
16 December 2003 STRAIGHT TUBE CORIOLIS FLOWMETER Field of the Invention
This invention relates to a method and apparatus for providing mass flow  5
and density compensation, as well as a density determination in a straight
tube  Coriolis flowmeter. Problem  All Coriolis flowmeters require
compensation to correct signals generated by the Coriolis force induced
displacement of the vibrating flow tube. These signals  10 represent the
phase difference between the spaced apart flow tube pick offs and  are
indicative of the material flow through the flowmeter. Curved and straight
tube  meters both need compensation for the change in elastic modulus of
the flow tube  with temperature. As the flow tube temperature rises, the
modulus decreases and  the meter becomes more sensitive. Compensation for
the change in the elastic 15 modulus is easily achieved by use of a
temperature sensor on the flow tube and  the appropriate compensation
algorithm in the meter electronics. Straight tube meters have an additional
problem in that the flow tube can be  put in tension or compression by
unequal amounts of thermal expansion or  contraction of the various
components of the flowmeter. Tension on the flow tube 20 makes it less
sensitive to the Coriolis force while compression makes it more  sensitive.
Typically thermal stress compensation has been attempted using two
temperature sensors; one on the flow tube and one on the case or balance
bar.  The problem with the use of two temperatures sensors is that there
are at least  three major components which can have an impact on the
thermal stress of the 25 flow tube. If the second sensor is on the case,
then the impact of the balance bar's  temperature is not taken into
account. Likewise if the second sensor is on the  balance bar, then the
case temperature is not taken into account The use of three independent
temperature sensors would be an  improvement over two temperature sensors,
however, three independent sensors  



30 would require three pairs of wires from the sensor to the meter
electronics. Extra  wires can be expensive if the meter electronics is far
from the sensor. Furthermore, compensation algorithms would be required to
apply the appropriate  weighting factors to the various temperatures, since
the case temperature does not  have the same effect on the flow sensitivity
as the balance bar temperature. 1 16 December 2003 U.S. Patent 4,768,384 to
Flecken et al. discloses a straight tube Coriolis  flowmeter which provides
thermal stress compensation by the use of sensors that  measure the flow
tube temperature, and the case temperature. A correction circuit  receives
the pick off signals and generates a corrected output signal that
eliminates the affect of stress and temperature on the measurement result.
The  Flecken et al. flowmeter operates satisfactorily to provide
compensation for the  change in elastic modulus of the flow tube. The
reason is that this compensation  requires nothing more than a
determination of the flow tube temperature and an  appropriate correction
based upon known relationships between temperature, 10 elastic modulus, and
meter sensitivity. The Flecken flowmeter can also determine the temperature
differential  between the flow tube and the case and make a stress
correction. However, an  assumption must be made by Flecken about the
temperature of the balance bar.  In a thermal steady state condition, the
flowing material temperature and the 15 ambient temperature are assumed to
have been constant for a long period of time.  Under this condition, the
balance bar and the flow tube achieve essentially the  same temperature as
the temperature of the flowing material. In the thermal  transient
condition, the flowing material has a sudden change in temperature, such
as when the flow is first started. Under this condition, initially, the
balance bar and 20 the case are likely to have the same temperature as the
environment. The flow  tube has the same temperature as the flowing
material. In general, flowmeters  experience both thermal transient and
steady state conditions. The balance bar  



temperature starts at the ambient temperature and slowly changes to the
temperature of the flowing material. 25 The compensation algorithm of the
Flecken flowmeter must make an  assumption regarding the balance bar
temperature since its two temperature  sensors are on the flow tube and the
case- It therefore cannot distinguish between  steady state and transient
conditions of the balance bar temperature. This is a  problem since the two
conditions produce different stress in the flow tube and 30 different
sensitivity of the flowmeter. In the transient condition where the balance
bar is initially at the case temperature, both the case and the balance bar
apply  force to the flow tube. In the steady state condition where the
balance bar  temperature is nearly equal to the flow tube temperature, the
balance bar helps the 2 16 December 2003 flow tube resist the force applied
by the case. The flow tube therefore experiences  a higher stress in the
thermal transient condition than in the thermal steady state  condition.
The best that the compensation of Flecken can do is assume the  balance bar
temperature to be between the flow tube and case temperatures and 5 suffer
inaccuracies at either the transient or steady state extremes. Another
prior art attempt to provide thermal stress compensation for a  Coriolis
flowmeter is seen in U.S. Patent 5476,013 to Hussain et al. It provides
some thermal stress compensation by using parts that have the same
coefficient of  expansion. This eliminates thermal stresses when all of the
elements are at the 10 same temperature, but it does not address the common
situation in which the  different components have different temperatures.
U.S. Patent 5,381,697 to Van  der Pol discloses a Coriolis flowmeter in
which thermal stress compensation is  provided, in a first embodiment,
using two temperature sensors for measuring the  temperature of the flow
tube. A second embodiment uses a temperature sensor 15 on the flow tube
along with a length change sensor on the flow tube. This could, in  theory,
provide accurate thermal stress compensation. It has a problem, however,  



in that the means of measuring the length change in the flow tube are not
as  simple or reliable as temperature sensors. In addition to the flow
measurement, the density measurement of straight  20 tube meters is also
degraded by thermal stress. Coriolis flowmeters are known for  providing
accurate density measurements of the flowing material. Density is
determined from the resonant frequency at which the flow tube is vibrated,
In  curved tube meters, the resonant frequency must be corrected for the
change in  the tube's elastic modulus with temperature. Also, a correction
has to be made for 25, the slight decrease in resonant frequency with mass
flow rate as shown in U.S.  Patent 5,295,084. Straight tube meters require,
in addition, compensation for  thermal stress of the flow tube. The flow
tube resonant frequency rises as it is  tensioned and falls when it is
compressed, like a guitar string. If these frequency  changes are not
compensated, a flow tube in tension will give an erroneously low 30 reading
for density and a flow tube in compression will give an erroneously high
density reading. The deficiencies of the prior art meters in determining
the thermal  stress in the flow tube thus lead to inaccuracies in the
density measurement. 3 16 December 2003 Single tube straight tube meters
have another problem in density  measurement that dual tube meters do not
have. When material density changes  in a dual tube meter, the mass of the
fluid in each flow tube changes by the same  amount so that the vibrating
masses remain in balance without involving any mass 5 besides the material
filled flow tubes. When the material density changes in a  single straight
tube meter, the mass of the flow tube changes while the mass of the
balance bar remains unchanged. As a result of this mass imbalance, the
location  of the vibration nodes change. The vibration nodes are the
stationary regions (brace bars) between the flow tube and balance bar that
do not vibrate with either  10 member. The vibration nodes move toward the
balance bar when the material  density decreases and toward the flow tube
when the material density increases.  



With a material density increase, flow meter elements near the nodal
regions that  had been vibrating with the flow tube would end up vibrating
with the balance bar.  The movement of the nodal region towards the flow
tube transfers mass from the 15 heavy member to the light member. This is
an effective way to maintain meter  balance, but it creates a problem in
density measurement. In dual tube meters, density calibration is done by
measuring the tube  vibration period of vibration (the inverse of
frequency) with air and with water. The  tube vibration period squared is
proportional to the material density. Thus a graph 20 of tube vibration
period squared versus density yields a straight line. This line can  then
be used to interpolate or extrapolate for other measured tube vibration
periods  (corrected for temperature and stress) to determine the density of
the material. Of  course, the straight line and the interpolation are all
done mathematically in meter  electronics. 25 For single tube meters, the
graph of tube vibration period squared versus  material density is not a
straight line because of the mass transfer with the shift of  the nodal
regions. When the material density increases, the nodal shift transfers
some of the increased mass to the balance bar so that the tube vibration
period  does not increase as much as it would for a dual tube meter.
Likewise, when the 30 material density decreases, the nodal shift transfers
some of the mass from the  balance bar to the flow tube so that it does not
decrease as much as it would for a  dual tube meter. The result of this
mass transfer is that the method of using the  straight line determined by
air and water density for calibrations leads to errors in 4 16 December
2003  the density output of the meter. A three point density calibration
using materials having densities from .8 to 1.2 gm/cc gives an accurate
curve from which to  interpolate densities, but the expense and difficulty
of using three different density  materials is considerable. 5 US 5,827,979
discloses apparatus and methods for determining the true  



mass flow related component of the signal of a Coriolis flowmeter
separately from  errors caused by changing boundary conditions and fluid
parameters. Accordingly,  an apparatus for measuring a mass flow rate of a
fluid flowing relative to a flow  conduit includes: (1) a force driver for
vibrating the flow conduit, (2) a sensor for 10 measuring a resulting
motion of the flow conduit and producing a sensed resulting  motion of the
flow conduit and producing a sensed motion signal indicative thereof,  the
resulting motion containing a Coriolis mode component and a boundary
condition mode component, (3) signal processing circuitry, coupled to the
sensor to  receive the sensed motion signal thereform, for determining a
magnitude of the 15 Coriolis mode component of the resulting motion and (4)
output circuitry for  producing an output signal proportional to the mass
flow rate, the output signal  substantially free of influence from the
boundary condition mode component of the  sensed motion signal and further
includes thermal sensors for determining the  temperature of the flow tube
and the driver. 20 EP 0759541A1 discloses a mass flowmeter converter which
detects Coriolis  force acting on a flow tube being alternately driven with
a constant frequency about  its supporting points as a time difference AT
between paired displacement signals  detected at symmetrically opposed
positions and determines a mass flow proportional to a time difference AT.
The sine-wave signals having different 25 phases at a constant amplitude
which are outputted by paired detecting coils are  used for forming
respective input signals which are pulses having specified pulse  width
values being equal to a leading time (T+AT) and a lagging time (T-AT) and
having specified wave height values (T+AT) and (T-AT) respectively are
determined as input pulses. N pieces of pulses (T+AT) and N pieces of
pulses (T- 30 AT) are sampled simultaneously into respective integrators
having the same time  constant, the respective charge after being charged
are discharged by using a  reference power source with measuring a time
difference of zero-crossing voltages  and a time difference signal enlarged
by 2N times is detected. Thereby an 5 



16 December 2003  accurate sensitivity mass flow rate is attained without
using a special clock pulses, Furthermore, a small time measurement error
due to drifts of the charging- discharging circuit which are charged with
each N pieces of respective pulses of  (T+AT) and (T-AT) can be compensated
by switching the charging-discharging 5 circuits every charge-discharge
cycle so as to allow N pulses of (T+AT) and N  pulses of (T-AT) to enter in
different circuits every cycle, thereby stable and  accurate
time-difference measurements can be conducted for a long time of use.  The
flowmeter has a first sensor for measuring the temperature of the flow tube
and a second sensor for measuring the temperature of the outer tube. 10 It
can therefore be seen that a compensation arrangement for a straight  tube
flowmeter cannot provide accurate flow and density information if it is not
based on accurate thermal information concerning all the major components
of the  flowmeter. It also cannot provide accurate density information if
it does not take  into account the non-linearity of the density versus tube
vibration period squared  15 relationship Solution  The above problems are
solved and an advance in the art is achieved by the method and apparatus of
the invention which provides thermal stress  compensation for a straight
tube Coriolis flowmeter. The present invention 20 overcomes these problems
by the use of a single temperature sensor on the flow  tube, as in prior
art meters, and a network of temperature sensors on other parts of  the
meter. The flow tube sensor serves two functions. One function is to
provide  the temperature used to compensate for the change in stiffness
(elastic modulus)  of the flow tube with temperature. The other function is
to provide a reference 25 temperature for the calculation of thermal stress
to compensate for its effect on  flow sensitivity and density. The thermal
stress compensation of the invention functions in conjunction  with
velocity sensors (pick offs) affixed to the flowmeter flow tube. The flow
tube is  



vibrated at its resonant frequency during conditions of material flow. This
induces 30 Coriolis deflections in the flow tube that are detected by the
pick offs. The phase  difference between the signal outputs of the two pick
offs is proportional to the  material mass flow rate. The resonant
frequency is inversely proportional to the  square root of the material
density. The pick off phase delay and resonant 5/1 16 December 2003
frequency are applied to meter electronic circuitry which processes the
received signals to generate mass flow rate and density information.
However, it is  necessary that the meter electronics compensate the
flowmeter's proportionality  constants for flow rate and density to provide
a correction for the thermal state, 5 material density, and flow rate of
the flowmeter. 5/2 16 December 2003 The method and apparatus of invention
minimizes problems caused by  temperature differentials between the various
parts of a Coriolis flowmeter. The  present invention provides thermal
compensation for changes in the elastic  modulus of the oscillating system
of the flowmeter. It further provides thermal 5 stress compensation for
temperature differentials between the elements of a  flowmeter. These
elements primarily comprise a flow tube, a balance bar and a  case. The
method and apparatus of the present invention achieves thermal stress
compensation of output data by providing a plurality of sensors on the
various parts  10 of the flowmeter to detect temperature differentials,
both steady state and transient, between the flow tube, the balance bar and
the flowmeter case. The  invention provides at least one temperature sensor
on the flow tube and further  provides at least one sensor on the case as
well as a plurality of sensors on the  balance bar. In another embodiment
of the invention, other sensors may be 15 provided on other flowmeter parts
including on a case connect link and/or on a  



case end element of the flowmeter. In accordance with the invention, a
temperature sensor on the flow tube is  connected by a pair of wires to the
meter electronics to provide flow tube  temperature information. The other
sensors, including those on the balance bar 20 and on the case, are
connected in a network. The network is also connected by a  pair of wires
to the meter electronics. The temperature sensors on the flow tube  as well
as those in the network can be RTDs, which are resistors that increase
resistance with temperature- The meter electronics applies a voltage via
one of its  two wires connected to the flow tube RTD. The other wire serves
as a return or 25 ground wire. Likewise, the RTD network is supplied with
voltage from the meter  electronics via one of its two wires; the other
wire is the RTD network's return or  ground wire. The ground wire of the
flow tube temperature sensor and the ground  wire of the network of sensors
can be combined at the flowmeter so that only three  wires are needed to
transmit temperature information to the meter electronics. The 30
resistance of the flow tube sensor and the resistance of the sensor network
are  determined in the electronics from the current in each circuit using
Ohm's law. In one embodiment of the invention, one sensor is mounted on the
flow tube  as in prior art. In addition, a sensor is mounted on the case
wall, another sensor is 6 16 December 2003 on the end of the balance bar
and still another sensor is on the middle of the  balance bar. These three
sensors (excluding the one on the flow tube) are  connected in series to
form a network having a two wire output which is connected  to the meter
electronics. The three sensors comprising this network provide 5
information to the meter electronics representing temperature conditions
within the  flowmeter that can cause stresses on the flow tube. Because
they are connected  in series, they provide the sum of the sensor
temperatures in the network. The  series network of sensors does not
provide information to the meter electronics  indicating the specific
temperatures of the elements to which the sensors are 



10 connected or coupled. Instead, the network of sensors represents
composite  thermal information that is used by the meter electronics to
compensate flow and  density output information. Since the three sensors
are connected in series, the  output signal of the network does not
represent the individual temperature of the  balance bar, the case, or any
specific flowmeter element. 15 The purpose of the network of temperature
sensors is to output a single  temperature signal that can be used in
conjunction with the flow tube temperature  signal to accurately predict a
change in flow sensitivity of the meter. The location  and number of
temperature sensors in the network is critical. Meter elements  which have
a high impact on the thermal stress in the flow tube, such as the 20
balance bar, might have several sensors. Elements such as the flanges have
no  impact on the thermal stress in the flow tube and they have no
temperature  sensors. The case temperature has an intermediate impact on
flow tube stress  and it has an intermediate number of sensors. A flowmeter
element's impact on flow tube stress is proportional to how  25 much force
it can apply to the flow tube. Force from the balance bar is applied
directly to the active portion of the flow tube by way of the rigid brace
bars. Force  from the case is applied to the inactive portions of the flow
tube and is divided and  resisted by both the active portion of the flow
tube and the balance bar. The force  exerted by the case thus has less
impact than force exerted by the balance bar. In 30 ' order for the sensor
network to output a temperature signal representative of  thermal stress,
it is necessary to weigh the importance of the balance bar more  heavily
than the case. For instance, if the balance bar temperature has twice the
effect as the case temperature, two sensors can be put on the balance bar
and 7 16 -December 2003 one on the case. Wiring these sensors (RTDs) in
series gives the total  temperature (resistance). Dividing the total by
three gives a weighted average  temperature which gives the balance bar
temperature twice the importance as the  



case. In the meter electronics the weighted average network temperature is
then 5 subtracted from the tube temperature for the tube stress
compensation. In the above example, it makes no difference whether the case
and balance  bar are at equal or different temperatures because they are
weighted according to  their impact on the flow tube stress. For instance,
the flow sensitivity (stress) is the  same whether the tube, balance bar
and case are all 70 degrees or whether the 10 tube is 70, the balance bar
is 75, and the case is 60. The reason is that the  weighted average of
(75+75+60)/3 is equal to 70. The physical significance is that  the
contraction of the 60 degree case is just countered by the expansion of the
75  degree balance bar so that the flow tube experiences no axial load.
Another advantage in using multiple RTDs in series is that, for accurate
15 compensation, the average temperature of a component must be used to
determine the total expansion and force exerted. No one location can give
the  average temperature. An RTD near the end of the balance bar would
register a  change in temperature quickly after a change in fluid
temperature, but the  temperature of the center of the balance bar might
lag the end temperature by 20 hours. Having two RTDs on the balance bar in
series, one in the center and one  near the end, gives a much more accurate
representation of the average  temperature and thus the expansion of the
balance bar. Four RTDs; on the  balance bar and two on the case would give
an even more accurate representation  while still keeping the two to one
weighting. Or, if the relative importance of the 25 balance bar temperature
to case temperature were some other ratio, the  appropriate number of RTDs
could be placed on each member. Yet another advantage of the temperature
sensor network is that the entire  network plus the flow tube sensor only
requires three wires (using a common  ground wire) through the case
feedthrough and to the transmitter. This is important 30 because of the
cost of the wires. The present invention does the proper weighting  and
averaging in the RTD network rather than transmitting all the individual
temperatures to the electronics for processing. 



8 16 December 2003 The present invention applies the - flow tube
temperature and the composite  temperature of the series sensors along with
the time delay between the pick off  and the resonant frequency of the flow
tube to improved material flow and density  equations. These equations
calculate flow rate and density with improved 5 accuracy over prior art
meters. An aspect of the invention is a method of and apparatus for
providing  compensation for output data of a Coriolis flowmeter having a
flow tube and a  balance bar that are adapted, when in use, to be vibrated
in phase opposition; said flowmeter generates Coriolis deflections of said
vibrating flow tube in  10 response to a material flow through said
vibrating flow tube; said method comprising the steps of: generating a
first signal representing the Coriolis deflections of said vibrating  flow
tube; operating a sensor coupled to said flow tube for generating a second
signal  15 representing the temperature of said flow tube; said method
further comprises: operating additional sensors coupled to a plurality of
additional flowmeter  elements exclusive of said flow tube for generating a
third signal representing the  composite temperature of said plurality of
additional elements of said flowmeter; 20 said third signal is generated by
connecting the outputs of said additional  sensors to form a network having
an output that extends said third signal to meter  4 electronics of said
flowmeter. using said second signal and said third signal to derive
information regarding  the thermal stress applied to said flow tube by said
plurality of flowmeter elements;  25 using said information regarding said
thermal stress applied to said flow tube to compensate said output data
pertaining to said material flowing through  



said flowmeter. Preferably the step of generating said second signal
comprises the step of  obtaining a signal representing the temperature of
said flow tube from said sensor  30 coupled to said flow tube; and wherein
said step of generating said third signal comprises the steps of:
connecting the output of said additional sensors to form a network; 9 16
December 2003 the outputs of said additional sensors are connected to
contribute to the  magnitude of said third signal in proportion to the
stress imparted by each of their  associated flowmeter elements to the
total thermal stress applied by all of said  elements to said flow tube; 5
obtaining said third signal from an output of said network representing the
composite temperature of said plurality of elements in response to the
receipt by  said network of said signals applied by said additional
sensors. Preferably said plurality of elements comprise said balance bar
and said  case; and said step of coupling said additional sensors comprises
the steps of:  10 coupling a first sensor to said case; coupling at least
one sensor to said balance bar; connecting outputs of said first sensor and
said at least one additional  sensor to form said network. Preferably said
step of connecting VI- output of said additional sensors  15 comprises the
step of : connecting the outputs of said additional sensors in series to
form said  network. Preferably the method and apparatus includes the step
of extending said  network over at least two conductors to meter
electronics. 20 Preferably said step of compensating comprises the step of
generating  corrected output data pertaining to the mass flow rate of said
material. 



Preferably said step of generating corrected output data comprises the
steps of: determining an uncompensated Coriolis deflection signal;  25
deriving a modulus compensation; deriving a thermal stress compensation;
and using said uncompensated Coriolis deflection signal and said modulus
compensation and said thermal stress compensation to derive a corrected
mass  flow rate. 30 Preferably said step of generating said uncompensated
flow rate comprises  the step of solving the expression  FCF (Atn"" - At0)
10 Where: FCF = Flow Calibration Factor At.,= = Time delay of pick off
signals At0 = Time delay at zero material flow 16 December 2003 10/1 16
December 2003  Preferably said step of deriving said modulus compensation
comprises the step of solving the expression (k,,, , Tf) Where: kfi, =
Meter constant based on change in flow tube modulus with temperature Flow
tube temperature Preferably said step of deriving said thermal stress
compensation comprises  the step of solving the expression (kfr, (Tf -
T,,m)) Where: 



Meter constant based on change in thermal stress with temperature  Flow
tube temperature TO,,, Temperature of network sensors Preferably said step
of deriving density compensation comprises the step of  solving the
expression k ff;  (rat - k-1) Where: kf" = Meter constant for density
effect on flow T~, = Temperature compensated tube vibration period k, =
Tube vibration period constant determined at time of density calibration of
flowmeter Preferably said step of generating corrected output data
comprises the step  of deriving a corrected mass flow rate by solving the
expression: m=FCF(At..-C1to)-[1+(kfITf)]-[1+kf,,(7 -7 m)] [t+kii 3-k,)]
Where: in = Mass flow rate 11 FCF = Flow calibration factor 16 December
2003  Atmeas = Time delay of pick off signals At0 = Time delay at zero
material flow kf,l = Meter constant based on change in flow tube modulus
with temperature  k f, = Meter constant based on change in thermal stress
with temperature  k f, = Constant for Density effect on flow k, = Tube
vibration period constant determined at time of density  calibration of
flowmeter Tf = Flow tube temperature 7' = Temperature of network sensors
TIC 



Temperature compensated tube vibration period Preferably said step of
generating corrected output data comprises the step  of deriving a
corrected mass flow rate by solving the expression: ]  m = mom: [ i + MOD]
[ i + STRESS,,,,, ] [I + DENSITY, Where: m = Mass flow rate m,nc =
FCF(Atmecrs - Ato ) MOD ,,,p = k f l ' Tf STRESSro,,,,, = kf,2 ' (Tf - Tom)
DENSIT1 r = k,,!3  (r" - k-) 12 16 December 2003 Preferably said step of
compensating includes the step of deriving corrected output data regarding
the density of said material. Preferably said step of obtaining corrected
output data regarding density  includes the steps of: configuring said
flowmeter to input constants from memory;  calibrating said flowmeter to
derive constants; determining an uncompensated flow rate; determining a
compensated tube period corrected for flow;  determining a tube period
corrected for flow, modulus, and stress;  determining a linear density
equation; determining a differential tube period equal to the difference
between said  compensated tube period and a flowmeter constant k,
determined during density calibration of said flowmeter; multiplying said
linear density equation by the sum of 1 +the product of a  meter constant
c, times the square of said differential tube period + the product of a
flowmeter constant c4 times said differential tube period. 



Preferably said step of deriving corrected output data regarding density of
said material includes the step of: configuring said flowmeter to input
constants a, , a, , c;, c4 and F. from a memory of said meter electronics.
Preferably said step of deriving corrected output data regarding density of
said material includes the step of: calibrating said flowmeter to determine
constants c, , c, , t0, k, and Ato . Preferably said step of deriving
corrected output data regarding density of  said material includes the step
of: determining rrzun, = FCF(L t,n,"s - Ato) Where:  FCF = Flow Calibration
factor  Atin,,, = Time delay of pick off signals 13 Ato = Time delay at
zero flow 16 December 2003 Preferably said step of deriving corrected
output data regarding density of  said material includes the step of:
calculating T 1- = zn, - n? - Fd Where:  T fd = Compensated tube vibration
period for mass flow effect  T Raw measured flow tube vibration period m =
Mass flow rate Fd = Density flow effect constant Preferably said step of
deriving corrected output data regarding density of  said material includes
the step of, calculating the expression zCP = t ~ I+a, T. ; a, (T. - Tom}
f1i 



Where:  Tip = Compensated flow tube vibration period for modulus, stress,
and flow fd = Compensated tube vibration period for mass flow effect al &
a, =Tube vibration period temperature correction constants for modulus and
stress T fd = Tm - m'  Fd =Flow tube vibration period compensation for mass
flow Raw measured flow tube vibration period Mass flow rate Fd = Density
flow effect constant Preferably the step of deriving corrected output data
regarding the density of  said material includes the step of calculating
the deviation of the material density  from that determined by the linear
density equation 14   Pm _-lCl rcP -C ) 3 16 December 2003 where C, and c,
are constants and r r is the compensated tube period squared Preferably
said step of deriving corrected output data regarding density of  said
material includes the step of: modifying the expression p,1 = (c,  r_'r -
c_) to combine with the non-linear components (1 + c3  (r~.' - k,) 2 -- c4
- (_r4P _k2)) Where: Ir cP = Raw measured flow tube vibration period =
Compensated flow tube vibration period for modulus, stress,  and flow 



A. = determined material density k, = Tube vibration period constant
determined at time of  material density calibration. c1,C"c3,&c4 = Single
tube material density correction constants  Preferably said step of
deriving corrected output data regarding density of  said material includes
the step of: calculating the density of said material from the expression
Rm (c1 TIP-c,)-(1+c3-(r -k2)2+c4.(ZcP - k2 )) Where:  P. = determined
material density k., = Tube vibration period constant determined at time of
material density calibration. C & C4 = Single tube material density
correction constants  Preferably the value rCp is determined by solving the
expression: 15 TLp =Td . J1 + a T. ~. + a., ' ('_1- - 1 orri 16 December
2003 Where:  at. Tf = the modulus effect on density a_ (T - 7'om) = the
thermal stress effect on density al and a, = are flowmeter constants
pertaining to modulus and thermal  stress effect on density Preferably said
step of deriving corrected output data regarding density  includes the step
of solving the expression; p = (Densitylinear)[1 + c; (APeriodcomp)2 + cy
(APeriodcomp)]  Where: Densitylinear = Density determined by linear density
equation.  



linear The term (6Periodcomp) is the difference between the compensated
tube  vibration period <<p (for temperature, stress, and flow) and a tube
vibration period  constant k2 determined during density calibration of the
flowmeter. Another aspect comprises a method and apparatus operating a
Coriolis  flowmeter to determine the density of a material flow in said
Coriolis flowmeter: said  method comprising the steps of, configuring said
Coriolis flowmeter to determine meter parameters al ,a2, C3  and c4;
calibrate said Coriolis flowmeter for density of said flowing material
using a  two point linear calibration method; determine calibration
coefficients c` and c4 ; 16 16 December 2003 obtain a non-linear
calibration curve for said cfm by combining (I mac. (Tp-k,), + c,  (Z -
k,)) with said linear calibration curve to negate the deviation of said cfm
calibration from linear;  measure the actual tube period; 5 determine a
compensated tube period using a,, a, , T f and and determine the density of
said material using said non-linear calibration curve. Description of the
Drawings The above and other advantages in features of the invention are
best  10 understood when taken in conjunction with the following
description thereof  together with the drawings in which: FIG. 1
illustrates cross section of a flowmeter embodying the invention;  FIG. 2
illustrates the circuitry of a first exemplary embodiment of the
invention; 



15 FIG. 3 illustrates the circuitry of a second possible exemplary
embodiment of  the invention; FIG. 4 is a graph of tube vibration period
squared versus density;  FIG. 5 is a graph of density error v.s. density;
FIG. 6 is a graph showing density error v.s. change in tube vibration
period;  20 FIG. 7 illustrates a flow chart for the method of the invention
that  determines material mass flow rate. FIG.8 illustrates a flow chart
for the method of the invention that determines  material density. Detailed
Description 25 FIG. 1 discloses a Coriolis flowmeter 100 and meter
electronics element 130. Flowmeter 100 has a cylindrical case 103 which
encloses flow tube 101 and a  surrounding cylindrical balance bar 102_ Flow
tube 101 has a left end portion 101 L  and a right end portion 101 R. Flow
tube 101 and its ends portions extend the entire length of the flowmeter
from the input end 107 to the output end 108 of flow  30 tube 101. Balance
bar 102 is connected at its ends 105 to flow tube 101 by  circular brace
bars 114. Circular brace bars 114 have a center opening for  receiving flow
tube 101. Ends of balance bar 102 are also connected by a junction 17 16
December 2003  at 105 to an inner end of case connect links 110, which are
thin strips. The outer ends of case connect links are connected to inner
wall 112 of case 103. Each case  connect link 110 contains an out of plane
bend 111. Case 103 has an end portion 128 beginning at weld 121 and having
a neck  5 124 extending axially out therefrom to weld element 122 which, in
turn, connects to  neck 125 of flange 106. Cone connect element 123 is
circular and is positioned  within the interior of circular neck portion
124 of case end portion 128. Cone  connect 123 has a center opening for
sealably receiving portions 101 L and 101 R of  flow tube 101.Case connect
link 110 and cone connect 123 stabilize balance bar 



10 102 and, in turn, flow tube 101 by preventing undesired translations of
these  elements with respect to the case wall 103. Flange 106 has a axially
outer surface 138 and an inner opening that  includes a lip element 127
which sealably connects flow tube end portions 101 L  and 101R to flange
106. Surface 113 is the outer circumference of flange 106. 15' Element 109
is the axial inner surface of flange 106. Elements 122 and 121 are  welds.
Element 125 is a neck of flange 106. Element 105 is a junction at the end
of balance bar 102 as well as a junction of an inner radial leg of case
connect link  110 and balance bar 102. In a well known conventional manner,
driver D and left pick off LPO and right  20 pick off RPO are coupled to
flow tube 101 and balance bar 102. Driver D receives  signals over path D
(not shown) from meter electronics 130 to cause driver D to  vibrate flow
tube 101 and balance bar 102 in phase opposition at the resonant  frequency
of the material filled flow tube 101. The oscillation of vibrating flow
tube  101 together with the material flow therein induces Coriolis
deflections in the flow 25 tube in a well known manner. These Coriolis
deflections are detected by pick offs  LPO and RPO with the outputs of
these pick offs being transmitted over conductors  LPO and RPO (not shown)
to meter electronics 130. In a well known manner, the  phase difference
between the output signals of the pick offs represents information
pertaining to material flow within flow tube 101. Meter electronics 130
processes 30 these signals to generate output information that is applied
to conductor 137  representing the various parameters of the material flow.
These parameters may  include density, mass flow rate and other material
flow information. 18 16 December 2003 The thermal stress compensation
method and apparatus of the present  invention is controlled by sensors S1,
S2, S3, and S4. Sensor Si is connected to  flow tube 101 and outputs flow
tube temperature information over conductors 134  and 133 to meter
electronics 130. Sensors S2, S3, and S4 are connected in series 



5 to form a network having output conductors 132 and 134. This network
transmits  information to meter electronics regarding the thermal stresses
to which flow tube  101 is subjected. Conductor 134 is the common ground
wire to both flow tube  sensor S1 and network case sensor S4. Thus, both
flow tube sensor S1 and the  two wire series network of sensors S2, S3, and
S4 share conductor 134. This 10 minimizes the number of conductors that
must be extended through feed through  131 to meter electronics 130. Meter
electronics may sometimes be located  remotely with respect to flowmeter
100. It is desirable to minimize the number of  conductors that must be
extended through feed through 131 from flowmeter 100 to  a remotely
situated meter electronics element. 15 Description of Fig. 2 The circuitry
of sensors S1, S2, S3, and S.4 is shown on FIG. 2. Flow tube  sensor S1 is
connected between conductor 133 and common conductor 134.  Sensors S2, S3
and S4 are connected in series between conductor 132 and  common conductor
134. Terminal 201 is a junction of conductor 134 and sensor 20 S4 and
sensor S1. Sensors S1, S2, S3, and S4 may advantageously be RTDs  having a
nominal resistance of 100 ohms at a nominal temperature of 0C. The
resistance of each RTD varies with changes in temperature by a factor of
0.39 ohm  for each 1C change in temperature. RTD S1 is mounted on flow tube
101 and varies its resistance as the flow  25 tube temperature changes.
This resistance information is applied over conductors  133 and 134,
through feed through 131 to meter electronics 130. Meter electronics  130
processes this information and converts it to flow tube temperature using
information programed into a memory of meter electronics 130. Sensors S2
and  S3 are mounted an balance bar 102 with sensor S3 being positioned
approximate 30 the end of the balance bar and with sensor S2 being
positioned near the middle of  the balance bar. Sensor S4 is connected to
the inner wall 112 of case 103. The  stress to which flow tube 10 1 is
subjected is determined primarily by the  temperature differential between
the flow tube and the balance bar. To a lesser 



19 16 December 2003  extent, the flow tube stresses are also influenced by
the case temperature. Since the balance bar temperature is more important
in determining flow tube stresses,  the present invention uses two sensors
on the balance bar and one sensor on the  case wall. Since these three
sensors are connected in series and since two of the 5 three sensors are on
the balance bar, the network output on conductors 132 and  133 is weighted
in favor of the balance bar 102. The flowmeter may be subject to conditions
in which a temperature  differential exists between the case and the flow
tube on a long term basis. The  flowmeter may also be subject to
temperature conditions in which the flow tube 10 suddenly changes in
temperature when a material of a different temperature  passes through the
flow tube. Sensors Si...S4 function during the occurrence of  all of these
conditions to apply information over paths 132, 133, and 134 to meter
electronics 130 which processes this information, converts to flow tube
stress information and processes it to compensate and correct the output
data of the  15 flowmeter. Description of FIG. 3 Fig.3 is a circuit diagram
for a temperature network in which two of the  sensors are electrically in
parallel with each other and in series with the others in  the network. If
these parallel connected sensors were RTDs, their resistances 20 would be
nearly equal and their net resistance would be approximately half of the
normal RTD resistance. Sensors in parallel could thus be used in locations
that  have very little impact on the tube stress, such as the case ends or
the case  connect links. The "average" temperature of the network of Fig.3
would be  obtained by dividing the total resistance of the network by 2.5.
25 DESCRIPTION OF MASS FLOW COMPENSATION Dual curved tube meters, due to
their geometry, are immune to the effects of  thermal stress and changing
fluid specific gravity. Their flow sensitivity is only  



altered by the effect of temperature on the elastic modulus of the flow
tubes. The  basic mass flow equation for dual curved tube Coriolis
flowmeters is: 30  ECG. 1 M = FCF (& m -Ato) -(I +k flTf) 20 16 December
2003 Where:  F C F = Flow Calibration Factor (Constant)  At.,., = Time
delay of pickoff signals Ato = Time delay at zero flow 5 k Constant based
on flow sensitivity change with flow tube modulus  T f = Flow tube
temperature For single straight tube flowmeters, the mass flow calibration
factor can also  shift due to temperature gradients between the
case/balance bar and flow tube and  due to changing fluid specific gravity.
In order to measure the temperature gradient 10 between the elements of a
straight tube Coriolis flowmeter, the present invention  places three RTD's
in series on the flowmeter (two on the balance bar and one on  the case) to
obtain a composite system temperature. This composite system  temperature
is then used by the present invention in a mass flow equation for  thermal
stress compensation. An additional temperature term is added by the 15
present invention to Equation 1 to obtain:  EQ. 2 M = FC F  (At,," Where:
-Ate) '[I+(k1,Tf)]-[I+krr, (T1-T ,)] k f,, = constant based on flow
sensitivity change with thermal stress 20 1 rom = / 3 Where T ""s is the
sum of the 3 RTDs in series The method and apparatus of the present
invention further adds one more  



term to the equation 2 to derive corrected and compensated output data for
a  straight tube Coriolis flowmeter. The added term compensates for the
effect of  fluid density on the flow sensitivity of the meter. The
explanation of the need for  25 this term follows. Single tube flowmeters
have pick off that measure the velocity difference  between the flow tube
and the balance bar. The pickoff locations on the flow tube  experience
Coriolis force with flow and time delays between their sinusoidal 21 16
December 2003 velocities. The balance bar experiences no direct Coriolis
force, thus, there is  minimal time delay between the velocities at the
balance bar pickoff locations.  Since each pickoff output signal is
proportional to the difference between the flow  tube and balance bar
velocities at the pickoff locations, each pickoff signal 5 becomes the
vector sum of the phase shifted tube velocity and the minimally phase
shifted balance bar velocity. When the fluid density changes, the vibration
amplitude ratio between the flow tube and the balance bar changes so as to
conserve momentum. This results in the velocity vectors of the flow tube
and the balance bar changing length and their vector sums (the output
signals of the pick  10 off) changing in phase or time delay. It is this
change in output signal phase with a  change in material density that the
density compensation term addresses. The resulting mass flow equation is:
EQ. 3 in = FCF  (At.,.~ -moo) [I +(k frl -T,)] -[I +k,,2 (Tf -1 ) ] . [ I
+k,,3 . (t , -k2 )] 15 Where: FCF m Mass flow rate Al = Flow Calibration
factor 



= Time delay of pick off signals Ned, AJ0 = Time delay at zero flow 20 k f,
I = Constant based on change in flow tube modulus with temperature  k f,, =
Constant based on change in thermal stress with temperature  k,13 =
Constant for density effect on flow sensitivity k, = Tube vibration period
constant determined at time of density calibration 25 T f = Flow tube
temperature T OM = Temperature of network sensors 22 16 December 2003
Temperature compensated tube vibration period as discussed in Equation 5.
The terms in EQ.3 can be better understood by the following grouping:  EQ.
4 5 m =1nrc(I+MODS,,.,)(1+STRESS(o,np)(1+DENSITY )  pomp Where: inane =
FCF(At,,,,, -At o) M O D,, = k fr,  T,  STRESS,,, =k fr, .(T1 -T oii) 10
DENSITY,,., =kfr3 -(Tcr -k,) In equation 4 the uncompensated mass flow rate
is modified by three  compensation terms. The first two terms are
compensations for temperature. The  first represents the compensation for
the change in flow tube modulus k 1, with tube temperature. The second term
is the thermal stress term . The thermal stress  15 term is proportional to
the difference between the flow tube temperature and the composite
temperature produced by the network of temperature sensors. The third  



compensation term in equation 4 is the compensation for the density effect
on flow  sensitivity. DESCRIPTION OF DENSITY COMPENSATION OF FLOW 20. The
compensation for the density effect on flow is, like the thermal stress
compensation, improved over prior art by the use of the composite
temperature  determination provided by the apparatus and method of the
present invention.  The density compensation term, shown as the DENSITYcomp
term of mass flow equation 4, consists of two constants, k 1f a and k, ,
and the temperature 25 compensated flow tube vibration period T , . The
flow tube vibration period is used  in the present invention as an indirect
measure of material density in the 23 16 December 2003  compensation of
mass flow rate. The measured flow tube vibration period must be
compensated both for the change in the flow tube elastic modulus and the
flow tube thermal stress to give a sufficiently accurate indication of the
material density  compensation effect. Flow rate also has a small effect on
the flow tube vibration  5 period. When determining material density, it is
therefore necessary to take the flow effect (mass flow rate) into account.
At present, however, the flow tube  vibration period is only being
determined to compensate for the effect of density on  the mass flow rate,
and the effect of flow rate on tube vibration period is small and  can
therefore be neglected. The equation for the temperature compensated tube
10 vibration period is: EQ. 5 Where: 15 T z, =z - V1 +a, -Tf +a,.(Tf -T,o
Temperature compensated tube vibration period for mass flow  compensation 



Measured flow tube vibration period a, & a, = Density temperature
correction constants It will be noted that equation 5 contains under the
radical the term a, - Tf for  change in tube modulus with temperature and
the term a, - (Tf - Teo.) for the 20 change in stiffness due to thermal
stress. The thermal stress term, once again, is  determined by the
difference between the flow tube temperature and the composite
temperature. This equation shows that the determination of the flow tube
vibration  period compensated for temperature is enhanced over prior art
flowmeters by the  use of the composite temperature of the flowmeter. 25
Thus all three compensation terms in the mass flow equation (Equation 3)
enhance the accuracy by using the composite temperature of the flowmeter.
The  thermal modulus and stress terms are directly enhanced while the
density effect  term (the third compensation term) enhances accuracy by a
more accurate determination of the corrected flow tube vibration period.
The compensation of 24 16 December 2003 mass flow for the density effect,
the third compensation term in the mass flow  equation 3 , requires only
the corrected tube vibration period, not the flowing  material density
DISCUSSION OF COMPENSATION INTERACTIONS 5 Equations 2, 3, and 4 are
structured using the assumption that the  compensations for temperature,
stress, and flowing material density have  interactions. The interactions
are compensations on compensations such as a  modulus compensation on a
density compensation. In equation 4 the number one  added to each
compensation is the source of the interaction terms. The 10 interactions
are only significant when one or more of the compensation terms has a  high
value compared to the uncompensated flow rate. For instance, if the flowing
material density were extremely high (such as mercury), the uncompensated
flow  rate would be significantly lower than the actual flow rate and the
density 



compensation term would be large. If the modulus and stress compensations
were  15 only applied to the uncompensated flow they would be significantly
low. By taking  into account the interactions, the modulus and stress
compensations are also applied to the amount of flow determined by the
density compensation. In general, single straight tube flowmeters have
limits on the allowable  operating temperature and on the allowable range
of fluid density. These limits 20 render the interactions of equation 4
insignificant and equation 5.1 that contains no  interactions can be used.
EQ. 5.1 in =1n.ar+ln.ar[MODcomp +STRESScomp+DENSITYcomp] In general, the
more complex equation 4 is not needed because the extreme cases  25 of
temperature, stress, and density are generally outside of the allowable
limits of  the flowmeter. DESCRIPTION OF DENSITY DETERMINATION The equation
for the determination of the material density in accordance  with the
present differs from that of the dual curved tube meter. The density  30
determination equation for a dual curved tube flowmeter is: 25 16 December
2003 EQ. 6 Where A = ((c, ' T"~,) ' (I +(a, . T, )) - c, C~ = P. Pa , Tr'
To 5 A. density of water  pa = density of air T . = tube vibration period
with water  tube vibration period with air tube vibration period during
operation 



10 c, Ira'(PU. -Pa) Pa  TN _` Y a a, = constant based on flow tube modulus
change with temperature Tf flow tube temperature Density equation 6 is for
dual curved flow tubes. The first term is derived  from the equation for
the resonant frequency of a vibrating spring mass system. 15 Equation 6 has
two additional terms in it. The second term in parentheses is the  familiar
term for change in flow tube elastic modulus with temperature. The final
additional term is the constant c, r which is needed because the flow tube
vibration  period does not go to zero when the density goes to zero (when
the flow tube is  empty). The vibration period does not go to zero because
the flow tubes have 20 mass even when empty. The constants c, and c, are
determined by calibrating the meter for density with air and water. Using
the known densities for air and 26 16 December 2003 water and the measured
tube vibration periods, the constants c, and c, are  calculated for the
above equations. Equation 6 shows that the curved tube flow meter has a
term for the shift in  the flow tube modulus with temperature but no term
for thermal stress. The curved  5 tube geometry renders thermal stress
insignificant. Equation 6 also shows that the density is directly
proportional to the square of the measured flow tube vibration  period with
offset e, due to the fact that the empty flow tube still has mass. The
determination of density of flowing material in a single straight tube
flowmeter is more complex than that of a dual curved tube flowmeter as
above 10 described in equation 6. Several differences must be considered
for single straight  tube flowmeters. First, the vibration period of the
flow tube must be compensated  for thermal stress in addition to modulus
change with temperature. Thermal stress  



compensation is required because the tensioning or compressing of the flow
tube  can lower or raise the tube vibration period independently of
density. Because 15. density is proportional to the tube vibration period
squared, the square root of the  familiar compensations for stress and
modulus change is used to compensate the  tube vibration period. Second,
the flow tube vibration period must be compensated for mass flow  effect.
U.S. Patent 5,295,804 shows that the period of the vibrating flow tube 20
increases slightly with high flow rates. Compensation must be made for the
mass  flow effect or the density readings at high flow rates will be
erroneously high. This  compensation can also be used to improve the
accuracy of dual and curved tube  meters. The improved equation of the
present invention for determining the compensated flow tube vibration
period is:  25 EQ. 7 T,A -Tfd - l +a, -TI +a, (Tf - ITrim) Where:  o =
Compensated flow tube vibration period for modulus, stress, and flow -Cid =
Compensated tube vibration period for mass flow effect 30 27 16 December
2003 a, & a, =Tube vibration period temperature correction constants for
modulus and stress  Tfd = T,~ -ni 2 - Fd =Flow tube vibration period
compensation for mass flow z = Raw measured flow tube vibration period 5 m
= Mass flow rate (can be estimated by At,,ps - Ato )  Fd = Density flow
effect constant The density calibration is normally done before the flow
calibration because  the density calibration can be done with no flow which
causes the flow  compensation term, T fd , in equation 7 to be equal to the
raw measured tube 



10 vibration period. The constants a, and a, as well as Fd are meter
constants that  are the same for all meters of a given size. They are
determined through extensive  testing and are entered into the meter
electronics when the meter is configured. The density equation requires the
use of the compensated tube vibration  period T r of equation 7. The
density determination of a single tube flowmeter 15 differs from that of a
dual tube flowmeter in that the density is not quite proportional  to the
square of the compensated tube vibration period for a single tube meter.
Density is not proportional to the tube vibration period squared for a
single tube  meter because changing fluid density causes the movement of
the nodes which  define the ends of the flow tube and the balance bar.
Movement of these nodes 20 causes an effective mass transfer between the
flow tube and the balance bar. The  mass transfer causes the graph of fluid
density versus tube vibration period  squared to be a curve rather than the
straight line of dual tube meters. It is therefore necessary that the
equation for determining the density of a  fluid have additional terms
(beyond those of equation 6) . The relationship 25 between the compensated
tube vibration period and the material density is shown  by the following
equation: EQ. 8 P. -(Cl 'z; -C,) -(I +c; -(z -k,)2 +c, 28 16 December 2003
Where:  CA C, 5 = flowing material density = constants determined by a two
point density calibration = Tube vibration period constant determined at
time of density  calibration c. & cl = Straight tube density correction
constants 



The first term in parenthesis in equation 8 is the linear density term of
equation 6. The constants c, and c, are determined through air and water
calibrations as for equation 6. The additional terms in equation 8 provide
the density 10 compensation for change in modulus, stress, and flow. The
additional terms also  provide for the effective mass transfer between the
flow tube and the balance bar  with changes in density. The constants for
these terms, c, and c, ,determine the  deviation from the linear
relationship of dual tube meters. They are constant for a  given meter size
and are determined through extensive testing. c3 and c4 do not  15 require
calibration for each meter. Description of FIG.4 Fg.4 is a graph of the
tube vibration period squared versus the material  density for a single
straight tube meter and a dual curved tube meter. The line  representing
the dual tube meter is straight. This linear relationship enables dual 20
tube meters to be calibrated for density on two materials, air and water,
since two  points define a straight line. The curve representing the single
straight tube meter  deviates from the straight line. It deviates because
of the change in position of the  nodal regions as discussed earlier. For a
single straight tube meter, the use of the  straight line obtained by an
air and water calibration, as is done for dual tube meters, 25 would under
estimate the density for materials heavier than water and would over
estimate the density for materials lighter than water. The non linear
calibration curve  representing the single straight tube meter in Fig.4
could be determined by  performing a calibration using more than two
materials of different densities. 29 16 December 2003  However, it would be
time consuming and expensive to use calibration points on a  materials
other than air and water for meter calibration. Description of figure 5
Fig.5 shows a graph of the density error that would result from using the 5
standard (dual tube) linear density equation of Fig.4 on a single tube
meter. It can  



be seen that the density error is zero at both the air density point of
zero and the  water density point of one. The density error is positive for
lower density materials  and negative for higher density materials. This
graph can also be considered the  deviation of the density output curve of
the single straight tube meter from the use of 10 the straight line
produced by two point calibrations.  Description of figure 6 Fig. 6 is
another way of showing the density error (deviation) data of figure 5.
This graph of figure 6 shows density error (or deviation from the linear
calibration  line) versus the difference between the measured tube
vibration period and the 15 water filled tube vibration period (both
corrected for flow and temperature). The  density deviation is the
difference between the actual material density and the  predicted density
using the straight line generated by the air-water density  calibrations of
figure 4. This method of presenting the deviation data puts the graph
origin (0,0) at the water density calibration point. It also allows for a
relatively simple 20 equation of the curve of the data points. The equation
for the density deviation from  using a linear two point calibration with a
single straight tube meter is shown on  FIG.6. The present invention
includes a new calibration method for determining the  density in single
straight tube meters that has the accuracy of three point 25. calibrations
while only using air and water density calibrations. Using the new  method,
a two point calibration is done yielding the usual straight line. This line
varies from meter to meter for even the same size meter. This line varies
in both  slope and the tube vibration period with water. However, the
method of the present  invention makes use of the fact that all the meters
of a given size have the same 30 deviation from the two point calibration
line (similar to that shown in Fig. 6). This  curve contains the deviation
of the actual density points from the straight line. The  0,0 point on the
deviation curve is located at the water calibration point on the  straight
line of the two point calibration. 30 



16 December 2003 In the present invention, the air-water slope and the tube
vibration period for  water are determined by an air water calibration (c,
and c, ). The equation of the  deviation from this straight line is stored
in the meter electronics memory for each  meter size. The equation
constants for the deviation from this line are c3 and c4 in 5 the density
equation 8. They are determined through extensive testing. The values  of
c. and c are different for each meter size. The meter electronics knows
what  size meter is in use because it is entered during the initial setup
of the meter. The  meter electronics determines the true material density
by subtracting a deviation  from the straight line of the two point
calibration. The subtracted deviation is 10 determined by the deviation
equation stored in the memory of the meter electronics.  Therefore, in the
present invention, the meter electronics determines density  by correcting
for modulus change with temperature, by correcting for thermal stress
using an improved method of determining the composite meter temperature, by
correcting for mass flow rate, and by using an improved compensation method
that 15 compensates for non-linearity in the density versus tube vibration
period squared  curve. Description of FIG. 7 Fig. 7 is a block diagram that
describes the manner in which the present  invention performs its
compensation function of the mass flow rate. The block 20 diagram of Fig.7,
as well as of Fig.8, discloses a plurality of processing or program  steps
each representing one or more program instructions stored in a memory of
meter electronics 130. The instructions are executed by a C.P.U. of meter
electronics with the results either being stored in memory or outputted to
a user over  path 137. 25 The flowmeter is configured and calibrated in
step 701 which contains two  steps 701A and 701 B. Step 701A inputs the
constants k,,,, kf" I k,,,, a, , a, , and  F,, from memory of meter
electronics 130. Step 701 B calibrates the flowmeter and  determines the
elements F C F , k, , and A f 0 ' The output information of steps 



701 A and 7018 is applied over path 702 to step 706. Step 703 represents
the 30 sinusoidal pickoff signals of the meter. They are transmitted over
path 704 to step 31 16 December 2003  706. Step 706, extracts the time
delay produced by the flow, At , and the vibration period of the flow tube,
z, . Step 708 represents the resistances of the flow  tube RTD and the
network of RTDs. The resistances are transmitted via path 709 to  step 711
of meter electronics where they are converted to the tube temperature and
5 the composite temperature. The raw vibration period of the flow tube from
step 706 and the temperatures  from step 711 are transmitted by paths 714
and 712 to step 715 which calculates  the flow tube vibration period t
corrected for temperature. The corrected tube  vibration period Z is then
transmitted via path 716 to step 717. Step 717 also 10 receives the time
delay at zero flow At. and the time delay L1t"~~~f produced by the  flow
via path 707 from step 706 as well as the flow tube and composite
temperatures via path 713 from step 711. In step 717 the compensated mass
flow equation is applied as inputs from  steps 706, 715, and 711. The
compensated mass flow rate m is then output via 15 path 718 to the users
application (not shown). Also not shown in fig.7 are the paths  from memory
of meter electronics (step 701) where the constants are stored to the
steps where they are used. Description of FIG. 8 Fig. 8 is a block diagram
that describes the manner in which the program  20 instructions of the
present invention perform a its compensation function of the  material
density output. The meter is configured and calibrated in step 801 which
consists of steps 801A and 801 B. In step 801 A, constants c, , c, , a ,
a,, and Fd  are input from the memory of meter electronics 130. Step 801 B
generates symbols  c, , c, , Ato , and k, through meter calibration. The
output of step 801 is applied 25 over path 802 to step 806. Step 803
represents the sinusoidal pickoff signals.  



These pickoff signals are input to meter electronics of step 806 via path
804. In  step 806 the time delay At.,., due to flow and the raw vibration
period T" of the  flow tube are determined. Meanwhile, the RTD signals of
step 816 are transmitted 32 16 December 2003  via path 817 to step 818
where they are converted to temperature. Step 808 receives time delay at
zero flow Al. from step 801 (path not shown), time delay  At,,,,, due to
flow. and the raw flow tube vibration period T-, from step 806 via path
807. Step 808 also receives the material temperature and the composite 5
temperature T, from step 8 18 via path 819. In step 808 the mass flow rate
in' is  E calculated as described in Fig.7. The mass flow rate in is
applied via path 809 to  step 811 where it is used along with the raw tube
vibration period to calculate the  tube vibration period T,, compensated
for mass flow rate. This is then applied via  path 812 to step 813 where it
is used along with the temperatures from step 818 via 10 path 820 to
calculate the tube vibration period 'r,,, further compensated for modulus
shift with temperature as well as with thermal stress. All the parameters
are now  known to solve the linear density equation show in step 813. The
fully compensated tube vibration period 7-. is then transmitted via path
4P 1  814 to step 821 which modifies the linear compensation equation c, -
T~ -c, from P  15 step 806 by combining it with the non linear compensation
term ([+C,-(-r -k,)-'+c,-(-r -k,)) -This nonlinear term is combined with
the linear  CP - rp  equation of step 806 to form the complete density
equation which is passed over  path 822 to step 823. Step 823 receives this
information and calculates the material  density p . The material density p
is the transmitted via path 822 to an output 



20 application (not shown). Also not shown in fig.8 are the paths from
memory (step  801) where the constants are stored to the steps where they
are used. 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. For example, 25 although the present
invention has been disclosed as comprising a part of a single  straight
tube Coriolis flowmeter, it is to be understood that the present invention
is 33 16 December 2003  not so limited and may be used with other types of
Coriolis flowmeters including single tube flowmeters of irregular or curved
configuration as well as Coriolis  flowmeters having a plurality of flow
tubes. Thus, the use of the term " material" is to be understood as
including fluids, 5 gasses, plasma as well as any and all substances that
can flow through a flow meter  for a determination and measurement of
information pertaining to said materials.  Also, while specific
relationships and equations have been described in connection  with the
invention, it is to be understood that the invention includes and may be
practiced using modifications of the disclosed equations and relationships.
34 What is Claimed is: 16 December 2003 1. A method of providing
compensation for output data of a Coriolis  flowmeter having a flow tube
(101.) and a balance bar (102) that are adapted, when  in use, to be
vibrated in phase opposition; said flowmeter generates Coriolis deflections
of said vibrating flow tube in  5 response to a material flow through said
vibrating flow tube; said method comprising the steps of: generating a
first signal (LPO, RPO) representing the Coriolis deflections of  said
vibrating flow tube: 



operating a sensor thermally coupled to said flow tube for generating a  10
second signal (Si) representing the temperature of said flow tube;
characterized in that said method further comprises: operating additional
sensors thermally coupled to a plurality of additional  flowmeter elements
exclusive of said flow tube for generating a third signal (S2, S3,  S4)
representing the composite temperature of said plurality of additional
elements  15 (102, 103) of said flowmeter; said third signal is generated
by connecting the outputs of said additional  sensors to form a network
having an output that transmits said third signal to meter  electronics of
said flowmeter. using said second signal and said third signal to derive
information regarding  20 the thermal stress applied to said flow tube by
said plurality of flowmeter elements;  using said information regarding
said thermal stress applied to said flow tube to compensate said output
data pertaining to said material flowing through  said flowmeter. 2. The
method of claim 1 wherein the step of generating said second  signal
comprises the step of obtaining a signal representing the temperature of
said flow tube from said sensor coupled to said flow tube; and wherein said
step of generating said third signal comprises the steps of:  5 the outputs
of said additional sensors are connected to contribute to the  magnitude of
said third signal in proportion to the stress imparted by each of their 35
16 December 2003 10 associated flowmeter elements to the total thermal
stress applied by all of said  elements to said flow tube; obtaining said
third signal from an output of said network representing the  composite
temperature of said plurality of elements in response to the receipt by
said network of said signals applied by said additional sensors, 



3. The method of claim 2 wherein said plurality of elements comprise  ~said
balance bar and said case, and wherein said step of coupling said
additional sensors comprises the steps of: coupling a first sensor (54) to
said case; 5 coupling at least one sensor (52, S3) to said balance bar.
connecting Outputs of said first sensor and said at least one  additional
sensor to form said network. 4. The method of claim 3 wherein said step of
connecting the output of  said additional sensors comprises-the step of :
connecting the outputs of said additional sensors in series to form  said
network. 5. The method of claim 4 including the step of extending said
network  over at least two conductors (132, 134) to said meter electronics.
6. The method of claim 1 wherein said step of compensating comprises  the
step of generating corrected output data pertaining to the mass flow rate
of said  material. 7. The method of claim 6 wherein said step of generating
corrected  Output data comprises the steps of determining an uncompensated
Coriolis deflection signal;  deriving a modulus compensation; 5 deriving a
thermal stress compensation; and 36 16 December 2003 using said
uncompensated Coriolis deflection signal and said modulus  compensation and
said thermal stress compensation to derive a corrected mass  flow rate.
36/1 16 December 2003 8. The method of claim 7 characterized in that said
corrected mass flow  



rate is obtained by the step of multiplying said uncompensated mass flow
rate by 1  plus 1+ said thermal stress compensation and 1+ said modulus
compensation. 9. The method of claim 7 wherein said step of generating
corrected  output data comprises the further steps of: deriving a density
compensation; multiplying said uncompensated mass flow rate by 1 plus said
stress .:z  5 compensation and 1 + said modulus compensation and 1 + said
density  compensation to obtain a corrected mass flow rate. 10. The method
of claim 7 characterized in that said step of generating  said
uncompensated flow rate comprises the step of solving the expression  FCF -
(Atmeas - At0 ) Where: 5 FCF -- Flow Calibration Factor  Atmeas = Time
delay of pick off signals Leto = Time delay at zero material flow 11. The
method of claim 7 characterized in that said step of deriving said  modulus
compensation comprises the step of solving the expression (kf - Tf )
Where: k fr, = Meter constant based on change in flow tube modulus with 5
temperature . Tf = Flow tube temperature 12. The method of claim 7
characterized in that said step of deriving said  thermal stress
compensation comprises the step of solving the expression (kf2 (Tf - T em
)) 37 16 December 2003 Where:  5 kfl2 



T` T corn Meter constant based on change in thermal stress with temperature
Flow tube temperature = Temperature of network sensors 13. - The method of
claim 9-characterized in that said step of deriving said,.  density
compensation comprises the step of solving the expression kn3 (r, - k2)
Where: 5 krr3 = Meter constant for density effect on flow z r = Temperature
compensated tube vibration period k2 = Tube vibration period constant
determined at time of density  calibration of flowmeter 14. The method of
claim 6 characterized in that said step of generating  corrected output
data comprises the step of deriving a corrected mass flow rate by  solving
the expression: m= FCF(At -&to)[1+(kfll -Tf)][1 +kf12(7. -T,.)J[I+kf3'(zr
-k2)a 5 Where: in = Mass flow rate FCF = Flow calibration factor dtmeal =
Time delay of pick off signals  At0 = Time delay at zero material flow 0
kf~, = Meter constant based on change in flow tube modulus with
temperature 38 16 December 2003  k,(Z = Meter constant based on change
in-thermal stress with temperature kf 3 = Constant for Density effect on
flow 



k2 Tube vibration period constant determined at time of density 15
calibration of flowmeter TI Flow tube temperature T,,,, = Temperature of
network sensors T Cl 15. The method of claim 6 characterized in that said
step of generating  corrected output data comprises the step of deriving a
corrected mass flow rate by  solving the expression: in = m [ 1 + MOD ] ~ [
1 + STRESScOMP ]  [ 1 + DENSITY comp ] 5 Where: m Mass flow rate FCF = Flow
calibration factor Atmeas = Time delay of pick off signals  At0 = Time
delay at zero material flow 10 k f,I Meter constant based on change in flow
tube modulus with  temperature kfz = Meter constant based on change in
thermal stress with temperature MU13C = FCF(At"feas - Ato )  MOcamp k f, .
Tf 5 kf = Constant for Density effect an flow  39 16 December 2003 k2 Tf
Tube vibration period constant determined at time of density  



calibration of flowmeter Flow tube temperature Tom = Temperature of network
sensors 20 t i - Temperature compensated tube vibration period  STRESS Ca"W
= k f 2 (Tf  DENSIT=k -(z- -k  COMP ff 3 CT 2) 16. The method of claim 1
wherein said step of compensating includes  the step of deriving corrected
output data regarding the density of said material. 17. The method of claim
16 wherein said step of obtaining corrected  output data regarding density
includes the steps of: configuring said flowmeter to input constants from
memory;  calibrating said flowmeter to derive constants; 5 determining an
uncompensated flow rate; determining a compensated tube period corrected
for flow;  determining a tube period corrected for flow, modulus, and
stress;  determining a linear density equation; determining a differential
tube period equal to the difference between  10 said compensated tube
period and a flowmeter constant k2 determined during  density calibration
of said flowmeter; multiplying said linear density equation by the sum of 1
+the product  of a meter constant c, times the square of said differential
tube period + the  product of a flowmeter constant c-4 times said
differential tube period. 18. The method of claim 17 wherein said step of
deriving corrected  output data regarding density of said material includes
the step of. 40 16 December 2003 configuring said flowmeter to input
constants a,, a2, c" C4 , and F  



from a memory of said meter electronics. 19. The method of claim 17 wherein
said step of deriving corrected  output data regarding density of said
material includes the step of: calibrating said flowmeter to determine
constants c, , c2, k2 , and At0. 20. The method of claim 17 wherein said
step of deriving corrected  output data regarding density of said material
includes the step of: determining m, = FCF (Atmgas- ato ) Where:  5 FCF
Flow Calibration factor Atrea Time delay of pick off signals  At0 = Time
delay at zero flow 21. The method of claim 17 wherein said step of deriving
corrected  output data regarding density of said material includes the step
of. calculating r - z - Ch2 F  Id M d Where: Compensated tube vibration
period for mass flow effect  Raw measured now tube vibration period Mass
flow rate Density flow effect constant 41 16 December 2003 22- The method
of claim 17 wherein said step of deriving corrected  output data regarding
density of said material includes the step of: calculating the expression
=Tfd  1+a, Tf +a, - (-Tam) 5 Where: 



Tip = Compensated flow tube vibration period for modulus, stress, and flow
T fd = Compensated tube vibration period for mass flow effect a , & a2
=Tube vibration period temperature correction constants for modulus and
stress 0 Tfd m - m2  F. =Flow tube vibration period compensation for mass
flow M = Fd = Raw measured flow tube vibration period Mass flow rate
Density flow effect constant 23. The method of claim 17 wherein the step of
deriving corrected output  data regarding the density of said material
includes the step of calculating the  deviation of the material density
from that determined by the linear density  equation 5 Pm =(c,- Z  r~,-c2)
where c, and c2 are constants and T. is the compensated tube period squared
24. The method of claim 17 wherein said step of deriving corrected  output
data regarding density of said material includes the step of: modifying the
expression P~ _ (c,  r p - c1) to include the non-linear components 5
(1+c3-(z- -k2)2+c,-(rip-k2)) 42 16 December 2003 Where. T m 



Tp 10 Raw measured flow tube vibration period = Compensated flow tube
vibration period for modulus, stress,  and flow = determined material
density = Tube vibration period constant determined at time of material
density calibration. c1,c2,c3,&c4 = Single tube material density correction
constants 25. The method of claim 17 wherein said step of deriving
corrected  output data regarding density of said material includes the step
of: calculating the density of said material from the expression  pm =(c,
r,--c2)'(1+c3'(TCP-k,)2+c4'(rp-k2)) = determined material density = Tube
vibration period constant determined at time of material  density
calibration. c3 & c4 = Single tube material density correction constants
26. The method of claim 25 wherein the value r, p is determined by  solving
the expression: rip = T fd ' Ji + a, - Tf + a2 - (Tf -Tom ) Where: 5 a, -
Tf = the modulus effect on density a2 (Tf - Tom) = the thermal stress
effect on density 43 16 December 2003  0, and a, are flowmeter constants
pertaining to modulus anal thermal stress effect on density 27. The method
of claim 17 wherein said step of deriving corrected  output data regarding
density includes the step of solving the expression; 



(Density,,,,,,,,,)[ 1 + C3(iPeriodcamp) C (dPeriodt,o,)] Where: 5 The term
(APeriod'omp) is the difference between the compensated tube  vibration
period rP (for temperature, stress, and flow) and a tube vibration period
constant k_ determined during density calibration of the flowmeter. 28.
Apparatus that provides thermal stress compensation for output data  of a
Coriolis flowmeter having a flow tube and a balance bar that are adapted,
when in use, to be vibrated in phase opposition in a drive plane; said
flowmeter  generates Coriolis deflections of said vibrating flow tube in
response to a material  5 flow through said vibrating flow tube; said
apparatus comprises: apparatus that generates a first signal representing
the Coriolis deflections  of said vibrating flow tube; apparatus including
a sensor affixed to said flow tube that generates a  10 second signal
representing the temperature of said flow tube; characterized in that said
apparatus further comprises: apparatus including additional sensors
thermally coupled to a plurality of  additional flowmeter elements
exclusive of said flow tube that generates a third  signal representing the
composite temperature of said plurality of additional 15 elements; said
third signal is generated by combining the outputs of said additional
sensors to form a network having an output that transmits said third signal
to meter  electronics of said flowmeter: 44 16 December 2003  said meter
electronics that receives said second and third signals and delivers
information regarding the thermal stress applied to said flow tube by said
plurality of flowmeter elements; and 4411 



16 December 2003 20 said meter electronics uses said information regarding
the thermal stress on  said flow tube to compensate output data of said
flowmeter pertaining to said  Rowing material. 29. The apparatus of claim
28 wherein said apparatus that generates  said second signal comprises: a
first sensor coupled to said flow tube; said apparatus that generates said
third signal comprises: a network having an output that extends said third
signal from said  additional sensors to said meter electronics denoting the
composite temperature of  said plurality of elements of said flowmeter, 0
said network is configured so that outputs of each of said additional
sensors  contribute to amplitude of said third signal proportionately to
the thermal stress  imparted by each of their associated flowmeter elements
to which they are  connected on to the total thermal stress imparted to
said Row tube by said  additional elements; and 5 said meter electronics
determines the difference between said flow tube  temperature and said
composite temperature to determine the thermal stresses  applied by said
plurality of elements to said flow tube. 30. The apparatus of claim 29
wherein said pluraIity of elements  comprise said balance bar and said case
with a first one of said additional sensors  being coupled to said- case
and with at least one of said additional sensors being- coupled to said
balance bar. 31. The apparatus of claim 30 further comprising circuitry for
connecting  said additional sensors in series to form said network. 32. The
apparatus of claim 31 further including circuitry that connects the  output
of said network over at least two conductors to said meter electronics. 45
16 December 2003 



33. The Coriolis flowmeter of claim 32 wherein said additional sensors
comprise: a second additional sensor and a third additional sensor each
coupled to  different locations of said balance bar, 5 a fourth additional
sensor coupled to said case; a first circuit comprising a series connection
of the signal outputs of said  second and third and fourth additional
sensors;  4511 16 December 2003 said network extends said series connection
of outputs of said  second and third and fourth additional sensors to said
meter electronics to provide 10 information regarding the composite
temperature of the portions of said case and  said balance bar to which
said second and third and fourth additional sensors are  coupled.  34. The
Coriolis flowmeter of claim 33 wherein said second additional  sensor is
proximate an end portion of said balance bar. 35. The Coriolis flowmeter of
claim 34 wherein said third additional  sensor is coupled to a portion of
said balance bar axially inward with respect to  said portion of said
balance bar to which said second additional sensor is coupled. 36. The
Coriolis flowmeter of claim 35 wherein: said fourth additional sensor is
connected to an inner wall of said case. 37. The Coriolis flowmeter of
claim 33 wherein: each of said additional sensors has a first and a second
output terminal; said series connection of said outputs of said second and
third and  5 fourth additional sensors connects said first and second
output terminals of said second and third and fourth additional sensors in
series to said first circuit so that  



the signals applied to said network represent a composite of the signal
outputs of  said second and third and fourth additional sensors. 38. The
Coriolis flowmeter of claim 37 wherein said network comprises a  first
circuit that consists of two conductors extending between said series
connection of said outputs of said second and third and fourth additional
sensors  and said meter electronics. 46 16 December 2003 39. The Coriolis
flowmeter of claim 38 wherein said network further  comprises a second
circuit consisting of two conductors extending from a said first  sensor
coupled to said flow tube to said meter electronics. 40. The Coriolis
flowmeter of claim 39 wherein said second circuit that  connects said
signal output of said first sensor with said signal processing means
includes two wires of which one wire is one of said two wires of said first
circuit and  the other wire of which is unique to said second circuit. 41.
The Coriolis flowmeter of claim 40 wherein each of said circuits has a
ground terminal connected in common to the ground terminal of each other of
said  circuits and a single conductor connects the common ground terminals
of each of  5 said sensors with said meter electronics. 42. The Coriolis
flowmeter of claim 41 in which three conductors connect  said outputs of
said circuits with said meter electronics; a first one of said three
conductors being unique to said first circuit;  a second one of said three
conductors is unique to said second 5 circuit; 5 a third one of said three
conductors is common to both said first  circuit and to said second
circuit. 43. The apparatus of claim 28 wherein said meter electronics also



derives corrected output data regarding the flow of said material. 44. The
apparatus of claim 28 wherein said meter electronics is  programmed with
instructions for directing a processor in said meter electronics  to
generate compensated output data by determining an uncompensated mass flow
rate;  deriving a modulus compensation; deriving a thermal stress
compensation; and 47 16 December 2003 using said uncompensated mass flow
rate and said modulus  compensation and said thermal stress compensation to
derive a corrected mass  flow rate; 10 said meter electronics having a
memory readable by said processor  for storing said instructions. 45. The
apparatus of claim 44 characterized in that said corrected mass  flow rate
is obtained by said instructions multiplying said uncompensated mass  flow
rate by 1 plus said thermal stress compensation and 1 + said modulus
compensation: 46. The apparatus of claim 45 characterized in that said
corrected mass  flow rate is further obtained by said instructions:
deriving a density compensation; multiplying said uncompensated mass flow
rate by the 1 plus said  5 stress compensation and 1 + said modulus
compensation and I+ said density  compensation to obtain a corrected mass
flow rate. 47. The apparatus of claim 44 characterized in that said
instructions  generate said uncompensated flow rate by solving the
expression FCF - (Atmem - Ato) where: FCF = Flowmeter calibration factor  5
Ot ea = Time delay of pick off signals 



Ato Time delay at zero material flow 48. The apparatus of claim 44
characterized in that said instructions that  derive said modulus
compensation solve the expression (kf,  TI) Where: kfI Flowmeter constant
based on change in flow tube modulus with temperature 48 16 December 2003
Tf Flow tube temperature 49. The apparatus of claim 44 characterized in
that said instructions that  derive said thermal stress compensation solve
the expression (k fie (T -- T m)) f Where: kfi2 Flowmeter constant based on
change in thermal stress with 5 temperature Tf Flow tube temperature To,~ =
Composite temperature of network sensors 50. The apparatus of claim 44
characterized in that said instructions that  derive said density
compensation solve the expression k f, - (z 1 - kz ) Where: kf~3 = T1 k2 =
Constant for density effect on material flow 



Temperature and stress compensated tube vibration period  Tube vibration
period constant determined at time of density  calibration of flowmeter 51.
The apparatus of claim 44 characterized in that said instructions that
generate corrected output data derive a corrected mass flow rate by solving
the  expression: m = FCF-(At . -&ta)-[1+(kf(, .T)]-[1+kftz(Tf
-T.M)]-[1+kjt3 -(z! -kz)) 5 Where. rn _ Mass flow rate FCF = Flow
calibration factor 49 16 December 2003 dt,"f = Time delay of pick off
signals  Ato = Time delay at zero material flow 10 k[tI = Meter constant
based on change in flow tube modulus with temperature  kfZ = Meter constant
based on change in thermal stress with temperature kft3 = Meter constant
for density effect on material flow Tube vibration period constant
determined at time of density 15 calibration of flowmeter Tf Flow tube
temperature T, = Temperature of network sensors rat = Temperature and
stress compensated flow tube vibration period 52. The apparatus of claim 44
characterized in that said instructions that  generate corrected output
data derive a corrected mass flow rate by solving the  expression: m = m, 1
+ MOD 1 + STRESS E ~~ co, 1 + DENSITY 



QmP  5 Where: rnunc = FCF(Aimeas - Qto  MOD omp = k,,, - T,  STRESS d"p =
kfiz (Tf  DENSITY,,, = kr 3 (zcr - k,)  0 Where: rn = Mass flow rate 50 16
December 2003 At FCF = Flow calibration factor meos Ato = Time delay of
pick off signals = Time delay at zero material flow Meter constant based on
change in flow tube modulus with  temperature k frz = Meter constant based
on change in thermal stress with temperature  Tf = Flow tube temperature
To,,, = Temperature of network sensors 20 rC, = Temperature and stress
compensated flow tube vibration period 53. The apparatus of claim 28
wherein said meter electronics is  programmed with instructions for
directing a processor in said meter electronics to  generate corrected
output data regarding the density of said material; said meter electronics
has a memory readable by said processor for  5 storing said instructions.
54. The apparatus of claim 53 wherein said instructions obtain corrected
output data regarding density by: 



configuring said flowmeter to input constants from memory;  calibrating
said flowmeter to derive constants; 5 determining an uncompensated flow
rate; determining a compensated tube period corrected for flow;
determining a tube period corrected for flow, modulus, and stress;
determining a linear density equation; determining a differential tube
period equal to the difference between  0 said compensated tube period and
a flowmeter constant k2 determined during density calibration of said
flowmeter; 51 16 December 2003 multiplying said linear density equation by
the sum of 1 +the product  of a meter constant c3 times the square of said
differential tube period + the product of a flowmeter constant C4 times
said differential tube period. 55. The apparatus of claim 53 wherein said
instructions derive corrected  output data regarding density of said
material by: configuring said flowmeter to input constants a, , a2, c3, c4
, and F.  from a memory of said meter electronics. 56. The apparatus of
claim 53 wherein said instructions derive corrected  output data regarding
density of said material by calibrating said flowmeter to  determine
constants c1,c2,t0,k2, and Ato. 57. The apparatus of claim 53 wherein said
instructions derive corrected  output data regarding density of said
material by executing the steps of: measuring Atmeas , At. and m Where: 5
At Meal = Time delay of pick off signals  Atp = Time delay at zero material
flow m = Raw measured flow tube vibration period 58. The apparatus of claim
53 wherein said instructions derive corrected  



output data regarding density of said material by determining unc = I' C
(Atmeru - At0 Where: 5 FCF = Flow Calibration factor  Atmeass = Time delay
of pick off signals 52 16 December 2003 At0 = Time delay at zero flow 59.
The apparatus of claim 53 wherein said instructions derive corrected
output data regarding density of said material by calculating zfd = m - mz
Fd  Where: z fd = Compensated tube vibration period for mass flow effect 5
zm = Raw measured flow tube vibration period rrm = Mass flow rate Fd =
Density flow effect constant 60. The apparatus of claim 53 wherein said
instruction derive corrected  output data regarding density of said
material by calculating the expression zp= zfd 1+a, 7f+a2.(Tf-Tm) 5 Where:
cp = Compensated flow tube vibration period for modulus, stress, and flow T
fd = Compensated tube vibration period for mass flow effect a, & a2 = Tube
vibration period temperature correction constants for modulus and  stress
.2 10 T fd = - m  Fd = Flow tube vibration period compensation for mass
flow zm = Raw measured flow tube vibration period  rit = Mass flow rate 



Fd = Density flow effect constant .93 16 December 2003 61. The apparatus of
claim 53 wherein said instructions derive corrected  output data regarding
the density of said material by calculating the deviation of the  material
density from that determined by the linear density equation r  Pm-(c1. 2
-c2) 5 where ct and c2 are constants and z p is the compensated period
squared 62. The apparatus of claim 61 wherein said step of deriving
corrected  output data regarding density of said material includes the step
of: multiplying the expression pn, _ (c,  r p - c2) representing linear
components by the expression (1 + c3 - (r~P - k2)2 + c4 . (zip - kz))
representing 5 non-linear components Where:  Pm k2 10 = determined material
density = Tube vibration period constant determined at time of material
density calibration. c3 & c4 = Single tube material density correction
constants 63. The apparatus of claim 53 wherein said instructions derive
corrected  output data regarding density of said material by calculating
the density of said  material from the expression per,=(ci rp-c2)-(1+c3(r
-k2)2+c4(v -k2)) Where:  pm = determined material density 



k2 = Tube vibration period constant determined at time of material 54 16
December 2003 density calibration. C, & c, = Straight tube material density
correction constants 64. The apparatus of claim 62 wherein said
instructions determine the  value rc , by solving the expression: rip = r
fd 1 + a,  T + a2 JTf -- Tom ) Where 5 a, . T. = the modulus effect on
density effect  a2 - (Tf - T .) = the thermal stress effect on density a,
and a2 = are flowmeter constants pertaining to density 65. The apparatus of
claim 53 wherein said instructions generate  corrected output data
regarding said density by solving the expression; pn = (Density,,,,,,){1 +
c3 (APeriodcomp)7 + c4 (iPeriodcomp )J  Where. n 5 Density,,, , = Pm = cI r
2 cp - C2 The term (APeriodconp) is the difference between the compensated
tube  -period rp (for temperature, stress, and flow) and a tube period
constant kz  determined during density calibration. 66. The apparatus of
claim 53 wherein said instructions that obtain  corrected output data
regarding density includes instructions for: determining a compensated tube
period;  determining a linear density equation; 55 16 December 2003 5
determining a differential tube period equal to the difference between
said compensated tube period and a flowmeter constant kz determined during



density calibration of said flowmeter; multiplying said linear density
equation by the sum of 1 +the product  of a meter constant c3 times the
square of said differential tube period + the 10 product of a flowmeter
constant c4 times said differential tube period. 67. The apparatus of claim
66 wherein said instructions determine the  value of rip by solving the
expression: =zfd +a, T+a2-(Tf-Tom} Where: 5 a,.Tf Tf - Tom a, and a2 the
modulus thermal density effect  = the thermal stress effect on density =
are flowmeter constants pertaining to density 68. The method of claim 16
further comprising the steps of;  configuring said Coriolis flowmeter from
information stored in a memory of said Coriolis flowmeter to determine
configured meter parameters;  calibrate said Coriolis flowmeter for density
of said flowing material  5 using a two point linear calibration method
employing two different materials of different density to derive
calibration parameters for a linear density equation;  determine a measured
flow tube vibration period from signals  received from pick off sensors
coupled to said flow tube of said Coriolis flowmeter; measuring operational
parameters of said Coriolis flowmeter;  0 determine a compensated flow tube
vibration period using said  measured flow tube vibration period and said
operational parameters and said  configured meter parameters; 56 16
December 2003 determining a non-linear component using said compensated
flow  



tube vibration period and said configured meter parameters and said
calibration  15 parameters; obtaining a non-linear density equation for
said Coriolis flowmeter by  combining said linear density equation with
said non-linear component to yield a  single flow tube density equation
which includes the deviation of said Coriolis  flowmeter calibration from
linear; and 20 determining the density of said material using said single
flow tube  density equation and said compensated tube period. 69. The
method of claim 68 wherein said step of configuring said Coriolis
flowmeter includes the step of determining parameters a, ,a2,c3,C4, and Fd
. 70. The method of claim 68 wherein said step of calibrating includes the
step of using two flowing materials comprising air and water. 71. The
method of claim 68 wherein said step of measuring includes the  step of
measuring the flow tube vibration period, the time delay at zero flow, the
time delay with flow, the temperature of the flow tube, and the composite
temperature of the flow meter while said Coriolis flowmeter contains said
flowing 5 material of unknown density. 72. The method of claim 68 wherein
said step of determining a  compensated flow tube vibration period for mass
flow includes the step of solving  the equation T fd _ - n Fd 73. The
method of claim 68 wherein said step of determining a  compensated flow
tube vibration period includes the step of determining said flow  tube
vibration period compensated for flow, modulus, and stress using the
equation  rF = rfd 1+a,Tf +a2(Tf - Tam) 57 16 December 2003 5 Where: a, -
TI = the modulus effect on density a2 (Tf - Torn) = the thermal stress
effect on density 



74. The method of claim 68 wherein said step of calibrating includes the
steps of: measuring the tube vibration period, and deriving the constants
c, and c2 of the linear density equation p, = (ci - r2P - CO 75. The method
of claim 68 wherein said step of deriving corrected  output data regarding
density of said material includes the step of: modifying the expression 5
p,,, = (c1 ' T , - c, } to include the non-linear components
+c,-(r~,-k2)Z+c., -(z, k2}) Where: Tm T cp 10 k2 = Raw measured flow tube
vibration period = Compensated flow tube vibration period for modulus,
stress,  and flow = determined material density Tube vibration period
constant determined at time of material  density calibration. c, , cz , c"
& c4 = Single tube material density correction constants 76. The method of
claim 68 wherein said step of deriving corrected  output data regarding
density of said material includes the step of: 58 16 December 2003
calculating the density of said material from the expression Pm = (c, .
-c2).(1+c3 (zp --k2)2 +c4 (rrp - kz)) = determined material density 



= Tube vibration period constant determined at time of material  density
calibration. c3 & e, = Single tube material density correction constants
77. The method of claim 68 wherein said step of deriving corrected  output
data regarding density includes the step of solving the expression;  pn =
(Density,,"e,,r)[1 + c3 (APeriodromp )2 + c4 (dPer-iod,a,,,p )J Where: 5
The term (EPeriodtomp) is the difference between the compensated  tube
vibration period TCn (for temperature, stress, and flow) and a tube
vibration  period constant k2 determined during density calibration of the
flowmeter.  59 




