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[57] ABSTRACT

Apparatus and methods for detecting and correcting various
fault conditions in an operating Coriolis effect mass flow-
meter. The apparatus of the present invention receives
information from an operating Coriolis mass flowmeter and
compares the information to threshold signatures represent-
ing various fault conditions. When a fault condition is
detected, output signals are applied to inform an operator
and to control the mass flow rate through the flowmeter to
correct the fault condition. Specifically, the methods of the
present invention detect the presence of a crack in the flow
tubes and stop the flow of material to prevent release of the
material through a cracked flow tubes. Other methods of the
present invention detect the void fraction of material flowing
through the flow tubes, compute a corrected actual mass
flow rate, and control the mass flow rate through the
flowmeter to compensate for the effects of the void fraction.
Signature information relating to threshold values for mea-
sured frequency, drive power, temperature and mass flow of
the operating flowmeter as well as the slope and curvature of
changes in each measured operating parameter are stored in
memory within the fault detection apparatus of the present
invention.

34 Claims, 11 Drawing Sheets
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METHOD AND APPARATUS FOR FAULT
DETECTION AND CORRECTION IN
CORIOLIS EFFECT MASS FLOWMETERS

FIELD OF THE INVENTION

This invention relates to Coriolis effect mass flowmeters
used to measure flow of a material through a pipe or conduit.
In particular, this invention relates to detection and correc-
tion of various fault conditions which may arise in the
operation of a Coriolis effect mass flowmeter.

PROBLEM

It is known to use Coriolis effect mass flowmeters to
measure mass flow and other information for materials
flowing through a conduit. As disclosed in U.S. Pat. No.
4,491,025 issued to J. E. Smith, et al., of Jan. 1, 1985, and
Re. 31,450 to J. E. Smith of Feb. 11, 1982, these flowmeters
have one or more flow tubes of a curved configuration.
Coriolis effect mass flowmeters having straight flow tubes
are also well known as shown in U.S. Pat. No. 4,109,524
issued Aug. 29, 1978 also to J. E. Smith, et al. Each flow tube
configuration in a Coriolis mass flowmeter has a set of
natural vibration modes, which may be of a simple bending,
torsional or coupled type. Each flow conduit is driven to
oscillate at resonance in one of these natural modes. The
natural vibration modes of the vibrating, material filled
system are defined in part by the combined mass of the flow
tubes and the material within the flow tubes. Material flows
into the flowmeter from a connected conduit on the inlet side
of the flowmeter, is directed through the flow tube or tubes,
and exits the flowmeter to a conduit connected to its outlet
side.

When there is no flow through the flowmeter, all points
along the flow tube oscillate with identical phase due to an
applied driver force. As material begins to flow, Coriolis
accelerations cause each point along the flow tube to have a
different phase. The phase on the inlet side of the flow tube
lags the driver, while the phase on the outlet side leads the
driver. Sensors are placed on the flow tube to produce
sinusoidal signals representative of the motion of the flow
tube. The phase difference between two sensor signals is
proportional to the mass flow rate of material through the
flow tube.

A complicating factor in this measurement is that the
density of typical process material varies. Changes in den-
sity cause the frequencies of the natural vibration modes to
vary. Since the flowmeter’s control system maintains reso-
nance, the oscillation frequency varies in response. Mass
flow rate in this situation is proportional to the ratio of phase
difference and oscillation frequency.

The Coriolis flowmeter of U.S. Pat. No. Re. 31,450 avoids
the need of measuring both phase difference and oscillation
frequency. Phase difference is determined by measuring the
time delay between level crossings of two sinusoidal output
signals from the flowmeter. When this method is used, the
variations in the oscillation frequency cancel, and mass flow
rate is proportional to the measured time delay. This mea-
surement method is frequently referred to as a time delay
measurement.

In many applications of Coriolis mass flowmeters the
material flowing through the flowmeter and flow tubes may
be corrosive or under high pressure. A crack in the flow tubes
of such a mass flowmeter could release corrosive material.
In these applications it is important to minimize the possi-
bility of leakage of the material. One method to minimize
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such risks is to encase the flowmeter so as to contain any
material which may escape in case of a loss of pressure
integrity in the flow tubes. This solution presents many
additional problems depending on the materials used and the
operating pressure levels. The complexity and cost of encas-
ing flow tubes containing corrosive materials, or containing
materials at very high pressures can be prohibitive in many
applications of Coriolis effect mass flowmeters.

Rather than attempt to contain the flow tubes in case of
such a fault, it is preferred to detect the fault condition before
the fluid can be released to the surrounding environment.
Early detection of such a fault permits the flow of the
material to be stopped before leakage occurs. Others have
tried to address this problem by monitoring the sound waves
emanating from the vibrating tubes (acoustic emission spec-
troscopy) or by measurement of changes in resistivity of the
flow tubes (electronic fingerprint method). Both of these
methods can detect cracks in the flow tubes, however they
are similarly sensitive to flow tube surface properties such as
corrosion. To distinguish the growth of a crack from other
surface conditions by use of these methods requires sensitive
electronic measurement and skilled interpretation of the
measurement results. The complexity of these measure-
ments has rendered these methods of little use in practical
commercial applications of flowmeters.

Another problem with prior designs arises when air, or
other foreign materal, infiltrates the material flowing
through a Coriolis effect mass flowmeter. These materials
alter the vibrational characteristics of the flowmeter flow
tubes in such a manner that the computed mass flow is
erroneous. Prior designs neither detect nor correct these
errors in mass flow measurements.

SOLUTION

The above and other problems are solved by the present
invention which comprises methods and apparatus for
detecting various fault conditions in an operating Coriolis
effect mass flowmeter as well as methods and apparatus for
correcting those detected faults. The present invention pro-
vides for the detection of cracks in the flow tubes early
enough to permit the flow of the material to be stopped
before a release of the flowing material to the surrounding
environment. In addition, the present invention permits early
detection and correction of other conditions relating to the
flowing material which may indicate other types of system
failure. Changes in computed mass flow, material density,
void fraction, or mass fraction beyond threshold limits may
represent system failures in certain applications of mass
flowmeters. The present invention comprises methods and
apparatus for monitoring the operation of Coriolis effect
mass flowmeters to permit early detection of a crack in the
flow tubes or the aforementioned system failures. Addition-
ally, the present invention comprises methods and apparatus
for controlling the material flow within the flowmeter to
correct the detected faults or to stop the flow of material to
prevent harmful release of the flowing material.

In a normally operating flowmeter, under static condi-
tions, the drive power required to vibrate the flow tubes and
the resulting, resonant vibration frequency of the flow tubes
are constant. Changes in the required drive power or reso-
nant frequency of the vibrating flow tubes indicate a change
in the conditions in which the flowmeter is operating. The
changes in the drive power and resonant frequency are
analyzed by the methods and apparatus of the present
invention to detect a crack in the flow tubes or other













































