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ABSTRACT

Accuracy and precision of flow meters are the most important metrological parameters in most industries
dealing with increasingly expensive fluids (water, natural gas and petroleum). The accuracy of these
devices depends mainly on their position in a pipe network. Pipe fittings such as valves, bends and other
fixtures generate turbulence and swirl and distort the flow distribution in the pipe. The paper presents
results of an experimental investigation on the effects of non-standards operating conditions (swirling
flows generated by a double bend out of plane) on the accuracy of the orifice flow meter. The results
showed that the error caused by such non-standards operating conditions can be very important and is
well beyond the error limit tolerated by international standards.
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1. INTRODUCTION

Our interest in measurements of fluid flow is timeless. Knowledge of the direction and the
velocity of air flow was essential information for ancient navigators, and the ability to
measure water flow was necessary for the fair distribution of water through aqueducts of early
communities such as the Sumerians around 5000 years BC. Modern industries such as food,
water, power, chemical and petrochemical industries are based on the use and the
transformation of fluids with increasingly rising prices. Fluids such as water, petrol and
natural gas play an essential role from a technological and economical stand points. These
fluids contribute significantly in the economies of many countries. Billions of Dollars come
annually from fluids trade and commerce between suppliers and consumers. It is obvious that
the transferred quantities and volumes of these fluids must be measured with high accuracy
and as precise as possible in order to preserve economical interests and avoid important
losses. Accuracy and precision of flow meters are the most important metrological parameters
in most industries dealing with increasingly expensive fluids. The accuracy of these devices
depends not only on their construction and method of operation but also on their position in a
pipe network. Valves, bends and other fixtures generate turbulence and swirl and distort the
flow distribution in the pipe. This disturbance can significantly alter the measurements made
by flow meters downstream of these fittings.

Because of the technical and economical importance of accurate flow metering, a considerable
research effort has been devoted to study the effects of flow meter operational conditions upon
their accuracy and metrological performances. In the recent years, concentrated research work in
USA at the National Institute of Standards and Technologies (NIST) and the Gas Research
Institute (GRI) (Mattingly and [Yeh, 1991], [Yeh and Mattingly, 1996], [Morrison et al. 1992],
[Morrow et al. 1991, 1997], [Brennan et al. 1991], in the United Kingdom (at the National
Engineering Laboratory NEL) (Reader-[Harris and Keegans 1986], [Reader Harris, 2000] and
[Laws and Ouazzane, 1994], in Germany [Merzkirch and Kalkuhler, 1998] and [Zimmermann,
1999] and in France (CERT) [Gajan et al.,1991] has been devoted to study experimentally and
computationally the installation effects upon industrial flow meters. Annually, experts discuss the
problem of metering errors and their economical and technological impacts at technical meetings
and conferences organised by the American Society of Mechanical Engineers (ASME) in USA
and the National Engineering Laboratory in the United Kingdom. In early research work
[Aichouni et al. ,1996, 1998, 2000] and [Laribi and Aichouni, 2001] investigated experimentally
and numerically the installation effects upon Venturi tube and orifice flow meters. The major
conclusions reported that significant errors can be registered if the flow meter is working under
abnormal flow conditions. It is also concluded that more experimental and numerical research
effort is still needed to improve industrial flow metering performances.
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The performance of a flow meter is sensitive to the appearance of a tangential velocity
component or swirl, in the flow. In piping systems, swirl may be generated when the flow
passes two consecutive 90° elbows out of plane. An important parameter for the performance
of the flow meter is the strength of the swirl. Consequently, comprehension of the decay
process of swirl may lead to a better design of flow metering station. The present paper
describes results of an experimental investigation on the decay of swirling pipe flow and its
effect on orifice meter performance.

2. EXPERIMENTAL FACILITY AND PROCEDURE

The basic experimental facility is presented in figure 1. It consists of a long Plexiglas pipe
with 100 mm inner diameter. The air flow was powered by a motor driving a centrifugal fan.
The air enters the pipe through a nozzle then flows through a straight pipe of 11 pipe
diameters length which is followed by the a 90° double bend out of planes. The double bend
represents the source of the flow disturbance.

A reference orifice meter is installed 97 pipe diameter downstream where the flow is fully
developed. The tested orifice meter was first installed at 1.5D downstream of the double bend
and then moved at different locations downstream. The orifice plates studied were of standard
geometry and had pressure tappings one D upstream and D/2 downstream, where D is the
inner pipe diameter. The static pressure (upstream and downstream of the meter) was
measured by four pressure tappings connected to a multitube manometer. The opening
diameters d of the orifices used are 50, 62 and 70 mm, so the respective ratios of the opening
diameter to the pipe diameter, d/D, were $=0.5, 0.62 and 0.70. Only results for =0.7 are
presented in this paper for space considerations.

Orifice meter

Flow conditioner ﬁk Double bend

Nozzle

Fan

Figure 1. Experimental facility
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The mean and the fluctuating components of the velocity downstream the two elbows were
measured using a two component Laser Doppler Anemometer. For measurement with LDA the
air flow was seeded with smoke. Tests have been done at Reynolds number ranging from 3 x10*
to 11x10*. Profiles of the mean velocity and the axial turbulence intensity have been measured at
different axial stations downstream of the double bend. Swirl angle was determined at every
station from the measured axial and radial velocity components according to:

A=arctg (zj (1)

u

At the last measuring station the flow is fully developed. This is checked by comparing the axial
mean velocity profile measured at that station and the s power law profile for a Reynolds
number of 4.4 x10* . Figure 2 shows the comparison where it is clearly shown the agreement
between the two profiles. It was concluded that the experimental procedure is effective to
investigate the flow development downstream a two double bend out of plane and its effects
upon the metrological performance of the orifice flow meter.

3.  RESULTS AND DISCUSSION

The purpose of the experimental programme was twofold: First to study the decay process of
highly swirling flow generated by a typical industrial piping element (a double bend out of plane)
in a circular pipe and second to evaluate the effect of such a distortion on the accuracy of the
orifice flow meter.

The first part of the programme was dedicated to study the decay process of a highly swirling
pipe flow. The radial distribution of the axial mean velocity profile U/Up,x, the axial turbulence
intensity 1x(%) and the swirl number measured at axial stations z/D=0.8, 6, 9, 14 and 22 are
presented and compared to their fully developed values in figure 3. The figure shows that the
double bend in two different planes generates a high distortion in terms of mean flow and its
turbulent structure and swirl which take long downstream length to decay towards its fully
developed condition. At distance of 22 pipe diameters from the disturbance source the flow is far
to be considered fully developed. It is important to note here that the standards ISO 5167 (1991)
specify such a distance between this disturbance and orifice flow meter. This would suggest that
the lengths specified by the standards are not sufficient to guarantee the fully developed flow
condition. It is obvious that any flow meter operating under this condition would register a
measuring error that should be quantified.

The metering error under the disturbed flow condition (double bend out of plane) was
determined as follows:

The true flow rate was measured from the reference flow meter placed at the fully developed
flow condition (at 97 pipe diameter from the flow disturbance). Then the tested flow meter was
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placed at different axial stations from the double bend and the corresponding flow rate was
measured. The flow rate error and the discharge coefficient shift were determined to see the
effect of the meter location on the accuracy of measured flow rate. The discharge coefficient was
determined as the ratio of the measured flow rate to the true flow rate. The percentage shift in the
discharge coefficient was determined from the relationship :

c,, - C
AC, = [M}CIOO )
CdO

Where Cg4 represents the discharge coefficient measured under standards conditions (fully
developed flow condition) and Cq4 being the discharge coefficient measured under non-standards
operating conditions.

The variation of the discharge coefficient error ACd (%) is presented in figure 4. This figure
shows that ACd decreases progressively from higher values (2.2%) when the meter is place at
near distances from the double bend to lower values at further downstream stations. Beyond
50 pipe diameters, the measuring error is within the tolerated limits by the international standards
(ISO 5167 and AGA 3). The general trend of the figure is that the Cd shift is much higher for
lower Reynolds number and tends to decrease as the Reynolds number increase. This observation
holds for the four measured stations z/D=10, 30, 50 and 70. It has to be noted here that the spacer
between the elbows is about one diameter; This would produce an intense single eddy swirl that
decays slowly in the downstream direction and would take much more length to reach the fully
developed flow condition as suggested by Morrow (1997). The higher values f the discharge
coefficient shift obtained at axial stations z/D = 10, 30 and 50 downstream of the two elbows
indicate clearly the effect of the swirl on the meter performance.
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Figure 2 — Comparison of the LDA axial profile measured at 91 D downstream of the double bend
with the (1/7)"™ power law profile
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Figure 3 — Distribution of axial mean velocity, turbulence intensity and swirl angle
downstream of the double bend out of plane
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4. CONCLUSIONS

The present experimental study has been devoted to investigate the decay process of a highly
swirling flow in a circular pipe. The swirl was generated by a typical piping element which is a
double bend in two different planes. Laser Doppler Anemometer (LDA) technique has been used
to investigate the mean and turbulent flow fields. The study shows that the double bend creates a
highly swirling flow which would take longer distances to decay and to develop towards the fully
developed flow condition. The effect of operating flow condition can be significant on the orifice
flow meter performance. It is suggested that the straight piping length specified by the standards
ISO 5167 for an orifice meter installed downstream of two 90° elbows out of plane is not
sufficient and should be increased in order to avoid unwanted metering errors.
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Figure 4 — Discharge Coefficient Shift for the Orifice Flow meter ($=0.7) placed at Different
Locations Downstream of a 90° Double Bend out of planes

NOMENCLATURE

A Swirl angle  A(°) = arctg(V/U)

Cq Coefficient of discharge

ACd (%) Discharge coefficient Shift

D Internal Pipe Diameter

d Orifice flow meter diameter

Ik (%) Axial Turbulence Intensity Iy = \/,7 / Um
Q Discharge (Flow rate)
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Re Reynolds Number (Re=p U, D/ p)

U, v Axial and Radial Mean Velocity Components
Un Axial Average Velocity

Umax Axial Maximum Velocity

Un Flow mean velocity

y Radial Coordinate

z Axial Coordinate

B Orifice flow meter diameter ratio f§ = d/D
n Fluid absolute viscosity

p Fluid density
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