This negates the need for a
correction due to pressure. A correction for the change in the
calibrated volume is required due to the flowing temperature.
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The piston prover has been used as a primary standard to prove a
turbine meter or a master turbine meter installed in series with an
orifice meter. This arrangement ensures calibration under normal
operating conditions - velocity profile, instrumentation, etcetera.
Additionally, wet gas will not alter the performance of the piston
prover as long as the flowing conditions are not lower than the
hydrocarbon dew point. Small amounts of fine solids will have no
effect unless the bore of the calibrated section or the piston
seals are damaged.
At this time, the high pressure gas piston prover is being
successfully applied by Gasunie, Shell USA, Amoco USA and Ruhrgas
for fiscal applications and/or laboratory flow standards. Gasunie
has replaced their "bootstrapping" method with the piston prover.
Shell USA has applied this technology to chemical and C02 systems
since 19S4 to identify out of tolerance metering facilities. Amoco
USA has operated an ogasco design for the calibration of small
turbine meters in a coal degasification project since 1990.

Clearly the piston prover offers the best opportunity for
successful field calibration of flowmeters on multiple component
natural gas streams. However, the measurement community needs;
additional research, an established gas piston prover design and
certification standard. The additional research needs will be
assessed with the GRI activities for 1993. In answer to the need
for standards, the API Committee on Gas Measurement (COGM) has
recently established a Working Group to address the global
conmunity input and concerns.
7 PHYSICAL PROPERTIES
Several physical properties are required for fiscal calculations of
natural gas compressibility, absolute viscosity, isentropic
exponent, CSTAR for sonic nozzles and calorific value.

7.1 Density
Accurate values of flowing density, RHO.." and base density, RlID.,
are required for accurate base volume calculation. The densities
may be obtained using two methods - direct measurement using
density meters or an acceptable equation of state.
Online density meters, for both flowing and base density, has
exhibited problems when a fluid is measured near a phase boundary
or passes throuqh the hydrocarbon dew point. Small amounts of
liquid dropping out of solution will cause density meters to
perform erratically. Calibration of gas density meters, not
conducive to field operations, should be performed in an ISO 9000
certified laboratory.
The use of equations of state to accurately predict the density of
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gases and liquids has met with varying degrees of success. When
the data used to derive the equation was representative of the
flowing fluid, the results have been acceptable. The density
uncertainty increases as the operating composition, pressure or
temperature deviates from the data base used for the equation of
state.
Attempts have been made since the turn of the century to develop an
equation of state that accurately predicts the physical properties
of a variety of natural gas streams. Developers were hindered in
their endeavors by a lack of high quality data.
Research directed by Howard Bean of the United states National
Bureau of Standards produced the first generally accepted
supercompressibility data in 1928 and 1929. The data was limited
to 4 Mpa (600 psia). The next significant body of work in the us
was published by Professor Samuel Beitler of Ohio state University
(OSU) in 1954. The Beitler work was extended and an equation of
state-was completed in 1962 by Mr. R. H. Zimmerman at OSU. The
results of this work were published by the American Gas Association
as the "Manual for Determination of supercompressibility Factors
for Natural Gas" (PAR Project NX-19).
In 1981, the Gas Research Institute (GRI) began to sponsor a
program at the University of Oklahoma in close liaison with the
American Gas Association. The work, directed by Dr. K. E.
Starling, was aimed at expanding the temperature, pressure and
compositional limits of Project NX-19. The results of this work
provided the basis for the 1985 A.G.A. Report No.8,
"compressibility Factors For Natural Gas And Other Related
Hydrocarbon Gases".
The data used for the 1985 A.G.A. Report No. 8 used data up to
approximately 6 Mpa (900 psia). The data was obtained from open
literature as well as data supplied by the Groupe Europeen de
Recherches Gazieres (GERG). GERG continued to expand their high
quality data base through 1989. This work demonstrated that the
equation of state used in Report No. 8 needed to be improved. It
also showed the velocity of sound data obtained under GRI
sponsorship between 1985 and 1989 lacked sufficient accuracy for
sonic nozzle applications.
GERG developed an equation form for compressibility that produces
accurate results within the defined pressure, temperature, density,
heating value and compositional limits. The GRI team, which
consisted of the Universities of Oklahoma and Idaho and GRI staff,
also utilized the new data collected and revised the generalized
equation of state for the 1992 Report No.8. Both the GERG and the
GRI equations are utilized in the revised report.
The data base continues to have areas of high uncertainty. Report
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No. ~ is recommended for use within restricted compositional
ranges. The report also states that an acceptable database for
water, heavy hydrocarbons, and hydroqen sulfide is not available at
this time. The accuracy of the report is likely to be equivalent
to other existing generalized equations of state.
International cooperation towards development of a single standard
for the prediction o~ compressibility of multiple component natural
gas streams has been highly successful due to strong leadership
from the western European and North American communities. This
effort has culminated in a draft standard currently being balloted
at the ISO Technical Committee 193, A.G.A Transmission committee,
A.G.A. Distribution committee and API COPM levels.
Large errors usually occur in the gas sampling and compositional
analysis arena. In the United states, most analytical work is
perforned using a gas chromatograph. significant improvements have
been made in gas chromatography in the past decade. The advent of
the capillary column has increased the ability of the analyst to
produce accurate extended analyses. The major problem remaining is
the need for highly accurate multiple component chromatographic
standards. Pure component calibration is not economically feasible
on a routine basis. As this problem is solved, laboratory
analytical uncertainty will be reduced. As the laboratory problems
are resolved, the use of sophisticated online gas chromatographic
systems will be followed by sophisticated portable systems.
Systems now being marketed are capable of analysis through nonanes
plus.
7.2 Absolute Viscosity
The absolute fluid viscosity is required to calculate the pipe
Reynolds number for the new orifice coefficient of discharge
equation. Viscosities may be measured of computed from appropriate
equations of state. In some areas additional data could improve
the accuracy of the predicted viscosity. For high Reynolds number
applications the absolute accuracy of the viscosity is not as
critical. The coefficient of discharge is not as effected by small
inaccuracies in Reynolds number. In low Reynolds number
application the accuracy of the viscosity prediction has a much
greater impact on the accuracy of the volume calculation.
A NIST program known as TRAPP can calculate the viscosities for
multiple component natural gas streams. It represents the state of
the art in predictive codes for transport properties. Developed by
Ely of NIST in Boulder, the program is based on a corresponding
states model of fluid mixtures containing as many as sixty-one
different constituents.
A.G.A. Report 8 should be revised to provide the user community
with multiple component viscosity calculations.
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7.3 CSTAR
uncertainties in the critical flow factor, CSTAR, contribute to the
uncertainty of mass flow rate through a single sonic nozzle. The
flow through the nozzle is taken to be isentropic and one-
dimensional, the plenum velocity is assumed to be zero, and the
throat velocity is assumed to be that of the speed of sound of the
gas at throat conditions.
Additional research is needed to assist the user community to
determine the speed of sound for multiple component streams,
guidelines for dewpoint concerns, guidelines for deposition
concerns, and uncertainty estimates for CSTAR, throat density,
throat temperature, entropy and enthalpy predictions.
7.5 %sentropic Exponent
From a practical standpoint, the perfect isentropic exponent or
speci'fic heat ratio (k,) is required to calculate the expansion
factor (Y) for the orifice mass flow equation. For certain gas
compositions, the perfect isentropic exponent (k,) should be
calculated using an equation of state rather than the fixed value
contained in A.G.A. Report 3.
A.G.A. Report 8 should be revised to provide the user community
with perfect isentropic exponent (k,) calculations for multiple
component streams.
8 LOSS CONTROL PERFORMANCE
All measurements have errors - the difference between the indicated
value and the true value. Uncertainty is an estimate of the error
that in most cases is not expected to be exceeded. The method for
estimating the uncertainty is contained in the metering standards
previously referenced.
Many factors influence the overall measurement uncertainty
associated with a metering application. Major contributors include
construction tolerances in the meter components, tolerances of the
empirical coefficient data bases or in situ calibrations,
predictability and variations in the fluid properties, and
uncertainties associated with the secondary devices.
For pipeline operators, accurate measurement is essential for both
fiscal and line integrity purposes. One indication of the
uncertainty of metering technology is the replication of
measurements on a pipeline system. In practice, this is commonly
referred to as the loss control performance. Since we have
discussed the concern for proper flow conditioning, it is
appropriate to also present the performance of properly applied and
maintained orifice metering systems.
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The first loss control example is one of four polymer grade
ethylene grids operated by Shell USA. The annual commodity value
for the grid presented is approximately 800 million USD (Figure
12). The results exhibited in the graph were achieved as a result
of; in situ calibration, enforcing a Beta range of 0.2 to 0.6,
maintaining an L3 of 10 to 12D and an L1 of at least 170. The in
situ calibration was accomplished using small volume prover (SVP)
technology in combination with master turbine meter techniques for
compressible fluids. The calibration factor was used for
analytical purposes only, not for fiscal purposes. The results of
the orifice meter calibrations were used to identify. facilities
which exhibited high bias errors. Upon investigation, the bias
associated with the orifice meters was always a result of physical
deviations from the standards, human errors or electronic errors.
The second exanple is one of two carbon dioxide systems operated by
Shell USA (Figure 13). The annual throughput for the C02 system
presented is approximately 6 billion cubic meter of gas (200
billion standard cubic feet). The same techniques applied to the
ethylene qrid were utilized on the carbon dioxide system. I:n
addition, the najority of the physical problems were identified
through the use of videoimagescope technology.
The orifice meter has a long history of use and experimentation.
Because of this, it sometines may be perceived as outdated,
inaccurate and unreliable. I:nreality the opposite is true. The
orifice meter is a well established device with known weaknesses
and strengths. I:f applied with expertise, the long term
performance is exceptional.
, FOTURE RESEARCH DIRECTION
Additional research into the application of orifice meters and
metering standards developnent is justified by the current capital
investments. Maximization of current capital investments is an
efficient and effective approach for the petroleum, chemical and
natural gas industries.
continuation of current installation effects research for orifice
meters (and other flowmeters) will identify uncertainty
linitations. Assessment of new flow conditioner designs would
improve users' alternatives. Two new approaches (LaWS, K-Lab) to
flow conditioners has shown significant potential towards
elinination of upstream disturbances with minimal permanent
pressure drop. The benefits to the global community will be
efficient and effective improvements of line integrity and loss
performance with Dinimal capital investments.
In situ calibration techniques for multiple component gas streams
should be assessed in light of achievable laboratory and/or field
uncertainty estimates. In particular, two areas have particular
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interests to the user community -
Improvements in the high pressure piston prover would
yield tremendous benefits to the global community.
Development research is needed to provide static/dynamic
leak detection of the piston seal. Piston seal material
research would also be a significant benefit by reducing
the frictional forces and increasing the serviceability
of the seal materials. The piston/seal design should be
improved to minimize the pressure disturbance caused when
launching the piston. This would reduce the required
upstream barrel length, prover weight and initial cost of
the device. Alternatively, the calibrated section could
be lengthened increasing the device's resolution.
The concerns for sonic nozzles' velocity of sound,
entropy and enthalpy predictions need additional
empirical research and correlations.

Increasing the evaluation and development of the ultrasonic
flowmeter for gas streams would provide the global community with
economic alternatives to the current orifice and turbine meter
selections. Several questions concerning ultrasonic meters need
further addressing - installation effects, velocity of sound, long
term and short term drift, and identification of influence
quantities.
International round robin testing of laboratories and in situ
calibration devices are envisioned to take place in this decade.
Round robin testing will provide assessment of bias and precision
for the laboratories and methods employed in the tests. The user
community needs a realistic assurance of lower biases between flow
laboratories as well as analytical laboratories. The end result
will require ISO 9000 certifications of these testing services.
Operational enhancements are needed in extending the calibration
intervals of the associated secondary equipment (flow computers,
smart transmitters, chromatographs, etc.), required physical
inspection intervals (i.e.,videoimagescopes, etc.), required
certification of field standards on specified intervals and
statistical footprinting of field devices and standards.
Additional improvements in the prediction of physical and transport
properties for multiple component gas streams are a prerequisite
for the 90s. CSTAR for sonic nozzles, viscosity and perfect
isentropic exponent calculations, extension of the compositional
limits for density or compressibility predictions are the most
apparent improvement areas.
Multiple component gas sampling is more
Prediction of hydrocarbon dewpoint, free

"art" than science.
and entrained water
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levels, nigh ~olecular weight components are needed to assess the
ability to obtain a "true" composite qas sample for fiscal
purposes. Baving obtained this sample, the user must know how to
maintain its representivity by ensuring that molecular separation,
condensation, and deposition does not occur prior to analysis.
Improvements in the analytical arena should occur with tne further
improvement of portable nigh precision gas chromatographs.
Extended analysis methods should be standardized with clear
quidelines to the global community. In addition, the development
of an international standard for multiple gas standards (i.e.,
reference standards) would provide consistency and accuracy in
operations.
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Carbon Dioxide Pipeline
Annual Loss Control Performance
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