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(57) Abrege/Abstract:
A method and apparatus for determining a parameter of fluid flow within a piping system Is provided. The method includes the
steps of. a) determining a measured velocity of the fluid flow within the piping system using a fluid flow meter; b) determining a
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(57) Abrege(suite)/Abstract(continued):

measured difference Iin pressure value within the fluid flow using a differential pressure meter; ¢) selecting an estimated Reynolds
number of the fluid flow; d) determining a calculated difference In pressure value using a model which relates the calculated
difference In pressure value to the measured velocity and the estimated Reynolds number of the fluid flow; e) determining a degree
of Inaccuracy of the estimated Reynolds number using the measured difference In pressure and the calculated difference In
pressure; and f) iteratively adjusting the estimated Reynolds number, determining the calculated difference in pressure, and

determining the degree of inaccuracy using the adjusted Reynolds number, until the degree of inaccuracy Is within an acceptable
range.
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(57) Abstract: A method and apparatus for determining a parameter of tluid
flow within a piping system 1s provided. The method includes the steps of: a)
determining a measured velocity of the fluid flow within the piping system
using a fluid flow meter; b) determining a measured difference in pressure
value within the fluid tflow using a differential pressure meter; ¢) selecting an
( estimated Reynolds number of the tluid tflow; d) determining a calculated dif-

ference 1n pressure value using a model which relates the calculated ditter-
ence 1n pressure value to the measured velocity and the estimated Reynolds
number of the fluid flow; e) determining a degree of inaccuracy of the esti-
mated Reynolds number using the measured difference in pressure and the
calculated difference in pressure; and 1) iteratively adjusting the estimated
- Reynolds number, determining the calculated difference in pressure, and de-
ree of 1naccuracy using the adjusted Reynolds number, un-
til the degree of maccuracy 1s within an acceptable range.
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Viscous Fluid Flow Measurement Using a Differential Pressure Measurement

and a SONAR Measured Velocity

CROSS-REFERENCE TO RELATED PATENT APPLICATIONS

This application claims the benefit of U.S. Provisional Patent Application No.
61/103.,754 filed October 8, 2008.

BACKGROUND OF THE INVENTION

1. Technical Field

[0001] The present invention relates to apparatus and methods for fluid flow
measurement in general, and to apparatus and methods for fluid flow measurement
operable to determine a Reynolds number for the fluid flow in particular.
2. Background Information

10002] SONAR type fluid flow meters operable to measure flow parameters
traveling through a pipe can be calibrated as a function of the Reynolds number of the
fluid flow. The Reynolds number (Re) may be described as a dimensionless number that
gives a measure of the ratio of inertial forces (pL“V) to viscous forces (uLV). The

Reynolds number of a fluid flow may be mathematically represented as follows:

_prL
7

Re (Egn. 1)

where “p” 1s the fluid density, “V™ 1s the velocity of the fluid, “L.” is the length scale, and
“w” 1s the coefficient of viscosity. Typically, SONAR fluid flow meters are operated
using an estimated flow viscosity to calculate an estimated Reynolds number for the fluid
flow to apply the Reynolds number based calibration. This approach works reasonably
well as long as the flow meter is operating at a sufficiently high Reynolds number such
that the actual flow measurement 1s not strongly dependent on the actual Reynolds
number. However, for low Reynolds number flows or flows with variable fluid viscosity,

errors resulting from differences between the estimated Reynolds number and the actual

Reynolds number can lead to significant error in the determined fluid flow rate.
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0003 ] In oil processing applications, the viscosity of oil is often not well known
and can change significantly with temperature. Consequently, the Reynolds number of
the fluid flow (which is related to the viscosity of the fluid flow) changes signiticantly as
well. The calibration curve shown in FIG. 1 illustrates the relationship between Reynolds
number (Re) and the ratio of a measured velocity (Vmeasured; 1.€., an uncompensated
velocity reported by a flow velocity meter) to an actual velocity (Vactal; 1.€., the
volumetrically averaged flow velocity) for a given fluid flow as determined by comparing
the raw meter output to a calibrated reference flow velocity. The curve illustrated within
FIG. 1 can be described mathematically as:

V C,

measured —14+c. Eagn. 2
14 " Re“ (Eqn. 2)

actual

Examples of empirically determined values that can be assigned to the variables in
Equation 2 include ¢ = 0.03, ¢; = 23.1, and ¢, = 0.61; these values are examples ot
values that can be used to define the curve in an oil/gas application. Specific values for
the variables will depend upon the application at hand. It can be seen from this
exemplary calibration curve that if a high Reynolds number approximation (e.g., Re >
10°) is appropriate for the application at hand, relatively large differences in Reynolds
number will yield relatively small changes in the ratio of measured velocity to actual
velocity. On the other hand, if a low Reynolds number approximation (e.g., Re < 10%) is
appropriate for the application at hand, relatively small differences in Reynolds number
will yield relatively large changes in the ratio of measured velocity to actual velocity. In
short, the potential for error in determining a flow parameter (e.g., flow velocity) is
oreatly increased for a fluid flow meter when sensing low viscosity fluid flows, unless an

accurate Reynolds number is used.

SUMMARY OF THE INVENTION

[0004] According to an aspect of the present invention, a method for determining
a parameter of fluid flow within a piping system is provided. The method includes the
steps of: a) determining a measured velocity of the fluid flow within the piping system

using a fluid flow meter; b) determining a measured difference in pressure value within
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the fluid flow using a differential pressure meter; ¢) selecting an estimated Reynolds
number of the fluid flow; d) determining a calculated difference in pressure value using a
model which relates the calculated difference in pressure value to the measured velocity
and the estimated Reynolds number of the fluid flow; €) determining a degree of
inaccuracy of the estimated Reynolds number using the measured difference in pressure
and the calculated difference in pressure; and f) iteratively adjusting the estimated
Reynolds number, determining the calculated difference in pressure, and determining the
degree of inaccuracy using the adjusted Reynolds number, until the degree of inaccuracy
is within an acceptable range.

10005] According to another aspect of the present invention, an apparatus for
determining a paraméter of fluid flow within a piping system is provided. The apparatus
includes a fluid flow meter, a differential pressure meter, and a processor. The fluid tlow
meter is operable to determine the velocity of the fluid flow within the piping system.
The differential pressure meter is operable to determine a measured difference in pressure
within the fluid ﬂoW within the piping system. The processor is adapted to receive input
including an estimated Reynolds number of the fluid flow. The processor 1s further
adapted to determine a calculated difference in pressure value using a model which
relates the calculated difference in pressure value to a measured fluid flow velocity and
the estimated Reynolds number of the fluid flow. The processor is further adapted to
determine a degree of inaccuracy of the estimated Reynolds number using the measured
difference in pressure and the calculated difference in pressure, and to iteratively adjust
the estimated Reynolds number, determine the calculated difference 1n pressure steps,
and determine the degree of inaccuracy until the degree of inaccuracy 1s within an
acceptable range.

[0006] The present apparatus and advantages associated therewith will become
more readily apparent in view of the detailed description provided below, including the

accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
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[0007] FIG. 1 is a diagrammatic graph illustrating the relationship between the
Reynolds number of a fluid flow, and the ratio of measured velocity of the fluid flow to
actual velocity of the volumetrically averaged velocity of the fluid tlow.

[0008] FIG. 2 is a block diagram of a fluid flow meter having an array of
ultrasonic sensor units disposed axially along a pipe.

[0009] FIG. 3 is a block diagram illustrating steps within the present method and
those to which the processor of the present apparatus is adapted.

[0010] FIG. 4 is a diagrammatic graph illustrating the relationship between the
Darcy Friction Factor and Reynolds number of a fluid flow.

[0011] FIG. 5 1s a diagrammatic illustration of the relationship between an error

function embodiment and Reynolds number of a fluid flow.

DETAILED DESCRIPTION
[0012] Referring to FIG. 2, the present invention provides both an apparatus and

method for accurately determining flow parameters of fluid flows within a conduit (e.g., a
pipe), and in particular high viscosity fluid flows, or fluid flows having a viscosity that
varies over time, using a differential pressure meter 8 (“DP meter”) and a fluid flow
meter 10. To simplify the description below, the conduit is referred to as a pipe. The
present invention 1s not limited to sensing fluid flow within a pipe, however.

[0013] The DP meter 8 may include any type of meter that can determine a
differential pressure (AP) in the fluid flow. For example, the DP meter 8 may include a
first pressure transducer 9 operable to measure the pressure of the fluid flow at a first
position along the axial length of the pipe 14 and a second pressure transducer 11
operable to measure the pressure at a second position axial position, where a fixed
geometry of pipe 14 having a axial length “L” is disposed between the two positions.
[0014] The fluid flow meter 10 is operable to determine the velocity of the fluid
flow within the pipe (“Vmeasured”). An example of an acceptable fluid flow meter is the
SONAR fluid flow meter described in U.S. Patent No. 7,389,187 entitled “Apparatus and
Method for Using an Array of Ultrasonic Sensors for Determining the Velocity of a Fluid

Within a Pipe”. To facilitate the description of the present invention, the fluid flow meter

example described
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in the ‘187 Patent will be at least partially described herein. The present invention 1s not
limited to using this fluid flow meter 10, or any other particular fluid flow meter.

[0013] The fluid flow meter 10 includes a sensing device 16 comprising an array
of ultrasonic sensor units 18-21. Each sensor unit comprises a pair of ultrasonic sensors
40,42, one of which functions as a transmitter (Tx) 40 and the other as a receiver (Rx) 42.
The sensor units 18-21 are spaced axially along the outer surface 22 of a pipe 14 having a
process flow 12 propagating therein. The sensors 40,42 within each pair are
diametrically disposed on the pipe 14 at predetermined locations along the pipe to
provide a through transmission configuration, such that the sensors transmit and receive
an ultrasonic signal that propagates through the fluid substantially orthogonal to the
direction of the flow of the fluid within the pipe. The flow meter 10 1s not limited to this
particular transmitter/receiver configuration.

[0016] As shown in FIG. 2, each pair of ultrasonic sensors 40,42 measures a
transit time (i.e., time of flight (TOF), or phase modulation) of an ultrasonic signal
propagating through the fluid 12 from the transmitting sensor 40 to the receiving sensor
42. The transit time measurement or variation is indicative of one or more coherent
properties that convect with the flow within the pipe (e.g., vortical disturbances,
inhomogenieties within the flow, temperature variations, bubbles, particles, pressure
disturbances), which are indicative of the velocity of the process flow 12. The ultrasonic
sensors may operate at a variety of differeht frequencies. There is, however, likely an
optimum sensor frequency range associated with the particular application at hand.
Examples of frequencies used for a flow meter embodying the present invention used 1n
oil and gas applications are 1 MHz and 5 MHz. The ultrasonic sensors may also provide
a pulsed, chirped or continuous signal through the fluid flow 12. An example of the
sensors 40,42 that may be used are Model no. 113-241-591, manufactured by
Krautkramer.

10017] An ultrasonic signal processor 37 fires the sensors 40 1n response to a
firing signal 39 from the transmitter 24 and receives the ultrasonic output signals S¢(t) —
Sx(t) from the sensors 42. The signal processor 37 processes the data from each of the
sensor units 18-21 to provide an analog or digital output signal Ti(t) — Tn(t) indicative of

the time of flight or transit time of the ultrasonic signal through the fluid. The signal
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processor 37 may also provide an output signal indicative of the amplitude (or
attenuation) of the ultrasonic signals. One such signal processor 1s model no. USPC 2100
manufactured by Krautkramer Ultrasonic Systems.

[0018] The output signals (T(t)— Tn(t)) of the ultrasonic signal processor 37 are
provided to the processor 24, which processes the transit time measurement data to
determine one or both of the flow velocity and the volumetric flow rate. As indicated
above, the transit time is defined as the time it takes for an ultrasonic signal to propagate
from the transmitting sensor 40 to the respective receiving sensor 42 through the pipe
wall and the fluid 12. The effect of the vortical disturbances (and/or other
inhomogenities within the fluid) on the transit time of the ultrasonic signal 1s to delay or
speed up the transit time. Therefore, each sensing unit 18-21 provides a respective output
signal T1(t)-Tn(t) indicative of the variations in the transit time of the ultrasonic signals
propagating orthogonal to the direction of the fluid 12. The present invention does not
require the processor 24 be adapted to any particular signal processing technique, and
therefore known techniques such as k-o plot, cross-correlation, etc., can be used and will
not be further described herein.

[0019] Now referring to FIG. 3, under the present invention, the processor 24,
alone or in combination with another processor (collectively referred to hereinatter as
processor 24), is adapted to determine an initial flow velocity value (Vyeasured) and
difference in pressure within the fluid flow (DPpeasured), using the fluid flow meter and the
DP meter, respectively. The processor is adapted to receive an estimated Reynolds
number (Re.) that is selected by the end user to be appropriate for the flow application /
piping system at hand.

[0020] Once the fluid flow velocity within the piping system and difference in
pressure within the fluid flow are determined, the processor 1s adapted to use those values
and the estimated Reynolds number to determine the Darcy Friction Factor (f) for the
piping system. FIG. 4 diagrammatically illustrates the Darcy Friction Factor as a
function of the Reynolds number for a fluid flow. The Darcy Friction Factor relates the
pressure loss due to friction along a given length of pipe to the average velocity of the
pipe. The Darcy Friction Factor can also be described as a function of pipe parameters

and the Reynolds number of the fluid flow using, for example, the Haaland Equation:
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-/8 \1.11
L _ —1.8log /D +-—6—'2 Eqgn. 3
VS 37) Re

where “g” is the roughness height on the pipe wall, and “D” 1s the inner diameter of the
pipe. The Haaland Equation is an example of an expression relating the friction factor of
the piping system, the relative wall roughness ot the piping system (&/D), and the
Reynolds number of the fluid flow. The present invention is not limited to this
expression and alternative expressions can be used to relate the friction factor of the pipe
to the Reynolds number of the fluid flow (e.g., Colebrook Equation, etc.).

[0021] The processor is further adapted to calculate a difference in pressure

(DP catculated) Using the measured fluid tlow velocity within the piping system, and the
determined Darcy Friction Factor (f). An example of an expression that can be used to

determine the calculated difference in pressure (DPcaicutated) 18 the Darcy-Weisbach

Equation:

A A
= —-1-sz Eqn. 4

AP = f] =
D N\ 2 y

where “V” is the volumetrically averaged flow velocity, “L” is the length of pipe, “D” 1S
the diameter of the pipe, “p” is the fluid density, and “AP” can be DPcalculated; Many
empirical models exist where the friction factor (1) is a function of the Reynolds number
of the flow, and the present invention is therefore not limited to using the Darcy-
Weisbach Equation.

[0022] Once the calculated difference in pressure (DPcaiculated) 18 determined, the
processor is adapted to use the calculated difference in pressure (DPcajculated) and the
difference in pressure measured within the fluid flow (DPmeasured) t0 determine a degree of
inaccuracy of the estimated Reynolds number (Recst). Any difference between the
calculated difference in pressure (DPcalcutated) and the measured difference 1n pressure
(DPmeasured) can then be evaluated to determine whether it is within an acceptable

predetermined range. The exact values of the error range will depend upon the
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application at hand; e.g., the type of fluid flow, viscosity and velocity of the fluid, etc.
The evaluation may utilize an error function that indicates the degree of inaccuracy of the
estimated Reynolds number. The error function, which can be referred to as “Chi%”, is

not limited to any particular expression. An example of an acceptable error function is as

follows:
(DP.__ —DP. . )
Ch 1-2 — ( ~ measured - calculated) E qn. 5
N D P measured B
[0023] A Reynolds number for the fluid flow within the piping system with an

acceptable accuracy is determined under the present invention by iteratively performing
the process described above; i.e., updating the estimated Reynolds number each time and
using it to determine the Darcy Friction Factor and the calculated difference in pressure
(DPcaiculated) until the difference between the last Reest and the current Reeg: is within an
acceptable error range. The iterative process is diagrammatically illustrated in FIG. 3.
F1G. 5 graphically illustrates an error function versus Reynolds number.

10024] From the above, 1t will be appreciated that the present invention apparatus
and methodology enables the determination of an accurate Reynolds number value for
fluid flows having a low Reynolds number, and also for fluid flows having a Reynolds
number that varies during operation of the piping system. An advantage of having an
accurate Reynolds number is that fluid flow parameters (e.g., velocity, flow rate,
viscosity, etc.) can be more accurately determined than would be typically possible using
an assumed or static Reynolds number.

[0025] While the invention has been described with reference to an exemplary
embodiment, it will be understood by those skilled in the art that various changes may be
made and equivalents may be substituted for elements thereof without departing from the
scope of the invention. For example, the present invention is described in terms of
equations that relate certain parameters. In alternative embodiments, the calculated
difference 1n pressure, and/or a friction factor, etc. could be determined from other means

such as tabular data. The scope of the claims should not be limited by the embodiments
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set forth in the examples, but should be given the broadest interpretation consistent with

the description as a whole.
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What 1s claimed 1s:

1. A method for determining a parameter of fluid flow within a piping system, comprising
the steps of:

determining a measured velocity of the fluid flow within the piping system using a fluid
flow meter:;

determining a measured difference in pressure value within the fluid flow using a
differential pressure meter;

selecting an estimated Reynolds number of the fluid flow;

determining a calculated difference in pressure value using a model which relates the
calculated difference in pressure value to the measured velocity and the estimated Reynolds
number of the fluid flow:;

determining a degree of inaccuracy of the estimated Reynolds number using the
measured difference in pressure and the calculated difference in pressure;

iteratively adjusting the estimated Reynolds number, determining the calculated
difference in pressure, and determining the degree of inaccuracy using the adjusted Reynolds
number, until the degree of inaccuracy is within an acceptable range; and

determining, using a processor, the parameter of fluid flow using the adjusted estimated

Reynolds number.

2. The method of claim 1, wherein the step of determining the measured velocity 1s

performed using a fluid flow meter having ultrasonic sensors.

3. The mcthod of claim 2, wherein the parameter is the velocity of the fluid tflow.

4. The method of claim 3, wherein the step of determining a degree of inaccuracy of the

estimated Reynolds number includes using an error function that includes the measured

difference in pressure and the calculated difference in pressure.

. The method of claim 1, wherein the step of determining the measured difference 1n

pressure value within the fluid flow is performed using a first pressure transducer located at a

10
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first axial position on the piping system, and a second pressure transducer located at a second

axial position on the piping system, which first and second axially positions are axially separated

from one another.

6. The method of claim 5, wherein the fluid flow meter 1s disposed on the piping system

between the first and second axial positions.

7. An apparatus for determining a parameter of fluid flow within a piping system,
comprising:

a fluid flow meter operable to determine the velocity of the fluid flow within the piping
system;

a differential pressure meter operable to determine a measured difference 1n pressure
within the fluid flow within the piping system:;

a processor adapted to receive input including an estimated Reynolds number of the fluid

flow, and to determine a calculated difference in pressure value using a model which relates the

calculated difference in pressure value to a measured fluid flow velocity and the estimated
Reynolds number of the fluid flow, and to determine a degree of inaccuracy of the estimated
Reynolds number using the measured difference in pressure and the calculated difference n
pressure, and to iteratively adjust the estimated Reynolds number, determine the calculated
difference in pressure, and determine the degree of inaccuracy until the degree of inaccuracy 1s
within an acceptable range, and to determine the parameter of the fluid flow within the piping

system using the adjusted Reynolds number.

8. The apparatus of claim 7, wherein the fluid flow meter is operable to measure fluid flow

velocity using ultrasonic sensors.

9. The apparatus of claim 8, wherein the parameter is the velocity of the fluid flow.

10.  The apparatus of claim 9, wherein the processor is adapted to determine the degree of

inaccuracy of the estimated Reynolds number using an error function that includes the measured

difference in pressure and the calculated difference in pressure.

11
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11.  The apparatus of claim 7, wherein the differential pressure meter includes a first pressure
transducer locatable at a first axial position on the piping system, and a second pressure
transducer locatable at a second axial position on the piping system, which first and second

axially positions are axially separated from one another.

12.  The apparatus of claim 11, wherein the fluid flow meter is sized to be disposed on the

piping system between the first and second axial positions.

12
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