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(57) Abrégé/Abstract:

A method and system for calculating the viscosity of cement slurry used for a primary cementing of an oil or gas well (12)
comprises. pumping the cement slurry along a conduit (16) to a cementing location (20); measuring a first pressure loss along a
first, horizontal portion (28) of the conduit (16) and a second pressure loss along a second, vertical portion (30) of the conduit (16);
and calculating a viscosity of the cement slurry based at least in part on the first and second pressure losses and a flow rate of the
cement slurry.
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(57) Abstract: A method and system for calculating the vis-
cosity of cement slurry used for a primary cementing of an
oil or gas well (12) comprises: pumping the cement slurry
along a conduit (16) to a cementing location (20); measuring
a first pressure loss along a first, horizontal portion (28) of
the conduit (16) and a second pressure loss along a second,
vertical portion (30) of the conduit (16); and calculating a
viscosity of the cement slurry based at least in part on the
first and second pressure losses and a flow rate of the cement

slhurry.
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MEASUREMENT OF CEMENT PROPERTIES

The present vention roiaies to the méasursmant of semeni properties
whan cemanting a well casing, and particularly (o the automated measirement of
coment viscosity without the use of aboratory equipiment.

I & normal drilling process, @ bore s drilled info the ground using a drilling
head altached to s hoflow dilf string.  Diilling fluid, typically & special mud refored
to as drilling mud, is pumped down the diill string and used o.cool and ubricate the
drifiing bit, cary the rock cutfings back to the surface, and maintain @ suitabls
prassure il e borshole to siabilise o the borghole walls. Onge the holeexdends
past the deepest freshwater aquifar Gypically 100 fo 300 metres), the diill string and
drilfing head ave ramoved and replaced with & plps, called & gasing.

Next, cement shurry Is pumiped info the casing, and then drifling mud s
pumped i hehingd the cament slury to foroe the cement slumy down through the
inaide of the casing, out through a casing shoe at the boltom of the casing, and up
inte the annulus betwear the casingand the borehole wall A itls forcad into the
anrwitus, the coment siury pushies the diilting mivd out of the annulus and Bils this
space, where i sets, This cerment provides a bood which fixes the casing in plaee
and prevents any fiuids moving belwaen the sasing and the borshole. This
Sarending procest s reformad foas “primary comenting”.

Mulliple casing sections are usually renuired 1o reach the desirad well depthy,
and the nature of the casings used will depend oo the gedlagy of the ares and the
dopth of the well. Typical casings used in ol orgas wells Inslude: a conductor
casing: a sufate casing, one or mors intsrmediste casings, and a woduction

casig

the previous casing and & narrowsr borg s drilied through the gement at the bottom
of the casing and into the ground balow. As above, once the hole sxlends to the
desired depth, the dnill siring and drliling head s removed and replaced with the
next stage of casing, which ix then cemented by the same process,

In order {o enswre corrent gementing, manusl measuraments of the
properties of g teat batch of cament are made in # laboratory prier to the primary
cemert oparation, Viscosity {s ey important propedy becoguss g cement slurey
having too high a viscosity cannot be properly pumped down the casing and up inte
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the annutus, but a cement having too low a viscosity can undesirably mix with the

fluids in front of or behind the cement slurry as it is pumped down the casing.

During laboratory tests, small samples are mixed to a recipe that will be
used in the cementing operation, and then tested. However, during the cementing
operation itself, there is often no possibility to measure these properties because the

cement is usually pumped directly into the relevant operation after production.

In some operations, one or more samples may be taken after mixing the
cement slurry and before the slurry has been pumped into the well. However, these
measurements may not be representative of the mixture due to variation across the
volume of the cement mixture (such as due to incomplete mixing) or due to changes

of the properties of the cement over time (such as due to setting of the cement).

At least the preferred embodiments of the present invention seek to solve

these problems.

According to an aspect of the present invention, there is provided a method
of monitoring one or more properties of a cement slurry during cementing of an oil or
gas well, the method comprising: directing the cement slurry along a conduit to a
cementing location; measuring a first pressure loss along a first portion of the conduit;
calculating a viscosity of the cement slurry based at least in part on the first pressure
loss; measuring a temperature of the cement slurry; and adjusting the calculated
viscosity based on the measured temperature to give an equivalent viscosity for a

reference temperature different from the measured temperature.

According to another aspect of the present invention, there is provided a
system for monitoring one or more properties of a cement slurry, the system
comprising: a source of cement slurry; a conduit connecting the source of cement
slurry to a cementing location; a first pressure sensor configured to measure a first
pressure loss along a first portion of the conduit; a processing device configured to

calculate a viscosity of the cement slurry based at least in part on the first pressure
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loss; and a temperature sensor configured to measure a temperature of the cement
slurry, wherein the processing device is configured to adjust the calculated viscosity
based on the measured temperature to give an equivalent viscosity for a reference

temperature different from the measured temperature.

The present invention provides a method of monitoring one or more
properties of a cement slurry during cementing of an oil or gas well, the method
comprising: directing the cement slurry along a conduit to a cementing location;
measuring a first pressure loss along a first portion of the conduit; and calculating a

viscosity of the cement slurry based at least in part on the first pressure loss.

This method enables the automated monitoring of the viscosity of the
cement slurry after the final slurry has been mixed, but before it reaches the
cementing operation, and without the need for samples to be tested in a laboratory.
Furthermore, the monitored value is less susceptible to inaccuracies due to changes
with time, as the viscosity is measured only shortly before supply to the cementing
operation, or across the volume of the cement slurry, as all of the cement slurry

passing through the conduit is analysed.

Whilst the method may be applied to any well cementing operation, it is
particularly applicable to primary cementing operations. Primary cementing is defined
as the cementing required for constructing and drilling of a well. Other well cementing

operations could, for example, include abandonment of a well or repairs to existing

cementing of the well.

In some embodiments, the calculation may further be based at least in part
on a flow rate of the cement slurry along the conduit. For example, the cement slurry
may be pumped along the conduit, for example using a pump. Flow rate data from

the pump may be used for the calculation.

In some embodiments, the method may further comprise: determining,

based on the calculated viscosity value, the value that would be output by a rotational
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viscometer, and preferably a coaxial cylinder rotation viscometer testing the cement
slurry. In various embodiments, the simulated viscometer may be a Couette

viscometer, such as a FANN® 35 viscometer.

Many industrial standards are defined in terms of measurements output by
a coaxial cylinder rotational viscometer, rather than an Sl viscosity. Therefore,
converting the measured viscosity into an equivalent output from a rotational
viscometer (i.e. an angle) facilitates comparison of these outputs to the existing

standards.

In one embodiment, the first portion of the conduit may be substantially
horizontal. This configuration allows analysis of data that is independent of the
density of the cement slurry, and thus facilitates the calculation of the viscosity of the
slurry using only a single pressure measurement (although other measurements

could still be used to refine the calculation).

In some embodiments, preferably, the first portion of the conduit is at an
angle to the horizontal of less than 5°, and preferably less than 2°, and most

preferably less than 1°.

In some embodiments, the method preferably further comprises: measuring
a second pressure loss along a second portion of the conduit, the first portion of the
conduit being at a first angle with respect to horizontal and the second portion of the
conduit being at a second, different angle with respect to horizontal, wherein the
viscosity of the cement slurry is calculated based on the first pressure loss and the

second pressure loss.

The measurement of a second pressure loss at a different angle allows the
system to separate the effects of density from those of viscosity, thus enabling
viscosity to be calculated without requiring additional inputs, although additional data

from other sources may again still be used to refine the calculation.
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In some embodiments, the second portion of the conduit is preferably at an
angle of at least 45° from the horizontal, and is preferably substantially vertical. In
various embodiments, the second portion of the conduit is at an angle to the vertical

of less than 5°, and preferably less than 2°, and most preferably less than 1°.

In some embodiments, the method may further comprise: calculating a
density of the cement slurry based on the first pressure loss and the second pressure
loss. The use of two pressure losses allows the effects of density and viscosity to be
separated. The density of the cement slurry may be another useful factor for

determining abnormal cement properties.

In some embodiments, the method preferably comprises: comparing the
calculated viscosity value to a pre-determined viscosity value; and taking an action
when a difference between the calculated viscosity value and the pre-determined

viscosity value exceeds a threshold.

Similarly, in some embodiments, the method may comprise: comparing the
calculated density value to a pre-determined density value; and taking an action
when a difference between the calculated density value and the pre-determined

density value exceeds a threshold.

That is to say, if an abnormal or unexpected property of the cement is
detected, then suitable action may be taken. For example, the flow rate of the cement
slurry may be decreased in order to reduce the shear rate of the cement slurry. In
extreme cases, the action may be to stop the cementing operation. For smaller
abnormalities, the action may include recording details of the abnormality for later

analysis.

In some embodiments, the method may further comprise: changing the flow
rate of the cement slurry pumped along the conduit; and determining a second

viscosity of the cement slurry at the new flow rate.
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The cement viscosity varies with respect to its shear rate. Therefore, by
changing the flow rate of the cement through the conduit, it is possible to measure
the viscosity of the cement at different shear rates. This provides further information

for detecting abnormal properties of the cement.

In some embodiments, the method may further comprise measuring the
temperature of the cement slurry, preferably within the conduit. Viscosity varies
significantly with temperature, and therefore a viscosity measurement is preferably

accompanied by a corresponding temperature measurement.

In further embodiments, the method may further comprise: adjusting the
calculated viscosity based on the measured temperature of the cement slurry. For
example, the calculated viscosity may be adjusted to give an equivalent viscosity for

a reference temperature different from the measured temperature.

Typically, the various cement standards will define the acceptable viscosity
of the cement slurry at a particular reference temperature. Using known techniques
and assumptions regarding viscosity variation with temperature, it is possible to use
the measured temperature to determine what the equivalent viscosity of the cement
slurry would be at the reference temperature, which can then be compared to the

relevant standard.

Viewed from another aspect, the invention can also be seen to provide a
system configured to perform the method described above. The present invention
therefore also provides a system for monitoring one or more properties of a cement
slurry, the system comprising: a source of cement slurry; a conduit connecting the
source of cement slurry to a cementing location; a first pressure sensor configured to
measure a first pressure loss along a first portion of the conduit; and a processing
device configured to calculate a viscosity of the cement slurry based at least in part

on the first pressure loss.
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In some embodiments, the system may comprise a pump configured to
pump the cement slurry along the conduit. The calculation performed by the
processing device may further be based at least in part on a flow rate of the cement
slurry along the conduit. The pump may be configured to supply data representative

of the flow rate of the cement slurry to the processing device.

In some embodiments, the system may be configured to change a flow rate
of the cement slurry pumped along the conduit by the pump; and the processing
device may be configured to determine a second viscosity of the cement slurry at the

new flow rate.

In some embodiments, the processing device may be further configured to
determining, based on the calculated viscosity value, the value that would be output
by a rotational viscometer, and preferably a coaxial cylinder rotation viscometer
testing the cement slurry. In various embodiments, the simulated viscometer may be

a Couette viscometer, such as a FANN® 35 viscometer.

In some embodiments, the first portion of the conduit may be substantially
horizontal. Preferably, the first portion of the conduit is at an angle to the horizontal of

less than 5°, and preferably less than 2°, and most preferably less than 1°.

In some embodiments, the system may further comprise a second pressure
sensor configured to measure a second pressure loss along a second portion of the
conduit, the first portion of the conduit being at a first angle with respect to horizontal
and the second portion of the conduit being at a second, different angle with respect
to horizontal, wherein the viscosity of the cement slurry is calculated based at least in

part on the first pressure loss and the second pressure loss.

In some embodiments, the second portion of the conduit is preferably at an
angle of at least 45° from the horizontal, and is preferably substantially vertical. In
various embodiments, the second portion of the conduit is at an angle to the vertical

of less than 5°, and preferably less than 2°, and most preferably less than 1°.
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In some embodiments, the processing device may be configured to
calculate a density of the cement slurry based on the first pressure loss and the

second pressure |0ss.

In some embodiments, the processing device may be configured to
compare the calculated viscosity value to a pre-determined viscosity value; and
taking an action when a difference between the calculated viscosity value and the

pre-determined viscosity value exceeds a threshold.

Similarly, in some embodiments, the processing device may be configured
to compare the calculated density value to a pre-determined density value; and taking
an action when a difference between the calculated density value and the pre-

determined density value exceeds a threshold.

The system may further comprise a temperature sensor configured to
measure the temperature of the cement slurry, preferably whilst it is within the
conduit. The processing may be configured to adjust the calculated viscosity based
on the measured temperature of the cement slurry. For example, the calculated
viscosity may be adjusted to give an equivalent viscosity for a reference temperature

different from the measured temperature.

Certain preferred embodiments of the invention will now be described in
greater detail, by way of example only and with reference to the accompanying
drawings, in which the sole figure, Figure 1, illustrates a portion of an apparatus used

for a primary cementing operation for an oil or gas well.

In Figure 1, an apparatus 10 is shown being used to perform a primary
cementing operation for a casing 18 that has been positioned within a bore 20 of an

oil or gas well 12.

A cement slurry is prepared to a pre-selected recipe and stored as a cement

supply 13. From the cement supply 13, the cement slurry is then supplied to a pump
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14. The pump 14 pumps the cement slurry along a conduit 16 connecting the pump
14 to the casing 18. The diameter of the conduit 16 will typically be equal to the

diameter of the casing 18, but larger and smaller diameters can be used.

Disposed along the conduit are a number of sensors 22, 24, 26 for
continuously monitoring properties of the cement slurry during the primary cementing
operation. In this embodiment, the sensors include a first differential pressure sensor

22, a temperature sensor 24, and a second differential pressure sensor 26.
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The first differential pressure sensor 22 measures the prassure dropalong a
firal portion 28 of the ponduit 18, andd the second differantial pressure ssasor 28
measures the prossure drop along 8 second pottion 30 oftha congid 18, The
fength of the portions. 28, 30 gar vary, bt will fypically be batween 1 and 30 melars
it length.

The angles, with respedt t¢ hotizontal, of the first and second portions 28,
30 may be snywhers betwesn 0 degrees and 180 degrees, but should be al least al
differgnt angles o ong another, and these portions 28, 30 are preforably
substantialiy hovizontal and substantially vertical, respectively. InFigure 1, the first
partion 28 is orienied in an approximately hotzontal direction, while the second
portion 30 s srisnted nan approximately vertics direction.

The data from each of the sensorsy 32, 24, 26, as well as data fom the
pump 14 are transmitted o a processing device 32, Basad onat ast the
measuremeants from two differential pressure sensors 22, 28, the processing device
32 defermines the density and viscosify of the camant slurry.  Additional
subordinate measured valugs may also include flow veloolty (determined by the
guanp 14 or 3 flow meter) snd temperature (determined by the lemperature ssnsor
24%

The dals can be analysed aufomatically and provide imimsdiate warning
when the cement properties deviate from the expocted properties. This may
inticats, for example, that the cernent sluny has beern sufticiently mixed o miked
o the wrong recips, or that the cement sluiry has begun e sel. A decision may
then be taken, siiher adomativally. of by o Buman supenvisoy o siop the cementing
pperation before the antenalous cament slurry is pimped into the casing.

Gement shrry displays non-Newtanian propertios, in that g viscosity varies
with respect to shear rate. The various standards therglore defing acosplable
propariies & muiliple shaar rates. Thus, whilst the appamntus 10 could be opergled
s0 88 to-analyss viscosity at only a single shear rate (which would ofifl provide a
ueaful safely checl), the spparatus 10could also be oparated (o analyse viscosty
at mullinls shear rates, e, the pumgy 14 can be configured to change the flow réle
of the cerment slyry to facliitate sxamination of the viscosity at multiple shear rates.
I one example, the pump 14 may periodically operate st one or more different tow
rates to anable viscosity measurements {o bs made, before teluming the flow rals

o serinat oparating conditions,
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The most corvmonly used iaboratory testing apparatuses for cament are
onaxial oylinder rotational vigscomaters, and ndeed many indusiry standavds are
definad in ferms of coaxial cylinder rotational viscometer meastremeants. The
processing device 32 is, In at loast one mode of operation, therafore adapted v
simulste o coaxial sylinder rotational viscometer and to oulpul viscosity
msasuraments g format corresponding to thoese that would have been oulpul by
s aguivalent tost of the cermadt siurty Using 9 rotational visoometer. Thig faciiitates
the comprarison of the output from the procassing device 32 with the respactive
Standards.

Coaxial eylinder rofational viscometers are broadly classified as “Coualts” or
"Searle” systems. The most common retational viscometer s the FANN® 35
viscomeder, which is 3 Coustte couxial evlinder rofationst viscomater, In g Coustte
systarn such as the FANNS 33 viscameter, {0 perform a viscosily test, a test fluld
sanple s contained inanannuiae space formed batween two oylindars. The outer
oylinder, ar rofor, is rotated st known velociies through gearing, and the viscous
drag exerted by the Thud generates 18 torque on the inner oylinder, or bob,

The bob is supportad by atorsion spiing and the torgue genosated causes g
rotational deflection of the baby, which is measured and then reizted o the tegd
condifions and insfrument constants,  Depanding on the material being testad,
various rotor-bob combinations sndior {orsion springs can be substituted fo exdend
the forque measuring range o fo increase the sensitivity of the torque
measursmant. A Sowle system oporatos in o similar manner, sxeeg that the bob
is rotated inslead of the outer cylinder,

Viscosity varies significantly with lemperaturs, and therefors coment
vistosity standards are usually definad ol 2 spadific reference temperatufe. In
practice, howsaver, the cament being fested by the method described above will
rarely be af that referance temperature, and it is therefore necessary {o comrect the
temperatuwre before comparison against the relevant standard.

The tempefature sansot 24 is Poated alohy e conduit 16 and {8 configured
to measure the temparature of the cement slusry within the condut 16, This
maasured ternperature is aupplisd to the processing device 32

The processing device 328 (Ban conligured correct the calculated vissosity
that is determined based on the pressura fosses messured by the differsntial
pressure sensarg 22, 26 fo aocount for the temperature of the cement shury, Le. o
give an squivalant viscoslly at o reference tempserature ol the relevant standard,
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The equivalent viscosity san then be easily compared o the viscosily values given
inthe standard.

The correction of the viscosily can be cariad out by the provessing device
32 using known techniques and sgsamptions regarding viscosity vardation with

tempearature.

in the sbove smbodiments, two diferantial prossurs sensors 22, 28 are
ueed, Whikst the use of two differendial pressire sensors 22, 28 is prefarred, the
viscosity of the cement slurry can be determined using only a single differential
RrEssUrY senmer. For axample, using the first diferential praasure sensor 33 whan
the Srst portion 28 of the cordult 165 substantially horlzontal, the presswre foss is
largely independent of gravily effects, and so the pressure loss is dominated by
visoostly lossas, Alternatively, the viscosdy can be caloulated using only the
second differential pressurs sensor 28 when the second portion 30 of the conduit
16 Is not horisontal, but where the density is known by other msans (such a5 based
ory the compaosition of the cement slurry or from laboratory tests, or by stopping the
pumye 14 such that the pressura drop is based only on dansity).

Futthermore, whilst the embodiment shown in Figure 1 shiows e sensors
22, 24, 28 as montforing the main condutt 18 supplying cement sliurry fo the well 13,
i oftier embodiments, thy sensors &2, 34, 230 may monilor & smaller, sub-condult
canying only a portion of the cement shary,
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CLAIMS:

1. A method of monitoring one or more properties of a cement slurry during

cementing of an oil or gas well, the method comprising:
directing the cement slurry along a conduit to a cementing location;
measuring a first pressure loss along a first portion of the conduit;

calculating a viscosity of the cement slurry based at least in part on the first

pressure loss;
measuring a temperature of the cement slurry; and

adjusting the calculated viscosity based on the measured temperature to
give an equivalent viscosity for a reference temperature different from the measured

temperature.
2. A method according to claim 1, further comprising:

determining, based on the calculated viscosity value, a value that would be

output by a coaxial cylinder rotation viscometer testing the cement slurry.

3. A method according to claim 1 or 2, wherein the first portion of the conduit is

substantially horizontal.
4. A method according to any one of claims 1 to 3, further comprising:

measuring a second pressure loss along a second portion of the conduit,
the first portion of the conduit being at a first angle with respect to horizontal and the
second portion of the conduit being at a second, different angle with respect to

horizontal,
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wherein the viscosity of the cement slurry is calculated based on the first

pressure loss and the second pressure loss.
5. A method according to claim 4, further comprising:

calculating a density of the cement slurry based on the first pressure loss

and the second pressure loss.
6. A method according to any one of claims 1 to 5, further comprising:

comparing the calculated viscosity value to a pre-determined viscosity

value; and

taking an action when a difference between the calculated viscosity value

and the pre-determined viscosity value exceeds a threshold.
7. A method according to any one of claims 1 to 6, further comprising:

changing a flow rate of the cement slurry within the conduit to a new flow

rate; and
determining a second viscosity of the cement slurry at the new flow rate.

8. A system for monitoring one or more properties of a cement slurry, the

system comprising:
a source of cement slurry;
a conduit connecting the source of cement slurry to a cementing location;

a first pressure sensor configured to measure a first pressure loss along a

first portion of the conduit;
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a processing device configured to calculate a viscosity of the cement slurry

based at least in part on the first pressure loss; and

a temperature sensor configured to measure a temperature of the cement

slurry,

wherein the processing device is configured to adjust the calculated
viscosity based on the measured temperature to give an equivalent viscosity for a

reference temperature different from the measured temperature.

9. A system according to claim 8, wherein the processing device is configured
to determine, based on the calculated viscosity value, a value that would be output by

a coaxial cylinder rotation viscometer testing the cement slurry.

10. A system according to claim 8 or 9, wherein the first portion of the conduit is

substantially horizontal.
11. A system according to any one of claims 8 to 10, further comprising:

a second pressure sensor configured to measure a second pressure loss
along a second portion of the conduit, the first portion of the conduit being at a first
angle with respect to horizontal and the second portion of the conduit being at a

second, different angle with respect to horizontal,

wherein processing device is configured to calculate the viscosity of the

cement slurry based on the first pressure loss and the second pressure loss.

12. A system according to claim 11, wherein the processing device is further
configured to calculate a density of the cement slurry based on the first pressure loss

and the second pressure loss.

13. A system according to any one of claims 8 to 12, wherein the processing

device is configured to compare the calculated viscosity value to a pre-determined
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viscosity value and to take an action when a difference between the calculated

viscosity value and the pre-determined viscosity value exceeds a threshold.
14. A system according to any one of claims 8 to 13, further comprising:

a pump for pumping the cement slurry along the conduit, the pump being
configured to change a flow rate of the cement slurry within the conduit to a new flow
rate, and the processing device being configured to determine a second viscosity of

the cement slurry at the new flow rate.
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