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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 invention rolates o the measurament of cement propariies
whean cementing & wedl casing, and particutarly o ths attomated measurament of
gemant viscosity without the use of Inboralory squipment.

In @ normal drilling provess, @ bore s deilfed inte the ground using a driling
head aftached to s hoflow deilf string.  Drilling fluid, typioally a special mud referad
to as drilling mud, Is pumped down the dill string and used 1o cool and lubricate the
drifiing b, carnry the rock cultings back o the surface, and maintain @ suilalie
pressune i the borehole to siabilise o the borghole walls. Onee the holeextends
past the deepest reshwaler auuifar Gypically 100 to 300 metres), the diilf string and
drilling hoad ave ramoved and replaced with a plpe, called a casing.

Mext, cemearnt shurry is pumiped into the casing, and then drilling mud s
pumpad in behind the cement slurvy to foroe the cement glury down through the
inaide of the casing, out through a casing shoe at the bottom of the casing. and up
info the annulus between the casing and the borehole wall. As it is forced into the
anntus, the cement siury pushes the drilling mud cut of the armuluy and ils this
spane, whers i sels, This cement provides 5 bond which fixes the casing in plase
and pravents any fiuids moving belween the casing and the borehole, This
carmending process is referred foas “primary cementing”.

Multiple casing sections are usually required to reach the desirad well depth,
and the nature of the casings vaed will depend on the geclogy of the ares and the
depth of the well. Typical casings used in ol or gas wells include: a conducior
casing; a surface casing: one or more intermediste casings and a produstion

casing.

the previous casing and & narower bore s drilied through the cement at the bottom
of the casing and into the ground below. As above, once the hole sxtends to the
desired depth, the drill siring and drilling head ars removed and replaced with the
naxt stage of casing, which i then cemeanted by the same process,

In order to ensure correct gementing, manusl measuraments of the
propaties of g tast batch of sement are made in 8 Jaboratory prior o the primary
cement oparation, Viscosity is an important properly becguss a cement slumry
having too high & viscosily cannot be properly sumped down the casing and up infs
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the aniulus, bul 8 cemand having fou low & viscosty can undesirably mix with the
flulds in front of or behind the cement slurry as it s pumped dove the casing.

Digring inboratory tests, small samples are mixad 10 a regpe thet wil be
used in the cementing operation, and then tesied. Howsver, during the cementing
gperation ieell, there is often ne possibility {0 measure thesse propedies bacause
the cement is usually pumped directly info the relevant pperation affer production.

in sorme operations, one ot more samples may be teken after mixing the
vernent shurry and befors the slurry has beern pumpad into the well, However, thaese
measuraments may ot be reprasentative of the mixture Sue o varlation across the
volume of the camend mikdure {such g8 dustoincompiete mixing) ordus o
changes of the properties of the cement over fims {such as due to selling of the
sement).

At lpast the preforrad ambodimants of the present invention seek to solve
these prabilems.

The present invention provides a method of moniforing one or move
praperties of g cement sluryy during cementing of anoff or gas well, the method
somprising: directing the cement shery along a conduit 1o '8 cementing boation;
nreasuring a first pressure loss along & first portion of the conduit; and calculating &
viscasity of the cement slurry based af loast iy parnt on the firsf pressure loss,

This method enables the attomated moniiaring of the viscosity of the
cement slury after the final siury bas besd mixed, b befors B reaches the
cementing operation, and without the need for samples 1o be tested in 8 laborstory.
Furthermore, the monftored valus is less susceptible {o inacouragies due to
shanges with time, as the viscosily is measured only shortly before supply to the
cemanting operation, or across the volume of the cement slurry, as all of the
cement slirry passing through the conduit is analysed.

Yhilst the method may be applied to any well cemanting operation, it is
particularly applicable fo primary comeanting operations. Primary cementing is
defined as the cementing required for constructing and drilling of a well. Otherwell
sementing opembions could, for example, include sbandonment of 3 well or repalrs
o existing cemerting of the well.

The calculation may further be basad at lpast in part on & flow rale of the
cement shary slong the condult. For exampls, the cament shurry may be pumped
along the conduit, for exampls using a pump. Flow rate data from the pump may
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The meathod may further comprise; determining, baged on the galoulated
vissosity value, the value that would be oulput by & radational wiscomater, and

praferably o coaxial cylinder rotation viscometer testing the cemant sluny. in

various embodiments, the simulated viscometer may be g Couetle viscomster, sugh
a5 8 FANNG 38 viscamsler,

Many industrial standards are defined in terms of measirements oulpud by a
coaxial oylinder rofational viscometer, rather than an 81 viscoslty. Therefore,
converting the measured viscosity Into an sguivalent outpud from & rotational
viscometer (Le. an angle) facilitates cemparison of these oulpuls to the sxisting
standards.

In are pmbadiment, e Sret portion of the condult may be substantially
hotizontal. This cofiguration alfows analysls of data that is independent of the
density of the comeant slurry, and thus facililates the calculations of the vizcosity of
the siurry using only a single pressure measurement {although other measursments
could gtill be used to réfing the caloulstion).

Preferably, the first portivn of the conduit is at an angle to the hovizontal of
less thar 87, and prederably less than 2°, and most praferably tess than 1°,

The method preforably further comprises: measurning 8 second pressure
toss along a second porion of the condult, the first portion of the conduit being at a
first angle with respadt to horizontal and the second portion of the conduit belng at a
sacond, differesit angle with respect to horizontal, whstain the viscosity of the
comeant slury is calooialed based on the first pressure loss and the second
pressurs oes.

The messuremeant of & second ressura loss gha differerd angie allows the
system to separate the effects of density from those of viscosity, thus enabling
viscosity to be caloulated without requiring addifional inputs, although additional
data from other sources oy again siill be used o refing the caloplation.

Tha second portion of the condult is preferably at an angle of al least 45°
frony the horizontal, and is preferably substantially vertical. In various
smbadimeants, the second porfion of the conduit is at an rogle fothe vardical pfless
than & and preferably less than 27, and most preferably fess than 1°,

The method may further comprise: calculating a density of the cement slurry
Basad on the first préssure loss and the second pressure loss. The use of bwo
pressure losses allows the effects of density and viscosity {o be separated. The
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densily of the cement shury may be another usefid factor fur defermining abnormal
sement propertias.

The method preferably comprises: comparing the calotdated viscosity value
to a pre~defearmiined viscosity valus, and taking an action when g differeniee
hetween the calculated visnosity value and the pre-determined viscosity value
evopsds & fhveshold,

Rimitarly, the method may comprise: comparing the caloulated dansity value
o @ pra-determined densily value; and taking an action when & difference bhelween
the caiculated density value and the pre-determined densily valus excesds a
threshiold,

That is to say, ¥ an abnormal or unexpected property of the comentt is
detacted, then suitable aclion may be feken. For example, the flow rate of the
cement slurry may be decreased i order to reduce the shear rate of the cement
slurry. jnextrame cases, the action may be o stop the tementing aperation. For
smallar abnormalities, the sction may include recording detatls of the stmormality
for jater analysis.

The method may further comprise: changing the flow rate of the cemeant
sharry pumped slong the condull; and delsmining a second viscosity of the cament
siurey at the new flow rate.

The cement viscosity varies with raspect fo ls shear rate. Therefure, by
changing the flow rate of the cement through the conduft, it is possible fo messirs
the viscosity of the cement a8t diferent shear rates. This provides further
information for detecting abnormatl properties of the cement.

i sore enbodiments, the method may further comprise measuring ths
temperature of the cament shurry, preferably within the condulf, Viscosity variss
significantly with temperatirg, and therefore g viscosity measurement is preferably
accompanied by a corresponding lemperature measurement.

in further embodiments, the mathod may Turther comprise; adiusting the
ealoudated viscosily based on the measured temperature of the coment sturry. For
example, the calculated viscosity may be adjusted to give an sguivalant viscosity
for & reference temparature different fron the megsured tamperatura.

Typicaily, the various cement standards will define the scceptable viscosity
of the cement sy at a particular reference femperature, Using known {echnigues
and assumptions regarding viscosity varistion with temperature, it s possibls to use
the mesasured lemperahas 1o determing what the equivalent viscosity of the cament
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shurry would be st the reference temperature, which can then be compared to the
relevant standard,

Yiewsd from another aspect, the vertion carvalso be seen to provide a
system configured o perfonm the method desoribed above. The present invention
therafore alse provides a system for moniioring nng of more properties of a cemend
shary, the system comprising a sourcs of cement slurry, & condult connacting the
sowrce of cement sfurry o 8 cementing location; a first pressure sansor configured
to measurs g first prassure loss along a first portion of the condill; and a
processing device configured to caloulale a viscosity of the cement shurty based &t
teast in part on the first pressurs loss.

The gystem may comprise a pump configured 1o pump the cement shary
slong the condull, The calculation performed by the rocessing device may further
be bazsed af leas! in part on & How rate of the cament slurry slong the condult. The
pump may be configured fo supply data represeniative of the flow rate of the
carment slury 1o the processing devics:

The system may be configured to changs a How rate of the coment slurry
pumped along the cohduit by the pumy; and the processing device may be
parfigured to determing g ssoond viscosity of the cement slurry &l the new flow
rate.

The processing device may be furher configured to determining, based on
the caloulated viscosity value, the value that would be cutput by a rotationsd
vispometer, and preferably a coaxial cylinder rotation viscomeler testing the cement
shirry. In various embodiments, the simulated viscometer may be a Couslle
viscometar, such as a FANN® 35 viscometer.

The first portion of the conduil may be substantially horizontal. Preferably,
the first portion of the condulf is at an angle fo the horlzontal of less than 5°, and
preferably less than 2°, and most preferably less than 19

The system may further comprise & second pressure sensor configured fo
measure & second pressure loss along 8 second portion of ihe condul, the first
portion of the condult being at @ fiest angls with respect o horizonial and the second
partion of the sonduit being at 8 second, different angle with respect to horizantal,
wharain the viscosily of the cement slurry is calculated based at least in part on the
firet pregsurs loss and the second pressure loss,

The second portion of the condult ts preferably at an angle of ot least 45°
frons the harteontal, and & preferably substantially vedtical, Inverious
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smbodiments, the secand portion of the condudt is at an angle to the vertical of less
than 5, and preferably less than 2%, and most preferably less than 17

The processing device may be configured o ericulate a density of the
cament shaty based onthe first presswrs losy and the second prossure loss.

Thi processing devics may be configursy to compare the caloulated
vigcosity valte to a pre-determined viscosity value; and taking an adlion when a
diference between the caloulated viscosity valus and the pre-determined viscosily
valug exceeds a threshold,

Similarly, the procsssing devics may be cofigured to campars the
caloudated density value to a pre-determined density value, and taking an action
when g difersnce batween the calculated density valie and the predetarmined
densily value scesds a thrashold.

The system may further comprise a temperature sensor sonfigured to
measure the temperature of the cevnent slurry, praferably whilst it s within the
gonduil, The processing may be configurad 1o adjust the calowlated viscosily based
on the measured tompenature of the sement slurry,  For sxample, the caloulated
viscosity may be adjusted 1o give an equivalent viscosity for s reference
temperatura different from the measured temperature.

Cartain preforred embodiments of the invention wilt now be desaribed in
greafer detail, by way of example only and with refersnce to the sccompanying
drawings, in whinh the sole figure, Figurs 1, Hlustrates 8 portion of an apparatus
used for a primaty cementing opsration for an oil or gas well

In Figure 1. an apparatus 10 is shown being used o perform a primary
semanting operation for g casing 18 that has been positionad within & bore 20 of an
ol or gas wall 12,

A coment slurry is prepared (o we-stlected renips and slored 28 3 cament
supply 13, From the cemant supply 13, the cenment stury is then suppledfo s
purnp 4. The pump 4 pumps the comand shiry along 8 condid 18 comnecting the
purp 14 to the casing 18, The diamster of the conduil 16 wili typically be equal te
the diameter of the casing 18, bt larger and smalier diameters can be usad.

(isposed along the conduit are a number of sensors 22, 24, 26 for
continuously monitoring propertiss of the cament slurry during the primary
cementing pperation, 1n this ambodiment, the sensors include a fivst differential
preesire sensor 22, @ temperature sensor 24, and a second differential pressure

senser 28,
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The first differential pressure sensor 22 measures the pressurs dropalong a
firs! portion 28 of the conduit 18, and the second ditferantisl pressure ssnsor 28
measures the pressure drop along 8 second portion 30 of the condul 18, The
fongth of the portions 28, 30 can vary, but will typicatly be batween Tand 30 melers
ity length.

The angles, with respect 1o horizontal, of the first and second portions 28,
30 may be anywhers betwesn U degraes and 180 degress, bul should be ai least al
diffsrent angles to one ancthar, and these portions 28, 30 are praferably
substantialy horizontal and substantialiy vertical, respectively. in Figure 1, the first
partion 28 is erienied in an approximately hotizontal direction, while the second
portion 30 Ie svented in an approxinmately vertical direction.

The data from each of the sensory 33, 34, 26, as well as data fom the
pump 14 ars transmitded fo 8 processing devics 32, Based on at least the
measurements from fwo differential pressure sensors 22, 28, the processing device
3¢ defermines the density and viscosity of the cemant slurry. Additional
subordinate measured valuss may also includs flow velocity {determined by the
panp 14 or 3 flow meter) and temperature {determined by the lemperature ssnsor
24}

The data can be anslysed aufomatically and provide immediate warning
whaen the cement properties deviate from the expected properties. This may
incticats, for exvample, that the pement sty has beernt siudficiently mixed or mixed
tothe wrong recips, or that the cament shary has begun e sel. & decision may
then be taken, sither audomatioally of by & buman supesvisor; to stop the cementing
pperation before the anomalous cament slurry is pumped info the casing.

Gement siurry displays non-Newitonian properties, in thal its viscosity varies
with respect to shear rale, The vanious standards thersfore defing acceplable
properties at mulliple shear rates. Thus, whilst the apparatus 10 could be operated
50 88 to analyse viscosity at only a single shear rale (which would ofifl provide 8
yeaid safety chagk), the apparatuy 10 could alag e operatad v analyseviscosity
at mullints shew rates, L& the pumyy 14 cary be configured o change the fiow rate
of the cement shyry to facilitate exgmination of the viscosity at multiple shear rates.
fe one exarmple, the pursp 14 may periodically operate at one or more different How
rates to enable viscosily measurements {o be made, before retuming the flow rafe

o normal operating conditions:
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Tha most commonly used laboraiory testing apraratuses for cament are
ooaxial cylinder rotational viscometers, and indsed many industty standasds am
defined In ferms of coaxial cylinder rotational viscometer maastremants. The
processing device 32 is, Iy at least ons mode of operation, therefore adapled v
simulate o coaxial cylinder rotational viscomater and fo oudput viscosity
measuraments i & format corresponding to those that would have been owlput by
s sguivalent test of the corvent alurry Using 8 rofations! viscometsr, This Taciltates
the conparisan of the output rom the procassing device 32 with the respective
slandards.

Coaxial cylindar rotational viscometers are broadly classified as “Qoustie” or
"Searke” systems. The most common retational viscometer is the FANN® 35
viscomaeter, which is 2 Coustte comxial cvlinder rofations! viscomater. Ina Couslte
sysiem such a5 the FANNE 36 visuaineier, i perforn & viscasdty test, 3 test Suid
sample is contained iy an anmnular space fonmed between two sylindars. The outer
oylinder, or rofor, is rolsted st known velocities through gaaring, and the viscous
drayg exerted by the thad generates s torque on tha inner aylinder, or bob,

The bob is supporiad by a torsion spring and the torgue genarated causes a
rotaticnal deflection of the bob, which s messured and then related @ the tegl
condifions and instrument constants. Depending on the malenal being testag,
various rotor-bab combinations sndéor forsion springs can be substituled to extend
the torque measuring range or fo increase the sensitivity of the lorque
measuremant. A Sewrle systers operates in g similar manner, sxeept that the bob
o totated ihetead of the suter cylinder,

Viscosity varies signtficanily with terpersture, and tharefors coment
viseesity standards ars ysually defined ol 3 speafic reference tomperature. In
prachice, however, the cament being tested by the melthod described above will
rarely be at that reference temperature, and it is therefore necessary o comrect the
temperature before comparison against the relevant standard.

The temperature sansor 24 is located along the conduit 18 and 8 conligured
to measure the lemparature of the cement slurry within the condult 18, This
messured lnpemnture i suppdied o ihe processing device 32

The processing device 32 s then configured correct the calculated viscosity
that iz determined based on the pressure losses messured by the diffsrantial
pressure sensorg 22, 28 fo ascount for the temperatyrs of the cement slurry, Le to
give an squivalant viscosly at 8 reference terpsraturs ofthe relevant standard,
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The squivalent viscosity can than be easily compared 1o the viscosily values given
in the standard.

The sotrection of the visposity can be caried out by the processing device
32 using knewn techniques and sssumptions regarding viscosity vadation with

tempsratura.

in the above strbodiments, two differential pressurs sensors 22, 26 are
used. Whilst the use of two differendial pressure sonsors 22, 28 i preferred, the
visoosity of the cament slurry can be determined using only & single differential
pressurs sensor. For sxample, using the first differential prassure sensor 82 whesn
the first portion 28 of the condull 18 s substantially horlzontal, the presswaioss is
largely independent of gravily effects, and so the pressure loss 5 dominated by
viscosfly lossas, Allernalively, the visoosdy can be calculated using only the
second differential prossurs sersor 28 when the second gortion 30 of the conudult
18 iy not horfeontal, but whers the density is known by othet msans {such ax basaed
oy fhe compaaition of the cement shurre or from Inboratory tests, or by stopping the
purme 14 such that the pressure drop s based only on dansity}.

Fuithermore, whilst the embodiment shown in Figure 1 shows the sensorg
22, 24, 28 as montoring the main condutt 18 suppiving cement sty o the well 13,
v other embodiments, the sensors 83, 34, 28 may monitor & smgller, sub-conduft
carrying only & poertion of the coment shury,
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CLAIMS,

1. A msthod of monitoring one or mote praperties of a sement slgrry ding
cementing of an oil or gas well, the method comprising:
diracting the cament slury slong & condult fo 2 cementing focation;
massuring s first pressure loss song a first portion of the condull; and
caloulating 8 viscosty of the cemant slunry based ot legst in part on the first

prassurs foss.

2. A method according to any praceding claim, further comprising:
measwing & temperature of the cement slurry; and
adjusting the calculated viscosity based on the messured temperature fo
give an equivalent viseosity fir a referance lemperaturs different from he

£3

meazsursd femperature,

3 Anethod according fo olalm 1 or 2, fuither comprising:
datermining, based on the calculated viscosily value, the value thal would
ba output by a coaxiat cylinder rolation viscometer testing the cement slurmy,

4, A mathod according to elaim 1, 2 ar 3, wherain the first portion of the congult

is substantially horizantal

8. A method sconrding (o any preceding claim, furthey samprising:

measuwning a second pressure loss along a second portion of the conduit,
the first portion of the conduit being at 2 first angle with respect o horizontal and
the second portion of the condult being af a second, different angle with respectto
harizontal,

whergin the viscosily of the coment slurry is calculaled based on the first
prassure loss and the seoond prassure 10ss.,

8. A methed sceording to olalm &, further comprising:
caloulaling a density of the coment slunry based on the first pressure joss

and the seoond pressure loss.

7. A method sccording o any praceding claim, further corprising:
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somparing the caloulaled viscosity value to a pre-deteonined viscosly
vatue, and

aking an action when s difference between the celoulated viscosity value
ang the pre-detemnined viseosity value exceeds g threshold.

& A method according to any precading clalm, further comprising:
changing a flow ryte of the cement sturry within the condull; and
determining & second viscosily of the cement siurry at the naw flow rate,

8. A system for monttoring one oF more propaties of @ camant slurry, the
system comprising:

a sowres of cement siury,

a condult connecting the source of cament slurry 1o a sementing location;

a first presasure sensor configured to measure @ first pressure foss slang &
first portien of the conduil, and

& processing devics configurad o calculate a viscosity of the coment shury
basad at least in part on the first pressure loss.

13, A system acgording to claim 8, further comprising:

a femperpture sensor configured fo measure » termparature of the cement
slumry,

wharein the processing devics is configured fo adjust the calodated
viscosity based on the measured temperatire {0 give an egquivalent viscosity for a
reference temperature different from the measured temperature.

1. A system according fo olaiim 10 or 11, whersin the processing device is
ponfigured o determing, based on the calculated viscosity value, the value that
would be output by & coaxial evlinder rotation viscometey testing the cement shurry,

120 A system sccording to claim 8, 10 or 11, wherein the first portion of the
condidt is substantially hodzontal,

13, A system acgording to any or Slalms 8 to 12, Rather comprising:
a second pressure sensor configurad (o measure @ second pressure foss
siong & second portion of the candull, the first portion of the condult being at a first
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angle with respect to horizontal and the second pordion of the conduit being at s
second, differesyt angle with respsct to horizental,

wherein processing devics is configured o calaulate the viscosity of the
coment slurry based on the first pressurs loss and the second pressure loss.

14, A system socording to claim 13, wherein the processing device is further
configured to calculale o donsity of the coment slurry based on the Tirst pressure

foss and the second pressurs foss.

18, A sysiem according toany of olalivie 810 14, wherein the protessing device
is configurad to compare the calculated viscosity value fo a pre-determined
viscosity value and fo fake an action when a differsnics hetwsen the calculated
visousity value and the pre-defermined viscosity value sxceeds & thrashold,

18, A system acoovding to any of claims § {o 15, further comppeiging:

& pump forpumping the cement sty along the cordull, the purmp baing
eanfigured to change a flow rate of the cement slurry within the conduit, and the
processing devics being configured to defenmine & second viscosily of the cement

siunry at the new fow rals.
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