
SXSTSM M!D METHOD FOR C LIBR TIO OF A FLOW DEVICE Related Applications
[0001] This application claims, under 35 U .S .C 119 (e) , benefit of and
priority to United States Provisional Patent Application No. 60/601,424,
entitled "System and Method for Calibration of a Flow Device," by
Lavardiere et al ., filed August 13, 2004, which is hereby fully
incorporated by reference herein. Technical Field [0002] The present
invention is related to calibration of flow devices and, more particularly,
to the rapid calibration of mass flow meters and mass flow controllers.
Background [0003] Flow controllers are used in a variety of industries to
control the flow rate of liquids and gasses. One industry that relies
heavily on flow controllers is the semiconductor manufacturing industry.
This is because the manufacture of semiconductors requires accurate control
of gasses and fluids being dispensed in a flow chamber. Many current flow
controllers control flow on a differential pressure basis. These flow
controllers receive a set point from a semiconductor manufacturing tool or
other system, measure the differential pressure across a restriction in the
fluid flow path and execute a control algorithm to open or close a valve
based on the difference between the set point and the differential
pressure. [0004] Typically flow controllers receive a set point in terms of
a mass or volumetric flow rate. The mass or volumetric flow rate is then
converted to a pressure differential based on a calibration curve. The flow
controller must, therefore, have a calibration curve stored for the process
fluid and process conditions under which the flow controller operates. 



For a flow controller suitable for use with a variety of fluids and under
various operating conditions, the flow controller manufacturer must
typically either provide alarge number of calibration curves for the flow
controller or individually calibrate the flow controller for the process
fluid and conditions under which it will operate. This can be a time
consuming and inefficient task. Therefore, a need exists for a more
expeditious system and method of calibrating flow controllers. SUMMARY OF
THE INVENTION [0005] Embodiments of the present invention provide a system
and method for rapid calibration of a flow device that eliminate, or at
least substantially reduce, the shortcomings of prior art systems and
methods for flow device calibration. [000 6 ] A flow device can be provided
with a calibration flow curve (e.g., represented by an nth degree
polynomial) by the manufacturer or a third party. The calibration curve can
be adjusted for a process fluid and the system for which the flow device is
actually installed using one or more correction factors . The correction
factors can be determined for the flow curve based on a simple empirical
test or fluid properties of the process fluid. The corrected flow curve is
then saved at the flow device so that it can be used for future flow
control . [0007] One embodiment of the present invention includes a method
for calibrating a flow device that includes producing a flow of fluid
through the flow device so that a variable indicative of a flow rate of the
fluid has a test value. This can include, for example, producing a flow so
that a pressure differential, time differential, pressure at a particular
sensor or other factor indicative of the flow rate of the fluid has a test
value or multiple test values 



or set of test values. For example, a test value can be half of an expected
maximum value. The method further includes determining an empirical flow
rate of the fluid for a test period of time and applying -a calibration
curve to the empirical flow rate to determine a calculated value for
theflow rate variable. The correction factor can be determined based on the
test value and calculated value. [0008] Another embodiment can include a
computer program product comprising a set of computer instructions stored
on a computer readable medium. The set of instructions can comprise
instructions executable to determine a test value or set of test values of
a variable or variables indicative of a flow rate, determine one or more
calculated values for the variable (s) indicative of flow rate based on one
or more empirical flow rates and an nth degree polynomial corresponding to
a calibration curve and determine one or more correction factor (s) based
on the calculated value (s) and test value (s) for the variable (s)
indicative of flow rate. It should be noted that computer instructions can
be executed by the controller of a flow device and/or a calibration
computer in communication with the flow device or other computing device.
[0009] Yet another embodiment of the present invention includes a flow
device comprising, a flow path, an upstream pressure sensor upstream of a
flow restriction in the flow path, a downstream pressure sensor downstream
of the flow restriction in the flow path and a controller coupled to the
upstream pressure sensor and the downstream pressure sensor to receive
pressure measurements from the upstream and downstream pressure sensor. The
control is configured to cause a valve to open for one or more test periods
of time to produce a flow of fluid through the flow device to generate one
or more test pressure differentials between the 



upstream pressure sensor and downstream pressure sensor, determine one ore
more calculated pressure differentials based on an empirical flow rate and
an nth degree polynomial corresponding to a calibration flow curve and
generate one or more correction factors based on the calculated pressure
differential (s) and the test pressure differential (s) . The controller
can also be configured to cause the controller to open for several test
periods of time to generate a set oftest pressure differentials at the same
set p o in t or multiple set points to improve the accuracy of a particular
correction factor or generate several correction factors . [0010] Another
embodiment of the present invention includes a method for calibrating a
flow device comprising, loading a set of coefficients for an nth degree
polynomial corresponding to a calibration curve for a calibration fluid,
correcting the coefficients of the set of coefficients based on the
viscosity of a process fluid to generate a corrected nth degree polynomial
for the process fluid, storing the corrected coefficients in a memory
location. [0011] Another embodiment of the present invention includes a
computer program product for calibrating a flow device comprising a set of
computer instructions stored on a computer readable medium. The set of
instructions comprise instructions executable by a processor to load a set
of coefficients for an nth degree polynomial corresponding to a calibration
curve, load a set of viscosity correlation variables, receive an input
indicating a viscosity of a process fluid, correct the set of coefficients
based on the set of viscosity correlation variables and store a set of
corrected coefficients. [0012] Yet another embodiment of the present
invention includes a flow device having a controller comprising a computer 



readable medium storing a calibration program and a processor to access and
execute the calibration program. The controller is operable to load a set
of coefficients for an nth degree polynomial corresponding to a calibration
curve for a calibration fluid and correct the coefficients of the set of
coefficients based on the viscosity of a process fluid to generate a set of
corrected coefficients for a corrected nth degree polynomial for the
process fluid and store the corrected coefficients in a memory location.
[0013] -Another embodiment of the present invention includes a method of
calibrating a flow device comprising producing aflow of fluid through the
flow device so that a variable indicative of a flow rate of the fluid has a
set of test values, determining an empirical flow rate for each test value
of the set of test values, determining a set of coefficients for an nth
degree polynomial using the set of test values and empirical flow rates .
[0014] Another embodiment of the present invention can include a computer
program product comprising a set of computer instructions stored on a
computer readable medium, the set of computer instructions comprising
instructions executable to: cause a flow device to produce a flow of fluid
through the flow device so that a variable indicative of a flow rate of the
fluid has a set of test values , determine an empirical flow rate for each
test value of the set of test values and determine a set of coefficients
for an nth degree polynomial using the set of test values and empirical
flow rates . [0015] Yet another embodiment of the present invention
includes a flow device comprising a flow path, an upstream pressure sensor
upstream of a flow restriction in the flow path, a downstream pressure
sensor downstream of the flow restriction in the flow path and a controller
coupled to the 



upstream pressure sensor and the downstream pressure sensor to receive
pressure measurements from the upstream and downstream pressure sensor. The
controller is operable to cause a valve to open for a set of test periods
of time to produce a flow of fluid through the flow device to generate a
set of test pressure differentials between the upstream pressure sensor and
downstream pressure sensor, determine an empirical flow rate for each test
pressure differential and determine a set of coefficients for an nth degree
polynomial using the set of test pressure differentials and empirical flow
rates. BRIEF DESCRIPTION OF THE FIGURES [0016] A more complete
understanding of the present invention and the advantages thereof may be
acquired by referring to thefollowing description , taken in conjunction
with the accompanying drawings in which like reference numbers indicate
like features and wherein: [0017] FIGURE 1 is a diagrammatic representation
of one embodiment of a flow control device; [0018] FIGURE 2 is a
diagrammatic representation of another embodiment of a flow control device;
[0019] FIGURE 3 is a diagrammatic representation of a controller; [0020]
FIGURE 4 is a flow chart illustrating one embodiment of controlling flow;
[0021] FIGURE 5 is a diagrammatic representation of one embodiment of a
system for calibrating a flow control device; [0022] FIGURE 6 is a flow
chart illustrating one embodiment of calibrating a flow control device;
[0023] FIGURES 7A-D are embodiments of screens for interfacing with a
calibration program; [0024] FIGURE 8 is a table of example data for
deionized water ("DIW") , Nl, IPA, S3 and S6 of pressure differential
versus flow rate; 



[0025] FIGURE 9 illustrates a plot and line fit of a first coefficient
versus kinematic viscosity for a particular flow controller; [0026] FIGURE
10 illustrates a plot of a second coefficient versus the square root of
kinematic viscosity for a particular flow controller; [0027] FIGURE 11
illustrates a plot and line fit of a first coefficient versus dynamic
viscosity; [0028] FIGURE 12 illustrates a plot of a second coefficient
versus the square root of dynamic viscosity; [0029] FIGURE 13 is flow chart
illustrating one embodiment of a method for calibrating a flow device for a
particular process fluid; and [0030] FIGURE 14 i s a flow chart
illustrating another method for rapid calibration of a flow device.Detailed
Description [0031] Preferred embodiments of the invention are illustrated
in the FIGURES, like numerals being used to refer to like and corresponding
parts of the various drawings . [0032] Flow devices, such as flow meters
and flow controllers, typically include a microprocessor based controller
that processes readings from one or more sensors to determine the flow rate
of a fluid through the device. The controller will apply a flow curve to
some variable indicative of flow (e.g., pressure differential, pressure,
temperature differential, etc.), usually in the form of an nth degree
polynomial, to determine the flow rate. To ensure that the measured flow
rate is accurate, the flow curve must account for the process fluid being
used and the system in which the flow device is installed. [0033] Prior to
the present invention, either the flow device manufacturer would have to
develop a flow curve for the intended process fluid using a test rig
similar to the 



system in which flow device was to be installed, or the customer would have
to install the flow device and run tests to develop the curve. In either
case, developing the flow curve for a particular fluid and system set up
involved taking multiple sets of data and applying curve fitting algorithms
to the data to develop the nth degree polynomial . This is inefficient as a
new flow curve must be developed for each installation of a flow control
device. [0034] The present invention provides a system of rapidly
calibrating flow devices. According to one embodiment of the present
invention, a calibration curve can be established for the flow controller
by, for example, the manufacturer of the flow controller using test
conditions that can be dissimilar from the actual installation conditions.
The calibration flow curve can be adjusted for the process fluid and system
based on one or more correction factors, as discussed below.[0035]
According to one embodiment e the flow controller can be installed in the
system in which it will operate and a correction factor for the calibration
curve can be calculated based on empirical data from a small number of
tests. The correction factor adjusts the calibration curve to account for
differences between the test fluid and calibration system used to generate
the calibration curve and the process fluid and process system in which the
flow controller actually operates . [0036] According to another embodiment,
a set of correction factors based on the kinematic viscosity (or dynamic
viscosity and density or just dynamic viscosity) can be applied to the
coefficients of the nth degree polynomial. This allows for quick
calibration of the flow device for a particular process fluid based on the
input of process fluid properties . 



[0037] According to another embodiment of the present invention, a second
order polynomial can be used to characterize the flow curve independently
of a manufacturing flow curve. In this embodiment, the flow curve can be
derived from a small number of empirical tests. A flow device can be
configured to produce a flow of fluid at various flow rates. The empirical
flow rates can be determined by measuring the fluid dispensed at each flow
rate in a given period of time. Using the empirical flow rates, the
coefficients of the second order polynomial characterizing the flow curve
can be determined, as discussed in conjunction with FIGURE 14. [0038]
Embodiments of the present invention can be utilized- in the calibration of
a variety of flow control devices including those described in described in
PCT application PCT/US03/22579, entitled "Liquid Flow Controller and
Precision Dispense Apparatus and System," (the "Liquid Flow Controller
Application") filed July 18, 2003, which claims priority of Provisional
Application Serial No. 60/397,053 filed July 19, 2002, entitled "Liquid
Flow Controller and Precision Dispense Apparatus and System" and is related
toU.S. Patent No. 6,348,098, entitled "Flow Controller," filed January 20,
2000 and Provisional Application Serial No. 60/397,162, entitled "Fluid
Flow Measuring and Proportional Fluid Flow Control Device", filed July 19,
2002, each of which is fully incorporated by reference herein. Other
example flow control devices can be found in United States Patent
Application No. 10/777,300, entitled "System and Method for Flow Monitoring
and Control," by Brodeur, filed February 12, 2004, and United States Patent
Application No. 10/779,009, entitled "System and Method for Controlling
Fluid Flow," by Laverdiere, filed February 13, 2004, each of which is fully
incorporated by reference herein. Exemplary flow controllers in which
embodiments of the present 



invention can be implemented include the SINGLESENSE, OPTICHEM P and
OPTICHEM C flow controller manufactured by Mykrolis, Inc. of Billerica,
Massachusetts. [0039] FIGURE 1 is a flow control device 30, according to
one embodiment of the present invention. Flow control device 30 can include
an inlet 32 for receiving a flow, an outlet 34 for directing a flow to
other components of a flow system, a constricted area 36 (e.g., an orifice
plate, small diameter tube or other constriction known in the art) , a
pressure sensor 38 upstream of constricted area 36 (referred to as the
"upstream pressure sensor") configured to measure an upstream pressure, a
pressure sensor 40 downstream of constricted area 36 (referred to as the
"downstream pressure sensor") configured to measure a downstream pressure,
a controller 42, which can include processors, memories and software
instructions for determining a fluid flow rate and/or for generating a
valve control signal, and a valve 44 (e.g., a throttling gate valve, a
poppet valve, a butterfly valve, a pneumatically driven valve or other
valve known in the art) responsive to the valve control signal to regulate
fluid flow. [0040] Upstream pressure sensor 38 and downstream pressure
sensor 40 can be capacitance type, piezoresitive type, transducertype or
other type of pressure sensor known in the art. The portions of upstream
pressure sensor 38 and downstream pressure sensor 40 exposed to the fluid
flowing through flow control device 30 can be chemically inert with respect
to the fluid. Controller 42 can be coupled to upstream pressure sensor 38,
downstream pressure sensor 40 and valve 44 via, for example, electrical
connections. Valve 40 can further include components, such as
microcontrollers, to process the valve control signal and open or close
valve 44 in response to the valve control signal. 



[0041] A fluid (gas or liquid) can enter flow control device 30 at inlet
32, pass through valve 44 and constriction 36 and exit flow control device
30 at outlet 34. upstream pressure sensor 38 and downstream pressure sensor
40 can generate upstream pressure signal 46 and downstream pressure signal
48, which can be digital or analog signals that represent the pressure
measurements at upstream pressure sensor 38 and downstream pressure sensor
40, respectively. [0042] Controller 42, using, for example, software
instructions stored on a computer readable medium, can generate valve
control signal 50 to open or close valve 44 to achieve a desired flow rate
based on the pressures measured by upstream pressure sensor 38 and/or
downstream pressure sensor 40. According to one embodiment of the present
invention, controller 42 can determine a differential between the upstream
pressure measurement and the downstream pressure measurement. The
differential can be any representation of the difference between the
pressure measurements at upstream pressure sensor 38 and downstream
pressure sensor 40. For example, the differential can be represented as a
pressure value (e.g., 100 Pa) or as a signal having a particular voltage
value (e.g., 100 mV) , or in any other format that represents the
difference between the pressure measurements. Controller 42 can compare the
differential to a set point to generate valve control signal 50 according
to any control scheme (e.g., proportionalintegral ("PI") control scheme,,
proportional-integralderivative ("PID ) control scheme r or any other
control scheme known or developed in the art) . According to one embodiment
of the present invention, the set point can be determined from a
calibration curve polynomial based on an input mass or volumetric flow
rate. Based. on control signal 50, valve 44 can open or close to regulate
the flow rate. 



It should be noted that the flow controller of FIGURE 1 is provided by way
of example. [0043] FIGURE 2 is a diagrammatic representation of one
embodiment of flow control device 30. Flow control device 30 can include an
inlet 32 for receiving a flow, an outlet 34 for directing a flow to other
components of a flow system, a flow passage 35, for directing fluid from
inlet 32 to outlet 34, a constricted area 36, an upstream pressure sensor
38, a downstream pressure sensor 40, a controller 42 to generate a valve
control signal, and a valve 44 to regulate fluid flow responsive to the
valve control signal. [0044] Controller 42 can receive signals from
upstream pressure sensor 38 and downstream pressure sensor 40 representing
the measured pressure at the respective sensor. The signal can be an analog
or digital signal that can represent the measured pressure by voltage
level, as bits representing the measured pressure or in any other manner
known in the art. Controller 42 can determine a differential between the
measured pressures, by for example, generating a difference signal and/or
calculating a pressure difference. Controller 42 can generate a valve
control signal based on the differential or based on the pressure signal
received from the upstream and/or downstream pressure sensor. Valve 44 can
open or close responsive to the received valve control signal. [0045]
FIGURE 3 is a diagrammatic representation of one embodiment of controller
42. Controller 42 can include an analog to digital (A/D) converter 52 to
receive signals from the upstream pressure sensor and downstream pressure
sensor andconvert the received signals to a digital format. Processor 54
(e.g., CPU, such as an 8051 processor by Intel Corporation of Santa Clara,
California, an ASIC, a RISC processor, such as a PIC 18c452 processor by
Microchip 



Technologies of Chandler, Arizona, or other processor) can receive digital
values from A/D converter 52, representing the measured pressures, and
calculate a differential. Based on the differential or the measured
pressure from either the upstream or downstream sensor, processor 54 can
generate a digital control signal that represents how much a valve should
open or close to regulate fluid flow. A/D converter 52 can convert the
digital value to an analog va.lve control signal and send the analog
control valve signal to the valve . [0046] Processor 54 can generate the
digital control signal by executing a control program that can include a
control program 56 on a computer readable memory 58 (e.g., EEPROM, RAM,
ROM, flash memory, magnetic storage, optical storage or other computer
readable memory known in the art) , accessible by processor 54. In one mode
of operation, the control algorithm can calculate a differential pressure
set point based on a flow rate set point input and a calibration data 60
stored on computer readable medium 58. The control program can use the
specified set point and calibration data to calculate the digital control
signal based on the differential between measured pressures. In another
mode of operation, the control algorithm can use the measured pressure at
an upstream or downstream pressure sensor to calculate the digital control
signal as described in United States Patent Application 10/777,300. [0047]
The control algorithm can calculate the digital control signal for a
particular mode of operation using any control scheme known in the art,
including, but not limited to, a PID, a modified PID with offset or other
control algorithm known in the art. The basic operation creates an error
signal. The error signal is then corrected for theparticular valve. The
corrected error signal is converted 



from digital format to an analog signal by A/D converter 52 e and the
resulting analog signal is sent to a voltage-tocurrent converter that
drives the control valve to a new position. [0048] Calibration data 60 can
include, for example, coefficients for one or more polynomial expressions
representing a calibration curve and one or more correction factors for
applying the polynomial expression to particular conditions. The polynomial
expression can represent a calibration curve for differential flow control
and/or a calibration curve for single pressure sensor control. According to
one embodiment of the present invention, controller 42 can include a
calibration program 62 to update the calibration data, as describe below in
conjunction with FIGURE 6 . [0049] Controller 42 can include additional
input/output capabilities. For example, controller 42 can have interfaces
to support administrative functions such as updating control program 56,
calibration data 60 or calibration program 62. Additionally, controller 42
can include network interfaces (e.g., interface 64) to communicate with
other flow control devices, administrative computers or other devices
capable of communicating over a network. It should be noted that control
program 56 and calibration program 60 can comprise a single set of computer
instructions, be separate programs, be modules of the same program or be
implemented according to any suitable programming architecture as would be
understood by those of ordinary skill in the art. It should be further
noted that the controller of FIGURE 3 is provided by way of example and
other controllers can be utilized. [0050] FIGURE 4 illustrates one
embodiment of a control routine that can be implemented as, for example, a
set of computer 



readable instructions executable by a processor of a controller. At step
102, the controller can receive a target mass flow or volumetric flow rate
to be achieved.The controller can apply calibration data to the received
flow rate (step 104) to derive a set point. [0051] According to one
embodiment of the present invention, the controller can determine the set
point by applying an nth degree polynomial to the flow rate . Application
of the nth degree polynomial can include applying a polynomial expression
based on a calibration curve and a correction factor to correct the
expression for the conditions under which the flow control device functions
. One embodiment of determining the correction factor is described in
conjunction with FIGURE 6 . [0052] At step 106, the controller can read
upstream and downstream pressure signals from, for example, an analog to
digital converter. At this point, the upstream and downstream pressure
signals can be voltage samplings (i.e., digital samplings) representing the
analog voltages produced by the pressure sensors. The controller can
convert the received samplings into pressure values. At step 108, the
controller can calculate the differential pressure from the upstream and
downstream pressure readings. [0053] At step 110 the controller can compare
the differential pressure to the set point. If the differential pressure
does not equal the set point, the controller, at step 112, can generate an
error signal based on the difference between the differential pressure and
the set point and calculate an error gain based on the pressure from a
particular sensor (e.g., the measured pressure from the downstream sensor)
. If, conversely, the flow rate does equal the set point, the controller
can calculate the error gain based on the differential between the measured
pressures (step 114) . The 



error gain can be added to the error signal to compensate for low signal
values at low pressures. [0054] At step 122, the controller can determine a
valve gain. The valve gain adjusts the gain of the signal that will be
applied to the valve proportionally to the current position. The gain can
be determined from, for example, a gain curvestored in memory. The gain
curve allows the system to correct for variations from valve to valve . In
addition to correcting for variations in a particular valve, the valve gain
curve can also compensate for overshoot, undershoot, and response time .
According to one embodiment of the present invention, a sensitivity factor
can be applied to the valve gain curve to slow or speed up the valve
response. [0055] The controller, at step 124, can output a control signal
based on the error signal, valve gain and other factors as would be
understood by those of skill in the art. The control signal can direct a
valve to open or close to bring the differential pressure closer to the set
point. It should be noted that the control algorithm of Claim 4 is provided
by way of example only and any control algorithm known in the art can be
utilized. Moreover, flow control based on a pressure differential is also
provided by way of example, and other embodiments of the present invention
control flow based on the pressure at a single sensor or other according to
other schemes. PCT application PCT/US03/22579, United States Patent
Application 10/777,300, and United States Patent Application No. 10/779,009
describe other control algorithms that can be employed by embodiments of
the present invention. [0056] FIGURE 5 is a diagrammatic representation of
one embodiment of a system 200 for calibrating flow device 30. In system
200, flow device 30 can be installed in the system in which it will operate
or a test system simulating the system under 



which it will operate. Flow device 30 can be connected to an upstream fluid
flow path that includes, for example, pumps, filters or other flow
components and a downstream flow path that can also include flow
components. System 200 can further include a calibration computer 202
(e.g., laptop, desktop, PDA or other computing device known in the art)
connected to flow controller 30 via a data transport medium (e.g., a bus, a
connector, a network or other data transport medium known in the art) . The
controller (e.g.,controller 42) of flow control device 30 can communicate
data to and receive data from calibration computer 202 via the data
transport medium. [0057] Flow device 30 can include a calibration program
(e.g., calibration program 62 of FIGURE 3 ) to calculate a correction
factor that can be stored, for example,, as part of calibration data 60.
Calibration computer 202 can include an interface program to display a
graphical user interface ("GUI") 206 or other interface for the calibration
program. Calibration computer 202 can communicate inputs received from a
user to the calibration program and display outputs to the user. In this
embodiment of the present invention, calibration computer 202 simply
provides an interface for the calibration program stored on flow device 30.
According to other embodiments of the present invention, calibration
computer 202 can include the calibration program and simply upload
calibration data to flow controller 30. Where the correction factor,
sensitivity factor or other calibration data is calculated can change as
needed or desired for a particular implementation . [0058] According to one
embodiment of the present invention a calibration curve can be established
for flow controller 30 before flow controller 30 is installed in system
200. This 



can be done, for example, using a test fluid, such as isopropyl alcohol
("IPA") or other test fluid, and a test system. The calibration curve can
be established according to any method known in the art. According to one
embodiment, the flow rates for various differential pressures can be
determined. Assume for example, for flow controller 30, fifteen samples are
taken at various differential pressures to produce the data in Table 1
:Table 1 [0059] In the example of Table 1 , the calibration curve can be
represented by an nth degree polynomial. For a 2nd degree polynomial curve
fit, the calibration curve of table 1 can be represented generally as
follows: DP=ax2+bx+c [EQN. 1 ] and more specifically as: DP=1.64237660x
2+7.950469544x-. 011737883 [EQN. 2 ] [0060] The coefficients of the
polynomial expression (i.e., a , b and c ) can be stored in flow control
device 30 by the manufacturer, a third party or be provided in another
manner. It should be noted that the calibration curves can be derived in
any manner, including any curve fitting scheme, known in the art and can be
represented by other nth degree polynomials . Additionally, the polynomial
can be forced to a zero y intercept. In this case, the c term (e.g.,
-.00111737883) can be dropped and the a and b termsadjusted for the curve
fit. Forcing the polynomial to a zero y intercept helps minimize skewing of
the curve for higher viscosity process fluids or greater pressure drop
devices . [00 61] In practice,, the process fluid and system in which flow
control device 30 is installed will differ from the test fluid and test
system. To compensate for this, the calibration program can determine a
correction factor for the flow control device. FIGURE 6 is a flow chart 



illustrating one embodiment of a method of updating the calibration data to
account for various process parameters and the process fluid. It is
assumed, for purposes of FIGURE 6 , that the flow controller is installed
in the system in which it will operate or a substantially similar system
(e.g., a test rig that simulates the system in which it will operate) . The
process of FIGURE 6 can be implemented by a calibration program residing on
a flow controller or a computer (e.g., calibration computer 202) that can
communicate with the flow controller. [0062] At step 302, a maximum
differential pressure test can be performed to determine the maximum
differential pressure under which the flow controller is expected to
operate. For step 302, the calibration program opens the valve of the flow
controller to its maximum open position for a first period of time (ti)
(e.g., ten seconds or other arbitrarily selected time) sufficient to allow
the differential pressure of the fluid flow to stabilize and minimize
startup and endof- dispense effects that can affect the total mass or
volume reading relative to the dispense time. The differential between the
pressure at the upstream pressure sensor and downstream pressure when the
valve is fully open is the maximum differential pressure (DPmax ). DPmac
represents the maximum differential pressure that the flow controller is
expected to experience during operation. [0063] If the pressure sensors of
the flow controller have a maximum pressure for which they are designed (a
"maximumoperating pressure") , the configuration program can account for
this in the maximum differential pressure test by setting the maximum
differential pressure to a level that will prevent the maximum operating
pressure of a sensor from being exceeded. As an example, if an upstream
pressure sensor has a maximum operating pressure of 3OpSi, but 



opening the flow controller valve completely will cause the pressure at the
upstream pressure sensor to exceed 30 psi, the configuration program can
select a valve setting that causes the pressure at the upstream pressure
sensor to be below 30 psi, say 28 psi. In this case, the configuration
program will monitor the upstream pressure and open the valve until the
upstream pressure is 28psi or other predetermined pressure limit. The
pressure differential when the upstream pressure is 28psi or other pressure
limit can be selected as the maximum pressure differential DPmax . The flow
device can further set a maximum flow rate for the flow device at a flow
rate that is some percentage of DPmax . For example, the configuration
program can set the maximum flow rate to be the flow rate that occurs at
.95 DPmax . [0064] Thus, the configuration program can select the maximum
differential pressure as the differential pressure experienced when the
valve is in the fully open position or a differential pressure that
maintains the pressure at the upstream or downstream sensor beneath a
predetermined pressure limit. If a flow rate is later selected that would
cause the set point to exceed the maximum pressure differential, the flow
controller can return an error or simply use the maximum differential flow
rate as the set point. [0065] At step 304, an empirical flow rate can be
determined for the flow controller. The calibration program, according to
one embodiment of the present invention, can direct the valve to open for a
second period of time (t 2) to produce a flow having a non-maximum
differential pressure (DPtest ) that is less than the maximum differential
pressure. Accordingto one embodiment of the present invention DPcest can b
e approximately half of DPmak . The valve, in this example f can b e opened
such that DPtest is half of DPmax for ten seconds or 



other period of time sufficient to allow the flow to equilibrate. A t the
end of t2 f the amount of fluid (z) dispensed by the flow controller can b
e determined. The empirical flow rate (x emP ) can b e determined according
to: [0066] The calibration program, at step 306,. can determine a
calculated differential pressure (DPcaic) using xemp as the flow rate for
the nth degree polynomial. DPcalc=ax emp 2+bx emp+c [EQN. 4 ] Using the
example coefficients from EQN. 2 , the expression becomes :
DPcalc=1.64237660x emp 2+7.950469544x emp- .011737883 [EQN. 5 ] If for
example, step 304 results in smv 2.72 g/sec for a DPtest=13, DPoalc will
equal 33.81. [0067] The correction factor for the calibration curve can b e
determined, at step 308, according to: F= DPtest /DPcalc [EQN. 6 ]
Continuing with the previous example, the correction factor can b e
approximately .38. The correction factor can b e used to adjust the nth
degree polynomial curve generated using the test fluid. The correction
factor can compensate for differences between the test fluid and process
fluid and differences in the system in which the flow controller is
installed from the system in which the controller was calibrated. The
correction factor can b e applied, for example, when determining a pressure
differential, such as a set point, for a given flow rate. The flow
controller can determine a corrected pressure differential (DPcorr )
according to: DPcorr=F(ax 2+bx+c) [EQN. 7 ][0068] At step 310, the
calibration program can store the calibration data. According to one
embodiment of the 



present invention, as the coefficients of the nth degree polynomial will
already be saved, this can be done by simply saving the correction factor.
According to another embodiment of the present invention, new coefficients
for the calibration curve can be stored (e.g., Fa, Fb and Fc). The
corrected calibration curve can also be stored in any other manner as would
be understood by those in the art. It should also be noted that multiple
correction factors and/or polynomials can be stored in a single flow
controller, allowing the flow controller to be used in a variety of
conditions. Additionally, the calibration program can save the maximum flow
rate (e.g., the flow rate that occurs at .95 DPmax or other maximum flow
rate) for the device. While, in the example discussed above, only one
empirical test is discussed to calculate F , multiple tests can be used.
For example, the flow device can be configured to cause flows at DPtest_v
DPtest2 , DPtest3 to calculate F1 F2 and F3 respectively. F1, ' F2 and F3
can then be averaged (or otherwise used) to produce F . According to
another embodiment F1, F2 and F3 can be applied at different ranges of DP
when the flow device is controlling or monitoring flow. Thus, multiple
tests can be done to calculate the correction factor or multiple correction
factors. Additionally, multiple empirical tests can be performed such that
a correction factor for each coefficient can be found. DPcorr=F2ax2+F2bx+F
c [EQN. 8 ] [0069] Moreover, as will be discussed in conjunction with
FIGURE 14, multiple tests can be performed to produce a curve without a
correction factor. [0070] In some cases, use of EQN 7 to convert an input
flow rate to a set point may result in a slight offset between a flow rate
entered and the actual flow rate achieved. For 



example, assume the target flow rate is 100 mL/sec, but the flow
controller, even after applying the correction factor,dispenses 103 mL/sec.
In this case a rate correction can be determined to account for this
offset. [0071] According to one embodiment of the present invention, the
rate correction can be determined by providing a target flow rate to the
flow controller. The flow controller, based on EQN 7 , can determine the
set point pressure differential and apply the control algorithm to the set
point pressure differential to open the valve to achieve the set point
pressure differential. The valve can be opened for a third period of time
(t 3), say 10 seconds, and the amount of fluid dispensed by the flow
controller can be measured. From this, the actual flow rate can be
determined. The calibration program can compare this flow rate to the
target flow rate to determine the flow correction. In the example above,
the flow correction will be -3 mL/sec. The flow correction can then be
applied to each target flow rate provided to the flow controller. [0072]
One embodiment of the calibration program can also suggest a sensitivity
factor. The sensitivity factor can be applied to the valve gain curves used
by the control loop to cause the response time of the flow controller to
increase or decrease. The response time is the time from when a signal is
sent to the flow device to when the flow controller reaches set point. The
sensitivity factor is a gain value for the valve to which the response time
is dependent. The higher the sensitivity factor, the faster the response
time. The controller can be configured to have a baseline sensitivity
factor (SCbaSe ) If the response time (t resp) of the flow controller is
shorter than a first response time (e.g., .4 seconds or other arbitrarily
defined response time) or longer than a second response time (e.g., .8 



seconds or other arbitrarily defined response time) , the calibration
program can suggest a new sensitivity factor (SCsug ) that brings the
response time of the flow controller to within the first and second
response times . It should be noted that a sensitivity factor can be used
to adjust asingle parameter or various parameters of the control algorithm
to increase or decrease sensitivity. [0073] The first and second response
times can be determined by for example , the flow controller manufacturer
based on the characteristics of the flow controller. The first response
time can be sufficiently long that, if tresp is greater than or equal to
it, the flow controller will not experience significant oscillations in the
flow. The second response time can be sufficiently short that, if tresp is
less than or equal to it, the flow will reach the set point pressure
differential quickly enough that the response time does not significantly
affect the volume of liquid output by the flow controller. [0074] The
algorithm used for determining SCsug can be established based on
empirically determined data by, for example, the flow controller
manufacturer. Example equations for determining SCsug can include for
example: SCsug=SCbaBe-(SCbase*3*(.5-t resp )) [EQN. 9 ] if tresp is less
than .4 seconds and SCsug=SCbase*(l+t resp-.6) [EQN. 10] if tresp is
greater than .8 seconds. [0075] The calibration program of the present
invention can thus quickly and easily calibrate a flow controller for a
particular process system. Embodiments of the present invention can include
determining a correction factor based on i ) a differential pressure
calculated using a measured flow rate xemp and a calibration curve
polynomial (e.g., DPcaic) and ii) the differential pressure (DPtest ) that 



resulted in xemp Additionally, the calibration program can determine a flow
correction and suggest a sensitivity factor. [007 6 ] A user can interact
with the calibration program using a GUI or man machine interface ("MMI") .
According to one embodiment of the present invention, while the calibration
program runs in the controller of the flow control device, the GUI can be
presented at another computer, such as alaptop or desktop coupled to the
flow control device, as described in conjunction with FIGURE 5 . FIGURE 7A
provides an example embodiment of a screen 700 for initiating a calibration
process. Screen 700 indicates to the user that the flow control device will
dispense fluid for ten seconds (e.g., ti) and allows the user to proceed by
"clicking" the "GO" button. FIGURE 7B provides an example embodiment of a
screen 702 for performing a dispense for period t2 and entering the amount
of liquid dispensed (z) after the period t2. From z , the calibration
device can determine xemp calculate DPcaic and determine F . Additionally ,
screen 702 allows the user to adjust the sensitivity factor. [0077] FIGURES
7C and 7D illustrate screens 704 and 706 respectively. Screens 704 and 706
represent other embodiments of screen 702 that allow a user to initiate a
dispense process and input z . Screens 704 and 706 also display a suggested
sensitivity factor (SCsugg ) and allow the user to accept or reject the
suggested sensitivity factor. Screen 704 illustrates a suggested
sensitivity factor when the response time is too long and Screen 706
illustrates a suggested sensitivity factor when the response time is too
short. It should be noted that the screens of FIGURES 7A-7D are provided by
way of example only and any suitable interface can be provided. It should
be noted that the MMI can also report other information to a user including
the 



maximum flow rate determined by the calibration program and other
calibration information. [007 8 ] Embodiments of the present invention have
been discussed primarily in terms of differential pressure control.
However, it should be noted that embodiments of the present invention can
also be utilized for single pressure sensor control. This can be done by
substituting pressures at a particular sensor for the differential
pressures in the process of FIGURE 6 . In this case a calibration curve is
established based on the pressure (P) read by a particular pressure sensor
(e.g., the upstream or downstream pressuresensor) for a test fluid under
test conditions. A s with a differential pressure calibration curve, a
single pressure calibration curve can b e represented by an nth degree
polynomial. Jn SItU 1 the calibration program can determine a Pmax e
calibration program can also perform a dispense process for t2 at a Ptest
that is less than Pma and determine the amount of volume dispensed (z) . z
and t2 can b e used to determine xemp - The nth degree polynomial can b e
applied to xemp to determine a Pcaic - The correction factor F can b e
determined based on the ratio of Ptest to Pcaic [007 9 ] Additionally , it
should b e noted that embodiments of the present invention can b e applied
to ultrasonic flow controllers in which the control method is based on the
difference of transmit times between an upstream and downstream
transmitter. The calibration program can open the flow control valve to a
maximum setting for a period o f time (ti) to determine a maximum
difference in transmit times (Dtmax ) for the flow controller. The
calibration program can also run a dispense for a set time (t 2) at a set
transmit time difference (Dttest ) determine an amount of liquid dispensed
(z) . From z and t2, xemP can b e determined. A n nth degree polynomial
representing the calibration curve 



for the flow controller can b e applied to xemp to determine a calculated
time differential (Dtcaic) for that flow rate. The correction factor can b
e based on the ratio of Dttest and Dtcalc . [0080] Thus, according to one
embodiment a flow device can b e directed to open a valve to produce a flow
rate such that a variable indicative of the flow rate, such as DP , P , Dt
or other variable indicative of flow rate has a test value (e.g., DPtestf
Ptestr Dttest)- The empirical flow rate can b e determined for the flow for
a time period. A calibration curve is applied to the empirical flow to
determine a calculated value for the variable (e.g., DPcalc , Pcaic, Dtcalc
) . A correction factor for the calibration curve can then b edetermined
based on the t 3t value and the calculated value of the variable " [0081]
In the examples above, the correction factor remains constant. According to
other embodiments of the present invention, the correction factor can vary
with flow rate. In this case, the calibration program can determine the
differential pressure (DPtest ) at multiple empirical flow rates. For
example, the DPtest can be determined for a flow rate near the high end and
low end of the flow rate range for the controller to give DPtesti and
DPtest2- 1 and F2 can be determined from EQN 7 using a DPcaici and DPcalc2
for corresponding empirical flow rates. A linear fit or curve fit can be
performed to develop an equation for change in F over the flow rates . This
equation, or the coefficients for the equation, can be stored at the flow
controller so that the correction factor can be determined for a given flow
rate . [0082] According to another embodiment of the present invention, a
flow control device can be quickly calibrated based on the dynamic
viscosity (m ) and density (p) of a fluid or 



kinematic viscosity (v=m/p) of the fluid. The flow control device can also
be calibrated based on just the dynamic viscosity of the process fluid.
Given a calibration flow curve expressed as the nth degree polynomial:
DP=ax 2+bx [EQN. 11] [0083] The coefficients of the calibration flow curve
can be adjusted according to the dynamic viscosity, the dynamic viscosity
and density or kinematic viscosity to yield the corrected flow curve: DP=a
corx2+bc rX [EQN. 12] ;0084] The coefficients of equation 11 are corrected
using viscosity based correction factors. Turning first to calibration
using kinematic viscosity or dynamic viscosity and density, the
coefficients of the calibration flow curve are adjusted as follows:bcor=b*
(b* (v s E3)+E0) [EQN. 14] or aCOr=a*((( m/p)*Di)+D 0) [EQN. 15]
bcor=b*(b*( (m/p)- 5 E )+E0) [EQN. 16] [0085] where D0, D1, E0, and E1 are
viscosity correlation variables. The viscosity correlation factors are
essentially a set of correction factors that apply to the coefficients of
the calibration flow curve to adjust the calibration flow curve for a
particular process fluid. One embodiment of developing the viscosity
correlation variables is discussed below in conjunction with FIGURES 8-10.
[0086] FIGURE 8 is a table 800 of example data for deionized water ("DIW"),
N l (calibration oil) , IPA (isopropyl alcohol), S3 (calibration oil) and
S6 (calibration oil) of pressure differential versus flow rate. For each
fluid, table 800 provides dynamic viscosity m (see 802 for DIW) , density p
(see 804 for DIW) a column of example pressure differential values (column
806) and a column of corresponding example 



flow rates (column 808) . Table 2 shows the coefficients (a and b ) for an
nth degree polynomial, forced to zero, for each fluid based on a curve fit.
TABLE 2 [0087] Using the example coefficients in Table 3 , the flow curve
for DIW can thus be expressed as: DP=.00434424x 2+.05984385x [EQN. 17] It
should be noted that the above coefficients were derived using the
Microsoft Excel "LINEST" function for a 2nd degree polynomial based on the
data in FIGURE 8 . However, any curve fitting scheme known in the art can
be used.[0088] For the sake of example, it is now assumed that the flow
curve for DIW is the calibration flow curve. Each of the first order and
second order coefficients of each other chemical's flow curve can be
divided by the respective first order or second order coefficient of the
calibration flow curve . Put another way aother can e divided by aDIW and
bother can be divided by bDi , yielding the following example results :
bN1/bDIW=.83O3 aIPA/aDIW=.8 6Ol bs3/bDIW=2.7 604 as5/aDIW=2.1425
bs6/bDIW=4.8568 [008 9 ] FIGURE 9 illustrates a plot and line fit of
aother/aDIW versus kinematic viscosity ( or m/p) . A s illustrated in
FIGURE 9 , for the example data discussed above: aother/aDIW=.1497v+.5159
[EQN. 18] [0090] Returning to equations 13 and 15 above, the viscosity
correlation variables D0 and D1 are, for this example, respectively equal
to .5159 and .1497. [0091] FIGURE 10 illustrates a plot of bother/bDiw
versus the square root of kinematic viscosity (v 5 or (m/p) '5) . A s
illustrated 



in FIGURE 6 , for the example data provided: bother/bDiw=l. 8138V 5 -
1.0848 [EQN. 19] [0092] Thus in. equations 14 and 16 above, the viscosity
correlation variables E0 and E i are, for this example, respectively equal
to -1.0848 and 1.8138.[0093] It should be noted that equations 18 and 19
above can be derived using any suitable line fitting method (e.g., least
squares or other line fitting scheme) . [0094] The coefficients of the
calibration flow curve and viscosity correlation variables can be stored in
a flow control device (e.g., flow control device 30) by the manufacturer, a
third party or be otherwise provided. A s in the example of FIGURE 5 above,
a calibration computer 200 can be connected to flow control device 30 to
allow a user to configure the flow control device 30 using a GUI. According
to one embodiment of the present invention, the user can input a kinematic
viscosity or dynamic viscosity and density. Calibration computer 200 or
flow control device 30 apply the viscosity correlation variables to
determine corrected coefficients for flow curve. The new flow curve,
adjusted based on the kinematic viscosity of the process fluid, can be
stored at flow control device 30 (e.g., by storing the corrected
coefficients of the nth degree polynomial) . Flow control device 30 can
then determine the flow rate of a process fluid using the corrected flow
curve. [0095] Similarly, the manufacturing flow curve can be corrected
based on dynamic viscosity. In this case the viscosity correlation
variables are developed based on a curve fit of dynamic viscosity rather
than kinematic viscosity. Thus, the corrected coefficients can be expressed
as: aOor=a*(( m *D;L)+D 0) [EQN. 20] bcor=b*(b*( m 5 E1)+E0) [EQN. 21]
[0096] FIGURE 11 illustrates a plot and line fit for acor/aDIW versus 



dynamic viscosity. A s illustrated in FIGURE 11, for the example plot:
aother /aDiw=-3152m +.6855 [EQN. 22] [0097] Returning to equation 20 above,
the viscosity correlation variables D0 and D i are, for this example,
respectively equal to .6855 and .3152. It can be noted that in FIGURE 11,
certain fluids (e.g., S6) may lie off of the curve.These test points may
either be factored into the curve fit or be rejected. [0098] FIGURE 12
illustrates a plot and line fit for bCOr/bDiw versus the square root of
dynamic viscosity. A s illustrated in FIGURE 12, for the example plot:
bother/bDiw= 2.3438 m -5 +1.4075 [EQN. 23] [0099] Returning to equation 21
above, the viscosity correlation variables E0 and E1 are, for this example,
respectively equal to 1.4075 and 2.3438. Again, test points that lie off of
the curve may either be factored into the curve fit or be rejected,
depending on implementation. It should b e noted data for FIGURES 11 and 12
was generated using a flow controller having a 20 inch by .063 inch inner
diameter (.508 meter by .00160 meter) pressure drop coil. [0100] FIGURE 13
is flow chart illustrating one embodiment of a method for calibrating a
flow device for a particular process fluid. Embodiments of the present
invention can b e implemented as software programming stored on a computer
readable medium (e.g., magnetic disk, optical disk, Flash memory, RAM, ROM
or other computer readable medium) that can b e executed by one or more
processors running at the flow control device and/or a calibration
computer. [0101] A calibration flow curve is loaded by, for example loading
coefficients of an nth degree polynomial corresponding (step 1102) and
viscosity correlation variables. A user inputs fluid parameters including,
for example, kinematic 



viscosity, dynamic viscosity, dynamic viscosity and density (step 1104) .
The calibration flow curve is then adjusted based on the viscosity of the
process fluid (step 1106) . This can be done, for example, by applying the
viscosity correlation variables to the coefficients of the calibration flow
curve to yield a corrected flow curve. The corrected flow curve is stored
at the flow control device (step 1108) so that the flow control device can
use the corrected flow curve to determine fluid flow rates . Additionally,
thecorrected flow curve can be stored at the calibration computer so that
the corrected flow curve can be uploaded to a new flow controller should
the already calibrated flow controller be replaced. The steps of FIGRUE 13
can be repeated as needed or desired. [0102] Embodiments of the present
invention provide a system and method for quickly calibrating flow devices
such as flow meters and mass flow controllers. Embodiments of the present
invention allow a flow controller to be quickly calibrated for a particular
process fluid and system. While discussed primarily in terms of a flow
controller controlling a dispense process, embodiments of the present
invention can be applied to any flow controller. The ability to quickly
calibrate a flow controller allows for flow controllers to be swapped out
in a particular system with minimum delay. [0103] Additionally, once a
correction factor, flow correction and/or sensitivity factor is determined
for a flow controller in a system, it can be stored at, for example, a
calibration computer. If the flow controller is replaced with a new flow
controller of similar configuration in the process system, the correction
factor, flow correction and/or sensitivity factor can be uploaded to the
new flow controller without having to perform the calibration 



.process. This can allow for quick replacement of a flow controller. [0104]
In the previously described embodiments, a manufacturing flow curve is
adjusted based on empirical tests or viscosity correlation variables for a
process fluid. According to other embodiments of the present invention,
empirical tests can be performed to generate a second degree polynomial (or
other nth degree polynomial) for a flow curve independent of the
manufacturing flow curve . [0105] FIGURE 14 is a flow chart illustrating
one embodiment of a method of determining a flow curve for a flow device.
It is assumed, for purposes of FIGURE 14, that the flow controlleris
installed in the system in which it will operate or a substantially similar
system (e.g., a test rig that simulates the system in which it will
operate) . The process of FIGURE 14 can be implemented by a calibration
program (e.g., calibration program 62) residing on a flow controller or a
computer (e.g., calibration computer 202) that can communicate with the
flow controller. [0106] At step 1402, a maximum differential pressure test
can be performed to determine the maximum differential pressure under which
the flow controller is expected to operate. For step 1402, the calibration
program opens the valve of the flow controller to its maximum open position
for a first period of time (t ) (e.g., ten seconds or other arbitrarily
selected time) sufficient to allow the differential pressure of the fluid
flow to stabilize and minimize startup and endof- dispense effects that can
affect the total mass or volume reading relative to the dispense time. The
differential between the pressure at the upstream pressure sensor and
downstream pressure when the valve is fully open is the maximum
differential pressure (DPmax). DPmax represents the maximum differential
pressure that the flow controller is 



expected to experience during operation. [0107] If the pressure sensors of
the flow controller have a maximum pressure for which they are designed (a
"maximum operating pressure") , the configuration program can account for
this in the maximum differential pressure test by setting the maximum
differential pressure to a level that will prevent the maximum operating
pressure of a sensor from being exceeded. A s an example, if an upstream
pressure sensor has a maximum operating pressure of 30psi, but opening the
flow controller valve completely will cause the pressure at the upstream
pressure sensor to exceed 30 psi, the configuration program can select a
valve setting that causes the pressure at the upstream pressure sensor to
be below 30 psi, say 2 8 psi. In this case, the configuration program will
monitor the upstream pressure and open thevalve until the upstream pressure
is 2 8rsi or other predetermined pressure limit. The pressure differential
when the upstream pressure is 28psi or other pressure limit can be selected
as the maximum pressure differential DPma2: . The flow device can further
set a maximum flow rate for the flow device at a flow rate that i s some
percentage of DPma:,. For example, the configuration program can set the
maximum flow rate to be the flow rate that occurs at .95 DPmax . [010 8 ] A
t step 1404, multiple empirical tests can b e performed at different test
DPs . According to one embodiment,- each test DP can b e located in a
different region of the operational range of the flow device (e.g., near
the fully closed position, near .5 DPmax and near DPma:c ), however any
test DP can be used. For the sake of example, three test DP can be used
(DPtestir DPtest2f DPtest3) The flow device can b e configured to produce a
flow at each DPtest for a specified test period of time (t , t2, t3), which
may b e the same or different for each test. A s described in conjunction
with 



FIGURE 6 , the flow rate for an empirical test can measured based on the
amount of fluid dispensed (z) and the test period of time. Thus, Xeapl-
Zl/tl [EQN. 24] [0109] A t step 1406, the calibration program can solve for
the coefficients of the flow curve using the empirical test data. Using the
example of a second degree polynomial to represent the flow curve: DPtest
i=Ax empi 2+Bxempi+C [EQN . 27] DPtest2 =Axemp2 2+BXemp2+C [EQN. 28]
DPtest3 =Axemp3 2+Bxemp3+C [EQN. 29] [ 0110 ] Solving for C using EQN 2 9 :
C= DPtest3 -Ax emp3 2-Bx emp3 [EQN. 30] [ 0111] Solving for B b y placing C
o f EQN. 3 0 into EQN. 2 8 : B= ( (DPtes t2- DPtes t3) / (Xemp2-XemP3) ) A
(Xemp2+XemP3) [EQN. 31];0112] Solving for A of EQN 26 using C of EQN, 29
and E of EQN. 30: l _ 3 ) \ X emp\ ~ X emp3 JL - ii Q . O J X emp2 ) [0113]
At step 1408, the calibration program can save the new flow curve and, for
example, the maximum flow rate for the device. The flow device can then use
the flow curve for controlling flow. It should be noted that if a
manufacturing flow curve is provided, the coefficients determined in
equations 30-32, above, can be represented as correction factors F1, F2 and
F3 multiplied by the respective coefficients of the manufacturing flow
curve (e.g., as shown in EQN. 8 ) . [0114] It should be noted that while a
particular order for solving 



for the coefficients is described above, the coefficients can be determined
using any methodology for solving for coefficients. It should be further
noted that additional empirical tests can be performed to solve for higher
order polynomials or increase accuracy. Furthermore, if the curve crosses
through the zero intercept, only two empirical tests need to be performed
as C=O. [0115] A flow device can include a calibration program that allows
for multiple methods of calibration. Thus, for example, a calibration
program can be configured to calibrate a flow device using a single
empirical test to derive a correction factor, multiple empirical tests to
derive a second order polynomial as described in conjunction with FIGURE
14, or viscosity correlation factors to calibrate a device based on the
viscosity of a fluid. This can allow the flow control device to be
calibrated by a user using the user's preferred method. For example, a user
that does not have the time or inclination to run multiple empirical tests
can employ a single empirical test to develop a correction factor,
whileanother user may employ multiple empirical tests to develop a flow
curve independent of the manufacturing flow curve. [0116] Embodiments of
the present invention allow a flow controller to be quickly recalibrated if
the upstream and downstream process components change, the flow controller
is reconfigured, tubing is changed or other changes to the process system
or flow controller are made. This allows a process system to be easily
reconfigured to accommodate various flow ranges. According to other
embodiments, a flow device can be quickly calibrated simply using the
kinematic viscosity or dynamic viscosity and density of a fluid. [0117]
While the present invention has been described with reference to particular
embodiments, it should be understood that the embodiments are illustrative
and that the scope of 



the invention is not limited to these embodiments. Many variations,
modifications, additions and improvements to the embodiments described
above are possible. It is contemplated that these variations,
modifications, additions and improvements fall within the scope of the
invention.WHAT IS CLAIMED IS 1 . A method for calibrating a flow device
comprising: producing a flow of fluid through the flow device so that a
variable indicative of a flow rate of the fluid has a test value;
determining an empirical flow rate of the fluid for a test period of time;
determining a calculated value for the variable indicative of flow rate
based on a calibration curve and the empirical flow rate; determining a
correction factor based on the test value and calculated value; and
correcting the calibration flow curve based on the correction factor. 2 .
The method of Claim 1 , further comprising determining the correction
factor based on multiple test values determined over multiple test periods
of time. 3 . The method of Claim 2 , further comprising determining at
least one additional correction factor using at least one additional test
value. 4 . The method of Claim 1 , wherein the flow of fluid is produced
through the flow device using a process fluid different than a calibration
fluid used to develop the calibration curve. 5 . The method of Claim 1 ,
wherein the variable indicative of flow rate is a pressure differential (DP
) . 6 . The method of Claim 5 , wherein the test value (DPtest ) is
approximately half of a maximum pressure differential (DPmax) for the flow
control device. 7 . The method of Claim 5 , wherein the correction factor
(F) is the test value divided by the calculated value (DPcaic) such that 



F= DPtest/ DPcalc .8 . The method of Claim I1 wherein correcting the
calibration flow curve further comprises multiplying an nth degree
polynomial corresponding to the calibration flow curve by the correction
factor. 9 . The method of Claim 8 , further comprising storing corrected
coefficients for the nth degree polynomial at the flow device. 10. The
method of Claim 1 , further comprising suggesting a new sensitivity factor
if the flow device has a response time greater than a predefined time . 11.
The method of Claim 1 , further comprising suggesting a new sensitivity
factor if the flow device has a response time less than a predefined time.
12. The method of Claim 1 , wherein the variable indicative of flow rate is
a pressure. 13. The method of Claim 1 , wherein the variable indicative of
flow rate is a time differential. 14. A computer program product comprising
a set of computer instructions stored on a computer readable medium, said
set of computer instructions comprising instructions executable by a
processor to: determine one or more test values of a variable indicative of
a flow rate; determine one or more calculated values for the variable
indicative of flow rate based on one or more empirical flow rates and an
nth degree polynomial corresponding to a calibration curve; and determining
one or more correction factors based on the one or more calculated values
and the one or more test values for the variable indicative of flow
rate.15. The computer program product of Claim 14, wherein the set of
computer instructions further comprise instructions executable to store the
one or more correction factors in a memory location at a 



flow control device. 16. The computer program product of Claim 14, wherein
the set of computer instructions further comprise instructions executable
to: load a set of coefficients for the nth degree polynomial; multiply each
of the coefficients by at least one of the one or more correction factors
to generate corrected coefficients; and store the corrected coefficients in
a memory location at a flow control device. 17. The computer program
product of Claim 14, wherein the variable indicative of flow rate is a
pressure differential (DP ) . 18. The computer program product of Claim 17,
wherein a test value (DPtest) of the one or more test values is
approximately half of a maximum pressure differential (DPmax) for a flow
control device. 19. The computer program product of Claim 18, wherein each
correction factor (F) of the one or more correction factors is a test value
of the one or more test values divided by a calculated value (DPcalc) of
the one or more calculated values such that F= DPtqat/ DPcaio . 20. The
computer program product of Claim 14, wherein the variable indicative of
flow rate is a pressure. 21. The computer program product of Claim 14,
wherein the variable indicative of flow rate is a time differential.22. The
computer program product of Claim 14, wherein the set of computer
instructions further comprise instructions executable to determine the test
value based on sensor measurements. 23. The computer program product of
Claim 14, wherein the set of computer instructions further comprise
instructions to determine a new sensitivity factor if a flow device has a
response time greater than a predefined time. 24. The computer program
product of Claim 14, wherein the set of computer instructions further
comprise instructions to determine a new sensitivity factor if a flow
device has a response time less 



than a predefined time. 25. The computer program product of Claim 14,
wherein the set of computer instructions further comprise instructions are
further executable to save a maximum flow rate for a flow device. 26. A
flow device comprising: a flow path; an upstream pressure sensor upstream
of a flow restriction in the flow path; a downstream pressure sensor
downstream of the flow restriction in the flow path; a controller coupled
to the. upstream pressure sensor and the downstream pressure sensor to
receive pressure measurements from the upstream and downstream- pressure
sensor, the controller configured to: cause a valve to open for one or more
test periods of time to produce a flow of fluid through the flow device to
generate one or more test pressure differentials between the upstream
pressure sensor and downstream pressure sensor; determine one or more
calculated pressure differentials based on an empirical flow rate for each
test period of time and an nth degree polynomial corresponding to a
calibration flow curve; andgenerate one or more correction factors using
the one or more calculated pressure differentials and one or more test
pressure differentials . 27. The flow device of Claim 26, wherein the
controller is further operable to: cause the valve to fully open; determine
a maximum pressure differential for the flow device, and wherein the at
least one of the one or more test pressure differentials is approximately
half the maximum pressure differential . 28. The flow device of Claim 26,
wherein the controller is 



operable to multiply at least one of the one or more correction factors by
a set of coefficients for the nth degree polynomial to generate a set of
corrected coefficients and store the corrected coefficients in a memory
location. 29. The flow device of Claim 28, wherein the controller is
further operable to regulate fluid flow through the flow device using the
corrected coefficients. 30. The flow device of Claim 26 , wherein the
controller is further operable to determine each of the one or more
empirical flow rates using an input volume and a corresponding test period
of time. 31. The flow device of Claim 26 , wherein the controller is
further operable to: determine a response time for the flow device; and if
the response time is greater than a specified time, generate a new
sensitivity factor. 32. The flow device of Claim 26, wherein the controller
is further operable to: determine a response time for the flow device;
andif the response time is less than a specified time, generate a new
sensitivity factor. 33. A method for calibrating a flow device comprising:
loading a set of coefficients for an nth degree polynomial corresponding to
a calibration curve for a calibration fluid - correcting the coefficients
of the set of coefficients based on the viscosity of a process fluid to
generate a set of corrected coefficients for a corrected nth degree
polynomial for the process fluid; and storing the corrected coefficients in
a memory location. 34. The method of Claim 33, wherein correcting the
coefficients of the set of coefficients based on the viscosity of a process
fluid further comprises applying one or more viscosity correlation
variables to each coefficient to generate a corresponding corrected
coefficient. 



35. The method of Claim 33, wherein: correcting the coefficients of the set
of coefficients based on the viscosity of a process fluid to generate a
corrected nth degree polynomial for the process fluid further comprises:
for a first coefficient a , generating a first corrected coefficient acor
according to acor=a* ((v*Di) +D0), where a is a second order coefficient, v
is a kinematic viscosity of the process fluid, D1 is a first viscosity
correlation variable, and D0 is a second viscosity correlation variable;
and for a second coefficient b , generating a second corrected coefficient
according to bcor=b* (b* ((v) -5 *E1)+E0), where b is a first order
coefficient, v is the kinematic viscosity of the process fluid, E i is a
third viscosity correlation variable, and E0 is a fourth viscosity
correlation variable. 36. The method of Claim 35, wherein D i and D0 are
derived from a curve fit of a set of second order coefficients divided by a
versus the kinematic viscosity of the process fluid.37. The method of Claim
35, wherein E i and E0 are derived from a curve fit of a set of first order
coefficients divided by b versus the square root of the kinematic viscosity
of the process fluid. 38. The method of Claim 33, wherein: correcting the
coefficients of the set of coefficients based on the viscosity of a process
fluid to generate a corrected nth degree polynomial for the process fluid
further comprises: for a first coefficient a , generating a first corrected
coefficient acor according to acor=a* ( ( (m/p) *D1)+D0), where a is a
second order coefficient, m is a dynamic viscosity of the process fluid, p
is a density of the process fluid, D i is a first viscosity correlation
variable, and D0 is a second viscosity correlation variable; and for a
second coefficient b , generating a second corrected coefficient according
to bcor=b* (b* ((m/p) 5 *Ei) +E0), where b is a first order coefficient, m
is the dynamic viscosity of the process 



fluid, p is the density of the process fluid, E1 is a third viscosity
correlation variable, and E0 is a fourth viscosity correlation variable.
39. The method of Claim 33, wherein: correcting the coefficients of the set
of coefficients based on the viscosity of a process fluid to generate a
corrected nth degree polynomial for the process fluid further comprises:
for a first coefficient a , generating a first corrected coefficient acor
according to acor=a* (((m)*Di) +D0), where a is a second order coefficient,
m is a dynamic viscosity of the process fluid, D1 is a first viscosity
correlation variable, and D0 is a second viscosity correlation variable;
and for a second coefficient b , generating a second corrected coefficient
according to bcor=b* (b* ((m) 5*E1)+E0), where b is a first order
coefficient, m is the dynamic viscosity of the process fluid E1 is a third
viscosity correlation variable, and E0 is a fourth viscosity correlation
variable.40. A computer program product for calibrating a flow device
comprising a set of computer instructions stored on a computer readable
medium, the set of computer instructions executable by a processor to: load
a set of coefficients for an nth degree polynomial corresponding to a
calibration curve; load a set of viscosity correlation variables; receive
an input indicating a viscosity of a process fluid; correct the set of
coefficients based on the set of viscosity correlation variables and store
a set of corrected coefficients. 41. The computer program product of Claim
40, wherein the input includes a dynamic viscosity (m ) of the process
fluid and a density (p) of the process fluid. 42. The computer program
product of Claim 41, wherein the set of computer instructions further
comprise instructions executable to: 



for a first coefficient a , generate a first corrected coefficient acor
according to acor=a* (((m/p) *Di) +D0), where a is a second order
coefficient, D i is a first viscosity correlation variable, and D0 is a
second viscosity correlation variable; and for a second coefficient b ,
generate a second corrected coefficient according to. bcor=b* (b* ((m/p) 5
*Ei) +E0)r where b is a first order coefficient, E1 is a third viscosity
correlation variable, and E0 is a fourth viscosity correlation variable.
43. The computer program product of Claim 40, wherein the input includes a
kinematic viscosity (v) of the process fluid. 44. The computer program
product of Claim 43, wherein the set of computer instructions further
comprise instructions executable to: for a first coefficient a , generate a
first corrected coefficient acor according to acor=a* (((v) *Di) +D0),
where a is a secondorder coefficient, D1 is a first viscosity correlation
variable, and D0 is a second viscosity correlation variable; and for a
second coefficient b , generate a second corrected coefficient according to
bcor=b* (b* ((v) 5*E1)+E0), where b is a first order coefficient, E1 is a
third viscosity correlation variable, and E0 is a fourth viscosity
correlation variable. 45. The computer program product of Claim 40, wherein
the input includes a dynamic viscosity (m ) of the process fluid. 46. The
computer program product of Claim 43, wherein the set of computer
instructions further comprise instructions executable to: for a first
coefficient a , generate a first corrected coefficient acor according to
acor=a* ((( m )*Di)+D0) , where a is a second order coefficient, D1 is a
first viscosity correlation variable, and D0 is a second viscosity
correlation variable; and for a second coefficient b , generate a second
corrected coefficient according to bcor=b* (b* (( m )-5*Ei) +E0), where b
is a first order coefficient, E1 is a third viscosity correlation 



variable, and E0 is a fourth viscosity correlation variable. 47. A flow
device having a controller comprising: a computer readable medium storing a
calibration program; and a processor to access and execute the calibration
program, the controller operable to: load a set of coefficients for an nth
degree polynomial corresponding to a calibration curve for a calibration
fluid; and correct the coefficients of the set of coefficients based on the
viscosity of a process fluid to generate a set of corrected coefficients
for a corrected nth degree polynomial for the process fluid; store the
corrected coefficients in a memory location. 48. The flow device of Claim
47, wherein correcting the coefficients of the set of coefficients based on
the viscosity of aprocess fluid further comprises applying one or more
viscosity correlation variables to each coefficient to generate a
corresponding corrected coefficient. 49. The flow device of Claim 47,
wherein the controller is operable to: for a first coefficient a , generate
a first corrected coefficient acor according to acor=a* ((v*D1)+D0), where
a is a second order coefficient, v is a kinematic viscosity of the process
fluid, D1 is a first viscosity correlation variable, and D0 is a second
viscosity correlation variable; and for a second coefficient b , generate a
second corrected coefficient according to bcor=b* (b* ((v) 5 E1)+E0), where
b is a first order coefficient, v is the kinematic viscosity of the process
fluid, E1 is a third viscosity correlation variable, and E0 is a fourth
viscosity correlation variable. 50. The flow controller of Claim 47,
wherein the controller is operable to for a first coefficient a , generate
a first corrected coefficient acor according to acor=a* (((m/p) *D )+D0),
where a is a 



second order coefficient, m is a dynamic viscosity of the process fluid, p
is a density of the process fluid, D1 is a first viscosity correlation
variable, and D0 is a second viscosity correlation variable; and for a
second coefficient b , generate a second corrected coefficient according to
bcor=b* (b* ((m/p) 5*Ei) +E0), where b is a first order coefficient, m is
the dynamic viscosity of the process fluid, p is the density of the process
fluid, E1 is a third viscosity correlation variable, and E0 is a fourth
visco.sity correlation variable. 51. The flow controller of Claim 47,
wherein the controller is operable to for a first coefficient a , generate
a first corrected coefficient acor according to acor=a* (((m )*D1)+D0),
where a is a secondorder coefficient m is a dynamic viscosity of the
process fluid, D1 is a first viscosity correlation variable, and D is a
second viscosity correlation variable; and for a second coefficient b ,
generate a second corrected coefficient according to bcor-b* (b* ((m )
5*Ei) +E0), where b is a first order coefficient, m is the dynamic
viscosity of the process fluid, E1 is a third viscosity correlation
variable, and E0 is a fourth viscosity correlation variable. 52. A method
for calibrating a flow control device, comprising: producing a flow of
fluid through the flow device so that a variable indicative of a flow rate
of the fluid has a set of test values; determining an empirical flow rate
for each test value of the set of test values; determining a set of
coefficients for an nth degree polynomial using the set of test values and
empirical flow rates. 53. The method of Claim 52, wherein the nth degree
polynomial is a second degree polynomial. 



54. The method of Claim 53, wherein producing a flow of fluid through a
flow device so that the variable indicative of flow rate has a set of test
values further comprises producing a flow of fluid to generate at least two
test values. 55. The method of Claim 53, further comprising using the set
of coefficients in regulating flow of fluid through the flow device. 56. A
computer program product comprising a set of computer instructions stored
on a computer readable medium, the set of computer instructions comprising
instructions executable to: cause a flow device to produce a flow of fluid
through the flow device so that a variable indicative of a flow rate of the
fluid has a set of test values;determine an empirical flow rate for each
test value of the set of test values; determine a set of coefficients for
an nth degree polynomial using the set of test values and empirical flow
rates. 57. The computer program product of Claim 56, wherein the nth degree
polynomial is a second degree polynomial. 58. The computer program product
of Claim 56, comprising instructions executable to cause the flow device to
produce a flow of fluid through a flow device so that the variable
indicative of flow rate has at least two test values. 59. The computer
program product of Claim 56, further comprising using the set of
coefficients in regulating flow of fluid through the flow device. 60. A
flow device comprising: a flow path; an upstream pressure sensor upstream
of a flow restriction in the flow path; a downstream pressure sensor
downstream of the flow restriction in the flow path; a controller coupled
to the upstream pressure sensor and the downstream pressure sensor to
receive pressure measurements from the 



upstream and downstream pressure sensor, the controller operable to: cause
a valve to open for a set of test periods of time to produce a flow of
fluid through the flow device to generate a set of test pressure
differentials between the upstream pressure sensor and downstream pressure
sensor; determine an empirical flow rate for each test pressure
differential; and determine a set of coefficients for an nth degree
polynomial using the set of test pressure differentials and empirical flow
rates.61. The flew device of Claim 60, wherein the controller is further
operable to cause the valve to open for at least three test periods of time
to generate at least two test pressure differentials . 62. The flow device
of Claim 60, wherein the controller is further operable to use the set of
coefficients in regulating flow of fluid through the flow device . 


