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(57) Abrége/Abstract:

A bypass flowmeter for measuring the material flow in a conduit. An optimum pressure drop Is developed across the flowmeter
(104) by coupling the material outlet (107) of the flowmeter to the throat of a venturi (108) positioned within the conduit (101).
This Increased pressure drop improves the material flow rate through the flowmeter. This enhances flowmeter accuracy and
sensitivity and the flowmeter's ability to measure mass flow rates for low density materials such as gas. The ratio of the material
flow within the flowmeter to that of the conduit is derived. The material flow information for the conduit is obtained for materials
having a varying viscosity by the use of a differential pressure sensor (134) which measures the pressure drop across the
flowmeter and transmits this information to instrumentation which uses it to derive material flow information for the conduit with
Improved precision. An alternative embodiment not having a venturi operates in the same manner to derive the material flow
ratio between the flowmeter and the conduit and, in turn, the total material flow In the conduit.
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(57) Abstract

A bypass flowmeter for measuring the material flow in a conduit. An optimum pressure drop 1s developed across the flowmeter (104)
by coupling the material outlet (107) of the flowmeter to the throat of a venturi (108) positioned within the conduit (101). This increased
pressure drop improves the material flow rate through the flowmeter. This enhances flowmeter accuracy and sensitivity and the flowmeter’s
| ability to measure mass flow rates for low density materials such as gas. The ratio of the material flow within the flowmeter to that of

the conduit is derived. The material flow information for the conduit is obtained for materials having a varying viscosity by the use of a
differential pressure sensor (134) which measures the pressure drop across the flowmeter and transmits this information to instrumentation
which uses it to derive material flow information for the conduit with improved precision. An alternative embodiment not having a venturi
operates in the same manner to derive the material flow ratio between the flowmeter and the conduit and, in tum, the total material flow in
the conduit.
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BYPASS TYPE FLOWMETER
FIELD OF THE INVENTION

This invention relates to a flowmeter of the bypass type that is coupled to
a conduit for measuring and deriving information pertaining to material flow in the

conduit.
PROBLEM

it 1Is known to use Coriolis effect mass flowmeters to measure

mass flow and other information for materials flowing through

a conduit. Such flowmeters are disclosed N U.S. Pat.
Nos. 4,109,524 of August 29, 1978, 4,491,025 of January 1, 1985, and Re. 31,450

of February 11,1982, all to J. E. Smith et al. These flowmeters have one or more
flow tubes of slraight or curved configuration. Information regarding the
Characteristics of material flowing in a Coriolis mass flowmeter must be derived with
great accuracy since it 1s often a requirement that the denved flow rate information
have an error of less than 0.15% of reading. These flowmeter output signals are
sinusoidal and are displaced in time or phase by an amount determined by the
Conolis forces generated by the flowmeter through which the matena!l flows. The
signal processing circuitry which receives these sensor output signals measures
this time difference with precision and generates the desired characteristics of the
flowing process malerial to the required error of less than 0.15% of reading.

Coriolis mass flowmeters may be operated on a full flow or bypass basis.
They are generally operated on a full flow basis in applications wherein the
diameter of the conduil whose material flow is to be measured 1s sufficiently small
so that a commercially available mass Coriolis flowmeter can be used to receive the
entire material flow in the conduit.

The currently available Coriolis mass flowmelers are not capable of
operating on a full flow basis with conduits huving a diameter of greater than 6
inches or about 150 mm. However, it is often necessary to measure material flow
In conduils whose diameter is greater than that of the commercially available
Coriolis full flowmeters. In these applications, the material flow may occasionally

be measured on a bypass basis by a volumetric flowmeter éoupled to the conduit
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so that someﬁ of the material flow in the conduit is diverted to flow through a bypass
flowmeter while the remainder of the material flows through the conduit. The
volumetric flowmeter measures the material flow within its bypass channel and
outputs its inferred information regarding the material flow within the conduit. A
problem associated with the use of the volumetric bypass flowmeters is that the
ratio of the flow through the meter to that through the conduit can vary with fluid
properties, including density, velocity, and viscosity. Since volumetric meters do
not measure all of these properties, they are unable to compensate for variation in
the tlow ratio. Thus the inferred total flow rate is likely to be in error.

Another problem with volumetric bypass flowmeters is that they require the
mass flow rate to be calculated from the material density which is not measured by
these meters but is determined from calculations using temperature, pressure, and
material characteristics. A Coriolis flowmeter offers greater accuracy, and the
ability to measure mass flow directly. Their use is therefore preferred over that of
volumetric flowmeters.

Although the currently available Coriolis flowmeters are satisfactory for full
flow applications, their output information is not sufficient for bypass applications
requiring comparable accuracy. Their main problem is that, like volumetric bypass
meters, the ratio of the material flow through the flowmeter to that through the
conduit often varies with the material density, velocity, and viscosity. This variation
causes inaccuracies in the flow calculation derived for the conduit.

The prior art, such as U.S. Patent No. 5,333,496, has ignored these possible
Inaccuracies and has assumed a constant material flow ratio between the bypass
flowmeter and the conduit. This constant ratio is based upon the cross sectional
area of the flowmeter tube and the cross sectional area of the conduit whose
material flow is to be measured. The use of a constant material flow ratio may be
acceptable for use with applications wherein high accuracy is of no concern or
wherein actual flow ratio variations are held to a minimum with the use of material
having a constant density, viscosity, and flow rate. However, the assumption of a

constant ratio is not acceptable in applications where high accuracy information for
material flow within the conduit is desired. This is particularly the case when

measuring conduit flow for materials whose density and/or viscosity is not constant.
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The typical Coriolis mass flowmeter can provide output information regarding
the mass flow rate and volumetric flow rate of the material within it. It can also
provide output information regarding the density of the flowing material. The
density information is derived from the resonant frequency of the flowmeter flow
tubes. U.S. Patent No. 5,359,881 to Kalotay et al., discloses a Coriolis flowmeter
having an internal differential pressure sensor that permits the flowmeter and its
associated electronics to provide viscosity information as well as density, mass flow
rate, and volumetric flow rate for the material flowing within it. Thus, the Kalotay et
al., flowmeter, when operated as a bypass flowmeter coupled to a large conduit,
would eliminate some of the problems associated with the calculation of the
material flow ratio between the flowmeter and the conduit by generating output
information for the variable parameters of material density and viscosity. However,
Kalotay discloses only the flowmeter structure per se including a differential
pressure sensor that permits a viscosity calculation. Kalotay does not teach how
the output information of his meter could be used to determine the ratio of material
flow within his flowmeter to that of a conduit to which his flowmeter might be
connected on a bypass basis.

Another problem with the use of Coriolis flowmeters on a bypass basis is that
they require a relatively large pressure differential between their inlet and outlet in
order to operate in their most accurate flow range. In current bypass flowmeters,
this 1s achieved by an orifice plate or venturi located in the conduit between the
meter inlet and the meter outlet. The orifice plate or venturi create a pressure drop
which drives material through the flowmeter. The problem with an orifice piate is
that the pressure is permanently lost from the system.

It can be seen that the traditional use of Coriolis (and volumetric) bypass
flowmeters, wherein the flow ratio is assumed to be constant, creates problems
which cause them to generate output information that is not always as accurate as
IS required Iin certain installations. Furthermore, it can be seen that the use of
orifice plates to generate enough pressure drop for Coriolis meters to operate in

their most accurate flow range is undesirable because of energy loss.
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SOLUTION

In accordance with the inveﬁtion, there is provided flow measurement
apparatus for measuring material flow in a conduit, said apparatus comprising: a
flowmeter: a material inlet for diverting some of said material flow in said conduit to
said flowmeter, wherein said material inlet is positioned within an interior of said
conduit and coupled to said flowmeter; a material outlet for returning material flowing
in said flowmeter to said conduit, wherein said material outlet is positioned within
said interior of said conduit and coupled to said flowmeter; means for increasing the
flow velocity of said material in said conduit at a conduit location proximate said
material outlet between said material inlet and said material outiet; said material
outlet being coupled to said conduit at said location having an increased flow velocity
of said material in said conduit for generating an optimum pressure drop between
said material inlet and said material outlet to increase said flow velocity of said
material within said flowmeter; means for determining the mass flow rate and flow
velocity and density of said material flow in said flowmeter; means responsive to said
determination of said mass flow rate and said flow velocity and density of said
material flow in said flowmeter for determining the flow velocity and mass flow rate
of said material in a portion of said conduit between said material inlet and said
material outlet: and means responsive to said determination of said mass flow rate
in said flowmeter and in said conduit portion for determining a total mass flow rate
of said material in said conduit. The subject system achieves an advance in the art
by providing a bypass flowmeter system whose derived material flow output

information is of greater accuracy than that heretofore available.

Preferably the flowmeter is a Coriolis mass flowmeter, and preferably a venturi
(a converging/diverging nozzle structure) positioned within the interior of the conduit is
used as the means for increasing the flow velocity of the material in the conduit. A

material inlet to the flowmeter is positioned upstream (or downstream) of the venturi and
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a material outlet of the Coriolis bypass flowmeter is positioned at the throat of the
venturi. This generates a sizeable pressure drop between the inlet and outlet of the

Coriolis bypass flowmeter and, in turn, generates an increased material flow through

the Coriolis bypass flowmeter.

Having a high material flow rate through the Coriolis flowmeter reduces
measurement error in two ways. The first is due lo the fact that much of the error
in a standard Coriolis meter (such as meter zero error) is independent of flow rate.
For instance a flowmeter might have an uncertainty in the flow rate of one pound
per minute. At a flow rate of 10 pounds per minute this can amount to a ten percent

error. At a flow rate of 1000 pounds per minute this amounts to only a one tenth

of one percent error.

The second way that a high flow rate through the Coriolis flowmeter reduces
error has lo do with the flow ratio. If the base uncertaintly in the flow rate of the
Cornolis flowmeter is once again one pound per minute and the flow ratio is one
thousand to one, then the uncerainty in the flow lhrough the conduit is one
lhousand pounds per minute. On the other hand, if the ratio is fifty to one, then the
uncerainty in the flow through the conduit i1s only fifty pounds per minute. The
bypass meter's sensilivily to flow is effectively increased by increasing the portion
of flow that goes through the Coriolis meler. Thus it becomes obvious that it is

desirable to have a high malerial flow rate through the Coriolis flowmeter.
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The problems caused by a net pressure drop In the conduit of orifice
plate bypass flowmeters do not occur in the preferred bypass flowmeter
of  the present invention because of  the use of a
venturn to generate a pressure differential, such that the pressure 1s recovered
downstream of the throat of the venturni The positioning of the material outlet of the
bypass flowmeter at the throat of the venturi results in a large pressure differentia!
between the material inlet and outiet of the flowmeter. This differential generates
a sizeable matenial low through the flowmelter that provides increased flowmelter
sensitivity and accuracy. Downstream of the throat of the venturi, the bulk of the
pressure is restored to the material in the conduit system. The use of the ventur:
lo gcenerate this pressure differentbial and, in tum, the increased material flow
through the flowmeter 1s preferable to Lhal of the use of onfice plates and the like

whose resulting matenal turbuience results in lost energy.

The present invention determines the total matenal flow within the condurt
N a new and novel manner. Fluid dynamic equations are derived and show that
the flow ratio between the flowmeter and the conduit is a function of the fluid

properties and the meter flow rate In the preferred embodiments the

Coriolis meter (along with a differential pressure gauge, when necessary)

'S used to determine the relevant material
properties. The meter microprocessor in an adssociated electronics element can

then be used to calculate the flow ratio and the total conduit mass flow rate.

The relevant matenal properties, as previously discussed, are density.
velocity, and viscosity. The Coriolis meter determines the density of the material
[rom the resonant frequency of the vibrating tubes of the flowmeter. it measures the
mass flow rate within the meter and frem this information along with density and
flow tube cross scectional érea. it then derives the velocity of the matcnal flow
Pressure drop across the meter i1s detemmined with a differential pressure sensor
connected between the material inlet and outlet of the lowmeter. The differential
pressure provided by the sensor 1s used o denve the viscosity of the matenal.

The ratio of the material velocity within the flowmeter to that of the conduit
Is determined by using the matenal property values output by the Coriolis meler to
solve the appropriate fluid dynamic equation. From this ratio information and the

matenal velocitly within the Coriolis meter, the veloaty of the material flow within the

5
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venturi is calculated. Information regarding material flow velocities in the conduit

| W
and flowmester is translated to volumetric flow rates and to mass flo
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rates using pre-programmed internal dimensions of the ﬂowmeter and conduit along
with the continuously measured maternal density. The mass flow rate within the
flowmeter is added to the mass flow rate within the venturi in order to derive the
entirety of the mass flow rate within the conduit downstream of the venturi. Thus,
the preferred bypass flowmeters of the present invention overcome the problems associated
with the use of volumelric bypass flowmeters by operating in such a manner that
they continuously measure densily and automatically generate output information

in terms of either mass or volumetric material flow.
In summary, the generation of an increased flowmeter pressure differential
and, in turn, an increased material flow provides a bypass flowmeter of

increased sensitivity and accuracy that compensates for variations in densily‘ and,

velocity, and viscosity by directly measuring these parameters.
DESCRIPTION OF THE DRAWINGS

The above and other advantages of the invention can be better understood

from the reading of the following detailed description thereof taken in conjunction

with the drawing in which:

Figure 1 discloses a vertical cross-section view of a Coriolis flowmeter
connected on a bypass basis to a conduit having a venturi affixed to the inner walls

of the conduit.

Figure 2 discloses a vertical cross-section view of a Coriolis flowmeter
coupled on a bypass basis to a conduit having an internal venturi structure
positioned intermediate to the inner walls of the conduit.

Figure 3 is a cross'-seclion end view of the structure of Figure 2.

fFigure 4 discloses a Coriolis bypass flowmeter of the insertion type
posttioried within the confines of a conduit with the downstream portion of the
flowmeter comprising a venturi structure.

Figure 5 is a cross-section end view of the structure of Figure 4.

Figure 6 discloses an alternative arrangement similar to that of Figure 1
except that material inlet 106 is positioned downstream of material outlet 111.

Figure 7 discloses an arrangement similar to that of Figure 4 except that a
pair of separate pressor sensors 435A and 435B are positioned at the ends of

tubes 432 and 433.
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DETAILED DESCRIPTION

Description of Fiqure 1

Figure 1 discloses a conduit 101 in which material flows from an upstream
end 102 to a downstream end 103. A Coriolis flowmeter 104 having an inlet 106
and an outlet 107 is coupled to conduit 101 in order to measure a portion of the
matenal flow in the conduit to dernve information pertaining to the entirety of the
matenal flow within the conduit.

The material inlet 1C3 is positioned within the interior of conduit 101 with the
open end of the material inlet 106 facing upstream. This diverts a portion of the
material flow into the interior of the material inlet 106. The material that enters inlet
106 flows through Coriolis ﬂowrﬁeler 104 and exits the Coriolis flowmeter 104 at its
matenal outlet 107 which has an opening 111 which is proximate the surface 112
of element 108. Element 108 is affixed to the inner surface 113 of conduit 101,

Element 108 forms a venturi having a throat area T.
It can be seen that the opening 111 of outlet 107 is positioned proximate
throat T of the venturi. The coupling of material inlet 106 and material outlet 107

of Coriolis flowmeter 104 to conduit 101 permits Coriolis flowmeter 104 to be
subjected to an optimum pressure drop. This pressure drop increases the material
flow through the Coriolis flowmeter. This increased pressure drop is attained by tiie
pcsitioning of material outlet 111 proximate the throat of the venturi so as to take
advantage of the low pressure generated at the venturi throat T as compared to the
maternal pressure at inlet 106 of Coriolis flowmeter 104.

Figure 1 also discloses a differential pressure gauge 134 connected by
means of tubes 132 and 133 to matenal inlet 106 and material outlet 107 of
flowmeter 104. These connections enable the differential pressure gauge 134 to
provide a continuous monitoring of the material pressure drop developed across
flowmeter 104. Differential pressure gauge 134 transmits this differential pressure
information over path 115 to meler electronics 114 which derives a continuous
indication of the viscosity of the material flowing through flowmeter 104. AS

subsequenlly described in connection with the embodiment of Figure 4, meter
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electronics applies a drive signal over path 116 to oscillate the flowmeter tubes and
receives signals over path 117 to derive information pertaining to the material flow
in flowmeter 104 including the volumetric and mass flow rate of the material. As
subsequently described in detail, the meter electronics element 114 uses the
measured density information, measured mass flow rate, the measured pressure
drop as well as other information including the parameters of the conduit and the
flowmeter to derive the ratio of the material flow rate of the flowmeter and the
venturi and in turn, the mass flow rate and volumetric flow rate of the entirety of the
material flowing within the interior of conduit 101.

Figure 2 discioses an alternative embodiment to that of Figure 1 wherein like
numbers represent the elements of Figure 2 that directly correspond to similarly
designated elements of Figure 1. The primary difference between the two
embodiments is that the embodiment of Figure 1 has a venturi formed by elements
108 affixed to the inner wall 113 of conduit 101 while in the embodiment of Figure
2, the venturi comprises a separate venturi element 208 positioned within the
Interior of the conduit 101. Venturi 208 is held in a fixed position within the conduit
101 by means of support brackets 211 and 212 as shown in Figure 3.

It has been previously mentioned that it is a problem when using bypass
type flowmeters to determine the ratio of the material flow through the flowmeter
compared to the material flow through the conduit since the ratio varies with
changes in material density and velocity. The present invention solves this problem
since Coriolis type flowmeters measure density and can calculate velocity. This
allows for the calculation of the flow ratio and thus compensates for changes in
material density and velocity.

The embodiment of Figures 2 and 3 also includes differential pressure
sensor 134 together with conductors/paths 115, 116 and 117 which enable meter
electronics 114 to operate in the manner described in connection with Figure 1 to
derive the mass flow rate and volumetric flow rate information for the entirety of the
material flow within conduit 101.

As Is subsequently described, the differential pressure sensor 134 is not
necessary for applications in which the viscosity of the material flow in conduit 101

Is a constant. In this case, the differential pressure sensor 134 is not required and
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the remainder of the disclosed apparatus operates as described to derive flow rate
information for conduit 101. However, for applications wherein the material in
conduit 101 Is not of a constant viscosity, the use of a differential pressure sensor
enables meter electronics 114 to derive fluid viscosity. Knowing viscosity allows the
determination of the conduit flow rate with improved precision. The differential
pressure sensor 134 of Figures 1, 2 and 3 need not be an external device as shown
in connection with Figure 1, 2 and 3, but instead may, if desired, be internal to the
flowmeter as shown in connection with the embodiment of Figure 4.

Viscosity can be determined through use of a differential pressure gage to
measure the pressure difference between the inlet and outlet of the Coriolis meter.
Pressure difference is a function of flow rate and viscosity. Since pressure drop

and flow rate are measured, viscosity can be determined as per US patent #

5,350,881. '
CALCULATION OF VENTURI MATERIAL FLOW VELOCITY

The following mathematical derivation will show the dependence of the flow
ratio between the flowmeter and the conduit upon velocity(flow rate), density, and
viscosity. It also shows how the venturi velocity and the total flow rate of the
flowmeter and the conduit may be calculated once these fluid parameters are
known.

The flow through the bypass flowmeter 104 of Figures 1 and 2 is driven by
the pressure differential developed at the throat T of venturi 108. In order to
understand how a venturi works it is necessary to understand the components of
pressure In flowing material. The first component is static pressure, and is the
pressure with which we are most familiar. It is the pressure of static material in
conduit 101. Moving material also has a static pressure. It is measured by facing
a pressure sampling tube perpendicular to the material flow direction in conduit
101.

The second component is dynamic pressure. It is the kinetic energy of a
flowing material and can be measured as the difference in pressure readings from
a tube facing upstream and a tube facing perpendicular to the material flow

direction. Dynamic pressure is calculated from the equation:
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.- P,= dynamic pressure
(1) P == p = material density

V = material velocity

The total material pressure, TP, in conduit 101 is the sum of the dynamic and static

pressures.

(2) TP=P +P_ TP= total pressure

P.= static pressure

Neglecting viscous pressure drop, the total pressure TP in venturi 108 is
conserved by Bernoullis’ law and is equal to that at the upstream end of the conduit
at location A. Some of the static pressure Ps is converted to dynamic pressure Pd
in throat T and then back to static pressure downstream of venturi 108. A ventur
accomplishes this function by the decreased area at throat area T. The decreased
area at throat T forces the material velocity to increase, so that the dynamic
pressure Pd increases while the static pressure Ps decreases. Downstream of the
throat, the conduit area again increases, the material velocity and dynamic
pressure aecrease, and the static pressure increases. A properly designed venturi
can accomplish these conversions with very little drop in total pressure TP.

The material flow in the present invention is driven by the difference between
the static pressure Ps at the inlet B which is upstream of venturi throat T and the
static pressure Ps at the flowmeter outlet 111.

The total pressure in the upstream portion of conduit 101 at point A is given

by the equation:
, Psa=static pressure at A

(3) TP P — TP, =total pressure at A

V, =velocity in conduit
The static pressure in the inlet 106 to flowmeter 104, position B, is equal to the total
pressure at A (which by Bernoullis’ law is equal to the total pressure at B) minus the
dynamic pressure due to the material velocity through the flowmeter. For simplicity
In this derivation, it will be assumed that the flowmeter tube, the inlet 106, and the

outlet 107 are all of the same diameter and thus all contain material of the same

velocity.

10



CA 02241934 1998-07-14

WO 97/26509 PCT/US97/00633
2 V., = velocity in flowmeter
. PVn
(4) Pys=TP,~— P.s= flowmeter static pressure at
B

2 2
oV PV,
(5) PsB:(PsA+ 2p ) - 2
(6) PPt (V2 V)
10
The static pressure in the outlet 111 of flowmeter 104 is equal to the static
pressure in venturi throat T which is equal to the total pressure TP, minus the
dynamic pressure Pd in throat T. This is true since TP, = TP,
v P=static pressure in throat
15 (7) P..~TP,- > : V, = venturi throat velocity
Substituting equation 3 into equation 7 yields:
2 2
PV PV
(8) P (Pt —T) -
20
Simplifying equation 8 one gets:
(9) PPt (Vov)
25 The difference in static pressure between the inlet and outlet of flowmeter
104 is then given by the equation:
(10) 5P =p_ P OP.=flowmeter pressure
differential
Substituting equations 6 and 9 into equation 10 yields:
30

(11) 5ps=[PsA+—-§—(V§—V,f)]-[Pmdré}(vj—vf)]

11
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Simplifying equation 11 one gets:

(12) 6P;-—§-(V§—V,§)

Thus, neglecting viscous losses in the venturi, it can be seen that the pressure that
drives material through the bypass flowmeter 104 is proportionai to the difference
in velocity squared of material in flowmeter 104 and the venturi throat T. By
decreasing the throat area the driving pressure can be increased so that the bypass
flowmeter operates in its optimum flow range. The overall pressure drop in the
conduit 101 is minimal because of the conversion of the dynamic pressure back to
static pressure downstream of the venturi.

The pressure differential driving the material through the bypass meter is
given by equation 12. In order to determine the ratio of the flow through flowmeter
104 to that through the venturi 108 it is also necessary to know the resistance to
flow or viscous pressure drop through both the flowmeter and the venturi. The
equations of resistance to flow through a pipe are dependent on the flow regime
(laminar or turbulent) which is a function of the Reynolds number of the material.

The Reynolds number is a dimensionless number which is used to characterize

flow. The Reynolds number is given by the equation:

O = density

B! V = velocity
d = pipe diameter
M = ViScosity
A Reynolds number of 2000 to 3000 is generally recognized as the
approximate transition zone between laminar and turbulent fiow. Since this zone
Is extended (not an exact point), and since the pressure drop equation for turbulent
flow is different than for laminar, an ambiguity exists as to which pressure drop

equation (laminar or turbulent) is appropriate. This ambiguity requires the
flowmeter of the new invention to be operated at flow rates entirely in the turbulent

regime. Fortunately, the use of the venturi to drive the flowmeter flow makes this

feasible.
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The pressure drop for flow through a pipe is given by the Darcy formula.

f = friction factor

L pV?
(14) Pazop ™" d 2 L = pipe length

d=pipe diameter

V = material velocity
The Darcy formula is of generic enough form that it is used for different flow
regimes (laminar or turbulent), geometries (straight or bent), and surface finishes
(smooth or rough). The only difference in the formula for these different conditions
Is in the friction factor. The friction factor for turbulent flow in smooth straight pipes

up to a Reynolds number of about 10° is given by the Blasius equation.

15) - _-316 o
S g 25 f, = triction factor for smooth

=

straight pipe
The friction factor, f,, for a ninety degree bend in a pipe (as in the bypass

flowmeter of figure 1) is a constant times the friction factor for a straight pipe.

n=constant (function of bend
(16) r,=nt radius divided by tube
diameter)
n=constant (function of bend radius divided by tube diameter
The bypass meter of figure 1 has several bends and several straight sections.
Since the bend friction factor and straight tube friction factors are of the same form
they can be combined into a single term friction factor for the bypass flowmeter of

figure 1. This single termis equation 15 multiplied by a constant which is a function

of meter geometry.
(17) f =af f.=meter friction factor
a=constant based on the flowmeter

geometry
Thus the pressure drop through the meter can be represented by the equation:

L pv;

(18) Porop. " Ea i m=subscript denoting flow meter
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The viscous loss in the venturi between the flowmeter inlet and outlet can

also be represented by the Darcy formula if one uses a representative diameter and
velocity. The proper velocity for calculating viscous pressure drop in the venturi is

a fraction of the throat velocity, cVt.
V =representative venturi velocity

(19) V.=V, c=constant

The Darcy formula for the venturi then becomes:

> cVt =venturi velocity
L, 0olcV,)
(20) Parop, Ly T fv =venturi friction factor
L, =venturi length
d,=ventun diameter
This viscous pressure drop for the venturi is added to the venturi pressure

differential from equation 12. The sum is the pressure driving the material through

the meter.

(21) 5P -——2‘3’- (VI-VZ) +f
OP . =pressure driving

material through meter

The pressure drop through the meter is now set equal to the pressure driving
the flow through the meter. The ratio of material flow through the meter to material

flow through the venturi can then be found by solving the resulting equation for the

velocity ratio.

(22) 6ps:pdropﬂII

Substituting equations 18 and 21 into equation 22 yields:

, L cV ) L L
(23) L (Vi-Viy+f Y Ple.) =af — -
2 T d 2 " d

&
m

This equation can be solved for the velocity ratio between the flowmeter meter and

the venturi throat.
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Lm
v
(24) oS
m Lv
c‘f —L+1
Nl
Substituting equations 13 and 15 into equation 23:
. 316 e
a — ]
[ medm] 1 d,
vV,
(25) “V—L“ = *\' "—_:“"'*_“:u1 —
n 2 3 31 6 LL

From equation 25 it can be seen that the material velocity ratio is dependant
upon not only the known meter and venturi geometric constants, but also on the
material density, viscosity, and even material velocity. Traditional volumetric
bypass meters can only determine the meter material velocity, V.., but without
knowing the density or viscosity they cannot determine the throat velocity, or total
flow with accuracy. The use of a Coriolis meter as the bypass meter aliows the
determination of both material density and velocity. This leaves only viscosity and
throat velocity as unknowns. Viscosity can be dealt with in several ways. First, if
the viscosity is constant and known, its value can simply be entered into equation
25. It the viscosity is a known function of temperature, it can be calculated using
the fluid temperature as measured in the Coriolis meter. (Coriolis meters require the
temperature be known in order to compensate for changes in elastic modulus with
temperature.) Finally, if viscosity varies in an unknown manner, it can be
determined through of a differential pressure gage to measure the pressure
difference between the inlet and outlet of the Coriolis meter. Pressure difference
IS a function of flow rate and viscosity. Since pressure drop and flow rate are
measured, viscosity can be determined as per US patent # 5,359,881 using the

Hagen Poiseuille equation:
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u = Viscosity of the fluid

H=2 mg) ' K A constant determined for the

individual meter

AP = Differential pressure

o = Density of the fluid

m = Mass flow rate of the fluid
The only unknown in equation 25 at this point is the velocity through the throat of
the venturi which can be determined by iteratively solving the equation. Once the
throat velocity V, is known, the throat mass flow rate can be determined (velocity
times density times throat area). The total conduit mass flow rate is simply the sum
of the flowmeter and venturi throat mass flow rates. The calculations outlined
above are easily and quickly performed by use of a microprocessor such as already
exists in the Micro Motion model RFT 9739 which may comprise meter electronics
114 and which is available from Micro Motion, Inc., in Boulder, Coloradb 80301.
The geometry of Figure 1 can determine conduit material mass flow rate with higher
precision than present bypass flowmeters by use of a standard Coriolis mass
flowmeter in conjunction with a venturi, and, if necessary, a differential pressure
gage.

The RFT 9739 (meter electronics 114) is currently programmed and
operational to derive mass flow rate, volumetric flow rate and density information
for the material flowing through an associated Coriolis flowmeter such as element
104 on Figure 1. If the flowmeter is also equipped with a differential pressure
sensor, the RFT 9739 can also derive material viscosjty iInformation. In accordance
with the present invention, the RFT 9739 solves equation 25 for Vit after being

programmed with constants representing the flowmeter and conduit geometry such

as Lm, dm, Lv, dv, etc. It then derives the mass flow rate in the venturi and then
In the entirety of the conduit. In accordance with spirit of the invention, the RFT
9739 can also derive conduit material mass flow rate information based upon
geometries using other fluid equations.

Equation 25 was derived for the preferred embodiment in which a venturi in
the conduit is used to increase the flow rate through the Coriolis meter. !t can be

shown through similar analysis that equation 25 also is true for the embodiment of
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Figure 8 where there is no venturi in the conduit. In this embodiment, without the
venturi, the venturi length, Lv of equation 25, becomes the distance in the conduit
between the flowmeter bypass inlet and outlet, the venturi diameter (dv) becomes
the conduit diameter, and the venturi throat velocity (Vt) becomes the conduit fluid
velocity between the flowmeter bypass inlet and outlet.

Since equation 25 also applies to non-venturi Coriolis bypass flowmeters, as
well as venturi flowmeters, as shown in Figure 8, correction can be made for
variations in bypass ratio of these non-venturi meters resulting in improved
accuracy over prior art bypass meters. The preferred embodiment, however,
contains a venturi which further enhances accuracy by increasing the amount of
flow through the Coriolis meter.

The preceding description and equations disclose the steps of the process
by which the present invention derives the total mass flow rate in a conduit coupled
to a bypass type flowmeter. These process steps are equivalent to a flow chart
having the following elements:

1. The mass flow rate, density, material velocity, of the flowmeter is

determined:

2. The material viscosity (if not constant or already known) is
determined;

3. The matenal velocity and mass flow rate in the portion of the conduit
between the flowmeter inlet and outlet (or at the venturi throat if present), is

determined using equation 25;

4. The mass flow rate in the portion of the conduit between the
flowmeter inlet and outlet (or at the venturi throat if present), is then determined
using the determined material velocity of step 3 and the known physical

characteristics of the conduit or venturi if present;

d. The total material mass flow rate in the conduit is then determined by
adding the flowmeter mass flow rate of step 1 to the conduit portion (or venturi)

mass flow rate of step 4.

Description of Figures 4 and 5

Figures 4 and 5 disclose an alternative embodiment of the invention

comprising a bypass flowmeter 400 inserted within the interior of conduit 101.
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. Conduit 101 has an upstream end 102 and a downstream end 103 as shown for

conduit 101 on Figures 1 and 2. Bypass flowmeter 400 has an upstream end with
an opening 402 and body surfaces 401. Flowmeter 400 further has a downstream
end comprising tip 407 and body surfaces 406. Flowmeter 400 further has a middle
portion comprising outer shell 404. Outer shell 404 encloses a hollow chamber 427
through which flow channels 409 and 411 pass. Flow channel 409 includes an inlet
portion 412 which is connected to opening 402. Flow channel 409 further includes
an outlet portion 414 connected to element 434 which has an opening flush with
surface 406 proximate the throat T of the venturi. Flow channel 411 includes an
upstream inlet 413 connected to opening 402. It further includes an outlet 415
connected to channel 434 having an opening flush with surface 406 proximate the
throat portion T of the venturi. The hollow chamber 427 also contains driver 417
and sensors 421 and 423 between flow channels 409 and 411. Brace bars 424
and 425 interconnect the walis of flow tubes 411 and 409. Driver 417 comprises
a coll and magnet M combination in the mid portion of hollow chamber 427. Driver
417 1s energized by a drive signal received over path 115 which vibrates the flow
tubes 409 and 411 at their resonant frequency when material flows therein.
Chamber 427 further includes a pair of sensors 421 and 423, each comprising a
coll and magnet M combination which detect the transverse movements of flow
tubes 409 and 411 as they are vibrated at their resonant frequency by driver 417
under control of the drive signals received on path 115. The oscillations detected
by sensors 421 and 423 are extended over path 116 to meter electronics 114
which, in a well known manner, determines the phase difference between the
received signals. The phase difference between these signals is indicative of the
mass flow rate of the material in flow channels 409 and 411. Meter electronics 114
also determines the density of the flowing material from the frequency of the
oscillations applied to path 115. The meter electronics uses the mass flow and
density information together with pre-programmed information regarding the relative
diameters of the flow channels 409 and 411 and the diameter of conduit 101 to
determine the mass flow rate and other desired information for the entirety of the

material flowing within the interior of conduit 101.
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It ShOLl|d be noted that the exit opening of outlet 434 is positioned proximate
the throat T of the venturi formed by surfaces 406. This permits the flowmeter 400
to be subjected to an optimum pressure drop between its outlet 434 and its inlet
402. In so doing, the flowmeter of Figure 4 operates in the same manner as
previously described for the flowmeter 104 of Figures 1 and 2 to derive the desired
information for the entirety for the material flowing within the interior of conduit 101.

Figure 5 is an end view of the embodiment of Figure 4 and illustrates a pair
of struts 501 and 502 connecting the outer surface of flowmeter 400 to the inner
surface of conduit 101. Conductors 115-117 extend through the center of strut 501
to connect meter electronics to flowmeter 400.

Insertion Coriolis flowmeter 400 also contains a differential pressure sensor
435 which is positioned within the hollow chamber 427 and is connected by tube
432 to upstream opening 402 and is further connected by tube 433 whose outlet
end 416 joins the material outlet 434 of the flowmeter. Differential pressure gauge
435 detects the pressure difference between the material inlet 402 of flowmeter 400
and the material outlet 434 of flowmeter 400. This pressure differential information
IS applied to meter electronics 114 over path 115 on Figure 5 which uses this
pressure differential information to derive the viscosity for the flowing material.

The flowmeter 400 may be operated without the differential pressure sensor
435 in installations in which the flowing material in conduit 101 has a near constant
viscosity such as is the case for water, or when the material has a viscosity that is
a known function of temperature which is measured by the flowmeter. However,
In applications in which the viscosity is unknown, the differential pressure sensor
435 can derive the material viscosity. The viscosity information then can be used
In equation 24 to derive the ratio between the velocity of the material flow within the
venturi throat to that of the flowmeter material velocity. Having determined the

velocity within the throat and the flowmeter, the mass flow rate for the material in

the throat can be derived from the following relationships:

Vi=material velocity

M=mass flow rate
A=throat cross section area

p=material density
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M=pVA

This mass flow rate in the entirety of the conduit is the sum of the mass flow rate

in the throat and the mass flow rate through the Coriolis flowmeter

Description of Fiqure 6

Figure 6 discloses a bypass Coriolis flowmeter system similar to thal of
Figure 1. The difference is that in the system of Figure 6 the flowmeter inlet 106

Is positioned downstream of outlet 111. In Figure 6, some of the material in conduit
101 will flow into inlet 106, through flowmeter 104 and outlet 111 back Into the
interior of the conduit. The material flows in that direction since the malterial

pressure atinlet 106 is greater than that at outlet 111 due to the low pressure at the

throat T of the venturi

Description of Fiqure 7

A single differential pressure sensor 435 together with tubes 432 and 433
as shown on Figure 4 is not necessary and if desired, can be replaced with two
separate pressure sensors 435A and 435B, one of Which can be positioned at the
terminus of tube 432 at material inlet 402. The other can be positioned at the
terminus of tube 433 at material outlet 434. The signals from these two individuatl
pressure gauges can then be applied over conductors 116A and 1168 to meter
electronics 114 (not shown on Figure 7) which can then operate in the same
manner as described for Figures 4 and 5 for the use of a single differential pressure
gauge 435 to derive materia! viscosity. Driver 417 and sensors 421, 423 on Ficure
/ may be connected by conductors o meter electronics 114, 115 and 117 in the

same manner as shown on Figure 5.

It is to be expressly understood that the claimed invention is not to be limited
to the description of the preferred embodiment, but encompasses other

modifications and alterations within the scope and spirit of the inventive concept.

20




bt 1

CA 02241934 1999-09-29

For example, the invention has been described with reference to the use of Coriohis
flowmeters 104 and 400. The invention is not SO .Iimited and if desired. may be
operated with a volumetric flowmeter as element 104 if the materia! density 1s
constanl. When so operated. a volumetric flowmeler having an inlet positioned
shown, or element 100 In Figure 1, and having an oullet positioned proximate the
throat T of a venluri may be advantageously subjected to an optimum pressure
drop which will permit the flowmeter to operate in an optimum manner to determine
the volume of the material flowing there through and in turn, the volume of the
material flowing in the entirety of conduit 101. Furthermore, the same approach
may be applied to different geometries and flow conditions where lhe specific
equations may differ. But the method of determining the relevant material
parameters and compensating for variations in the bypass ratio is still valid.

In summary, it is desiréble to use Dbypass meters on large conduits
conducting high rates of material flow. Existing bypass meters, however. lack the
high accuracy required of many applications because the bypass ratio varies with
the material parameters. The preferred Coriolis flowmeters of the present invention enhance
their accuracy without the penalty of permanent material pressure drop. This is
achieved by use of a venturi to increase the portion of flow that goes through the
Coriolis meter. Furthermore, the fluid dynamic equations associated with a venturi
based bypass meter enable the bypass ratio to be calculaied from the meter
geometry énd the fluid's relevant properties. The preferred Coriolis meters of the present

invention continuously measure the relevant material properties and continuously

calculate the bypass ratio and total mass flow rate.
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WE CLAIM:

1. Flow measurement appafatus for measuring matenal flow in a2 conduit. sajd
apparatus comprising:

a flowmeter:
a material inlet for diverting some of said material flow in said conduil o said
5  flowmeter, wherein said material inlet i1s positioned within an interior of said conduit
and coupled to said flowmeler:

a material outliet for returning material flowing in said flowmeter to said
conduil, wherein said material outlet is positioned within said interior of said conduit
and coupled to said flowmeter, |

10 “means for increasing the flow velocity of said material in said conduit at a
conduil location proximate said material oullet belween said material inlet and said
material outlet; said material outlet being coupled to said conduit at said location having
an increased flow velocity of said material in said conduit for generating an optimum
pressure drop between said material inlel and said material outlet to increase said

15 flow velocity of said material within said flowmeter;

- means for determining the mass flow rate and flow velocity and density of

said material flow in said flowmeter;
means responsive to said delermination of said mass flow rate and said flow
velocity and density of said malerial flow In said flowmeter for determining the flow

5 velocity and mass flow rate of said malerial in a portion of said conduit between

said matenal inlet and said matenal outlel; and
means responsive to said determination of said mass flow rate in said

flowmeter and in said conduit porlion for determining a total mass flow rate of said

material in said condutit.

2. The apparatus of ¢claim 1 wherein said means for determining said
flow velocity and mass flow rate of said material in the portion of said conduit

between said material inlet and said material outlet comprises a means for

determining lhe ratio of the flow velocity between said material in said flowmeler

& and said material in said portion of said conduit.

3. The apparatus of claim 1 further comprisirig:
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means for determining the viscosity of said material in said flowmeter;
Mmeans responsive to said determination of said.viscosity and saijd flow
velocity and said mass flow rate and said density of said material in said flowmeter
5 for determining said flow velocity and said mass flow rate of said matenal in said
portion of said conduit: and
means responsive to said determination of said flow velocity and mass flow

rate of said material in said conduit portion for determining said total material mass
flow rate in said conduit.

4 The apparatus of claim 3 wherein said means for delermining said
flow velocity and mass flow rate of said material in said portion of said conduit
between said material inlet and said material outlet comprises 2 means for

determining the ratio of the flow velocity between said material in said flowmeter
S and said material in said portion of said conduit. '

S. The apparatus of claim 1 wherein said flowmeter comprises a Coriolis
mass flowmeter

6. The apparatus of claim 5 wherein said Coriolis mass flowmeter further
comprises: |

pressure sensing means coupled to said material inlet and to said material

outlet for producing a measurement of a material pressure drop between said
S matenal inlet and said material outlet: and

~ . means responsive to said measurement of said material pressure drop for
deriving a viscosily of said flowing material.

/.  The apparatus of claim 6 wherein said means for determining the flow
velocity and mass flow rate of said material in said portion of said conduit between

‘said material inlet and said material outlet is also responsive to the derivation of the
viscasity of said flowing material.
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8. The apparatus of claim 1 wherein said means responsive to said

determination of said flow velocity and mass flow rate and said density of said material

in said flowmeter determines flow velocity and mass flow rate of said material in the

portion of said conduit having said increased flow velocity.

9. The apparatus of claim 8 wherein said flowmeter comprises a Coriolis
mass flowmeter.

10,

The apparatus of claim 9 wherein said Coriolis mass flowmeter further
comprises: | l

Pressure sensing means coupled to said material inlet and lo said material

for producing a measurement of a material pressure drop between said
material inlet and said material outlet; and

oullet

means responsive to said measurement of said material pressure drop for
denving-a viscosity .of said: flowing material.

11.  The apparatus of claim 10 wherein said means for determining the flow

velocity and mass flow rate of said material i‘n sald portion of said conduit betwéen

said material inlet and said material outlet Is also responsive to the derivation of the
viscosity of said flowing material. | .
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12 The apparatus of claim 1 wherein said materizg| outlet is positioned

upstream of said material inlet in said conduit.

13. The apparatus of claim 1 wherein said material outlet is positioned

downsltream of said material inlel in said conduit

4. The apparatus of claim 1 wherein said flowmeter is a volumetric

flowmeter.

15.  The apparatus of claim 1 wherein said flowmeter is a Coriolis mass

flowmeter; and
wherein satd means for determining said material flow velocity and said

mass flow rate of said material in said portion of said conduit between said material
inlet and said material outlet comprises a means for determining the ratio of the
flow velocity between said material in said flowmeter and said material in said

portion of said conduit.

16.  The apparatus of claim 15 wherein said Coriolis mass flowmeter

further comprises:
pressure sensing means coupled to said material inlet and said material

outlet for measuring the material pressure drop between said material inlet and said

material outlet; and
means responsive to said measurement of said material pressure drop for

deriving viscosity of said flowing material.

7. The apparatus of claim 15 wherein said means for Increasing said

flow velocity of said material comprises a venturi positioned internal to said conduit:

and
wherein said material outlet is coupled to ‘a throat area of said venturi.
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18. The apparatus of claim 15 wherein sald Coriolis mass flowmeter IS
positioned external to said conduit.

19, The apparatus of claim 17 wherein said venturi is affi

xed to the inner
surface of said conduit.

20, The apparatus of claim 17 wherein said venturi and said throat area

are spaced apart from the inner surfaces of said conduit.

21. The apparatus of claim 13 wherein said Coriolis mass flowmeter IS
positioned within said conduit

¢2. The apparatus of claim 21 wherein said Coriolis mass flowmeter
COmMprises:

an elongated body positioned internal to said conduit with said body and said
condunt having paralle! longitudinal axes:

dn upstream end of said body having said material Inlet for receivin

g material
to be extended through said Coriolis mass flowmeter:

a downstream end portion of said body having said material outlet for

discharging material from said body back to said interior of said conduit;

a pair of parallel flow channels within said body having

longitudinal axes
10 parallel to said longitudinal axis of said body;

means coupling the downstream end portion of said flow channels with said
downstream end portion of said body;

means coupling the upstream end portion of said
upstream end portion of said body:

flow channels with said

15 wherein material that enters said inlet of said body is extended through said

flow channels and said outlet of saig body and is returned back

to said material
flowing in said conduit;

means for vibrating said channels

transversely and longitudinally with
respect to each other: and
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20 means Including sensor means coupled to said flow channels and
responsive to said vibrating while material flows through said flow channels for

deriving said total material mass flow rate in said conduit.

23.  The apparatus of claim 22 wherein said downstream end portion of
said body comprises a venturi and wherein said outlet of said body is positioned

proximate the throat of said venturi

24 The apparatus of claim 23 wherein said Coriolis mass flowmeter

futher comprises:
pressure sensing means coupled to said material inlet and said material

outiet for measuring the material pressure drop between said inlet and said outlet:

5 means responsive lo said measurement of said material pressure drop for
deriving the viscosity of said flowing material: and |

means responsive to said deriving of said viscosity to determine the flow

velocity and mass flow rate of said material in said venturi and, in turn. the total

mass flow rate of said material in said conduit.

25. A method of measuring material flow in a conduit: said method
comprising the steps of;
diverting some of the material flow in a conduit to a flowmeter having a
material inlel positioned within an interior of said conduit and coupled to said
6 flowmeter;
returning material flowing in said flowmeter to said conduit via a material
outlet positioned within said interior of said conduit and coupled to said flowmeter:;
increasing said flow velocity and mass flow rate of said material at a conduil
portion proximate said material outlet;
10 coupling said material outlet to said conduit at said locatlion having an
increased flow velocity and mass flow rate for generating an optimum pressure drop
between said malerial inlet and said material outlet of said flowmeler to increase

said material flow within said flowmeter:
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-

determining flow velocity and mass flow rate and density of said material in
said flowmeter;

determining flow velocity and mass flow rate of said material IN a portion of

5 said conduit between said material inlet and said material outletin response to said

determination of flow velocity and mass flow rate and density of said material in
said flowmeter; and

determining a total mass flow rate of said material in said conduit in

response to said determination of said flow velacity and mass flow rate of s3id

10 matenal in said flowmeter and of said material in said conduit portion.

26. The method of claim 25 wherein said flowmeter comprises a Coriolis
mass flowmeter.

27. The method of claim 25 including the steps of:

coupling pressure sensing means to said material inlet and to said material
outlet for producing a measurement of a material pressure drop between said
material inlet and said material outlet; and

S deriving a viscosity of said flowing material in response to said measurement
of said material pressure drop.

28. The method of claim 27 including the steps of:
determining said flow velocity and said mass flow rate as well as said
density and said viscosity of said material in said flowmeter:
determining the flow velocity and mass flow rate of said material in said
> <condult portion in response to said determination of said flow velocity, mass flow
rate, density and viscosity of said material in said flowmeter: and

determining said total mass flow rate of said material in said conduit.

29. The method of claim 25 wherein said flowmeler is a Coriolis mass
flowmeter: and

wherein said step of determining flow velocity and mass flow rate of said
material in said portion of said conduit between said material inlet and said material
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outlet comprises a step of delermining the ratio of the flow velocity between said

material in said flowmeter and said material in said portion of said conduit

30. The method of claim 26 including the steps of:
measuring a material pressure drop between said material inlel and said

matenal oullel: and
deriving'a viscosity of said flowing material in response to said measurement

of said material pressure drop.

31. The method of claim 30 including the steps of;
determining said flow velocity and mass flow rate as well as said density and

said viscosity of said material in said flowmeter;
delermining said flow velocity and mass flow rate of said material in said

conduit portion of increased flow velocity in response to said determination of said

fiow velocity, mass flow rate, density and viscosity of said material in said

flowmeter: and
determining said total mass flow rate of said material in said conduit in

response to said determination of said flow velocity and mass flow rate of sald

material in said flowmeter and of said material in said conduit portion.

32. The method of claim 25 including the step wherein said increased flow

velocity is obtained by positioning said material outlet proximate a throat of a

ventur:.

33. The method of claim 32 wherein said method further comprises the

steps of:
operaling pressure sensor means coupled to said flowmeter for measuring

the material pressure drop between said material inlet and said material outlet of

- said flowmeter: and

deriving said viscosity of said material flow in said conduit in response to said

derivation of said material pressure drop.

3J4.  The method of claim 25 including the steps of:
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5 extending material received by an upstream end portion of said body having
said malerial inlet through said Coriolis mass flowmeter:
discharging material from said body back to said interior of said conduit via
a downstrearn end portion of said body having said material outlet:
a pair of parallel flow channels within said body having longitudinal axes
10 parallel to said longitudinal axes of said body:

connecting the downstream ends of said flow channels with said
downstream end portion of said body;

connecting the upstream end portions of said flow channels with said
upstream end portion of said body;

15 wherein material that enters said material inlet of said body is extended

through said flow channels and said material outlet of said body and is returned

back to said material flowing in said conduit;

vibrating said flow channels transversely with respect to each other: and
operating sensor means responsive to said vibrating while material

20 through said channels for deriving information pertaining
sard conduit.

flows
{0 said material flow in

35. The method of claim 34 iIncluding the steps of:

posttioning said material outlet of said body proximate a throat of a venturi
formed by said body.

36. The method of claim 35 including the steps of:
operating pressure sensor means coupled to said body for measuring the

material pressure drop between said material inlet and said outlet of said flowmeter
body:

deriving the viscosity of said material flow in said flowmeter in response to
said derivation of said material pressure drop; and

deriving said total mass flow rate of said material in said conduit in response
to said viscosity derivation.
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