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METHOD OF MEASURING MULTI-PHASE FLUID FLOW DOWNHOLE

RELATED APPLICATIONS
[0001] . This application claims priority to and the benefit of U.S. Provisional Application
No. 61/233,711, filed on August 13™ 2009, aﬁd U.S. Non-Provisional Applciation No.
12/851,322, filed on August 5, 2010, the full disclosure of which is hereby incorporated by

reference herein.

Field of the Invention

[0002] This invention relates in general to wellbore fluid production and more specifically

to a method of measuring multiphase fluid flow using a flow meter.

Background of the Invention

[0003] Flowmeters are often used for measuring flow of fluid produéed from hydrocarbon
producing: wellbore. The flowmeter may be deployed down hole within:‘a producing
wellbore; ‘a jumper or caisson used in conjunction with a subséa wellbore, or-a production
transmission line used in distributing the produced fluids. Monitoring fluid produced from-a
wellbore is useful in wellbore evaluation and to project production life of a well. In some
instances transmission lines may include fluid produced from wells having' different owners.
Therefore proper accounting requires a flow measuring device that monitors the flow

contribution from each owner.

[0004] The produced fluid may include water and/or gas mixed with liquid hydrocarbon.

Knowing the water fraction is desirable to ensure adequate means are available for separating
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the water from the produced fluid. Additionally, the amount and presence of gas is another indicator
of wellbore performance, and vapor mass flow impacts transmission requirements. Flowmeters can
be employed that provide information regarding total flow, water cut amount, and gas fractions.
However, these often require periodic analysis of the fluid entering the flowmeter. This may involve
deploying a sample probe upstream of the flowmeter; which can produce inaccuracy, and may

interrupt or temporarily halt fluid production.

[0004A] Reference to any prior art in the specification is not, and should not be taken as, an
acknowledgment or any form of suggestion that this prior art forms part of the common general
knowledge in Australia or any other jurisdiction or that this prior art could reasonably be expected

to be ascertained, understood and regarded as relevant by a person skilled in the art.

[0004B] As used herein, except where the context requires otherwise the term ‘comprise’ and
variations of the term, such as ‘comprising’, ‘comprises’ and ‘comprised’, are not intended to

exclude other additives, components, integers or steps.

Summary of the Invention

[0005] Disclosed herein is a method of estimating fluid flow through a flow meter. In an example
embodiment the method includes flowing fluid through the flow meter, and using pressure readings
in the flow meter to estimate a bulk density of the flow stream. The respective amounts of gas and
liquid flow inthe flow stream can be determined based on the estimate of bulk density and
properties of fluid making up the flow stream. The flow meter may have an overreading error due to
slippage between the gas and liquid, the overreading error can be found based on the amounts of gas
and liquid flow and properties of fluid making up the flow stream. Using the overreading error, the
amounts of the gas and liquid flow are recalculated using the estimated overreading error. Further
recalculation of gas and liquid flow occurs using a discharge coefficient of the flow meter based on
a gas volume fraction of the recalculation of flows using the overreading error. The PVT analysis
can be done using fluid sampled from the flow stream that is analyzed for deriving the properties of
fluid making up the flow stream for a range of pressure and temperature based on the analysis.
Alternatively, a bulk flow rate of the flow stream can be found based on the estimate of bulk density
and properties of fluid making up the flow stream. The bulk flow rate of the flow stream can be
recalculated based on the reestimates of the gas and liquid flow. In an example embodiment, a

Reynolds number is
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calculated for the recalculated gas and liquid flows that is used to determine the discharge
coefficient. In one alternative, the reestimated gas flow is based on the discharge coefficient
and the overreading error when the gas volume fraction is greater than 50%, and the
reestimated gas flow is based on the discharge coefficient when the gas volume fraction is
less than or equal to 50%. In one example, the flow meter is disposed in a wellbore tubular
and the flow stream exits the ﬂow meter into the tubular and is conveyea to a wellhead at a
surface. Optionally, the method may include estimating an amount of liquid to gas phase
change in the flow stream between the flow meter and the wellhead based on a property of
the fluid making up the flow stream. In an alternative example, the respective rates of gas
flow and liquid flow in the flow stream are found at the wellhead based on the amount of

liquid to gas phase change. The flow meter can be a Venturi type flow meter.

[0006] In an alternative embodiment, a method of estimating multi-phase fluid flow
through a flow meter is provided herein that includes sampling fluid from a wellbore and
conducting a PVT analysis of the sampled fluid. A flow meter is provided in the wellbore so
that wellbore fluid flows through the flow meter and pressure of the fluid in the flow meter is
measured at different elevations in the flow meter. Based on the pressure measurements in
the flow meter, the density of fluid in the wellbore is estimated and used to calculate a flow
through the flow meter. The calculated flow is compensated for over reading in the flow
meter by estimating a new flow rate through the flow meter and recalculating the flow
estimate based on a Reynolds Number for the new flow rate. Optionally, the method can
include estimating a phase fraction of the fluid in the wellbore based on comparing the
de_:nsity measurements and fluid properties. In an alternative example, a new discharge
coefficient is determined for the flow meter based on the new flow rate. Alternatively, a flow
rate for each phase fraction of the fluid in the wellbore can be reestimated by multiplying the

flow estimate with the phase fraction of the fluid. The flow meter can be a venturi meter, a
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flow orifice meter, or a flow nozzle meter. Multiple flow meters can be provided in a single

wellbore.

[0007] In an example of the method disclosed herein, fluid is sampled and analyzed at
conditions such as pressure, temperature, and/or volume, that can vary over time. .The fluid
énalysis can include obtaining fluid properties, such as density, viscosity, gaé oil ratio, ‘and
formation volume factor, at the different conditions. Moreover, when the fluid includes more
than one physical phase, e.g. liquid and/or gas, the fluid properties of each phase are
measured. The livquid can include connate fluid having hydrocarbons, and in some situations
water as well. Additional examples of liquids include drilling fluids, and wellbore treatment
fluids. In one example, tables are created correlating the raw data for each type of fluid
property with their corresponding pressure and temperature. From the tables, polynomial
expressions may be derived that model the data with changing fluid conditions. The

expressions can be a first, second, third, fourth, or fifth order polynomial.

Brief Description of the Drawings

[0008] Some of the features and benefits of the present invention having been stated, others
will become apparent as the description proceeds when taken in conjuinction with ‘the
accompanying drawings, in which:

[0009] Figure 1 is a side partial cut-away view of a tool sampling fluid in a wellbore.

[0010] Figure 2 is a side cut-away view of an embodiment of a flow measurement system.

[0011] Figures 3A-3C are side partial sectional views of example embodiments of flow

meters.

[0012] Figures 4A and 4B are schematics of an example method of use of a flow meter.
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[0013] It will be understood the improvement described herein is not limited to the
embodiments provided. On the contrary, the present disclosure is intended to cover all
alternatives, modifications, and equivalents, as may be included within the spirit and scope of

the improvement as defined by the appended claims.

Detailed Description of the Invention

[0014] The present invention will now be described more fully hereinafter with reference to
the accompanying drawings in which embodiments of the invention are shown. This
invention may, however, be embodied in many different forms and should not be construed
as limited to the illustrated embodiments set forth herein; rather, these embodiments are
provided so that this disclosure will be thorough and complete, and will fully convey the
scope of the invention to those skilled in the art. Like numbers refer to like elements
throughout. For the convenience in referring to the accompanying figures, directional terms
afe used for reference and illustration only. For example, the directional tefms such as
"upper", "lower", "above", "Below", and the like are being used to illustrate a relational

location.

[0015] It is to be understood that the invention is not limited to the exact details of
construction, operation, exact materials, or embodiments shown and described, ‘as
modifications and equivalents will be apparent to one skilled in the art. In the drawings and
specification, there have been disclosed illustrative embodiments of tﬁe invention and,
although specific terms are employed, they are used in a generic and descriptive sense only
and not for the purpose of limitation. Accordingly, the invention is therefore to be limited

only by the scope of the appended claims:

[0016] In Figure 1, a side partial sectional view is shown of a sonde 10 disposed within a

wellbore 5 for sampling fluid 7 in the wellbore 5. The wellbore fluid 7 can include fluids
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used during drilling or completion, fluid from a forfnation 6 t}‘xrough which the wellbore 5 is
formed, or combinations of these fluids. Although shown disposed on wireline 12, the sonde
10 can be deployed on tubing, ;slickline, a drill string, or any other method of
inserting/retrieving a sonde from within a borehole. The fluid 7 may be sampled by the
sonde 10 through a selectively openable port 14 in fluid communication with a sample tank
16 stored in the sonde 10. Sampling the fluid 7 with the sonde 10 can take place prior to or
after fluids are produced from the wellbore 5. The sample tank 16 can be sealed afier
sampling the fluid for subsequent analysis. Analysis of the fluid 7 stored in the sample tank
16 can occur at surface, such as in a laboratory. Moreover, the sample tank 16 can be sealed
to maintain the sampled fluid at the pressure and/or temperature when sampled so that more
accurate analysis results. can be obtained. Optionally, the wellbore fluid 7 can be sampled by
delivering the fluid 7 to a wellhead 18 depicted on top of the wellbore 5. A valved
production line 20 can be used for sampling fluid from the wellhead 18. Production tubing

(not shown) can convey the fluid 7 to the wellhead 18 from within the wellbore 5.

[0017] Figure 2 schematically illustrates in a side partial sectional view a flow
measurement system 30 disposéd in the wellbore 5. The flow measurement system 30 can be
disposed in the wellbore 5 after sampling fluid 7 with the sonde 10 (Figure 1). The system 30
of Figure 2 includes inlet tubing 32 that delivers the wellbore fluid 7 to an attached flow
meter 34. Exit tubing 36 is shown connected on an end of the ﬂoW meter 34 opposite the
inlet tubing 34 and terminating at a wellhead aésembly 38 above the wellbore 5. The exit
tubing 36 is in fluid communication with the flow meter 34 and the wellhead assembly 38 at
its opposite end, so that flow within the inlet tubing 32 is directed to the wellhead aésembly
' 3’8. Tn one embodiment, the inlet and exit tubing 32, 36 includes production tubing used in

producing fluid 7 from the wellbore 5.
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[0018] In an example embodiment, wellbore fluid 7 flows through the flow meter 34 and
experiences a temporary pressure drop in the flow meter 34. The pressure drop can be
estimated by monitoring fluid conditions, such as pressure and/or temperature. A sensor 40
depicted at about the inlet of the flow meter 34 of Figure 2 can measure pressure and/or
temperature of wellbore fluid 7 entering the flow meter 34. Optionally, the sensor 40 can be
set on the inlet tubing 32, exactly at the flow meter 34 inlet, or within the flow meter 34.
- Another sensor 42 is shown provided along the flow meter 34 that also can be used for
measuring pressure and/or temperature. Shown in Figure 2, the sensor 42 is} at about the flow
meter 34 mid-section; however depending on the type of flow meter 34 used, the sensor 42
could be situated at different points along the flow meter 34. For example, the sensor 42 can
be strategically positioned so that comparing respective pressure measurements of the sensors
40, 42 can yield a measurement of pressure drop across the entire flow meter 34, or across a

portion of the flow meter 34.

[0019] An additional sensor 44 is illustrated on the exit tubing 36 between the flow meter
34 and the wellhead assembly 38. Optionally, an upstream sensor 45 may be included as
shown on the inlet tubing 32 and spaced away from the flow metér 34. Example distances
between the flow meter 34 and sensors 44, 45 include about 1 foot, 5 feet, 10 feet, 50 feet;
100 feet, 150 feet, 200 feet, 250 feet, 300 feet, 350 feet, 400 feet, 500 feet, and distarices in
between these values. The sensors 44, 45 can be used for measuring pressure, temperature,
and/or density. The sensors 40, 42, 44, 45 can include piezoelectric devices, thermocouples,
densitometers, any other device form measuring pressure, temperature, fluid density, or other
fluid properties, and combinations thereof. Example densitometers include radiation type as
well as capacitive inductance type. The sensors 40, 42, 44, 45 can be in direct contact with
the fluid 7, connect to probes that extend into the fluid, or couple to a barrier on a sjde

opposite the fluid 7.
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[0020] In an example of use of the flow measurement system 30 of Figure 2, a pressure
differential between the flow meter 34 and sensor 44 can be estimated by monitoring preséure
values obtained from sensors 40, 42, 44. Bulk density of the fluid 7 flowing through the
meter 34 can be derived from the elevation (or depth) difference(s) between the sensors 40,
42, 44, and differences in the corresponding pressures as measured by the sensors 40, 42, 44.
In an alternative embodiment, sensor 44 directly measures the bulk density of the fluid 7.
The expression in equation 1.0 may be used for measuring density of the fluid 7 flowing
through the meter. In an alternate example, measurements from sensor 45 can be used to

estimate density of the fluid 7.

Calculate Fluid Density
144 (D Prenmte,car - KAH PPL + AH Jric + AH accel )‘(D Plhraal,car)_l)
P ricasured = TVD (Eq 10)
Where:
D Pthmm,cur = (R‘nfel - thoat + APj'm. slau‘c) (Eq 1 1);
D Premom,cor = (Enlet - I)remu!e + AP rema[e,slalic) (Eq 1 2); ’
AH,,, =(0.436-0.863+0.595") (dimensionless) (Eq. 1.3);

AHﬁic — 4fL (Cd )2 (D throat )4

- —Eﬂ ﬂ4 ) (Dremole )5

2 a4 4 :
AH o = €.\ 5 [[B%J -—1} (dimensionless) (Eq. 1.5);

(1 - 184 ) Dremnle

(dimensionless) (Eq. 1.4);

and

Where:

B is known as the Beta factor and is typically supplied by the flow meter
manufacturer; :

TVD is true vertical depth;
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fis the friction factor; and
L is the measured distance between the flow meter inlet and the remote location.

[0021] Equaﬁon 1.0 considers potential energy of the fluid, also referred to herein as static
head, through inclusion of the true vertical depth of the fluid being measured. Also, kinetic

energy is accounted for by considering the dynamic losses through friction and acceleration.

[0022] The gas fraction of fluid 7 flowing through flow meter 34 can be estimated from the
measured bulk density (eq. 1.0) of the sampled fluid. Equation 2.0 provides an example of

determining a value for the gas volume fraction (GVF).

GVF = (P = Preanrea) (Eq. 2.0)
(2, = Pg)

[0023] Accessing a data table or polynomial model, values for oil density (p,) and gas

density ( o, ) are obtained that correspond to the measured pressure and temperature.

[0024] A bulk flow rate through the flow meter 34 can be calculated using equation 3.0

provided below.

Qb v = C:l-az x Z'g‘(Pinlcl - P!hraal) (Eq 3.0)

-\/ 1 - ,H 4 V p measured

Where a® is area at the throat (where the diameter is most narrow in the flow meter) and Cq is
the discharge coefficient. Here the discharge coefficient is set at a static value of 0.995;
however as described in more detail below, subsequent iterations will use a varying Cq value

dependent upon the Reynolds Number of the fluid.

[0025] Example flow meters are shown in side partial sectional view in Figures 3A-3C.

Flow meter 34A shown in Figure 3A represents a venture type flow meter with an inner
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diameter d, within the meter 34A that is less than the entrance diameter D;. Provided in
Figure 3B, flow meter 34B represents an orifice type flow meter, having a disc 46
perpendicularly provided in the fluid flow path and an orifice 48 in the disc 46. The oriﬁee
diameter d; is less than the flow meter 34B entrance diameter D;. In Figure 3C, flow meter
34C represents a flow nozzle type of flow meter similar to the venturi type flow meter of
Figure 3A, but having smoother transition between the entrance and inner diameters D, d;.
As is known, the reduced diameter at d; increases fluid velocity temporarily to produce a
corresponding pressure drop within the flow meter. Measuring the pressure drop can yield a

flow rate through the meter.

[0026] In an example, the volumetric flow through the flow meter 34 is estimated based on
the fluid flow pressure drop within the flow meter 34. A difference between the pressures
measured by sensor 40 and sensor 42 and corresponding entrance and inner'diameters of the
flow meter can be used to derive a flow rate Q through the flow meter 34. The relationship
between pressure drop and entrance/inner diameter Dy, d; is dependent on the type of flow
meter used. Those skilled in the art are capable of identifying a proper pressure drop and

diameter correlation to obtain a flow rate Q.

[0027] From the bulk flow rate Quu above, if the fluid includes more than one phase, the
volumetric flow rates for each phase can be determined. In the example where the fluid
includes gas and oil, the bulk flow rate of oil Qo = (1-GVF)xQpux (Eq. 4.1) and the bulk flow

rate of gas Qg = GVFxQpux (Eq. 4.2).

[0028] Inaccuracies due to slip effect may skew two phase fluid flow measurements taken
with a flow meter. Slip effect is caused by the mix of vapor and hquld in the ﬂuld that
produces a phenomenon referred to herein as over reading. Changes in vapor den51ty with

pressure also introduce inaccuracies in measuring fluid flow. Accurately calculating the mass

10
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flow involves correcting the differential pressure measurement for the effect of gas

compression and slip effects. In one embodiment the present method employs a modified

form of the De Leeuw correction to compensate for these effects. This includes first

determining the Froude Number (Fr), which can be found for each phase in the fluid.

Fr,=—t | P (Eq.5.1)
JeD, \ P, — P,

Fr, =2 | P (Eq.5.2)
gDn po .—p&'

Y
Vs =g (Eq. 5.3)
9
L= 54
Vio =7 (Eq.54)

Where:

D, is the flow medium diameter where the fluid is being evaluated, e.g. inlet, throat,

or downstream; and

g is the acceleration due to gravity (32.174 fi/s?).

[0029] Using the Froude values obtained above, the slip effect between the gas and liquid

phase can be evaluated using the Lockhart-Martinelli number X, the relationship for which is

found in equation 6.0.

X=== (Eq. 6.0)

11
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[0030] When the fluid being measured is a wellbore downhole fluid, the fluid densities can
be obtained utilizing pressure and temperature readings. The gas can be assumed to be
methane, while liquids can initially be collected and evaluated during drilling. Analyzing the -
liquids collected during drilling can provide an initial estimate of borehole liquid density.
During the time the flowmeter 34 is in use downhole, fluids may be collected and analyzed at
surface to correct for changes in liquid composition that affect fluid properties. Knowing the

LM number, the over reading value can be calculated using equations 7.1 and 7.2 below:

Over reading; P = JI+CX + X% (Eq.7.1)

Ratio metric density; ¢ =| Pe +(_pi) (Eq.7.2)

where: n=0.41 for 0.5<Fr,<1.5; and
n= 0.606(1-¢°")  for Frg>1.5

[0031] The bulk flow rate Qs can be compensated for the slip effect by dividing it with

the overreading factor ¢ .

Qbu/k.newl = % (Eq 80)

[0032] As noted above, the present method includes an optional iteration based on the
Reynolds‘Number of the fluid entering the flow meter. The Reynolds Number represents the
ratio of a fluids momentum or inertia to the viscosity based forces acting on the fluid. A

value for Reynolds Number may be obtained from equation 9.0 below.

uD p ‘
Re =1488— (Eq. 9.0)

where,

12
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Re  Reynolds number at flow meter inlet
u Velocity of flow at flow meter inlet= @, , / 4,,,

Q Flow rate as measured by flow meter

Auper  Cross-sectional area at the flow meter inlet
Diyer  Diameter at the flow meter inlet

P Fluid density

7 Fluid viscosity

[0033] It has been discovered that the function by which flow model coefficients relate to
the Reynolds Number can vary for different ranges of the Reynolds Number. Table 1 below
provides a listing of functions relating the discharge coefficient C; and the corresponding

range of Reynolds Numbers in which the function is applicable.

C, =0 Re =0
C, =0.1432logRe +0.4653 0 <Re <2,000
C, =0.03375logRe +0.8266 2,000 < Re < 120,000
| ¢, =-0.01351logRe +1.0666 120,000 < Re < 200,000
C, =1.015 Re > 200,000
Table 1

[0034] To compensate for the dynamically changing value of the diéchargé coefficient with
a change in Reyﬁolds Number, the new bulk flow rate Qbulknew! 1S multiplied by the updaté'd

C, from Table 1.

Qbulk,newz = Cd.lelk,newI (Eq 100)

[0035] The gas volume fraction of the fluid affects how much a flow measurement is offset
by the slip effect. This is taken into account when determining a compensated volumetric
bulk flow rate for oil and gas. As shown in equation 11.0 below, if the gas volume fraction is
greater than 50%, the new gas flow rate is found by multiplying the gas volume fraction with

the flow rate found from equation 10.0. If the gas volume fraction is less than or equal to

13
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50%, the new gas flow rate is found by multiplying the gas volume fraction with the flow rate

found from equation 3.0 and the discharge coefficient C4 (Equation 11.1).

ZfGVF > 50% : Qg,new = GVF'Qbulk,new2 (Eq 1 10)
if GVF <50%:0, , = GVF.Qy4. C, (Eq. 11.1)
Qa,new = (1 - GVF)Qbulk,newz (Eq 112)

[0036] The oil flow rate to the surface Qo suface can be obtained by dividing Oo,new by the
formation volume factor of oil B,. As noted above, B, can be obtained by accessing data
from the sampled fluid taken at known pressure and temperature. Equation 12.0 below
illustrates an example of how a value for the oil flow rate to the surface Qo surmce can be

determined.

Q o0,new
Qa,surface = B
] (Eq. 12.0)

[0037] Determining the amount of gas flowing to the surface can be found by inultiplying
the value of the oil flow rate to the surface and the difference between the produced gas oil
ratio downhole and produced gas oil ratio at the surface. An example of this is shown in

equation 13.0 below.

Q g,breakout = (GORS - C;ORP )‘Qa,xmface ‘ (Eq 13 0)

[0038] Summing the values from equations 11.0 or 11.1 and 13.0 provides a-value for the

total volumetric gas rate at the surface. This is provided in equation 14.0 below.

Qg,sur;ﬂzce = Qg,new + Qg,bn’almul (Eq 14'0)

14
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[0039] Shown in Figure 4A and 4B is an example method of an algorithm for measuring
downhole fluid flow using a standard flow meter. With the flow meter disposed in a wellbore
and within a fluid flow stream, pressure and temperatu‘re are measured ‘of the fluid flow
stream(step 410). Fluid is sampled from wellbore, either downhole or at the well surface, and
the fluid properties are determined with respect to changing pressure and/or temperature (step
412). The fluid properties include gas oil ratio, and density, viscosity, and formation volume
_fraction for each phase in the fluid (step 414). Total fluid density is calculated using flow
meter measurements (step 416) and gas volume fraction is calculated from the calculated
density (step 418). A bulk flow rate is calculated using a flow meter dependent equation
(step 420). From the gas volume fraction of step 418 and bulk flow rate of step 420, the oil
and gas volumetric flow rate can be calculated (step 422). To account for slip in the multi-
phase ﬂow,.over reading is calculated (step 424) and the bulk flow rate is compensated due to
the calculated over reading (step 426) to obtain a new bulk flow rate. A new Reynolds
Number and discharge coefficient Cq (Table 1) is calculated based on the new bulk flow rate
(step 428). The flow rate is compensated with the new discharge coefficient (step 430) to
obtain another new flow rate. Referring now to Figure 4B, gas and oil fractions are
determined from the flow rate of step 430 (step 432). The volumetric gas and oil flows are
derated to account for the flow to the surface (steps 434, 436). Using the derated gas flows
and new gas flow of step 432, a total volumetric gas flow to the surface is determined (step

438).

[0040] In one example during about an 18 day period, gas and oil flow rates wére measured
at the surface of a well that was producing a multi-phase fluid. During the same time, flow in
the wellbore was measured using a flow meter disposed in the well. Measured flows for oil
and gas were determined from the flow meter data using a prior art method and the method of

Figure 4. The prior art method used a Venturi flow meter and a pressure gauge above or
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below the flow meter. The density was found through a hydrostatic head measurement, but
the fluid density calculation did not correct for frictional or acceleration losses. Moreover,
the prior art method assumed a zero gas fraction downhole, and relied on equations 4.1 and
4.2 above to estimate gas and oil fractions. Results from the prior art method found a surface
measured oil flow that ranged from about 4900 to just under 4000 standard ban_-els per déy.
The‘ prior art flow meter method measured from about 5100 to about 5000 standard barrels
per day. The gas flow measured at the surface ranged from about 7800 to about 8200
MMSCE/D. The prior art flow meter method was unable to detect a gas flow and returned
flow values at essentially nil. The method of Figure 4 yielded oil flows ranging from just
under 4500 to about 3900 standard barrels per day and gas flow rates of about 9800 to about
7500 MMSCF/D. Thus, unlike the prior art method, the algorithm of the present disclosure
enables two phase flow measurements downhole using standard flow meters. It should
further be pointed out the results also were more accurate with increasing gas percentage in
the flow. Accordingly, the present method has additional application for use in measuring

"wet gas" flow.

[0041] The present invention described herein, therefore, is well adapted to carry out the
objects and attain the ends and advantages mentioned, as well as others inherent therein.
While a presently preferred embodiment of thé invention has been given for purposes of
disclosure, numerous changes exist in the details of procedures for accomplishing the desired
results. For example, the method disclosed herein can include more than one flow meter in a
wellbore 5. The multiple flow meters can measure fluid from the same producing zone, such
as in series, or can measure flow from different producing zones. The flow meters Vmay be
provided on separate strings of production tubing. Additionally, the present method can be
used in a wellbore 5 in which gas and/or condensate is being injected. These and other

similar modifications will readily suggest themselves to those skilled in the art, and are
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intended to be encompassed within the spirit of the present invention disclosed herein and the
scope of the appended claims. While the invention has been shown in only one of its forms,
it should be apparent to those skilled in the art that it is not so limited but is susceptible to

various changes without departing from the scope of the invention.
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The invention claimed is:
1. A method of estimating a rate of fluid flow with a flow meter comprising:

(a) directing a flow stream through the flow meter and estimating a bulk density of the

flow stream;

(b) estimating respective amounts of gas and liquid flow in the flow stream based on the

estimate of bulk density and properties of fluid making up the flow stream;

(c) estimate an overreading error in the flow meter based on the amounts of gas and

liquid flow of step (b) and properties of fluid making up the flow stream;

(d) reestimating amounts of the gas and liquid flow of step (b) using the estimated

overreading error; and

(e) reestimating amounts of the gas and liquid flow of step (d) using a discharge
coefficient of the flow meter based on a gas volume fraction of the reestimated amounts

of the gas and liquid flow of step (d);

further comprising estimating a Reynolds number for a combination of the gas and liquid flow of

step (d), wherein the discharge coefficient of step (e) is based on the Reynolds number; and

wherein when the gas volume fraction is greater than 50%, the reestimated gas flow of step (e) is
obtained by multiplying the discharge coefficient with the gas flow of step (d), and wherein
when the gas volume fraction is less than or equal to 50%, the reestimated gas flow of step () is

obtained by multiplying the discharge coefficient with the gas flow of step (b).

2. The method of claim 1, further comprising sampling fluid from the flow stream, analyzing the
sampled fluid, and deriving the properties of fluid making up the flow stream for a range of

pressure and temperature based on the analysis.

3. The method of claim 1, further comprising estimating a bulk flow rate of the flow stream

based on the estimate of bulk density and properties a fluid making up the flow stream.

4. The method of claim 3, further comprising reestimating a bulk flow rate of the flow stream

based on the reestimate of the gas and liquid flow of step (d).
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5. The method of claim 1, wherein the flow meter is disposed in a wellbore tubular and the flow

stream exits the flow meter into the tubular and is conveyed to a wellhead at to surface.

6. The method of claim 1, further comprising estimating an amount of liquid to gas phase
change in the flow stream between the flow meter and the wellhead based on a property of the

fluid making up the flow stream.

7. The method of claim 5, further comprising estimating respective rates of gas flow and liquid

flow in the flow stream at the wellhead based on the amount of liquid to gas phase change.

8. The method of claim 1, wherein the bulk density of step (a) is based on static head of the fluid

along a vertical distance and dynamic fluid flow losses in the flow meter.

9. The method of claim 1, further comprising sensing pressure at locations selected from the list
consisting of along the flow meter, downstream of the flow meter, upstream of the flow meter,

and combinations thereof.

10. The method of claim 1, wherein the flow meter is Venturi type flow meter.
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BASED ON PVT LOOKUP TABLE

410 | . |
MEASUREMENT OF P, T FI g 4 A
Y 412 —414
CALCULATE FLUID PROPERTIES OUTPUT:

po7 pg: Uo; pgg BO’ Bg, GORp

Y
CALCULATE FLUID DENSITY: PMEASURED =

144.(DPRremote,cor- [(AH ppL+AHERIC +AHERI0 )(DP THROAT COR )])

/‘416

TVD
Y _—418
DETERMINE GAS VOLUME FRACTION FROM DENSITY:
( Po~ P MEASURED )
GVF =
(Po-Pg)
¥ /'420

CALCULATE BULK FLOW RATE:

2'Q'(P1-P2) o

Cd' ao
QBULK = ———+
\1-p4 PMEASURED
U'

| —422
CALCULATE OIL AND GAS VOLUMTRIC BULK FLOW RATE: :
Qo= (1- GVF)QpuLk

Qg=GVF « QpuLk

Y . ) /424
CALCULATE OVER-READING IN VENTURI BULK FLOW RATE o
MEASUREMENT -

¥ /426
RECALCULATE BULK FLOW RATE WITH OVER-READING COMPENSATION

QpuLk
QBULK, NEW1 = m

Y /‘428
CALCULATE REYNOLDS NUMBER
CALCULATE NEW DISCHARGE COEFFICIENT

v | _—430

RECALCULATE NEW BULK FLOW RATE WITH NEW DISCHARGE

COEFFICIENT:

QBuLk, NEW2 = Cd.QBULK, NEW1

TO FIGURE 4B
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et —— - — —— FROM FIGURE 4A — — - - -
CALCULATE NEW OIL AND GAS VOLUMTRIC BULK FLOW RATE:
=if GVF > 50%: Q gnew = GVF. » QpuLK NEW2

=if GVF = 50%: Q g 1o =GVF » Qpuik..Cqg

Qo NEw = (1 - GVF) Qpurk,NEW2

] /’434
DERATE OIL VOLUMETRIC BULK FLOW RATE TO SURFACE
Qo NEW.

Bo

Qo,SURFACE =

| | _—436
DETERMINE HOW MUCH GAS BREAKOUT DOWNHOLE AND DERATED
BACK TO SURFACE: Qcas,BREAKOUT = (GORs - GORp). Qo,SURFACE

N | 438
TOTAL VOLUMETRIC GAS RATE ON SURFACE

Qg, sURFACE = Qg, NEW + QGAS, BREAKOUT

Fig. 4B
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