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FIELD OF INVENTION

This invention relates to a Coriolis effect mass flowmeter and more
particularly, to a Coriolis effect mass flowmeter of the bypass type that is coupled
to a conduit for measuring and deriving information pertaining to material flow in the
conduit.

5 P LEM

Coriolis effect mass flowmeters measure mass flow and other information for
materials flowing through a conduit. Such flowmeters are disclosed in 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 fo J. E. Smith et al. These flowmeters have one or more

10 flow tubes of straight or curved configuration. Information regarding the
characteristics of material flowing in a Coriolis mass flowmeter must be derived with
great accuracy since it is often a requirement that the derived 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

15 Coriolis forces generated by the flowmeter through which the material 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 material to the required error of less than 0.15% of reading.

Coriolis mass flowmeters may be operated on a full flow or bypass basis.

20 They are generally operated on a full flow basis in applications wherein the
diameter of the conduit whose material flow is to be measured is 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 flowmeters are not capable of

25 operating on a full flow basis with conduits having a diameter of greater than 6
inches or about 150 mm. However, it is often necessary to measure material flow
in conduits 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 coupled to the conduit
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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
15 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

20 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

25 area of the flowmeter tube and the cross sectional area of the conduit whose
materiat 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 fo a minimum with the use of material
having a constant density, viscosity, and flow rate. However, the assumption of a

30 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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associated electromcs 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,

10 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

15 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

20 order to operate in their most accurate flow range. In current bypass flowmeters,
this is 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 plate is
that the pressure is permanently lost from the system. .

25 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 in certain instaltations. Furthermore, it can be seen that the use of
orifice plates to generate enough pressure drop for Coriolis meters to operate in

30 their most accurate flow range is undesirable because of energy loss.
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the use of a venturi (a converging/diverging nozzle structure) positioned within the

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

15 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 to the fact that much of the error
in a standard Coriolis meter (such as meter zero error) is independent of flow rate.

20 Forinstance 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

25 error has to do with the flow ratio. If the base uncertainty in the flow rate of the
Coriolis flowmeter is once again one pound per minute and the flow ratio is one
thousand to one, then the uncertainty in the flow through the conduit is one
thousand pounds per minute. On the other hand, if the ratio is fifty to one, then the
uncertainty in the flow through the conduit is only fifty pounds per minute. The

30 bypass meter's sensitivity to flow is effectively increased by increasing the portion
of flow that goes through the Coriolis meter. Thus it becomes obvious that it is

desirable to have a high material flow rate through the Coriolis flowmeter.
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t he cal cul abi mf thé thioat of the venturi. The positioning of the material outlet of the bypass
flowmeter at the throat of the venturi results in a large pressure differential between
the material inlet and outlet of the flowmeter. This differential generates a sizeable
material flow through the flowmeter that provides increased flowmeter sensitivity
and accuracy. Downstream of the throat of the venturi, the bulk of the pressure is
10 restored to the material in the conduit system. The use of the venturi to generate
this pressure differential and, in tum, the increased material flow through the
flowmeter is preferable to that of the use of orifice plates and the like whose

resulting material turbulence results in lost energy.
The present invention determines the total material flow within the conduit
15 in a new and novel manner. Fluid dynamic equations are derived and show that
the flow ratio is a function of the fluid properties and the meter flow rate. The
Coriolis meter (along with a differential pressure gage, when necessary) is then
used fo determine the relevant material properties. The meter microprocessor in
an associated electronics element can then be used to calculate the flow velocity

20 in the venturi and the total conduit mass flow rate.

The relevant material properties, as previously discussed, are density,
velocity, and viscosity. The Coriolis meter determines the density of the material
from the resonant frequency of the vibrating tubes of the flowmeter. It measures the
mass flow rate within the meter and from this information along with density and

25 flow tube cross sectional area, it then derives the velocity of the material flow.
Pressure drop across the meter is determined with a differential pressure sensor
connected between the material inlet and outlet of the flowmeter. The differential
pressure provided by the sensor is used to derive the viscosity of the material.

The fluid velocity in the venturi is determined by using the material property

30 values output by the Coriolis meter to solve the appropriate fluid dynamic equation
25 subsequently disclosed herein. Information regarding material flow velocities in
the conduit and flowmeter is translated to volumetric flow rates and to mass flow
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increased sensitivity and accuracy that compensates for variations in density 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

15 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.

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

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

Figure 4 discloses a Coriolis bypass flowmeter of the insertion type

25 positioned 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.

30 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

-~ ~—..__ lubes 432 and 433
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Figure 8 discloses an alternative to that of Figure 1 wherein a venturi is not

present inside the conduit.
ETAILE S

Description of Figure 1

5 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 iniet 106
and an outlet 107 is coupled to conduit 101 in order to measure a portion of the
material flow in the conduit to derive information pertaining to the entirety of the
material fiow within the conduit.

10 The material inlet 106 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 flowmeter 104 and exits the Coriolis fiowmeter 104 at its
material outlet 107 which has an opening 111 which is proximate the surface 112

15 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 outiet 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

20 subjected to an optimum pressure drop. This pressure drop increases the material
flow through the Coriolis flowmeter. This increased pressure drop is attained by the
positioning 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
material pressure at Inlet 106 of Coriolis flowmeter 104.

25 Figure 1 also discloses a differential pressure gauge 134 connected by
means of tubes 132 and 133 to material inlet 106 and material 6utlet 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 transmiits this differential pressure

30 information over path 115 to meter electronics 114 which derives a continuous
indication of the viscosity of the material flowing through flowmeter 104, As
subsequently described in connection with the embodiment of Figure 4, meter
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Preferably the floweter is a Coriolis mass flowreter, and preferably a
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10 Figure 2 discloses 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

15 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

20 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.

25 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.

30 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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' 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

10 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.

CALCULATION OF VENTURI MATERIAL FLOW VELOCITY

16 The following mathematical derivation will show the dependence of the fiow
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.

20 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

25 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

30 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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vibrating tubes of the fTowreter. It neasures the nass flowrate wthin the
neter and fr &anserved by,Bemeutis'daw andigequal ko thahat the uaakpam end ofithe eanduit

secti onalyar gpiechlion RESoflf drifie stall pedsliel by isUonbOfed B! dynaftic btedlure Pd

in throat T and then back to static pressure downstream of venturi 108. A venturi
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
15 throat, the conduit area again increases, the material velocity and dynamic
pressure decrease, 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
20 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:
V2 Psa=static pressure at A
3) TP,<P,,+—= TP,=total pressure at A
25 V,=velocity in conduit

The static pressure in the infet 106 to flowmeter 104, position B, is equal to the total
pressure at A {which by Bemouillis’ 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
30 outlet 107 are all of the same diameter and thus all contain material of the same

velocity.

10



Pressure drop across the neter is determned wwth a differential pressure
sensor connected between the material inlet and outlet of the flowreter.
The differential pressure provided by the sensor is used to derive the
viscosity of the material. The ratio of the material velocity within
the flownreter POXA0of the conduit is determined by using tREF/UEITE0633]
property val ues output by the Coriolis neter to soI ve the appropriate fluid
dynam c equation. Fromthis ratio information an city
within the Cori OH)S meter, the vel oci tgwdf the mat"\er %#%ﬁmfﬁeﬁ t he
rates using pre- ograrmed i Nt @l P di si ons ofPsgmvimmtaﬁbpa&klﬁ@aduit
along with the continuously measured materi al glty The mass flow rate
within the flowreter is added to the mass flowr&te within the venturi in
order. to derivgubbftufiy eﬁuﬁtwn@.nw@qmﬁﬂnawsf ate within the conduit

downstr eam 05f the venturi .

2 2

PV, pv
(5) P Ryt =571
(6) PsB=P:A+-§{V:_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,

ov? P =static pressure in throat
t

2

15 () P =TP,~ V, = venturi throat velocity

Substituting equation 3 into equation 7 yields:

2 2
fo) s PV
(8) Pst=(PsA+ 2p ) —-?:-
20
Simplifying equation 8 one gets:
(9) P =p_+L£ (y2_y2
st SA —5 f-] t )
25 The difference in static pressure between the inlet and outlet of flowmeter
104 is then given by the equation:
—p oP, =1l
(10) 5p,=P,-P_, s=flowmeter pressure
differential

Substituting equations 6 and 9 into equation 10 yields:

30
(11) 8p, =12+ L (vI-v])1-1e, 0 S (Vi -vD))

11



the preferred bypass flowreters of the present invention overcone the

probl ens associated with the use of volunetric bypass fl owneters by
operating in such a manner that they continuously neasure density and
automatically generate output information in terns of either mass or

vol umet-ri ¢ nedveroraésed | ow. In summary, the generati on mfrreed7n0ss3 eased
flowreter pressure differential and, in turn, an increased material flow

provi des a bygass fl owneter of increased sensitivi ty. and accuracy that
conpensat es-  oiMRIying eAuation 1 aepgetsy and, velocity, and viscosity by

directly measuring these paraneters. DESCRI PTI ON
OF THE DRAW NGS The above and ot her advantages of the invention can
be better underﬁ od fromthe readi ngpoéﬁt(hq-fvébl owi ng detailed description
t hereof taken ih Conjunction with the 8r&w ng i n which: Figure 1

di scl oses a vertical cross-section view of a Coriolis fl oweter connected

on a bypass bhsiss négaeat;@m&sdds ldswésrmm@ véRttiiuit caR bbiseed thA thd présBierthag! | s

of the conduit. ure di scl oses a vert ical cross-section view of

a Coriolis fl @wegtmateeddbwoygh&ae bypassdiowmeter 104 is popertignatitotbe nﬁ@rqwe
L e Ve St BB hAlsRRE AR 8ol DALY LB
of Figure 2. decreasindthethatardatite divirg preSsure chnh be peasedisoanahe bygdsst he
| nsertion t ypﬂowmeter operates in ifs optimum flow range. The overall pressure drop in the
10 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
15 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
(taminar 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:
20 (13 g -PVd p = density
R V = velocity
d = pipe diameter
M = Viscosity
A Reynoids number of 2000 to 3000 is generally recognized as the
25 approximate transition zone between laminar and turbulent flow. 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
fiowmeter of the new invention to be operated at flow rates entirely in the turbulent
30 regime. Fortunately, the use of the venturi to drive the flowmeter flow makes this

feasible.
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positioned within the confines of a conduit with the downstream portion of
the floweter conprising a venturi structure. Figure 5is a
eross-section end view of the structure of Figure 4. Figure 6
discloses an alternative arrangenent simlar to that of Figure 1 except
that material YRI%%996 i s positioned downstream of materi al RETTUSSTO0633] .
Figure 7 discloses an arrangement simlar to that of Figure 4 except that a
pair of separate prafslessfidibs ot 10 thitkight 3P Bindi€ gRRAIty RBBhrE) rdrhitud NS
of tubes 432 and 433. ]

f = friction factor

pv?
2 L = pipe fength

(14) Pd:op=f

ol

d=pipe diameter
5 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
10 up to a Reynolds number of about 10° is given by the Blasius equation.

(5) £ =316 »
s TR f, = friction factor for smooth

) straight pipe
The friction factor, f,, for a ninety degree bend in a pipe (as in the bypass
15 flowmeter of figure 1) is a constant times the friction factor for a straight pipe.
n=constant (function of bend

(16) £,=nf radius divided by tube
diameter)
n=constant (function of bend radius divided by tube diameter
20 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 singleterm is equation 15 mulfiplied by a constant which is a function
of meter geometry.

25 f.=meter friction factor

{17) f,=af,
=constant based on the flowmeter
geometry

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

L pv?

30 (18) Parop, T g 3 m=subscript denoting flow meter
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DETAI LED DESCRI PTI ON Description of Figure 1 Figure 1 discloses a
conduit 101 in which material flows froman upstreamend 102 to a
downstream end 103. A Coriolis flowreter 104 having an inlet 106 and an
outlet 107 is coupled to conduit 101 in order to nmeasure a portion of the
materi al fl owgdyaktpe conduit to derive information pertai ni pgribs»7iobess
entirety of the material flow within the conduit. The material inlet
106 is positioned within the interior of conduit 101 with the open..end of

the material inl ethelWEcousdipsginihevestir between dhe, fowmeter injet apd obtiet gan

That ent er s ap B FogSored 6/ bRy ol e res dleflesiig dBnBbednd

Coriolis fl oveksdityr Thedraperivelocitypfor calgulating viscougresstrerdropén the wedariisg 111

which is proxijmate t surface 112 el ement 108. Element 108 is affixed .
to the inner?d QE@PMW?(‘,’SPH@'P%OL El ement 108 forms a venturi having
a throat grea T. It can be seen that tyereneséenmstivelverttlirioeldety 107 is
positioned proxipate throat Tvof= Bhe venturi. The coupling of materi al

inlet 106 and rial outlet ‘207 of Cori ol i & onstafbt er 104 to conduit 101

permts Coriolis flowreter 104 to be subjected to an opti mum pressure drop.
This pressure drop increases the material flow through the Coriolis

fl owret er. TihéDaRs oanG forths ventrridhen besomes:ai ned by the positioning of
material outlet 111 proximte the throat of the venturi so as to take
L p(ev.)? cVt =venturi velocity
—_ v t
10 (20) Parop,tv gy — 3 fv =venturi friction factor
L,=venturi length
d,=venturi 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 materiat through
15 the meter.
1 5p =L (vi-v?yar v plev,)®
(2 ) 3_._5 ( t M) v—d-—: 2
OP =pressure driving
material through meter
20 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) SP, =Py op,
25
Substituting equations 18 and 21 into equation 22 yields:
L plev.)? L pt
P vi-v? ST s R
23) 2 VeVl T d, 2 2t d, 2
30

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

the venturi throat.
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advant age of the |ow pressure generated at the venturi throat T as conpared
to the material pressure at inlet 106 of Coriolis flowneter 104.

Figure 1 also discloses a differential pressure gauge 134 connected by
means of tubes 132 and 133 to material inlet 106 and material outlet 107 of
fl ownet ef 104. WMERESW¥onnect i ons enabl e the differential presBOrESYNOGe 134
to provide a continuous nonitoring of the material pressure drop devel oped
across flowneter 104. Differential pressure gauge 134-transmits this
differential "pressure information over pafh 1315 to neter electronics 114
whi ch derives a continuous indication of {hé wFstosity of the material

fl owi ng through flomnete{ 04. As suﬁ§§‘hent9¥ described in connection
with the enbodi nent of Flglre 4, netev, | L WO 97/ 26509

PCT/ US97/ 00633 el ectroni cs applies laih id¥e1si gnal over path 116 to
oscillate tﬁ; fl owret er tubes and \ "d,

Substituting equations 13 and 15 into equation 23:

S 316 VI,
( pVadm).zs d
(25) _V_t_= \ \\_BR -
10 O DO TR K
(pcvtdv_)‘zs d,
\ [

From equation 25 it can be seen that the materiat velocity ratio is dependant

15 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 allows the

20 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. [fthe 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

25 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

30 measured, viscosity can be determined as per US patent # 5,359,881 using the

Hagen Poiseuille equation:
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recei ves signals over path 117 to derive information pertaining to the
material flow in flowreter 104 including the volunetric and mass fl ow
rate of the material. As subsequent |y described in detail, the neter
el ectronics elenent 114 uses the 5 neasured density information, neasured
mass fl-ow r atwo ot@@pgreasur ed pressure drop as wel |l as @idrarseooess

I nformation including the paraneters of the conduit and the fl owret er
to derive the ratio of-the material flowrate of the flowreter and the
venturi and-in turn, the rr&:g flow rate HmaVisepsityeafithe ipidsy rate of the
entirely of the et &+ flowng w ghizn phe.l [ e @ANGHE T 4101,
10 Fi gure 2 discl oses™an al ternati&e en%ogzi(,hrregfr?ﬁitgétt ag[rfegf il.gtuhr%e 1
wherein |ike nunbers represent the wridividual snaetér Fi gure 2 that directly
correspond to simlarly desi gnat ed _e_rﬁl?ts 'ft Fi gure 1. The primary
di fference between the two embodi § YEerqa PRESt%hodi nent  of
Figure 1 hgs a venturi fornmed by el ements= pensity@fti fdiged to the inner
wal | 113 of conduit 101 while in the enbodi ment” of Figure 15 2, the
venturi conprises a separate venturi el emehMassfowdgate efdheduid t hin t he

the condu t e S Hhowd iy ed tol 25 e ppic B e Bicbid 008 ik e |
Figure 3. the venturi whith Efrsbé déterrpined ibyutekativelyrsolving the équation. iGnge theobl em
when usi ng bi’sﬁ rovvrrett%rs to determ.nne t

material flo ?‘?ﬁstdﬁ@?_ﬁlf %Psﬁ?%f@r pat massloMette Gap P\"E 4?2%’:%’%?%; (‘H']‘Eemy

densi Ty an \EHGdenshy SistuBal dbhP HR/bEFcHdA mass Ik RADRSIDOY 1R 8™

Coriolis typeofithefiowmeter and venturidthraat trpaseniow satesal The salsulatipos ioutlinethi s
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, Colorado 80301.

15 The geometry of Figure 1 can determine conduit material mass flow rate with higher

e

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
20 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 viscosity information. in accordance
with the present invention, the RFT 9739 solves equation 25 for Vit after being
25 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.
30 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. It can be
shown through similar analysis that equation 25 also is true for the embodiment of
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allows for the calculation of the flowratio and thus conpensates for
changes in material density and velocity. 25 The enbodi nent of
Eigures 2 and 3 also includes differential pressure sensor 134
together with conductors/paths 115, 116 and 117 which enable neter

el ectronics 11WQ26¥8rate in the manner described i n connectPOHUSH7{OPFI3
Figure 1 to derive the mass flow rate and volunetric flow rate

_nformation foFdhe gé%%%%&gqg nb Dnturi in HEECHALR, 11 W eibOInRert Wit 410 |

30 As i's escri erenti al pressure sensor
i s not newventil thefventuaidphgth Atv ofrezjuatiom25 cheddmees/theaistange infthe lwenduit
material flow in conduit 101 i S, constant, In this, case,. B t

Gt foront i a1 - pPOUEARIRe SnuBieterypess ot SR QUNete eyt dianiets? (ov] Becomes
8 theeShduit@fedtReter, and the venturi throat velocity (Vt) becomes the conduit fluid

PCT/ US97/ 00633
5 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,

10 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

15 having the following elements:

1. The mass flow rate, density, material velocity, of the flowmster is
determined;

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

20 3. The material 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

25 using the determined material velocity of step 3 and the known physical
characteristics of the conduit or venturi if present;

5. 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.

30 iption of Fi 4and5

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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the remai nder of the disclosed apparatus operates as described to derive

flowrate I nformation 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 enabl es neter el ectronics

114 to -deri vand byigdovi scosity. Know ng viscosity allows thEPCTE]‘sg"mGss
determ nation of the conduit flowrate wth inproved precision. The

differenti al ressure sensor 134 of Figures 1, .2 and 3 need not be an
ext ernal devile@ndi an upstream ead 2 angha ﬂpwnsteagn re@d11032a%mhp\sn forut

I nst ead , p
connect | on’ W thdgﬁ%*‘a Siglied TaB 22, By fack Howmeter 400 U fberind dR8lutny
det er m ned tfkarm@mngs@b Z)éndibd%f éwfaael si46|I dslmmtl eﬂtglhmﬁhemés}a dowastieamt he
re re difference bet te et .an tlet of t riolis neter.
Igr eggﬂre di f fRA0&DPTE E‘gﬁe 815 FRCRS (?fg‘g%g{o r @ﬁﬁé’@d&e

t d
pressure & Ofportion c@ﬁﬁhsﬁdgwmétaé}ﬁn 404. Eﬁ?e?%h&lﬂMéﬁ&&%CAL CS I?’hmcfhéo\l c@rﬁ%&% ne

as per US patent
MATERI AL FLOfwroagtoashich fios channels#68 andi41d piass. Flewehanneld09 incudes:an mletvm |

show t he dep C t er.a d t he
conduit upon'v gﬁ%‘ﬁ%#“i%&éﬁ&ftedégﬁé%bg@gd%%ﬁ%% %We[pc d§8
shows how t hanwalet portionl414di ddnnéﬂédttb eelemient 434 Whichdias &if opdifing flush with

fl owreter and the conduit. may be cal cul ated once these fluid paraneters are

known. 20  surface #0g PF‘P’SW%’G"&JBWQ‘ Heofe ¥emtur ﬂm’éﬁﬁﬁnﬁﬂéfm@%@ﬁ ag 1
and 2 i's 4 | \/p8trE¥m 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
15  a coil and magnet M combination in the mid portion of hollow chamber 427. Driver
417 is 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
coil and magnet M combination which detect the transverse movements of flow
20 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
25 mass flow rate of the material in flow channels 409 and 411. Meter electronics 114
also determines the density of the fiowing 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
30 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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the pressure differential developed at the throat T of venturi 108. In
order to understand how a venturi works it is necessary to understand
t he conponents of pressure in flowing material. The first conponent is
static pressure, and is the pressure with which we are nost famliar.
It is the pre§§GPENﬁwstat|c naterlal in 25 conduit 101. MoPCRFSAHI06I3 al

al so has a static pressure. I s measured by facing a pressure

sanpl i ng tube per pengh&% g& nbﬂadttngt tﬁ&%ﬁft Beémfr}é Brouitiet 884 is%héiﬂ&n(éa rbn&hl&\an ©.iic

101. secon C pressure
energy of a the throaMTn:j thmvmtmraiormed by:surfbwsm:tlﬁs uﬂwlpamnshbe fowhrstend0o i n

D @ e R B o B e S B 0SB S B e
(Ié ?:l'l' /C b'sg;/egogggni hanat-déihg he flowmeter of Fvgurt\!\q 85&%@3@091 the same manner as
5 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
10 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 pressu.re gauge
15 435 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
20 435 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
25 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
30 v,= _‘_)A_: Mi=mass flow rate
Ai=throat cross section area
p=material density
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ferr] Pl[err] = dynam c pressure p =

mat eri al density V =
material velocity The total nat in conduit 101 is
t he sum of the dynamic and static 5 g %Igge%ﬁ (2)

TP=P[ err] +P[wo9}26509 TP= t ot al Dres : PCT/US97/00633
Plerr]= static pressure Negl ecting vi scous pressure drop, the
total pressure TP in venturi 108 is conserved by Bermoullis' law and is
equal to that at the upstregapepd of the conduit 10 at location A Some of
the static pressure Ps is converted to dynam c pressure Pd in throat T

and then back to static pressure downstream of venturi 108. A venturi
acconpl i shes This masgflow Eﬂﬁebytheml[ﬁmpé&@@ﬂdﬂéésme&uﬂm oftheanass flow Tate

decr eased T te I to increase,
so that the d{)ﬁ@%ﬁ@o?\tat{%? %ﬁﬁ@%ﬁﬁé @g&?%@l mﬁ%t?étlc pressure Ps
decr eases. 5&@%&5&?& - throat, the conduit area again increases,
the material velocity an nam ressure decrease, and the static
pressure increasedigure @@Xﬁsfscﬂabl’@ﬁﬁé oriolis flowmeter stéﬁ"hﬁ'ﬂﬁhplﬂi’é'ﬂﬁfmfese
conversions VF{{;GreV th'd'ifférgn%] iggrr\ft;tlrlg trt]ﬂl% ?sé%ﬁ?ﬂoy thhe Sowmeter nlet 10B€

material flow resen erence between
the static prlepemttmddsdm\mslh‘eam ofloatletd h il Rigure 6 omesafithe matesidl i coriduitoat T

and the 20 S{ @It will fiow o lﬁlef 706, tth}orgjeghfflowmgeter T létnldegutl%aH'ﬁ back into the

10 interior of the conduit. The material flows in that direction since the material
pressure at inlet 106 is greater than that at outlet 111 due to the low pressure at the
throat T of the venturi.

Description of Figures 7 and 8
A single differential pressure sensor 435 together with tubes 432 and 433

15 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 individual
pressure gauges can then be applied over conductors 116A and 116B to meter

20 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 material viscosity. Driver 417 and sensors 421, 423 on Figure
7 may be connected by conductors to meter electronics 114, 115 and 117 in the
same manner as shown on Figure 5.

25 Figure 8 discloses an embodiment similar to Figure 1 except the interior of
conduit 101 is devoid of the venturi structure 108. Inner surface 113 of conduit 101
is substantially flat and the material flow through flowmeter 134 is due to the
conduit pressure drop between the flowmeter inlet B and outlet 111. The principal
of operation of the embodiment of Figure 8 is the same as that of Figure 1.

30 Itis 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.

i
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The tot al pressure in the upstream portion of conduit 101 at point Ais

gi ven by the equati on: Psa=static
pressure at A (3) THIS SHEET HAS BE% r

TP[err] =total pressure at A 25 REPLAGED

V[err] =vel oci WP ¥7#6¥8ndui t The-static pressure in the iRFEPSITH®3I o
fl owreter 104, p05| tion B, is equal to the total pressure at A (which

by Beroul | s’ dé ﬁ’é’%‘;e %Qe@iaﬁ haf bak g%ﬁ@@@%tﬂtre exﬂ?e’lyfho &%ofCor lis

dynami c pressure 't he eri a ve hrou WTEt er .
sinplicity ﬂowmétbr§10|43and4000r‘l'hel itwentioh sbao’as:s Mn‘ntddtdnﬂtrf ﬁwréd mupsber
tube, the inlet 106, and the 30 outlet 107 are all of nmet er, and

thus al |l cont aioReraied with ayolumairic Spwmeter as, glempent,104 Ifthe material éi ensity is

10 . constant. When so operated, a volumetric flowmeter having an inlet positioned

5 shown;-or element 106 in Figure 1, and having an outlet positioned proximate the

throat T of a venturi 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

10 may be applied to different geometries and flow conditions where the 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 desirable to use bypass meters on large conduits

conducting high rates of material flow. Existing bypass meters, however, lack the

15 high accuracy required of many applications because the bypass ratio varies with

the material parameters. The Coriolis flowmeters of the present invention enhance

their accuracy without the penaity 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

20 based bypass meter enable the bypass ratio to be calculated from the meter

geometry and the fluid's relevant properties. The Coriolis meters of the present

invention continuously measure the relevant material properties and continuously

calculate the bypass ratioc and total mass flow rate.

—
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V\D gqlnﬂmlﬂ “IIHN“ ocity in flowreter PSSt OOFgfr]

I’sSt*a i C pressure at

Substituting equation 3 into equation 4 yields: [err] 10
The static pryessuieos n the outlet 111 of fl 4 1s eguogtusipookize
static pressure in venturi thiqalg SHRET sfASIiBEENQUal to the total
pressure TPl err] mnus the dymam c grpgagene Pd Jn throat T. This is

true since -TMVEGLAM:TD] er 1]

1. 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
5 flowmeter, wherein said material inlet is positioned within an interior 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 coupied to said flowmeter; .
10 means for determining the mass flow rate and velocity and density of the
material flow in said flowmeter;
means responsive to determination of said mass flow rate and velécity and
density of said material flow in said flowmeter for determining material flow velogity
and mass flow rate in a portion of said conduit between said material inlet and said
15 material outlet;
means for determining the material velocity and mass flow rate for said
portion of said conduit; and
méans responsive to said determination of said material mass flow rate in
said flowmeter and said conduit portion for determining a total mass flow rate of

20 said material in said conduit.

2. The apparatus of claim 1 further comprising:

means for determining viscosity of said material within said flowmeter;

means responsive to said determination of said viscosity and said material
flow velocity and said mass flow rate said density in said fiowmeter for determining

5 said material flow velocity and said mass flow rate in said portion of said conduit;

and

means responsive to said determination of said material velocity and mass
fiow rate in said conduit portion for determining said total material mass flow rate

in sald conduut

22
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\P/% 2”% jmum“ﬁﬁmmﬂl/; E)(r:]ir'?;lt o (ijst Ituting equc[ifir(r)% 3into
S ers, | e L erry [T SHEET EAS pEEN E 1T T A o

one gets: (9) [err]
pressure bet wewa9r0d nl et and out ljet of Rfif’%ﬁ%} er 104 i TCTRE9E33en by

t he equati on: (10) [err] [err] =fl owneter

glrjg;s |u{ 5t ing equati®bns @ GAPPEANE Y cé%'ﬁ‘a“t wtaer{e%sard %‘de'qétfep EBfised a Coriols

mass flowmeter.

4, The apparatus of claim 3 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
5 material inlet and said material outlet; and
means responsive fo said measurement of said material pressure drop for
deriving a viscosity of said flowing material.

5. The apparatus of claim 4 wherein said means for determining said
total material mass flow rate in said conduit comprises:

means for determining a material flow velocity and mass flow rate in said
flowmeter as well as a material density and said material viscosity; and

5 means responsive to said determination of said material velocity, mass flow

rate, density and viscosity in said flowmeter for determining said material mass flow
rate in said portion of said conduit between said material inlet and said material
outlet.

6. The apparatus of claim 1 further comprising:

means for increasing said material flow velocity in said conduit at a conduit
location proximate said material outlet, and between said inlet and outlet, is said
material out and said material inlet; and

5 said material outlet being coupled to said conduit at said location having an

increased velocity of material flow in said conduit for generating an optimum
pressure drop between said material inlet and said material outlet to increase said
material flow within said flowmeter.

7. The apparatus of claim 6 further comprising:
means for determining said materiat flow velocity and mass flow rate within

said flowmeter as well as a material density;

This g 23
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éO err | 11
PCT/ t!wygguu""l’l "msl nplifying dagas it HANBEEelS: (12)

[err]

5

10
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means responsive to said determination of said material flow velocity and
mass flow rate and said material density in said flowmeter for determining material
flow velocity and mass flow rate in said portion of said conduit having said
increased material flow velocity; and

means for determining said total material mass flow rate in said conduit.

8. The apparatus of claim 6 wherein said flowmeter comprises a Coriolis

mass flowmeter

9. The apparatus of claim 8 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
material inlet and said material outlet; and

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

10. The apparatus of claim 9 wherein said means for determining said
total material mass flow rate in said conduit comprises:

means for determining a material flow velocity and mass flow rate in said
flowmeter as well as a material density and said material viscosity:

means responsive to said determination of said material velocity, mass flow
rate, density and viscosity in said flowmeter for determining said material flow
velocity and mass flow rate in said conduit portion of increased velocity; and

means responsive to said determination of said material flow velocity and
mass flow rate in said conduit portion for determining said total material mass flow

rate in said conduit.

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

upstream of said material inlet in said conduit.

Sheet Has Been Re[ilaced
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5 Thus, ' | osses in the venturi, it can be seen that the
preSSUFerlmumnm’lmmmﬂmrnnteri al through the hypass flowreter 104 is
proportiorfal ‘to'th® difference | THIRESHRETLYAS @EBM @d of material in
flowreter 104 and the venturi throat] T. BggpiACE[¥lecredsing the throat area
the driving pr¥&XiRe&0%an be i ncr easeb—se~t+hat—the-bypdss POTYUSATA6aY
operates in its optimum flow range. The overall pressure drop in the 10

conduit 101 is mniggl b t con i nagm.c_pressur
back to “static qgr es?ﬁ?éﬁgﬂ%ﬁ‘& &gﬁiﬂﬁﬁ Wé&b] 5%[%'&'?&'%}/ ifidt'is Bosﬁﬂ%ede
pressure diffedewnnsttbasiraf saidomatedalinlet in sdid tbna@mwgh t he bypass neter is
given by equation 12. In order to determne the ratio of the flow through
fl ownret er 104 to that through the venturi 108 it is also necessary to
know.the resistanceq§0 lpné 'a‘ﬁga%ué’bﬁﬁféﬂﬁ P%%Félﬁ%aﬂf ﬁ&m&n‘&i&%ﬂ*ﬁb etﬁ

fl owreter and the venturi. equati ons resi stance to flow through
a pi pe are dep8awmeteron the flow regi ne (I am nar or turbul ent) which
is a-function of the Reynol ds nunmber of the nmaterial. The Reynol ds
nunber is a di nensionless nunber which is used to characterize fl ow.

The Reynol ds nunberq4s gTié8pparatusoffiinte WheredDsaid flowmeter is a Coriolis m?/ss

p = density [err]
Ve| OC| ty ﬂowmeter

d = pi pe dianeter
[err] =viscosity A Reynol ds nunber of 2000 to 3000 is generally
recogni zed as the 15. The apparatus of claim 14 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 inlet and said outlet;
5 and
means responsive to said measurement of said material pressure drop for

deriving viscosity of said flowing material.

16. The apparatus of claim 14 wherein said means for increasing the
velocity of said material flow comprises a venturi positioned internal to said conduit;
and

wherein said material outlet is coupled to a throat area of said venturi.

17.  The apparatus of claim 14 wherein said Coriolis mass flowmeter is
positioned external to said conduit.

18.  The apparatus of claim 16 wherein said venturi is affixed to the inner
surface of said conduit.

19.  The apparatus of claim 16 wherein said venturi and said throat area
are spaced apart from the inner surfaces of said conduit.

This Sheet Has Beenllﬂilaced 25
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drop equat’i ofi for Turbul ent ﬂsﬂ I%@ﬁﬁméﬁmt han for |am nar, an
anbi guity exists as to which pressure drREIPLACED equdtion (lam nar or

t ur bul ent) isweppeaspyiate. This anplguity—egu-res The Pidrawonbdesss of
the new invention to be operated at flow rates entirel y in the turbulent 30

regi me. Fortunat el use of the venturi to.dri flowmeter flow
rrages this - f , b|h§1e apparatus o ?cia?m 14 wherein sai %ono Is mass flowmeter is 1o

WO 97/ 26509 %osmoned within said conduit.
PCT/ US97/ 0063 The

gi ven by the Darcy formul a.
21. The apparatus of claim 20 wherein said Coriolis mass flowmeter

25 apprt“l‘m\“‘“m MLH' ﬁn zone between |am nar and turbulent flow Since
this zon d (not an exact point) Aa.cj since the pressure

pressure drop for flow through a pipe is

comprises:.

an elongated body positioned internal to said conduit with said body and said
conduit having paralie! longitudinal axes;

5 an upstream end of said body having said material inlet for receiving material

1o 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 flow channels with said
upstream end portion of said body;

15 wherein material that enters said inlet of said body is extended through said
flow channels and said outlet of said 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

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.

22. The apparatus of claim 21 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.

23. The apparatus of claim 22 wherein said Coriolis mass flowmeter

fu:ther compnses

i
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e I (14 err -
3’ EI Pr:t glr?g?t vel OC' t The Dar JH*‘%&@ ?SEE B’(§1E‘\iieneri c enough form

that it is useWXBR6WPiferent flow (Lam nar or RGRGRITONE3
geonetries (straight or_bent), and surface fini shes (smoot h or

rough). The only dif gg.ﬁp@ r fi s
is in the friction factor. %ehanéﬁiﬁo%uﬁggs%@ﬁﬁ% f]ent Iso%\ivﬁ‘inét%'?ré]oot h
strai ght pi pes outlet fonmeasuringtbe mesterial pressare dropdietweerl Sdid inigt arsd sgidautiby

t he Bl asi us gequatio . . : . lerr

(15) 5 Teans responswp[tgrsrajd measuremept, ot sgid gaterial [pggﬁéym drop for
strai-ght pipe deriving the viscd$iy dfisiaif icWing AsdtéYial; adder r] for a ninety degree
bend in a pipe (as in the bypass 15 fl| owneter of figure 1) is a constant
times the friction MRANSTreppensivestorsaiq)deriying of said viscosity to determine material

n=constant (f Uﬁéfdcgg n‘%t%a @gﬂqate in said vehthand, in tum, the total material s fowidké" " |

radi us divide
di anet er) imsaidreeohduit. (functi on of bend radius divided by tube dianeter
20 The bypass neter of figure 1 has several bends and several straight

secti ons.
24. 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, wherein a
material inlet is positioned within an interior of said conduit and coupled to said

5 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;

determining material flow velocity and mass flow rate and density in said
flowmeter flow velocity,

10 determining material velocity and mass flow rate in a portion of said conduit
between said inlet and said outlet in response to said determination of material flow
velocity and mass flow rate and density in said flowmeter; and

determining a total material mass flow rate in said conduit in response to
said determination of said material flow velocity and mass flow rate in said

156 fiowmeter and in said conduit portion.

25.  The method of claim 24 wherein said flowmeter comprises a Coriolis
mass flowmeter.

26. The method of claim 24 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

as Been R laced
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éi nce t factorand straight tube friction factors are of the
sane fonulmmnllumm,ﬂm be conbined into a single termfriction factor for
the bypads fl owngter of figure ll]'#é% ‘%"Qﬂé%gﬁﬁrm i s equation 15

f T.Qr o

multiplied by a constant which is a et er geonetry. 25

(17) - wo9neséd err] =af[err] Lerr & %ﬁgfriction f pE&rRISo7/00633
a=constant based on the flowneter
geonetry Thus thé pressure drop through the neter can be represented

by the equfition: destying q viggosity of said flowing materig! il response to said measurement
mEsubseri Pt dgfatd Ribudddd BrdBLRS drop.
27. The method of claim 26 including the steps of:
determining a material flow velocity and mass flow rate in said flowmeter as
well as a material density and said material viscosity;
determining the material flow velocity and mass flow rate in said conduit
5 portion in response to said determination of said material velocity, mass flow rate,
density and viscosity in said flowmeter; and
determining said total mass flow rate in said conduit.

28. The method of claim 24 further comprising the steps of:
increasing said material flow velocity and mass flow rate in said conduit
portion and proximate said material outlet; and
coupling said material outlet to said conduit at said location having an
5 increased material flow velocity and mass flow rate for generating an optimum
pressure drop between said material inlet and sald material outlet to increase said

material flow within said flowmeter.

29. The apparatus of claim 28 wherein said flowmeter is a Coriolis mass

fiowmeter.

30. The method of claim 29 including the steps of:

measuring a material pressure drop between said material inlet and said
material outiet; and
deriving a viscosity of said flowing material in response to said measurement

5 of said material pressure drop.

31.  The method of claim 30 including the steps of:
determining a material flow velocity and mass flow rate in said flowmeter as

well as a material density and said material viscosity;

This Sheet Has Been Reﬁlaced
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.Theg\7/{ QM\ “\l“s“‘“““lt“ ll‘ vent uri é%;;é EEIT{q#{é gg\ﬁgt er inl efcgﬁlgs(g)m Pg?3§an

.al so be tept edent’ed’ by the Darcy if ornu e €S a representative
di aneter and vel ocity. The pr@pamwe'—géc y.forjcal cul ati ng vi scous

pressuré dr op Woowaes0%vent uri i s a fraction of the t hr oat PYEVSRIO0E33 c\it .
5 V[err]=representative venturi

KOOyt r mul o FBbeining s pateril O YelERH, Bhémess fow e n SaEOBHAR'

velocity 105 portion of mcreased \elddity in responsk[tersaid detenminatioh rof asaid matetdior
Llerr]= ventur| | engt h

dierr] =vent urMefity ags flow rate, densrtymng vigcosty, i spid 8ewmete; 80d f or t he
venturi is added t?ieié}ﬁuPc{fﬁgts%fd tof) 7S flow g?tethsfaﬁ EoRAH infreSpRRY/R 08 12.

The sumis the pressure ving t
determination of said material flow velocity and mass flow rate in said flowmeter

and said conduit portion.

32.  The methad of claim 28 including the step wherein said increased flow
velocity is obtained by positioning said material outlet proximate a throat of a

venturi.

33. The method of claim 32 wherein said methad further comprises the
steps of:
operating pressure sensor means coupled to said flowmeter for measuring
the material pressure drop between said material inlet and said outiet of said
5 flowmeter; and
deriving said viscosity of said material flow in said conduit in response to

said derivation of said material pressure drop.

34. The method of claim 24 including the steps of:

positioning an elongated body positioned of a Coriolis mass flowmeter
internal to said conduit with said body and said conduit having paraliel longitudinal
axes;

5 extending material received by an upstream end portion of said body having

said material inlet through said Coriolis mass flowmeter;

discharging materiat from said body back to said interior of said conduit via
a downstream end portion of said body having said material outlet;

a pair of paraliel flow channels within said body having longitudina! axes

10 parallel to said longitudinat axes of said body;
connecting the downstream ends of said flow channels with said

downstream end portion of said body;
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v e LI, e

mat eri al through nmeter 20 The pr&@u&é&.ﬁr BkENJgh the meter is now
set equal to the pressure driving | he f IRERLA fbugh tihe neter. The ratio
of material fwaw7izbsoeugh the neter to materi al oWt hr onedidogogy£nt ur i
can then be found by solving t he resulting equation for the vel ocity

ratio. E err] Substituting equations 18 and
21 into equation 2?0@/?9@“ g -the upsjream eg@ portionsn ok saig faw Ghapaeispwith said d

for the vel OCbbé’tréa%'e?tdl?ﬂ'sttaﬁFbédy?mt er neter and
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 flows
20 through said channels for deriving information pertaining to said material flow in

said conduit.

36.  The method of claim 34 including the steps of:
positioning said 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;

5 deriving the viscosity of said material flow in said flowmeter in response to

said derivation of said material pressure drop; and

said viscosity derivation being used to derive said total mass flow rate in said
conduit.
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the venturi throat.

14

WD 97/ 26509 PCT/ US97/ 00633
(24) [err] 5 Substituting
equations 13 and 15 into equation 23:
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ferr] 10 From equation 25 it can be seen that the materi al
velocity ratio is dependant 15 wupon not only the known neter and venturi
geonetric constants, but also on the mat eri al density, viscosity, and
even material velocity. Traditional volunetric bypass neters can only
deternine the WO¥RWBterial velocity, V[err], but without FPCTRIMWHR) t he
density or viscosity they cannot determni €é%the throat velocity, or total
flow with accuracy. The use of a Coriolis neter as the bypass neter all ows
the 20 determination of both material density and velocity. Thi sN eaves

only viscosity and throat velwcity as unknowns. Viscosity cang)e deal t
with in several ways. First, if © the viscosity is dzsknown,
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the fluid tenperature as nmeasured in the Coriolis neter.
tenperature be known_in order to conpensate for changes in

Tequire the 25
el astic nmodulus with
upknown manner, it can be deter
gage to measurWOPRR6SY essure di
the Coriolis nmeter. Pressure differ

t enper at ur

(Coriolis neters

W

| I'lscosity varies in an
HA éETEK‘ differential pressure
prpn tihe inl etPCEASHMEIt of

ence I

s a function of flow rate and

viscosity. Since pressure drop and flow? ate are 30 neasured, viscosity

can be determnined as per US patent # 5,359, 881 using the Hagen
Poi seui |l | e equati on: 15
WO 97/ 26509
PCT/ US97/ 00633 116 117
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‘[err] = Viscosity of the fluid [err] K=A
sconstant determ ned for the

-i ndi vi dual neter [err]P =
Differential pressure 5 p = Density
of the fluid woo9m26s509 m= MBSEUSYPREBat e
of the fluid The only unknown in equation 25 at this point is the

vel ocity through the throat of the v&fkuri which can be determ ned by
iteratively solving the equation. Once the throat velocity V[err] is

known, the throat mass flofrate can be determ ned (velocity 10 tinmes
density tinmes throat area). conduit mass flowrate is sinply the
sum of the fl dW{ete t hiroatass flow rates. The

uri

%

calcul ations outli N above are easily Q' qui ckly perfornmed by use of
a mcroprocessor sud} as al ready'g exi sts the Mcro Motion nodel RFT
9739 which may co se net er el edtir oni cs 114 and which is available

fromMcro Mtion,
Figure 1 can deter

)

c., i n Boul@er, Col orad@B0301. 15 The geonetry of
‘Q‘q condui t rial massfNJ ow rate with higher

preci sion than pres by@ss ters by e of a standard Coriolis nass
flowreter in conjuion vt h ri, andf necessary, a differential
pressure gage. T 9739 KReter electronics 114) is
currently progranme\and 20 al to ~§ ive mass flow rate,
volumetric flow rat@yand densy ' mat i on for the material flow ng
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104 on Fl(}:)ure 1. If the f equi pped with a differenti al
pr essur e2010/038Rgdor , 4‘“}"{“%!““3“‘“3"% derive material viscosity
tnformation. In accordance < h the present invention, the RFT 9739
sol ves equation 25 for \t after bel ng 25 progranmed with constants

representing the 1l ownklowr raeaswenduntt agesratits Jors owdasuring amtémgl flow bva

dv, etc. It thecp derjves th? mass flow rate in the venturi and then in
the entir et yCAHUithSACARRAAIUS ¢PTAREYPEance with spirit of the invention,
the RFT 9739 ive conduit material mass flow rate

I nformation basedaﬁagvrq%tép(%orretri es using other fluid equations. 30

Equation 25 was darma'tedaf mlett(BE)f@f éivertirers@me asfi gah mdterigfiow irasaigndanduiti n
the conduit is used to increase the flow rate through the Coriolis neter.

It can beS (1013roaaid invengterswherein saithmaderialimiat iscepaitionad withial arvinteriar ue
for the enbocc)i srg,; tco%du:’t and coupled to said flowmeter; 16
a material outlet (107) 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; '
10 means (114) for determining the mass flow rate and velocity and density of
the material flow in said flowmeter; '
characterised in that said apparatus further comprises:
means (114) responsive to determination of said mass flow rate and velocity
and density of said material flow in said ﬂowmetef for determining material flow
15  velocity and mass flow rate in a portion of said conduit between said material iniet
and said material outlet; and _
means (114) responsive {o said determination of said material mass flow rate
in said flowmeter and said conduit portion for determining a total mass flow rate of

said material in said conduit.

2. The apparatus of claim 1 wherein said means for determining material
flow velocity and mass flow rate in a portion of said conduit between said material
inlet and said material outlet determines the ratio of material flow velocity between.

said flowmeter and said portion of said conduit.

3. The apparatus of claim 1 further comprising:
means (134 and 114) for determining viscosity of said material within said
flowmeter;
means {114) responsive to said determination of said viscosity and said
5 material flow velocity and said mass flow rate and said density in said flowmeter for
determining said material flow velocity and said mass flow rate in said portion of

said conduit; and

22
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WO 97/ 26509
PECT/ US97/ 00633 * Fi gﬂlmﬁlmﬂmﬂw‘w is no venturi in the conduit. In
thi s emMsdionES8PCW t hout y mr the venturi length, Lv of

equation 25, becones the di stance”i n® t fe conduit bet ween the flowneter
bypass inlet and outlet, the venturi dianeter (dv) becones t he conduit

di,ameter, and t hemgans (114)trBspursivecioasdid Wetd/Mmindttrooksait mvatedaelbcity andl 5
vélocity between the flowreter bypass inlet and outl et Si nce

equat i on 25 maswfiew srieds saist riien farslatermiging,said total Hatrrial massdiow
wel | as ntuygi.f , as shown in Figure 8, correction can be nade
5L LR " R |

for ypass ratio of these non-venturi neters resulting
in inproved accuracy over prior art bypass neters. The preferred

enbodi ment, however, 10 contains a ventur which further enhances accuracy
by increasi ng t he*-anouhtte apparatus oficiaimwharsin said meansdpr detegnining materia

The precedi i, JeapLipLad PnABhRANAL L PIDAMGE b diRaRl Betwabn LR MaRsaTS

by which the ™ pr rnventron deri 'ow rate I'n a

condui t couphfetland said materiay patiet deterenifies threetatio. of Thetedaplior eeibcily betwaee
equivalent to a flow chart 15 havi the follow ng el enents:

n »
1.  The masisid flowmeipeand said Qwoﬁﬁgéﬂdamm%ci ty, of the flowreter is
det er m ned; 2. The material viscosity (if not constant or
al ready known) is . det erm ned;

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

8. The apparatus of claim 5 wherein said Coriclis mass flowmeter further
comprises:
pressure sensing means (134) coupled to said material inlet and to said
material outlet for producing a measurement of a material pressure drop between
5 said material inlet and said material outief; and
means (114) responsive to said measurement of said material pressure drop
for deriving a viscosity of said flowing material,

7. . The apparatus of claim 6 wherein said means for determining said
total material mass flow rate in said conduit comprises:

means (114) for determining a material flow velocity and mass flow rate in
said flowmeter as well as a material density and said materia! viscosity; and

5 . means (114) responsive fo said detenninaﬁoh of said material velocity, mass

flow rate, density and viscosity in said flowmeter for determining said material mass
flow rate in said portion of said conduit between said materia) inlet and said material
outiet,

AMENDED S
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20 3. The materi ss flowrate in the portion of
t he conduit bet vveerﬁ“l"ﬁ lﬂ]mmlﬂ](m,:aet and outlet (or at the venturi
t hroat iS01V@3RFCT, * Ctdetter mi ned wuSi ng equation 25; - 4,

The mass flow rate |n the portion of the conduit between the f I owmret er
inlet and outlet (or at the venturi throat if present), is then determ ned
25 using the detgrm riEice apparatad of kb it furtbbr sbmpri8ingnd t he known physi cal
characteristics of the conduit or vent ur i

total material ne¥§ap &W@bfoé ingrepaibdSid mafeﬁé'effﬁgt?@mwwﬁ@dc@uﬁ atTQe
Doo 09§ e TRt Bror Al i€ nideRiiSibt dhd BEWLH il 198 4@ BubEL

venturi) ow ra st e scription igures and

Figures 4 ang sﬁsdii'rmériﬁ@uaandlﬁm mﬂtewﬁ m!et;calhment of the invention

EST,O” sing a bypagasld Ha%gggto%rﬂetd' ggmlg rt]:%te.f;: edcto salcp con :t at salc? rloc%rtnogfha%(i)nr&dgrlxt
increased velocity of material flow in said conduit for generating an optimum
pressure drop between said material inlet and said material outlet to increase said

material flow within said flowmeter.

8. The apparatus of claim 8 further comprising:

means .(1 14} for determining said material flow velocity and mass flow rate
within said flowmeter as well as a material density;

means (114) responsive to said determination of said material flow velocity

5§ and mass flow rate and said material density in said flowmeter for determining

material flow velocity and mass flow rate in said portion of said conduit having said
increased material flow velocity; and

means (114) for determining said total material mass flow rate in said

conduit.

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

11.  The apparatus of claim 10 wherein said Coriclis mass flowmeter
further comprises:
. bressure sensing means (134) coupled to said material inlet and to said
material outiet for producing a measurement of a material pressure drop between
5 sald material inlet and said material outlet; and
means (114) responsive to said measurement of said material pressure drop
for deriving a viscosity of said flowing material.

12.  The apparatus of claim 11 wherein said means for determining said
total material. mass flow rate in said conduit comprises:

A
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Eg?agégzggé@gspc-r _ COM!UIIHHIMIMI lumupst ream end 102 and a downstream

tnd 103 as shown for cbndi t" 161 6n Fi gures 1 and 2. Bypass flowreter
400 has an upstreamend w th an openi ng 402 and body surfaces 401.

Fl owmret er 400 fur r . Loln G td ody
surfaces 406. Fl oﬁ?&mgﬁ?ﬁ%@f’ﬁ'ﬁ@@ %mn%tgﬁgléh&ggglgw # %ﬁdcrgﬁ%érlﬁé‘fvﬁgféoiﬁter
shel | 404. QuigricWiRbler 4eAvEiNas asnateriah dbhsity ahdshl ma®al viscosity;ough whi ch
fl ow channel s 409 and 411 pass. -Fl ow channel 409 includes an_ inl et

portion 452 whi chmeansdhhdoesaonsiveissaic detamnination of saidmatenabeeleciy, mass

openi ng- 1 1 usflofitafe: deRbinghd Y8Bodhdn AR RakFRtertoFbEBERInd Solliraterid hod!
Fl ow channel y4ibtity apluAass fow Hate inRsid eonduit beitiohld increased eeidditypgaedi ng

402. It further includes an outlet 415 connected to channel 434 havi ng
an openi ng flush waansgdd4hrespansive tosaid-datemmipation o ﬁﬁﬂd&ﬁt%lﬁ?ﬂp\ﬁwefo%'fy

Sensors. 421 478 0% 431 (BB Betts- oy pER B Uelimibint Ygd el rpterffress
and 425 it eﬁ&gr}g@é:{ngaé}ngmahﬁ' of flow tubes 411 and 409. Driver 417

conprises 15 "a col magnet M conbination in the md portion of hollow
chanber 427. Driver . 417 is energized by a drive signal received over

path 115 which vi Bal eq lGrddratile of clail ?5ohei&h 80 rdbrial oldidt' (111 259G

frequency when mat
g 6) is positioned upstream of said material inlet in said conduit.

14, The apparatus of claim 1 wherein said material outlet (111 - Figure
1) is positioned downstream of said material inlet in said conduit.

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

ﬂowmeter.

168. The apparatus of claim 8 wherein said flowmeter is a Coriolis mass
flowmeter; and :

wherein said means (114) for determining material flow velocity and mass

flow rate in a portion of said conduit between said material inlet and said material

5 outlet determines the ratio of material flow velocity between said flowmeter and said

portion of said conduit.

T 47.  The apparatus of claim 16 wherein said Coriclis mass flowmeter
further comprises: _
pressure sensing means (134) coupled to said material inlet and said
material outlet for measuring the material pressure drop between said inlet and said
5 outlet; and |
means responsive (114) to said measurement of said material pressure drop
for deriving viscosity of said flowing material. '
g SHEEY

25 e

ST#:997968683 68 689+ ~+1R06VIEOE ¢ IG:8F * L6-8 -II: T0. NTHONTW-VdT : NOA “ADY



L4

Chanber 427 further inclu sors 421 and 423, each conprising
a | net M mﬂﬁﬂﬂm U detect the transverse novenents
~of fl owc%h]@gggﬁw and VI brated at their resonant

frequency by driver 417 under control of the drive signals received on
path 1 15. The oscillations detected ~ by sensors 421 and 423 are
ext ended over path 116 to neter electrqnics 114 which, in a well known

manner, det er m negs . NeTRb LbefibSirRam HB\RERI, B8ig moanSH6FINS8aahg 1AL

The phase differ ence bet we TR BT

fl ow rate ofvalbeitywi said mhateriaf ﬂcwwcohmmeb% vertuAte0 8 dositMriery m@érﬁﬁ“ooéﬁlﬂs

114 al so determ nes the density of the flowwng material fromth
frequency of¢anddiit and oscillations applied to path 115. The meter

o ex pr ogr anmed 1 Y DETSE S malrRf Bytet s BB 16 A e85l BgalF of 36 VA,
fl ow channel s 409 and 411 and the dianeter of conduit 101 to 30 determ ne

the mass flow rate and_other desired information for the entirety of the
material flow ng W&t hi Hhe BePafates phelaim ‘Gwherein said Coriclis mass flowmeter is

18_’ positioned external to said conduit.

20.  The apparatus of claim 18 wherein said venturi (108) is affixed to the
inner surface (113) of said conduit.

21.  The apparatus of claim 18 wherein said venturi (208) and said th roal
area T are spaced apart from the inner surfaces of said condult.

22.  The apparatus of claim 14 wherein said Coriclis mass flowmeter (400)
is positioned within said conduit.

23. The apparatus of claim 22 wherein said Coriolis mass flowmeter
COmprises:
an elongated body positioned internal to said conduit with said body (404)
and said conduit having parallel longitudinal axes; _
5 an upstream end of said body {402) having said matérial inlet B for receiving
material to be extended through said Coriolis mass flowmeter;
a downstream end portion (407) of said body having said material outlet
(434) for discharging material from said body back to said interior of said conduit:
a pair of parallel flow channels (409, 411) within said bedy having
10 = longitudinal axes parallel to said longitudinal axis of said body;
means (404, 411) coupling the downstream end portion of said flow
channels with said downstream end portion of said body;
means (412, 413) coupling the upstream end portion of said flow channels
with said upstream end portion (402) of said body;

26 | ANVE
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WO 97/ 26509

PCT/ US9 ' ”","””l”l"l, be noted that the exit opening of

out | et ggagﬁg%ﬁgnioneﬁ Pt OXi nqu;m“*Hl the throat T of the venturi fornmed
by surfaces 406. This permts the flowreter 400 ~to be subjected to an
oot . U oA Sl 1t S s F RO o s *°
previously ' f : is " ' t he
oot rod Y89 Endififelsdnd S o MFE! Shi RdaphniipHétiined Bapk fo S Ratrl |
the i nteri oflodfing imsaidtcahdisit; Figure 5 is an end view of the
enbodi nent of Figure 4 and.ill ustrates ai of. struts ,50 d 502

. connecting the oJﬂ@?n%(ﬂrVSé%”ﬂIPm&'FS\ﬁﬁﬂ 3?£W@5§ trﬁn?‘f?és?')ﬁﬁé‘plf""g'?"d]i@%&f‘ﬁ@% of
conduit 101. t 5 extend through the center of strut 501 10

to connect m gggagﬁec cﬁoé\tﬁgg%é f1 owret er 400. I nsertion

Cori ol i 20 | owret anedf®inelugingsarsar meansdid21 6428) coapledite saidrflove eimsravels and

435 which is positioned within the hIijlol | ow phinber 427 .and, i s connect ed by

t ube 4e3pensivie 40 Saidhvisaiing whilgmalena! dows, hrujeh: siddiaw sheprelsder 433

whose out | et

. [ QI | al 34 of the fl :
Dfferenti aIdeﬁvg&%@gqg%&g?@@ﬁé?ﬂé@é’?@sﬁt%%&E’Fggg@r e gi f#e?enccemggt \i/(raen

_the material inlet 402 of flowreter 400

24. The apparatus of claim 23 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.

25. The apparatus of claim 24 wherein said Coriolis mass flowmeter
further comprises:

pressure sensing means (134) coupled to said material inlet and said
material outlet for measuring the material pressure drop between said inlet and said

5 outlet;

means responsive to 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 material
velocity and mass flow rate in said venturi and, in turn, the total material mass flow

10 rate in said conduit.

26. A method of measuring material flow in & conduit; said method
com;;rising the steps of:

diverting some of the material flow in a conduit (101) to a flowmeter (104),
‘wherein a material inlet (B) is positioned within an interior of said conduit and

5 coupled to said flowmeter; _

returning material flowing in said flowmeter to said conduit via a material
outlet positioned (107) within said interior of said conduit and coupléd to said
flowmeter;

o | 3A
a e &
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‘and the5939@218§cégt I m“ml,MIHHMHIHMOO This pressure differential

I nformati on Is applted-t® neter el ectronics 114 over path 115 on
*Figure 5 which uses this _pressure differential information to derive
the viscosity fodeterainingwinateridtfiom selocity and mass flow, sate| aswheeesity obthey

be' oper at.ed wi he difd er i al pressure sensor 20 435 in
install gpl of{%at%ﬂgtﬁﬁ“ifﬂﬁﬁg fhw 6 material in conduit 101 has a near

const ant Vi eharddtarigedn that saidimethorsarther combfises e ¥3p8 drhe materi al
has a viscosity that is a known function of tenperature which is

measur ed by the fdeteimining madedelneiocity and masa fipwi rate inanpoitionwdfisald comrduit _
Vi scosity i nknown, .the differentjal pressure sensor ., .. 435 can rive
Uhe. mat et i abeiyessat ickais saidoulet § reRPaRSeD, S HRGHMINANOR ! mlanaigow

equat i on 24.Lp,igdenbbentatrf B4 MBRGH esBlaineeiadde mterial flow

within the enturi roa ownet€r material velocity.
Havi ng dé& er m nedetdrenining a Yethbmidterial rhss fioWweratd irosaidastthdultan frespomiecto
the mass flow rate for the material in the throat can be derived from
the fol |l owi 8§id @p@@nmjngimrpgf said material flow velocity and mass flow rate in said
Vierr]=matergial | . . [err] :

M err] =mas Sﬂpw&;tgggﬁé fY s34 conduit portion.

Alerr]=throat cross section area
o=material density 19
27.  The method of claim 26 wherein said flowmeter comprises a Coriolis

mass flowmeter and wherein said method includes the steps of;
coupling pressure sensing means (134) to said material inlet B and to said
material outlet (107) for producing a measurement of a material pressure drop
5 between said material inlet and said material outlet; and
deriving a viscosity of said flowing material in response to said measurement

of said material pressure drop.

28. The 'rﬁethod of claim 27 including the steps of:

determining a material flow velocity and mass flow rate in said flowmeter as
well as a material density and said material viscosity;

determining the material flow velocity and mass flow rate in said conduit

5 portion in response to said determination of said material velocity, mass flow rate,

density and viscosity in said flowmeter; and

determining said total mass flow rate in said conduit.

29. The method of claim 26 further bomprising the steps of:

increasing said material flow velocity and mass flow rate in said conduit
portion and proximate said material outlet; and

coupling said material outlet to said conduit at said location having an

5 increased material flow velocity and mass flow rate for generating an optimum

28
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Lerr] Thi s rrass_'flov‘“ﬂ“‘e“m lH mllrel y of the conduit is the sum of
the msgofb&\%@&f I n i sthe mass flow rate through the
Cori ol i 20f ter. Dedcrfption of Figure 6 Figure 6 discloses a
bypass Coriolis floweter systemsimlar to that of Figure 1. The

diff is that .in th t f Fi 6,the fl t i.nlet 106 i
posi ti oned BEHRIS SERR BevWsEsAd meterial et and sal§ malse orliebfo ingreese aeid

conduit 101 Wickliaf P LAl through flowreter 104 and outlet 111
back into t t%ﬁ?‘ed%ﬂ@ﬁ?ﬂg ﬂco?gvn ul tr The material flows in that direction

since the material pressure at inlet 106 is greater than that at outlet 111
due to the | ow pressure at the - \ . , . L
30. The method of claim 28 wherein said flowmeter is a Cariolis mass
flowmeter; and
. wherein said step of determining material flow velocity and mass flow rate
in a portion of said conduit between said material inlet and said material outlet
5 determines the ratio of material flow velocity between said flowmeter and said

portion of said conduit.

31. The method of claim 30 including the steps of:
measuring a material pressure drop between said material inlet and said
material outlet; and
deriving a viscosity of said flowing material in response to said measurement
5 of said material pressure drop.

32. The method of ¢laim 31 including the steps of:

determining a material flow velocity and mass flow rate in said flowmeter as
well as a material density and sald material viscosity,

determining said material flow velogcity and mass flow rate in said conduit

5 portion of increased velocity in response {0 said determination of said material

velocity, mass flow rate, density and viscosity in said flowmeter; and

determining said total mass flow rate in said conduit in response to said
determination of said material flow velocity and mass flow rate in said ﬂowmet_er
and said conduit portion.

33. The method of claim 29 wherein said increased flow velocity is

obtained by the step of positioning said material outlet proximate a throat of a
venturi.
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throat T of the venturi. MU@“QUEH{M“ gure 7 A single
di fferengj re se W th tubes 432 and 433 as shown
on Fi gurébib/loggﬁ,gﬁunecessary and | désited, can be replaced with two

separate pressure sensors 435A and 435B, one of which can be positioned at

the termnus of tube 432 at terjal iplet 402. The her. can be | tioned
at the termnus of4tub Eﬁeﬁ\%drﬁ{‘gﬁ“f‘h%&ﬂqr@w %ﬁm%egéﬁ‘ |%°W$’§§?S[W(§se
two i ndivi dug{e rgssure gauges can then be applied over conductors 116A and

116B to nmetef €lecironics 114 (not shown on Figure 7) which can then .
operate in the saoperating prassude ssensbednéans K134} eouplednty Saidoflowmetes forof

river 417 aRparRogtaBmasrabatHRe dpuoaEy sk MBiRlielot podirititet o
to neter g eﬁ?ﬁaﬂif{bfﬂrﬁéfér; a® and 1 17 in the sane manner as shown on

Fi gure 5. I's to be expressly understood that the clained
i nvention is not deriking $aid (vistosdy of sab-matenalifiow #r said copduitdn regponse to

enmbodi nent, bu nconpasses, pt her . nodi fi catjons and alterations within the
scope and spﬁ?{dtgﬁﬂ‘fatrﬂﬁg q%@@gﬁmagglaﬁ“%%{r.e rop. o

35. The method of claim 26 including the steps of:

positioning an elongated body (404) comprising a Coriolis mass flowmeter
(400) internal fo said conduit with said body and said conduit having paralie|
longitudinal axes:; _

5 extending material received by an upstream end portion (402) of said body

containing said material inlet through said Coriolis mass flowmeter,

discharging material from said body back to said interior of said conduit via
a downstream end portion (406} of said body having said material outlet (434);

a pair of paralle! flow channeis (409, 411) within said body having

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

connecting (414, 415) the downstream ends of said flow channels with said
downstream end portion of said body;

connecting (412, 413) the upstream end portions of said flow channels with
said upstream end portion of said body;

15 wherein material that enteré said material iniet 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 (417) said flow channels transveréely with respect to each other;
and

20 operating sensor means (421, 423) responsive to said vibrating while
material flows through said channels for deriving information pertaining to said
material flow in said conduit.

Aue® #&
B
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20 For . exanpl ﬂ\mma lﬂmﬂ Iﬂas been described with reference to
The use sd1c/088ptirs fl ﬁm 00. The invention is not so limted
and if desired, may be operatéd hith a volunetric floweter as el enent 104
if the materi aI density is constant. Wien so operated. a voI unetric

f | owret er havi ng in | in Figure 1,
and havi ng an outT et pgsétlonggogr%om nmat e %d?@ﬁ*r % of a venturi nmay be
advant ageously s ummmdg saidasutie bf saith jadyroximate apthréatchof'd ventier fornetihe
flowrreter to o] |n an optimum manner to determ ne the volunme of the
mat eri al g@d @ through and in turn, the volunme of the material

fl ow ng |n the entirety of conduit 101. Furtherm)re the sane approach may
be applied to different geonetries and flow conditions where the specific
equations nay di f82r. Boé mdthodef blaind36 theludimg thengtepbofr el evant nateri al

. operating pressure sensor means coupled to said bedy for measuring the
material pressure drop between said material inlet and said outlet of said flowmeter
body; o

5 deriving the viscosity of said material flow in said flowmeter in response to
said derivation of said material pressure drop; and
said viscosity derivation being used to derive said total mass flow rate in said
conduit.

AIENDED A
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A R - =T

p ensat iR L Q1NN T 6EaS | nihe bypass dH1S SHEEE HA BEE
vilﬂ“\\m\‘“ﬂ“‘u“ﬁm’mrﬂ Descringicdesirahl 214 psgge-hypass mefers diERLACER N
conguitt s *colducting Hi §hClaimés) of pnptiad). o il Eki sting bypass meters—-
however, lack the hi ghlhBrawiags) r egeyzr.edn-fefubstipytel sheetont4 Deba 1888 h
bypass ratio \ﬁari es. W ThAbkgaceat ep&@d.}l@f@gﬁa@rﬁ.; The preferred Coriolis
fiowreters of¥ MWsent i nvention enhancé Theit accuracy without the
penal ty of pernmanent r’rqi@m%}? @Ry gdis 1s achieved by use of a
venturi to increase tﬁ%m%m.gw hrough the Coriolis "~
met er. Furthernorg, thElow imeasirement appaxatusnforageasueng dnaterial floverinuai
based bypass neter enpable the bypass ratio to be calculated fromthe neter
geomet ry andC@M¥I SalcjaRPaTaf PU%BBerties. The preferred Coriolis neters
of the present i”¥?|BWn?§'tef'°”ti nuously measure the relevant materi al
properties and continuousl’y cal culate the bypass ratio and total mass flow
rate. a material inlet for diverting some of said material flow in said conduit to said

5 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;

10 ' means for determining the mass flow rate and flow velocity and density of
said material flow in said flowmeter;

characterized in that said apparatus further comprises:

means responsive to determination of said mass flow rate and said flow
velocity and density of said material flow in said flowmeter for determining the flow

15 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 bf said

material in said conduit.

2. The apparatus of claim 1 wherein said means for determining said
flow velocity and mass flow rate of said material in a 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

5 and said material in said portion of said conduit.

3. The apparatus of claim 1 further comprising:
means for determining the viscosity of said material in said flowmeter;

means responsive to said determination of said viscosity and said flow

velocity and said mass flow rate and said derjsity qf paig M%@‘%ﬂowrg%er
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5 for determining said flow velocity and said mass flow rate of said material 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 determining 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 a means for
determining the ratio of the flow velocity between said material in said flowmeter

5 and said material in said portion of said conduit.

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

mass flowmeter.

6. The apparatus of claim 5 wherein said Coriolis mass flowmeterfurther
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
5 material inlet and said material outlet; and
means responsive to said measurement of said material pressure drop for

deriving a viscosity of said flowing material.

7. The apparatus of claim 6 wherein said means for determining said

total mass flow rate of said material in said conduit comprises: '
means for determining a flow velocity and mass flow rate of said materiat

in said flowmeter as well as a material density and said material viscosity; and
S means responsive to said determination of said flow velocity, mass flow rate,
density and viscosity of said material in said flowmeter for determining said mass
flow rate of said material in said portion of said conduit between said material inlet

and said material outlet.
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a a material inlet for diventiyg SHORE HAS BEEN
Wummfﬂlluullmmal d conduit to said 5 flowreter, wherggm Ap&Dd mat pri al
infet®is pdsifiofed within an interior of said conduit ant—coupl ed to
said floweter; a material outl et Substirdewheehg Tfadalyi b598

flowing in said floweter to said . conduit. wherein said materi al
outlet is positiohed w ¢ appaeates phelaim drfugthes spapeisingui t and coupl ed

to said fl owreter, . . ' ' . . ' . aid
mat orial i sai o BSAGEer inerea S Sai B YGRRZT uid Rttt Bl EMA LR 3T
outl et bet wagihduitifcatiireprofimatelsaid matkribdtiet betwd®h @hidahateiial iplet apdishid
material outlet being coupled to said conduit at said |ocation having

an i ncr easednatesial putiet isaid material outiet keing|coupleshioosaid sanduit absaigdncation ng
an opti . pressure dr be en_sai terial .inlet apd said material
out ot 1o avind an iiihases b el ar 35imatire) saie Boiiu g ooty &1
flowreter; gptimum presBBRNArdPbefifdel Shidl RdtéMa iARE antl QA4 "Mk AN SulibPYS
vel ocity and density of said material flowin said flowreter;

means r esporistreasesaid flawdeieaityi of scidomatdrial avithinsaid ldvanetesit e and said fl ow
velocity and density of said material flowin said flowreter for
determning the flow 5 velocity and nass flow rate of said material in a
portion of said cgnduifhgghgg%s ofciaﬁiﬂu%bﬁgbﬁ'll risipget and said material
outlet: and mea responsive to sal dgt erm nation of said nmass
flow rate in sai dneans for adeterminingnsiid nflceeiviblocitydand rpass iflow fate and said

determ nin t ot al s flow rate of said
d daens?ty of Srg'a mater?al wit tin said fowmeter;

means responsive to said determination of said flow velocity and mass flow

5 rate and said density of said material in said flowmeter for determining flow velocity

and mass flow rate of said material in said portion of said conduit having said
increased flow velocity; and

means for determining said total mass flow rate in said conduit.

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

mass flowmeter

11. The apparatus of claim 10 wherein said Coriolis mass flowmeter
further corhprises:
pressure sensing means coupled o said material intet and to said material
outlet for producing a measurement of a material pressure drop between said
5 material inlet and said material outlet; and
means responsive to said measurement of said material pressure drop for

deriving a viscosity of said flowing material.

12.  The apparatus of claim 11 wherein said means for determining said
total mass flow rate of said material in said conduit comprises:
means for determining said flow velocity and mass flow rate and said

density as well as the viscosity of said material in said flowmeter;
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3. The apgahsity'andivisdosityot séidrﬁwaferna? HBAidSHdWmeter for determining said flow

velocity and mass flow rate of said material in said conduit portion of increased
flow velocity; 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 mass flow rate

of said material in said conduit.

13. The apparatus of claim 1 wherein said material outlet is positioned
upstream of said material infet in said conduit.

14.  The apparatus of claim 1 wherein said material outlet is positioned
downstream of said material inlet in said conduit.

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

16. The apparatus of claim 8 wherein said flowmeter is a Coriolis mass
flowmeter; and

wherein said 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.

17.  The apparatus of claim 16 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.
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' ' T THIS SHEET HAS BEEN
nea the viscosity of said materi ai i n REPLACEDWet ﬂr
meaiE "g Emﬂﬂﬁlﬂwsal d determ nation of said visc '

vel ss flow rate and said density of said material in said
flowreter 5 for determining said flow vel oci Substituteashdetasis {lubw1988e of
said material in said portion of said conduit; and means
responsive to said determnation of said flow velocity and mass fl ow

rate of said matey 'aI J'F%?@bgfawgg%%gﬂo{ﬁ {vﬂgréigrsa%eﬁ%ramsszg,é%gné%%?&

mat eri al mass n sald

appar at us officsi ﬁelﬁb@y Bhedi€ materal dompriges bventiati sosttigtistdnterhal to said donduit;
velocity and mass flowrate of said material in said portion of said

condui t f amiwgen said material inlet and sal d material outl et corrpridses
material in said ﬁﬁ%«%é’?%é%ﬁa 8} f et oIt S By BEl Bl
condui t. : The apparatus of cl al m 1 wherein said fl owneter
conprises a Coriolis mass fl owneter.

19.  The apparatus of claim 16 wherein said Coriclis mass flowmeter is

positioned external to said conduit.

20. The apparatus of claim 18 wherein said venturi is affixed to the inner

surface of said conduit.

21.  The apparatus of claim 18 wherein said venturi and said throat area

are spaced apart from the inner surfaces of said conduit.

22.  The apparatus of claim 14 wherein said Coriolis mass flowmeter is
positioned within said conduit.

23. The apparatus of claim 22 wherein said Coriolis mass flowmeter
comprises:
an elongated body positioned internal to said conduit with said body and
said conduit having parallel longitudinal axes;
5 an upstream end of said body having said material inlet for receiving 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 low channels within said body having longitudinal axes
10 parallel to said fongitudinal 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 flow channels with said
upstream end portion of said body;
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6. claim5 wherein said Corioli Sﬂ{l%%?‘iéﬂfwsﬁm urt her
corrp“iﬂﬂﬂmfmﬁﬂwum‘pressure sensi ng neans coupl gd néﬁ‘rbl%\ ertalf inlet
and L ers al+ outlet for producing a negsure a--eteri al
pressure drop between said 5 material inlet aghbstiteterdHedti-al4 Quly §898and
means responsive to said neasurenent of said material pressure drop for

derivi ngt@ vi scoswhereist material thadwnters saiddniedlof said body is extended thrpugh said

P e ok PhTSR ARG 4 L BE AR A L Bl 82t sa gl
det erm ni ng fRywih@h ¥8idxdnduitand mass flow rate of said material in said

flowreter as welT as a material density and said material viscosity, and 5
means responsi ve meassifdr ¢éhrating reaid mhaphetsatransveraelyeand i lopgitudisally Iwith

rate. densi t nd visgpsity of said material in said floweter for
det er i ni ng rggp%ctﬁg&ac GiRer; ahd 23
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.

24. The apparatus of claim 23 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.

25. The apparatus of claim 24 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 inlet and said outlet;
5 means responsive to 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.

26. 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 inlet positioned within an interior of said conduit and coupled to said

5 flowmeter; _ _

returning material flowing in said flowmeter to said conduit via a material
outlet pasitioned within said interior of said conduit and coupled to said flowmeter,

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

said flowmeter;
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| erial in said portion of splldiScoHihTl HADSEREdN sai d
mmnmd said material outlet. REP&A{}ED The dppar at us

flow,
= W
of clalnt ar eisn sai d means responsive to sai t—deternmmatiomof said

flow velocity and mass flow rate and sai d denSubgtititesstiedtret4Uupt 1998 sai d
flometer determnes flow velocity and nass flow rate of said material in

the port®on of seharasteiigedtin thatisaid swthed Autherdeciudesthe stepsofly .
determining flow velocity and mass flow rate of said material in a portion of

said conduit between said material inlet and said material outlet in response to said
determination of flow velocity and mass flow rate and density of said material in
said flowmeter; and

15 determining a total mass flow rate of said material in said conduit in
response to said determination of said flow velocity and mass flow rate of said

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

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

mass flowmeter.

28. The method of claim 26 including the steps of: -
coupling pressure sensing means to said material iniet and to said material
outlet for producing a méasurement of a material pressure drop between said
material inlet and said material outlet; and
5 deriving a viscosity of said flowing material in response to said measurement
of said material pressure drop.

29. The method of claim 28 incmding 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
5 conduit 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.

30.  The method of claim 26 further comprising the steps of:

increasing said flow velocity and mass flow rate of said material at a conduit
portion proximate said material outlet; and

coupling said méterial outlet to said conduit at said location having an

5 increased flow velocity and mass flow rate for generating an optimum pressure
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Corio ss ] ofnefer further conpri ses: . e sensing
means coupled to said material inlet and to s&ubstiftiter sheet - 14ululyetl IS

produci ng a neasurenent of a materjal pressure drop befween said 5

material inl EfORPEMELR sid HiqtﬁT'alo@Etépqu§ﬁ@r mactieng o‘ﬁ}q’régrﬁa'aergHGﬂﬂq;emt 0
sai d neasur effhba séiﬁ'rﬂaf@?&?ﬂé@lwiﬁ{iﬁ%@rfﬁ)@hgférf or deriving a viscosity
of said flowng nmaterial. : e apparatus of claim10

wherein said neans for determ ning said total mass flowrate of said
material in said conduiit conprises: . .means_for determ.ni.ng said

fl ow vel ocity and3fass Tfedwe t¢laim 30wherein. said; fovwmeler is a,cofigls mass
viscosity of aszjetgPt jal in said flowmeter; 5 means responsive to
sai d determ nation d ow velocity, mass flow rate,

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
5 outlet comprises a step of determining the ratio of the flow velocity between said

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

32. The method of claim 29 including the steps of:
measuring a material pressure drop between said material inlet and said
material outlet; and
deriving a viscosity of said flowing material in response to said measurement
5 of said material pressure drop.

33. The method of claim 32 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;

determining said flow velocity and mass flow rate of said material in said

5 conduit portion of increased flow velocity 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 in
response to said determination of said flow velocity and mass flow rate of said

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

34.  The method of claim 30 including the step wherein said increased
flow velocity is obtained by positioning said material outlet proximate a throat of a

venturi.
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densi of said material in said HI9WHEEELA ermning
sai d mmmuml’,ﬂmmmand mass flow rate of said W@Q}E&%ASO%E@% condui t
porti oh of increased* flow velocity; and
24 means responsive to salsi;bcéﬁt@tremhmﬁl o4 guhsdogsf | ow

I t d | ow_10 f | i d, copdui t t
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condui t. steps of:

operating pressure sensor means coupled to said flowmeter for measuring
the material pressure drop between said material inlet and said material outlet of

5 said flowmeter; and
deriving said viscosity of said material flow in said conduit in response to

said derivation of said material pressure drop.

36. The method of claim 26 including the steps of:

positioning an elongated body positioned of a Coriolis mass flowmeter
internal to said conduit with said body and said conduit having parallel longitudinal
axes;

5 extending material received by an upstream end portion of said body having

said material inlet through said Coriolis mass flowmeter;

discharging material from said body back to said interior of said conduit via
a downstream 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 flows

20 through said channels for deriving information pertaining to said material flow in

said conduit.
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The apparatus of claim1 wherein said FOSI tioned
HB“ “:mgerl al inlet in said confluit The

wherein said material o
dovvnst r'eam of' sal d material inlet in said condubstitute sheet - 1 JuI\14998The

apparatus of claim1 re sai o ) vol umetric fl owreter.

1gp Thg appar at :J§70f \A@ﬁﬁi"bﬁt‘i'oa,;?ng"ﬁ ’i"ﬁ{‘-\dl"lﬂ/\ﬁ\ﬁgﬁgf‘g aI Coriolis nass

fl ter; d PITSR b L:.5 A f |
owret er, an (Pesitioning s‘éﬁg@?‘tﬁaﬁ %hflef@?é}ﬁd b%ﬁ&%ﬁﬁ@té‘ BRI éﬂgéo i ha

flow velocity an ow rate of sail terral 1n sal I on
of sai d condfortededyeasid boalyd naterial 5 inlet and said material outlet
conprises a neans for determning the ratio of the. flow vel ocity

betw_een sai d _rrateri al _ in said floweter and said naterial in said
portion of said cggdui¥he method of claim 37 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;
5 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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"16. . ’The apparatus of claim15 wherein said Coriolis mass fl owreter
further conprises: pressure sensing nmeans coupled to said
material inlet and said nmateri al outlet for measuring the nmateri al

pressure drop between said naterial inlet and sabgt_iﬁ,tg%h%{al1z)gmye1?ggnd

means responsive to said neasupgepRBE PfPEFLOWRIESTHRI pressure drop for
deriviing viscosity of said flowng material. 17. The

apparatus of claim 15 wherein said nmeans for increasing said fl ow
velocity of said materi al corrpr#legﬁ %j%@ W\}EP@?@N ioned internal to said
condutt; and wherern said naterial outlet is coupled to a
throat area of said venturi. 25
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 is known to use Coriolis effect mass flowmeters to measure
mass flow and other information for materials flowing through
a conduit. Such flowmeters are disclosed in US. Pat
Nos. 4,109,524 of August 29, 1978, 4,491,025 of January 1, 1985, and Re. 31,450
of February 11, 1982, ali to J. E. Smith et al. These flowmeters have one or more
flow tubes of straight or curved configuration. Information regarding the
characteristics of material flowing in a Coriolis mass ﬂowmeter.must be derived with
great accuracy since it is often a requirement that the derived 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
Coriolis forces generated by the flowmeter through which the material 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 material 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 conduit whose material flow is to be measured is sufficiently small
so that a commercially available mass Coriolis flowmeter can be used lo receive the
entire material flow in the conduit.

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

be measured on a bypass basis by a volumetric flowmeter coupled to the conduit
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18. 'The apparatus of claim15 wherein said Coriolis mass flowreter is

positioned external to said conduit. 19. The apparatus of
claim17 wherein said venturi is affixed to the inner surface of said
condui t. 20. The apparatus of clgijpStitifteditgedi-N 2 Yully OYQUr i '
and said throat area . are spaced apart fromthe inner surfaces of said
condui t. 21. The apparatus of claim 13 wherein said Coriolis
mass flowneter is "positioned within said conduit. 22.

The appar atus of claim 21 wherein said SBLUIION nass fl ownret er
The present invention provides apparatus for measuring material flow in a

conduit as defined in claim 1, and 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
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 to 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 percént error.

The second way that a high flow rate through the Coriolis flowmeter reduces
efror has to do with the flow ratio. If the base uncertainty in the flow rate of the
Coriofis flowmeter is once again one pound per minute and the flow ratio is one
thousand to one, then the uncertainty in the flow through the conduil is one
thousand pounds per minute. On the other hand, if the ratio is fifty to one, then the

.uncertainty in the flow through the conduit is only fifty pounds per minute. The
Dypass meter's sensilivily to flow is effectively increased by increasing the portion
of flow that goes through the Coriolis meter. Thus it becomes obvious that it is

desirable to have a high material flow rate through the Coriolis flowmeter.

4
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“conp}ises: an el ongated body positioned internal to said conduit

w th said body and said conduit having parallel |ongitudinal axes;- 5
an upstream end of said body having said material inlet for receiving
mat eri al to be extended through said Cori ogiiSstitase she@\g el ily 1999

a downstream end portion of said body having said material outl et
di schar gi ng nat e'FhlaI problems atatised dyy lmmettpre§au@ |dn@rérlno'theof00§dmﬂ @fondﬁo;e

a pair of p | | fl ow channel s withjn said. it udi Xes
L0 par al | el IR <BYRASSD TATTRer: ddx et ool Bt ByBas(CliRmaes
coupl i ng thgf dovrst r eggregerdt PoridvedioRf S@e@aﬁéé)w cbanneih% Wi tsesal dof a

downstream end portion of sai d body; means coupling the upstream

end porti onvemtusaiodgéneratec Agmesdwse whifférestiptl such thaper peasseral rspoed;ov@mecof
L L e DN
and is ret upyiesbsiiatiéter atihd tll‘mbebf mb venturi fémmgauarmrés@@r@ddmbrennal
means for vjbrating said channels transversely and |ongitudinally with
respect to ReRMeentt gglmatgﬂﬂ inlet and outlet of the flowmeter. This differential generates
a sizeable material flow through the flowmeter that provides increased flowmeter
sensitivity and accuracy. Downstream of the throat of the ventur'x the bulk of the
pressure is restored to the material in the conduit system. The use of the venturi
to gcnerate this pressure differential and, in tum, the increased material flow
through the flowmetler is preferable to that of the use of orifice plates and the like
whose resulting matenal turbuience results in lost energy.
The present invention determines the total material flow within the condud
in 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)

is used to determine the relevant material
properties. The meter microprocessor in an associated electronics element can

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

The relevant material properlies, as previously discussed, are density,
velocity, and viscosity. The Coriolis meter determines the density of the material
from the resonant frequency of the vibrating tubes of the flowmeter. it measures the
mmass flow rate within the meter and from this information along with density and
flow lube cross sectional area. It then derives the velocity of the matenal flow
Pressure drop across the meter is determined with a differential pressure sensor

- connected between the material inlet and outlet of the flowmeter. The differential
pressure provided by the sensor is used to derive the viscosity of the material.

The ratio of the malerial velocity within the flowmeter to that of the conduit
is determined by using the material property values output by the Coriolis meter to
solve the appropriate fluid dynamic equation. From this ratio information and the
material velocity within the Coriolis meter, the velocity of the material flow within the

. " 5
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20 means including sensor neans coupled to said flow channels and
responsive to said vibrating while material flows through said flow

channel s for deriving said total material nmass flowrate in said
condui t. 23. The apparatus of cl Sypsti@utthehe&it 21Ky 1999
downstream end portion of sai d body conprises a venturi and v%erei n
said outl et ' | Lt . : ' thr | d
venturi . s Ui HeGobRgRASY KB Ymensidts ARG rsferalEn R IS ¢
mass fl owreiéth the coritinuolsly meapuredanaterial density. The ety Bowaass AQGhieans
coupled to said material inlet and said material outlet for neasuring

t he mat eri affoymatstieaddep mihemans Sawdrate wthimie weptdridnorder to derive the

means r espogs ik, bPirehdsSHAT Y58 Wittlin Me S8hGuINBLRRSALaRY SRRYNRAUIRPTHAL.
the preferred bypass flowmeters of the present invention overcome the problems associated
with the use of volumetric bypass flowmeters by operating in such a manner that
they continuously measure density 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 densit}f 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 walis
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-section end view of the structure of Figure 2.

figure 4 discloses a Coriolis bypass flowmeter of the insertion type
positioried 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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‘deri Vi ng the viscosity of said flowng material; and means
responsive to said deriving of said viscosity to determne the flow
velocity and mass flow rate of said material in said venturi and, in turn,

t he total mass flow rate of said material &Sibstitute SRBELL 12 July 1999

25. A nethod of neasuring material flowin a conduit; said nethod
conprising the steps of diverting sone of the material flowin a
conduit to a flowreter having a material inlet positioned within an
interior of said conduit and coupled to said 5 flowreter;

returning material flowing in s@ETAl E8C | conduit via a materi al

outl et posi bl onedt.vm' t IP n said interior of said conduit and coupled to said

flpmneter;_———-‘l——mxisescn 1000l 79 ing said flow velocity and mass flow rate of

said mterial al fog@hiistioses R AN P! ANWIRNESRIA BUEI G HHbbSeal!
te ocatl on ha

coupling said nma lal outlet to sard condulrt at sai ving an

i ncreased f kow W02 Woca dpwastieamsend 108, rraCeriblis figenestat i1 04 Masvimphhnnist 106
pressure drop between said material inlet and said material outlet of
sai d flowref8f oyl Hifsis coupleditel crpdiei 1811 inlasdeio MeIsYEs @ pobiamefdhe

material flow in the conduit to derive information pertaining to the entirety of the
material 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 intet
106 flows through Coriolis flowmeter 104 and exits the Caoriolis flowmeter 104 at its
material 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 intet 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 the
positioning of material outlet 111 proximate the throat of the venturi so as to take
advantage of the low pressure génerated at the venturi throat T as compared to the
material 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 malerial 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 meter electronics 114 which derives a continuous
indication of the viscosity of the material flowing through flowmeter 104. As

subsequently described in connection with the embodiment of Figure 4, meter
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"27 determning flow velocity and mass flow rate and
density of said material in said fl owreter; determ ni ng’
flow velocity and mass flow rate of said nmaterial in a portion of 5 said.
conduit between said material inlet and sai d ndlsstitate shédet 12njulgsi@®Be to

sai d determnation of flow velocity and mass flow rate and density of
said material in said flowreter; and determ ning a total
mass flow rate of said material in said conduit in response to said

determ nation of said rovy;,yg‘l/lpcity and mass flow rate of said 10 materi al
d

in said flowreter and of sai'd material in said conduit portion.

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 Figure 6

Figure 6 discloses a bypass Coriolis flowmeter system similar to that of
Figure 1. The difference is that in the system of Figure 6 the flowmeter inlet 106
is positioned downstream of outtet 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 materiat
pressure at inlet 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 4358, one of which can be pasitioned 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 individual
pressure gauges can then be applied over conductors 116A and 1168 toc 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 material viscosity. Driver 417 and sensors 421, 423 on Figure
7 may be connected by conductors to 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

This is the replacement sheet

pate: 1 3 JUL 1988



"26. The met hod of claim 25 wherein said flowreter conprises a Coriolis

mass fl ownet er. 27. The method of claim25 including the"
st eps of: coupling pressure sensing nmeans to said material inlet
and to said materi al outlet for produci ng gupsaaHs eKest - qu Julyet @99 al

pressure dr between sai d mat er i teri utlet; and
5 87 SRS, (edEvRIeY haP eandasrBhshYy HapErne A HEBR boriohs sai
measur enentﬂowmegrs S@40arRu4E6) %e%@éﬁ%r@ isdh&@Pso limited and if des#Bd, mEyS
met hod of claim 27 including the steps of det erm ni ng SXi e f1 ow
vel ocity amgesated wilksa blowatae owsnatet lasasleswing 104 if deesnatgriahdessity is

‘1 scostty ot TRhEhBedtata. S ST Bhpmpter hevag aTeH b DTS on
i n respons@nb@nsSal Qle?@érﬁﬁ@b'?ﬁ?lg%’?e qf aﬁ@'fﬂavﬁr{gpﬁh %kf@?béé’inoﬁ% Er&!lﬁ’:‘gt the
rate, density and viscosity of said material in said floweter;
det er mi ni nghroat d oba alenturs salyl hmadmraageostslv@umcéwm anmmmmamcmmdaute
drop which will permit the lowmeter 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 the 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 desirable to use bypass 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 penaity 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 calculated from the meter
geometry and 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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'29. The net hod of cl gj | id flowmeter is a Coriolis nass
fl owmreter; and ﬂ!m@mmﬂmlﬂHm step of determning flow velocity
and mass flow rate of r wnasersal in said portion of said conduit
between said material inlet and said nmaterial Substitute sheet - 12 July 1999
28 WE guiliMt conprises a step of determning the ratio of the flow
vel ocity between said material in said floweter and said material in

said portion of said conduit. . . . .
1. 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
5 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:

10 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 outlet; said material outlet being coupled to said conduit at said location having
anincreased 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

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 determination of said mass flow rate and said flow
velocity and density of said material flow in said flowmeter for determining the flow

5 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.

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 the ratio of the flow velocity between said material in said flowmeter

5 and said material in said portion of said condit.

3. The apparatus of claim 1 further comprising:

22
This is the replacement sheet

Date: 1330 mg



"30.  The nethod ol mw ding the steps of: measuri ng
a material pressu ggal d material inlet and said mat eri al

outlet, and Lde|"4| VEn viscosity of said flowing material in
response to sai d nmeasurenent of sai d nat erSulistiputesshret -dt 2pluly 1999

31. The nethod of claim 30 |ncI udi ng the ste fps of : det erm ni ng
sai d flow vel oci t "eans faadstermisung theevigsosinn of seid gzaatﬂrl%leﬂ@atq/ﬂqwmeter sal d

viscosity of sai dn&@n‘%”é}hoh?iv S?J S%@Fﬂ‘?@anon of said v:sﬁ%&?réﬂdﬂ' Qgi fgld

flow velocity and mass f err al condu
portion of meloemsedd’shld\mass ﬁmmrateiamdrmqbdaaatytmf md maﬂemaalnmsamtﬂMnéfer

sai d | oci t s flow.rate d.nst and os.,t aid .
mat eri al ?n gnéld\({f?ermmmélﬁrﬁg?grve Qfily and sai masd EYVéPYﬁ ﬂf?‘@d ?@”?f)t”aﬁa'ﬁass
flow rate ofpgmod cmsta@jcmdumaﬁal d conduit in response to said

det ernmi nation of said flow vel ocity and mass flow rate of said 10 materi al

in said flowret er”’fﬁ?@sdﬁsg%sﬂ’erfﬁtséfq determinagion of salgLiiQw ¥elocityand mass flow
32. The net iad oPEail!AkiDiafn'sBRY SHdUs ddMord o RIRGHAAIAg 32l Ftotd FhERRE s QW

fiow rate in said conduit.

4, The apparatus of claim 3 wherein said means for determining said
flow velocilty and mass flow rate of said material in said portion of said conduit
between said material inlet and said material outiet comprises a means for
determining the ratio of the flow velocity between said material in said flowmeter

5 and said material in said portion of said conduit.

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

mass flowmeter.

6. The apparatus of claim § wherein said Coriclis 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
5 material inlet and said material outlet; and
means responsive to said measurement of said material pressure drop for

deriving a viscosity of said flowing material.

7. The apparatus of claim 6 wherein said means for determining said
total mass flow rate of said material in said conduit comprises:
' means for determining a flow velocity and mass flow rate of said material
in said flowmeter as well as a material density and said material viscosity; and
5 means responsive to said determination of said flow velocity, mass flow rate,

density and viscosity of said material in said flowmeter for determining said mass
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“vel OCIty S obtarnEHy positioning said material outlet proximte a throat

of a vent ur “‘ ‘\33 The nethod of claim 32 wherein said

met hod further “ st eps of: operating pressure
sensor means c m to Salﬂ 1 owret er for nmeaSubstiyite sheehe Tnaly 1999
pressure drop between said material inlet and said material outlet of 5
said flowreter; and deriving said viscosity of said materi al
flowin said conduit in response to said derivation of said material
pressure drop. 34. The method of claim25 including the steps
of :

flow rate of said material in said portion of sai%gconduit between said material inlet
and said material outlet.

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.  Theapparatus of claim 9 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
-5 material inlet and said material outlet; and
means responsive to said measurement of said material pressure drop for

deriving a viscosity of said flowing material.

11.  The apparatus of claim 10 wherein said means for determining said
total mass flow rate of said material in said conduit comprises:
means for determining said flow velocity and mass flow rate and said
density as well as the viscosity of said material in said flowmeter;
5 means reébonsive to said determination of flow velocity, mass flow rate,
density and viscosity of said material in said flowmeter for determining said flow
velocity and mass flow rate of said material in said conduit portion of increased

flow velocity; and
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"p05| ted body positioned of a Coriolis mass flowneter
I nt “Hi“@lm“i“ ﬂ UI t vm th said body and said coriduit having parallel
Ion extending material received by an

upstream end portion of sal d body having Sabstittab eheat - 12 dulyt h888gh
said Coriolis mass fl owneter; di scharging material from said

body back to sai dmearusrrespomﬁiv&m shid detduiminatioa of said fiowl velosity eathroass ﬂow

Par ol 1o 101 o RLSE SRR AL e o RirBhe Steimiioa apivptal i e

paral | el to sfsdldImateriblidi gad cavdgt. of sai d body; connecting the
downstream ends of said flow channels with said downst ream end portion
of said body; connecting the upstreamend portions of said flow

channels with saigy  he %%U% SPEIRA"{ WARr&lh B ﬂﬁ!@ﬁlﬂl outfet is positioned
wherein material that ente said material inlet of said body is extena

t hr ough sai dupsteeroiedsail matarial indetdn saideeonduiout | et of said body and is

ret ur ned back to said material flowing in said conduit;

vibrating said fl ow channels transversely with respect to each ot her; and
13.  The apparatus of claim 1 wherein said material outlet is positioned

downstream of said material inlet in said conduit.

14. 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 said means for determining said material flow velocity and said

mass flow rate of said material in said portion of said conduit between said material

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

deriving viscosity of said flowing material.

17..  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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"opewﬂ"muf ns responsive to said vibrating while material flows 20
t hr mmmuﬁms for deriving information pertaining to said nateri al
as

flowin €ondui t . 35. The nethod of claim 34
i ncl udi ng the steps of: posi ti oni ngypstitLterdtRiet al1 2uLlyet 995
said body proximate a throat of a venturi formed by said body.

36. The nethod of8cl alhe3pparatlsdf oigimhtb whepsinafaid Coriolis mass flopeeder ing
pressure sensor..neans._coupl.ed t body for neasuring the mat eri al
pressure dr o%o%g%d;ﬁxéén% t?n??@&f cl”iC{nI et and said outlet of said flowreter
body; 5 deri VI ng t he vi SCOSI ty of said material flowin said
flowreter in respogse sai d deri vatlon of said material pressure

drop; and dgh?@Pﬁﬁraé%ﬁ of A3l 7 whesein said verwrds affixed tadhemner in
sai d condui tgifadeesPI§ Bonduit, 10 said viscosity derivation.

30
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.

22. The apparatus of claim 21 wherein said Coriolis mass flowmeter
comprises:
an elongated body positioned internal to said conduit with said body and said
conduit having parallel longitudinal axes;
5 an upstream end of said body having said material inlet for receiving 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 parallet 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 flow channels with said
upstream end portion of said body;
15 wherein material that enters said inlet of said body is extended through said
flow channels and said outlet of said 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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3 aim 35 including the steps of: posi tioning
sal d“ m\ n lH ody proximate a throat T of a venturi forned by
. The nmethod of claim36 including the steps of:

operatr ng pressure sensor neans coupl ed to sai & BethuthUhedeasy UG, 1999
mat eri al 8ressure drop between said material inlet an sar d outlet of said

f1 oinet e? bodfleags including enser ngeans opupiedi toy seid Slaw FRAME!s and ow
in said flowgy b%ﬁsi'v@ tBesQé?@@ﬁﬁaﬂrpgdwmlesrﬁhferﬁ? byRtthRiu g‘?rf %ea'ﬂbwﬂ% hhéls for .

pressure drop; VI SCOSItY errvatr I ng use to derive
sai d total n@&r@/lmg saidrtatal matedalindass flowagatiuintsaid 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
further comprises:
pressure sensing means coupled to said material inlet and said material
outlet for measuring the material pressure drop between said inlet and said outlet;
5 means responsive to 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 inlet positioned within an interior of said conduit and coupled to said
5 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 conduit

portion proximate said material outlet;
10 coupling said material outlet to said conduit at said location having an
~ increased flow velocity and mass flow rate for generating an optimum pressure drop
between said material inlet and said material outlet of said flowmeter 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

Substitute sheet - 12 July 1999

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 outlet in 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 o said determination of said flow velocity and mass flow rate of said

10 material 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
5 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
5 conduit 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 flowmeter 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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5 outlet comprises a step of determining the ratio of the flow velocity between said

" Substitute sheet - 12 July 1999

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 inlet and said
material outlet; and

deriving a viscosity of said flowing material in response to said measurement

5 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;

determining said flow velocity and mass flow rate of said material in said

5 conduit portion of increased flow velocity in responée 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 in
response to said determination of said flow velocity and mass flow rate of said

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

32.  Themethod of claim 25 including the step wherein said increased flow
velocity is obtained by positioning said material outlet proximate a throat of a
venturi.

33. The method of claim 32 wherein said method further comprises the
steps of:
operating pressure sensor means coupled to said flowmeter for measuring
the material pressure drop between said material inlet and said material outlet of
5 said flowmeter; and
deriving said viscosity of said material flow in said conduit in response to said

derivation of said material pressure drop.

34. The method of claim 25 including the steps of:
29 |
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positioning an elongated body positioned of a Coriolis mass flowmeter
internal to said conduit with said body and said coriduit having parallel longitudinal
axes;

5 extending material received by an upstream end portion of said body having

said material inlet through said Coriolis mass flowmeter;

discharging material from said body back to said interior of said conduit via
a downstream end portion of saind 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 flows

20 through said channels for deriving information pertaining to said material flow in

‘said conduit,

35. The method of claim 34 including the steps of:
positioning 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;
5 deriving the viscosity of said material flow in said flowmeter in responée 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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(57) 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 lowmeter’s
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which uses it 1o derive material flow information for the conduit with improved precision. An altemative embodiment not having a venturi
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