INTERNATIONAL ISO
STANDARD 10426-2

First edition
2003-10-15

Petroleum and natural gas’industries —
Cements and materials-for well
cementing —

Part 2:
Testing of well cements

Industries du pétrole,et du gaz naturel — Ciments et matérigux pour la
cimentation des puits —

Partie 2: Essais de ciment pour puits

—_— Reference number
=/ — ISO 10426-2:2003(E)

—_— © SO 2003


https://standardsiso.com/api/?name=c0a96ab9c40170c3088c90167d48b749

ISO 10426-2:2003(E)

PDF disclaimer

This PDF file may contain embedded typefaces. In accordance with Adobe's licensing policy, this file may be printed or viewed but
shall not be edited unless the typefaces which are embedded are licensed to and installed on the computer performing the editing. In
downloading this file, parties accept therein the responsibility of not infringing Adobe's licensing policy. The ISO Central Secretariat
accepts no liability in this area.

Adobe is a trademark of Adobe Systems Incorporated.

Details of the software products used to create this PDF file can be found in the General Info relative to the file; the PDF-creation
parameters were optimized for printing. Every care has been taken to ensure that the file is suitable for use by ISO member bodies. In
the unlikely event that a problem relating to it is found, please inform the Central Secretariat at the address given below.

© 1S0 2003

All rights reserved. Unless otherwise specified, no part of this publication may be reproduced or utilized in any form or by any means,
electronic or mechanical, including photocopying and microfilm, without permission in writing from either ISO at the address below or
ISO's member body in the country of the requester.

ISO copyright office

Case postale 56 « CH-1211 Geneva 20

Tel. +412274901 11

Fax +41 22749 09 47

E-mail copyright@iso.org

Web www.iso.org
Published in Switzerland

i © 1SO 2003 — All rights reserved


https://standardsiso.com/api/?name=c0a96ab9c40170c3088c90167d48b749

ISO 10426-2:2003(E)

Contents Page
e Y =31 0T (o [ Vi
08 o X 1103 4 o o vii
1 — Scope 1
2 NOIrMAtiVe refEr@NCES .........ciiiiiiiiee i ss s s sssssas s s e e sssnnsssssssereesnnnnnnn e bnitqresnnnnnnnnnnens 1
3 Terms, definitions and SYmDbOIS ... e e 1
3.1 Terms and definitioNS ... s e ss s s s e s sssnssssns adssnmnnsssnsdiaseenesnnnnnnen 1
3.2 RS L1 o e =3 S SRPPP S SRR N SRRTPPR 7
4 K= 10 0] o1 1T T O SPPRR aor S SUPPRPN NSO 8
41 €= 3 1= - | [ SN A 8
4.2 Sampling cement at field location...........cooieii e A s 8
4.3 Sampling cement blends at field location ... e NG e 8
4.4 Sampling dry cement additives at field location ..............cccc.mh i 8
4.5 Sampling liquid cement additives at field location .........< o e, 8
4.6 Sampling MiXiNg Water ... e e etk e mne e e e e e s e smmne e e e e e s s s s s smmnne s e e e s dennnn e e e nsnnans 8
4.7 Shipping and StOrage ........cccccciiiiiccccrscirrri s crsce e s Mo s ssmsre e e e s s s s s s ssmnnne e e nssessssssnnnneesessssdennsnnssnsen 10
4.8 Sample preparation prior to teSting ......ccccevicciice e i e e e 10
4.9 SamPle diSPOSAL......ceiiiiiiiiiciierriiriiisccsssseer e rr s ssseseses S e e e esss s s s smnne e e esssssssssmnsneeeessassssnnnnneeseesssaheneeensanann 10
5 Preparation of SIUMTY ... e ssne e s smnnr e e e e s s s smmmne e e e s sessnn e e e e ennsnann 10
5.1 (€T =Y 1= - | O U N 10
5.2 o - - 1 SRRRRR SRR 10
53 [ (o Yo=Y o [0 ] - SN S 12
6 Determination of slurry density ... ——— 14
6.1 Preferred apparatus ........ ..ot i e csmmer e e sms e e e mmme e e e se s s nmnnn e e e e s sn e e e e e nnnnann 14
6.2 (02 111 oY1= 11 oY o N A 14
6.3 [ (o YoT =Y o [0 = N S 14
6.4 Alternative apparatus/and ProCedure ... e e s 16
7 Well-simulation compressive strength tests.........ccccccieeiiiiiii s e e 16
71 (€T =Y 1= - | U N 16
7.2 SAMPIING .o st inmrier e rr s ssssssmre e e e rs s s s s s ssme e e e e eesss s s s sm s e e eeeeesa s sasmne s e e e easssssnnnneenesessssssnnnnssnssssnahenerensanaaen 16
7.3 PreparationOf SIUITY ... e mnne e e e e e s s s smmmne e e e e sessmn e e e e ennnnann 17
74 Y o - - 1 - SRRRRR SRR 17
7.5 g (o Yo=Y o [ ] - U S 18
7.6 Determination of cement compressive strength at the top of long cement columns ............... 20
8 Non-destructive sonic testing of cement ... e 26
8.1 (€= 0 1= - | PN A 26
8.2 —ApparatUS T T T T T T T T e 26
8.3 T 11 11 T 26
8.4 Preparation Of SIUMTY ... 26
8.5 g (o Yo=Y o L] o - O 26
8.6 LT ] Yo I - SRR 26
8.7 (OB ] Yo =T 1= o 11 =3 SRS 26
8.8 [ T 1 7= T8 =Y o oY o 5 ' N 27
9 Well-simulation thickening-time tests ..........ccccciiiiiiii s ss s 27
9.1 LT =Y 1= - | S 27
9.2 Apparatus and material ... e mnnes 27
9.3 (02 1110 1= 11 oY o 28
9.4 =TS o] o T = [T = 30
© IS0 2003 — All rights reserved iii


https://standardsiso.com/api/?name=c0a96ab9c40170c3088c90167d48b749

ISO 10426-2:2003(E)

9.5

10

10.1
10.2
10.3
10.4
10.5
10.6

10.7
10.8
10.9
10.10

11

1.1
11.2
11.3
11.4
11.5
11.6
11.7
11.8

12

121
12.2
12.3
12.4
12.5
12.6

13

13.1
13.2
13.3
13.4
13.5

14

14.1
14.2
14.3
14.4
14.5
14.6
14.7

15

15.1
15.2
15.3
15.4
15.5
15.6

16

16.1
16.2
16.3
16.4
16.5
16.6

Determination of test Schedule...........ooiiiii e 32
Static flUuId-10SS tESES ....coii e 38
7= =T 38
N o] T= - 1R 38
ST 1 -1 PSPPSR 39
MiXiNg PrOCEAUIE........cceeeeeeeeeeeeeeecececrerceceeecne s e s s e s assssssssssssssssssssssssssssssssssssssssssssssssnsnsnnsnnnsnnnnnnnnnnnnnnnnnnnnn 39
Conditioning ProCedUIeS...... ..ot ———— 39
Procedures for testing at temperatures < 88 °C (190 °F).......cccccvviiiiminiiiniinnir e 39

ST LT VT 1 3G T T 89
SIUrry conditioNing.......cccoiiciiiiiiiri e —————————————— 89
Free-fluid test with heated static Period ... e 89
Free-fluid test with ambient temperature static period .........ccccoeriiiiccciir e 90
Sedimentation test ...... ..o e 90
Compatibility of wellbore fluids .......ccccei i e e s 94
7= =T T 94
Preparation of test fluids ... s nmnnns 94
1= o] o N 95
Thickening tiMe ... ————— 95
Compressive StrenNgth ... ——————————————————— 95
Solids suspension and static gel strength ..o ——————— 96

© ISO 2003 — Al rights reserved


https://standardsiso.com/api/?name=c0a96ab9c40170c3088c90167d48b749

ISO 10426-2:2003(E)

T A o 1V N T
17 POZZOIANS ... . RE e nne e nnr e n e aa s
%t B T T - 1
LIV B/ « T=X-3 o o ¥ o - 1o PSSR
17.3  Physical and chemical Properties ..........cccccociriririsinssssssssss s s s s s s nnns
17.4  SIUITY CAICUIAtIONS .....ccoeieieeceee e e s e s s s n e e e e s s e s smm e r e e e e e sa s nmnnneeasnsnmnnnnns
17.5 Bulk volume of @ BIENd ...t s e s mmn e
Annex A (normative) Procedure for preparation of large slurry volumes.........ccccciniiniiniiniiiicinnninns

Annex B (normative) Calibration procedures for thermocouples, temperature-measuring systems

Annex C (informative) Additional information relating to temperature determination.........O\=l...........
Annex D (normative) Alternative apparatus for well thickening-time tests .............cccocom it e
Annex E (informative) Cementing schedules ... edm e se s s s ssssmee deesen s

=1 0 [ oo T ] 1 7/ 1. N

© 1SO 2003 — Al rights reserved



https://standardsiso.com/api/?name=c0a96ab9c40170c3088c90167d48b749

ISO 10426-

2:2003(E)

Foreword

ISO (the International Organisation for Standardisation) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organisations, governmental and

non-govern
Internationg

Internationg
Draft Intern
voting. Pub

casting a vq

Attention is

rights. ISO ghall not be held responsible for identifying any or all such patent rights.

ISO 104262 was prepared by Technical Committee ISO/TC 67, Materials, equipment and offshore struct
for petroledm, petrochemical and natural gas industries, Subcommitte€. SC 3, Drilling and completion fi
and well cements.

ISO 10426 |consists of the following parts, under the generalditle Petroleum and natural gas industrig
Cements and materials for well cementing:

— Part 1:(Specification

— Part 2:|Testing of well cements

— Part 3:|Testing of deepwater well cement formulations

— Part 4:|Preparation and testing of. foamed cement slurries at atmospheric pressure

The following part is under preparation:

— Part 5:|Determination of\shrinkage and expansion of well cement formulations at atmospheric pressur

mentar,

ational Standards adopted by the technical committees are circulated to the member bodies
lication as an International Standard requires approval by at least 75 % ofthe member bo

in_fiaison with 1S5S0, also take part in the wWork. IS0 collaborates closely with
| Electrotechnical Commission (IEC) on all matters of electrotechnical standardisation.

| Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Rart2.
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Introduction

This part of ISO 10426 is based on API RP 10B, 22nd edition, December 1997, addendum 1, October 1999.

Users of this part of ISO 10426 should be aware that further or differing requirements may be

needed for

individual applications. This part of ISO 10426 is not intended to inhibit a vendor from offering, or the
pur¢haser from accepling, alternative equipment or engineering solutions for the mdividual application. This
may be particularly applicable where there is innovative or developing technology. Where an -ajternative is

offefed, the vendor should identify any variations from this part of 1ISO 10426 and provide details.
In this part of ISO 10426, where practical, US Customary units are included in brackets for'informa

Well cement classes and grades are defined in ISO 10426-1.

on.
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Petroleum and natural gas industries — Cements and materials
for well cementing —

Part 2:
T ctina ofwall coamante
A4 1L ls Wl YWWeoll VelliIviitlv
1 |Scope
Thig part of ISO 10426 specifies requirements and gives recommendationsfor the testing of cenjent slurries
and|related materials under simulated well conditions.
2 [Normative references
The| following referenced documents are indispensable for)the application of this document{ For dated
references, only the edition cited applies. For undated, references, the latest edition of the|referenced
docpment (including any amendments) applies.
ISO[10414-1, Petroleum and natural gas industries,*— Field testing of drilling fluids — Part 1: Water-based
fluids
API|RP 13J, Testing of heavy brines (second-edition), March 1996
ASTM C 109, Standard test method for compressive strength of hydraulic cement mortars (uging 2 in. or
[60 mm] cube specimens)
ASTM C 188, Standard test method for density of hydraulic cement
3 |Terms, definitions and symbols
3.1|Terms and definitions
For [the purposes of this document, the following terms and definitions apply.
314

absolute volume

reciprocal of absolute density

NOTE It is expressed as volume per unit mass.
3.1.2

additive

material added to a cement slurry to modify or enhance some desired property

NOTE

control, viscosity, etc.

©IS

O 2003 — All rights reserved
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3.1.3
annulus

space surrounding the pipe in the wellbore

NOTE The outer wall of the annular space may be either surface or casing

314

assumed surface temperature

Tas

assumed temperature at surface used for calculating a pseudo-temperature gradient

3.1.5
batch mixi

N9

process of mixing and holding a volume of cement slurry prior to placement in the wellbore

3.1.6

Bearden units of consistency

units used t

NOTE i

3.1.7
blowout

O express consistency of a cement slurry when determined on a pressurized €orsistometer

[he symbol for consistency when expressed in Bearden units is B...

point in tim¢ at which nitrogen flows through the sample in a fluid loss test

3.1.8
bulk densi
mass per u

3.1.9

y
nit volume of a dry material containing entrained air

casing cenmpenting

complete o

3.1.10
cement

partial annular cementing of a full casing string

Portland cément

ground clin
more of the

NOTE 1 H
NOTE2 |

3.1.1

er generally consisting of-hydraulic calcium silicates and aluminates and usually containing on
forms of calcium sulfate as’an interground addition

Hydraulic calcium silicates and aluminates are those which harden under water.

hterground additions are added before grinding, rather than after grinding.

e or

cement class
cement tyqse

designation| achieved using the ISO system of classifications of well cement in accordance with its inter

ded

use

NOTE See ISO 10426-1 for further information.

3.1.12

cement grade

designation

achieved using the ISO system for denoting the sulfate resistance of a particular cement

NOTE See ISO 10426-1 for further information.

© ISO 2003 — Al rights reserved
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3.1.13
cement blend
mixture of dry cement and other dry materials

3.1.14
clinker
fused materials from the kiln in cement manufacturing that are interground with calcium sulfate to make
cement

3.1.15
compatibility
capgcity to form a fluid mixture that does not undergo undesirable chemical and/or physical reactions

3.1.16
compressive strength
strepgth of a set cement sample measured by the force required to crush it

NOTE It is expressed as force per unit area.

3407
consistometer
dev|ce used to measure the thickening time of a cement slurry under specified temperature and prgssure

3.1/18
continuous-pumping squeeze-cementing operation
squeeze-cementing operation that does not involve cessation 'of pumping

3.1.419

equivalent sack
mags of the blend of Portland cement and fly ash.drpozzolan that has the same absolute volume fas 42,63 kg
(94 Jbs) of Portland cement

3.1.R0
filtrate
liquid that is forced out of a cement slurry during a fluid loss test

3.1.21
fly ash
powdered residue from thé ¢ombustion of coal having pozzolanic properties

NOTE See Clause-17 for further description.
3.1.p2

freq fluid
colqured ofcolourless liquid which has separated from a cement slurry

3.1.23
freeze-thaw cycle
test involving a cement sample that is alternately exposed to temperatures above and below the freezing point
of water

3.1.24
hesitation-pumping squeeze-cementing operation
squeeze-cementing operation that incorporates discontinuous pumping of the cement slurry

NOTE The slurry is placed into the well, the pumps are stopped for some period of time, then a volume of slurry is
again pumped. The process is repeated until a predetermined pressure is reached or the volume of cement slurry has
been completely pumped.

© 1SO 2003 — Al rights reserved 3
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3.1.25

heat-up rate

Rp

rate of slurry temperature change on going from the surface temperature, Tgg, to the predicted bottom-hole
circulating temperature, Tpgyc

3.1.26
liner cementing
annular cementing operations for which the top of the casing being cemented is not at the top the wellbore

3.1.27
mud
fluid that is firculated through the wellbore during drilling or workover operations

3.1.28
mud balange
beam-type palance used to measure fluid density at atmospheric pressure

3.1.29
neat cemext slurry
cement slurfry consisting of only cement and water

3.1.30
pressure-down rate
de
rate at whi¢h pressure is reduced from the bottom-hole pressure, pgy, to the pressure at the top of cement
column, prqc, during a thickening-time test

3.1.31
permeability
measure of|the capacity of a porous medium to allow<flow of fluids or gases

NOTE Rermeability is usually expressed in millidatcy, mD.

3.1.32
plug cementing
process of placing a volume of cement,in a well to form a plug across the wellbore

3.1.33

pozzolan
siliceous or|siliceous and,aluminous material which in finely divided form reacts with calcium hydroxide to form
a cementitipus material

NOTE $ee Clause 17 for further description.
3.1.34

preflush, noumn
fluid containing no insoluble weighting agents used to separate drilling fluids and cementing slurries

3.1.35
pressure vessel
vessel in a consistometer into which the slurry container is placed for the thickening-time test

3.1.36

pressurized curing vessel
vessel used for curing a sample of cement under temperature and pressure for compressive strength testing

4 © ISO 2003 — Al rights reserved
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3.1.37

pressure-up rate

Roy

rate at which pressure is increased from the starting pressure to the bottom-hole pressure during a thickening-
time test

3.1.38

relative density

specific gravity

ratio of the mass of a substance to the mass of an equal volume of a standard substance at a reference
temperature

NOTE The standard substance is usually water; the reference temperature is usually 4 °C.

3.1.89
sedimentation
separation and settling of solids in a cement slurry

3.1.40

slufry container
confainer in a pressurized consistometer used to hold the slurry for conditioning purposes or for thickening-
timg test

3.1.41
sonic strength
extgnt of strength development of a cement sample calculated)by measuring the velocity of sound through it

NOTE The calculation is based on specific mathematical eorrelations and not on direct measurements of strength.
3.1.42

stanting pressure

Ps

initial pressure applied to the test sample atythe beginning of the thickening-time test

NOTE ps is also used to determine the pressure-up rate.

3.1.43
spacer
fluid containing insoluble-weighting materials that is used to separate drilling fluids and cementing $lurries

3.1.44
squeeze-cementing
remledial process'in which cementing material is forced under pressure into a specific portion of the well such

test to determine fluid lost from a cement slurry when placed against a 325 mesh screen at 6 900 kPa
(1 000 psi) differential pressure

3.1.46
static stability test
test to determine the degree of sedimentation and free fluid development in a cement slurry

3.1.47

stirred fluid-loss cell

cell specially designed to allow for conditioning of the cement slurry within the same cell used to perform a
static fluid loss test

© 1SO 2003 — Al rights reserved 5
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3.1.48

strength retrogression

reduction in compressive strength and increase in permeability of a cement caused by exposure to
temperatures exceeding 110 °C (230 °F)

3.1.49
thickening time
time required for a cement slurry to develop a selected Bearden consistency value

NOTE The results of a thickening-time test provide an indication of the length of time a cement slurry can remain
pumpable under the test conditions.

3.1.50
weigh batgh mixer
scale tank
device or system for the weighing and blending of cement with dry additives

3.1.51
well simulgtion test
test whose parameters are designed and modified as required to simulate the conditions found in a wellbore

6 © ISO 2003 — Al rights reserved
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3.2 Symbols

For the purposes of this part of ISO 10426, the symbols given in Table 1 apply. This list is non-exhaustive.

Table 1 — Symbols

Symbol Meaning
hTocTvD top-of-cement true vertical depth
PBH bottom-hole pressureb
Ps starting pressure
pToC top-of-cement pressure
Tas assumed surface temperature
TsHC bottom-hole circulating temperature®
TsHs bottom-hole static temperature
TpBHC predicted bottom-hole circulating temperature
TMRBHS maximum recorded bottom-hole ‘t€émperature after a static
period
TVMNRBHC minimum recorded bottom-hole temperature after sufficient
circulation in the wellt0 Obtain a stabilized or steady-state
temperature
Tps predicted squeeze temperature
Vet pseudo-temperature gradient®
Tpy pseudoundisturbed temperature
Trs recorded squeeze temperature
Tss slurry surface temperature
Troce top-of-cement circulating temperature
Trocs top-of-cement static temperature
Ttoc top-of-cement column temperature
TOF undisturbed formation temperature
ta time to displace the leading edge of the cement slurry from
bottom of the casing to the top of the annular cement column|
tq time to displace the leading edge of cement slurry to thp
bottom of the wellbore or other predetermined location in the
well
a  The Tgyc can vary with time, fluid being circulated, pump rate, pipe size, etc.
b Hydrostatic pressure at the bottom of the well. calculated from the true vertical depth and the fluid
densities in the wellbore.
¢ Gradient in °C/100 m (°F/100 ft), calculated from the difference between the maximum recorded bottom-
hole static temperature (T\yrgHs) and the Tas.

© 1SO 2003 — Al rights reserved 7
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4 Sampling

4.1 General

For cement blends, the purpose for which samples are taken shall be considered. In many cases, samples of
the cement, cement blend, solid and liquid additives, and mixing water may be required to test a slurry in
accordance with this part of ISO 10426. The best available sampling technology shall be employed to ensure

accurate samples are taken. Some commonly used sampling techniques are described in this clause.

NOTE API documents prior to APl RP10B, 22nd Edition, December 1997 have dealt only with sampling unblended

i d ith th. d tlinad in ASTM.C 1813
cement in aceerdance-wi e-procedure-outlined-in :

4.2 Sampling cement at field location

When sampling from bulk tanks, transport containers or sacks, the cement shall be dry and uniferm. Mul
samples shgll be extracted using a suitable device (Figure 1). A composite of the samples shall be prepd
packaged gnd labelled (see 4.7). Average sample volume shall be 8 | to 20 I. Suggestedsampling proced
are also ouflined in ASTM C 183.

4.3 Sampling cement blends at field location

ds may be sampled from the weigh batch mixer (scale tank), bulk transport or extracted from
flow lines during transfer. The cement and dry additives shall be thoroughly blended prior to sampling.
can be dong by transferring the cement (air blowing) from the weigh batch mixer to some other container t
to six timeqd. Samples from the bulk container may be extracted in~accordance with 4.2. Samples extra
from a flow|line during a transfer may be taken from a properly installed sample valve, diverted flow sam
or automatit in-line sampling device (Figure 1). The samples shall be prepared, packaged, and labelled (4
Sample volume shall be sufficient to perform the desired testing.

4.4 Sampling dry cement additives at field location

Dry cemen{ additive samples may be extracted from a bulk container or sack. The additive shall be dry
uniform prigr to sampling. Multiple samples shall be extracted from the centre of the source using a suit
sampling degvice (Figure 1). A composite of the samples from the same lot shall be prepared, packaged
labelled (4.]7). The volume of each dry.cement additive sample shall be sufficient to perform the des
testing.

4.5 Sampling liquid cement additives at field location

Most liquid pdditives are solutions or suspensions of dry materials. Prolonged storage can cause separatid
the active ipgredients. {Lhus, the active ingredients may float to the top of the container, be suspended

phase layef, or settle fo the bottom. For these reasons, liquid additives shall be thoroughly mixed prid
sampling. The sample shall then be extracted from the centre of the container using a clean, dry samy
device. A composite of the samples from the same lot shall be prepared, packaged and labelled (4.7).
volume of dachyliquid additive sample shall be sufficient to perform the desired testing.

tiple
red,
ires

the
This
ree
cted
pler
1.7).

and
able
and
ired

n of
AS a
r to
ling
The

4.6 Sampling mixing water

The mixing water shall be sampled from the source. The sample shall be extracted in such a way as to avoid
contamination. The sample shall be packaged and labelled (4.7). The sample volume shall be sufficient to

perform the desired testing.

8 © ISO 2003 — Al rights reserved
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Dimensions in millimetres

209,6 520,7

O

63,5

$31,8

Key|

| L
\\

N
1 2

Sl == o oD 2o >

a) Tube sampler for sacked cement b) Tube'sampler for bulk cement

Il
0 % N 2
O u
]
3
A 5
c) Automatic probe sampler d) Modified diverted-flow sampler

hardwood*handle
Dragg'tubing

sample tube extended

&
~
7

e) Top view — Lateral sampler

N o o ON -

product discharge

2,54 cm (1 in) ball valve
flow direction

2,54 cm (1 in) ball valve

Approximate volume = 320 ml

Figure 1 — Commonly used sampling devices

© 1SO 2003 — Al rights reserved
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4.7 Ship

ping and storage

Test samples shall be packaged promptly in clean, airtight, moisture-proof containers suitable for shipping and
long-term storage. The containers shall be lined metal, plastic, or some other heavy-walled flexible or rigid
material to assure maximum protection. Re-sealable plastic bags may be used provided the bag is placed in a
protective container prior to shipping to prevent puncturing, and to contain all material that may leak out during
shipping. Ordinary cloth sacks, cans or jars shall not be used. Shipping in glass containers is not
recommended.

Each slurry container shall be clearly labelled and identified with the type of material, lot number, source, and
date of sampling. Shipping containers shall also be labelled. The lids of containers shall not be marked, since

the lids ca
documenta
be package

4.8 Sam

Upon arriva

sealed during shipment and are not contaminated. Each sample shall be thoroughly blended just prior to s

preparation
For storage
shipping), {
constant. A
slurry prepg

Optimum s
any cement

4.9 Sam

Sample dis

5 Prepa

5.1

Geneéral

h be readily interchanged and thus lead to confusion. Any required regulatory identificatio
ion shall be enclosed or securely attached to the container. All hazardous material samples™s
d and labelled in accordance with all regulatory requirements.

ple preparation prior to testing
| at the testing location the samples shall be closely examined to ensure they have rema
(Clause 5)
each sample shall be transferred into a suitable, leak-proof container (if one has not been uss
roperly labelled and dated, and stored in a dry place where\room temperatures remain f
the time of testing, each sample shall be examined for quality and thoroughly blended just pri

ration.

helf life(s) for all samples shall be determined by the.supplier or manufacturer. If unknown, us
additive that has been stored for longer than one year is not recommended.

ple disposal

posal shall comply with all regulatory reguirements.

ration of slurry

The prepar
of cement.

parameters|has been shown to affect slurry performance properties.

The procedure desgtibed in this Clause is recommended for the laboratory preparation of slurries that red

no special

given in Anpex-A may be used.

hear rate and{time at shear are important factors in the mixing of cement slurries. Varying tH

ixingcconditions. If large slurry volumes are needed, the alternative method for slurry prepars

N or
hall

ned
urry

din
Airly
br to

e of

tion of cement slUrries varies from that of classical solid/liquid mixtures due to the reactive nature

ese

uire
tion

5.2 Apparatus

5.21

Electronic balances, with an accuracy of within + 0,1 % of the indicated load.

Balances shall be calibrated frequently enough to ensure accuracy, and at least annually.

5.2.2

5.2.3

10

Mechanical balances, with weights having an accuracy within £ 0,1 % of the weight indicated.

Mixing device, of capacity 1 litre (1 quart), having bottom drive and a blade-type mixer.
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Examples of mixing devices in common use for preparation of slurries are shown in Figure 2. The mixing
container and the mixing blade shall be constructed of corrosion-resistant material (Figure 3). The mixing
assembly shall be constructed so that the blade can be separated from the drive mechanism.

The mixing blade shall be separated from the mixing assembly and weighed prior to use and replaced with a
new blade when 10 % mass loss has occurred. The blade shall also be visually inspected for damage prior to
each use and replaced as necessary.

If the mixing device leaks at any time during the mixing procedure, the contents shall be discarded, the leak
repaired and the procedure restarted.

Figure 2 — Common mixing devices
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1 cap nut

2 hardengd blade (installed with tapered edge down)
3  O-ring
4 thrust washer
5  socket head shaft
6  bearing|holder
7  hexagonal nut
8  Dbearing|cap

Figure 3 — Blade assembly

5.3 Procedure

5.3.1 De]ermination of relative density (specific gravity) of components

5.3.1.1 1

The relative density of different batches of cement can vary due to natural changes in the composition of the
raw materials used in the manufacturing process. Studies have shown that cement relative density may vary
from 3,10 to 3,25. This variability could result in deviation of slurry densities by as much as 0,033 kg/I for
slurries with constant water-to-solids ratio. The relative density of mix water can also vary, depending on the
source, resulting in slurry density inconsistencies. Determination of the relative density of all components of
the slurry is necessary to properly calculate the required amounts for slurry preparation.
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5.3.1.2 Relative density of cement and dry additives

The relative density of the cement and any dry additives may be determined by the use of a Le Chatelier flask
as outlined in ASTM C 188. Alternatively, a pycnometer may be used for determining the relative density of
these materials.

5.3.1.3 Relative density of mix water and liquid additives

The relative density of the mix water and any liquid additives shall be determined by the use of a hydrometer
as outlined in API RP 13J. Alternatively, a pycnometer may be used for determining the relative density of
these materials

5.3.1.4 Laboratory density and volume calculations
A slurry volume of approximately 600 ml shall be sufficient to perform most laboratory test procedures while
not joverfilling the mixing container. Laboratory blend requirements may be calculated'by use of the following
formulas. Alternative, suitable equations may also be used to calculate laboratoryblend requiremepts.

For[the purpose of these calculations, assume that relative density is equal to density expressed ih grams per
millilitre.

Ve =Ve+Vw+Va

mg =mg+my +mgy

ps =mglVg

whgre

Vg is the slurry volume, in millilitres;
V. is the cement volume, in millilitres;
V is the water volume, in millilitres;
V, is the additive volumei in millilitres;
ps is the density of slurry, in grams per millilitre;
s Is the slurry.mass, in grams;

mg is the cement mass, in grams;

w istthe water mass, in grams;

g is the additive mass, in grams;.

Ve =melpe

where p,is the density of cement, in grams per millilitre;
Vi = mylpy,

where p,, is the density of water, in grams per millilitre;
Va=mylp,

where p,is the density of additive, in grams per millilitre.
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5.3.2 Temperature of water and cement

The temperature of the mix water, dry cement or cement blend, mixing and blending devices shall be
representative of field mixing conditions. If field conditions are unknown, the temperature of the mix water and
dry cement shall be 23 °C + 1 °C (73 °F + 2 °F) immediately prior to mixing. In all cases, the temperatures of

the mix water and dry cement shall be measured and documented.

5.3.3 Mix water

Water composition can affect slurry performance. Water from the field source shall be used. If field mix water

is unavaila
deionized,
clean, dry,

5.3.4 Mix

Weigh dry
the mixing
the motor &

istilled, or tap water may be used. The mix water and any liquid additives shall be weighedin
ixing container. No excess water shall be added to compensate for evaporation or wetting.

ing of cement and water

materials and then blend thoroughly and uniformly prior to adding them to the\mixing fluid. P
container with the required mass of mix water and any liquid additives on the_mixer base. Tur

ace
non

nd maintain at 4 000 r/min £ 200 r/min (66,7 r/s + 3,3 r/s). If additives are present in the mix water,

stir at the apove rotational speed to thoroughly disperse them prior to the addition ‘'ef)cement. In certain capes,
the order ¢f addition of the additives to the mixing water can be critical. Document any special mixing
procedures|and mixing time. Add the cement or cement/dry additive blend at a-Uniform rate, in not more than
15 s if posgdible. Some slurry designs may take longer to completely wet the ‘cement blend, however, the {ime
used to addl the blend shall be kept at a minimum. When all the dry matérials have been added to the|mix
water, plage the cover on the mixing container and continue mixing at 12 000 r/min = 500 r[min
(200 r/s £ 8}3 r/s) for 35 £ 1 s. Measure and document the rotational\speed under load.

6 Determination of slurry density

6.1 Prefe¢rred apparatus

The preferr
balance. Th
difference b

The purpos
measuremse
fluids have
entrained a
agreement

6.2 Calik

The calibra

e pressurized fluid density balance is similar in operation to the conventional mud balance,
eing that the slurry can be plaeed in a fixed volume sample cup under pressure.

nts. A major problem.found in the measurement of cement slurry densities is that often th
a considerable amount of air entrained when initially mixed. By pressurizing the sample cup,
r is decreased to\a-hegligible volume, thus providing a slurry density measurement more close]
with that whiehwill be found under downhole conditions.

ration

ioh-of the apparatus shall be verified by placing water or fluids of known density in the sample

ed method for measuring the denSity of a cement slurry is by using the pressurized fluid density

the

e of placing the sample_uhder pressure is to minimize the effect of entrained air upon slurry defsity

ese
any
ly in

cup

or by using

£ 'y H P | HP— S £ l 4 ol HH l ol +lo l
Mmariuraviurci"opgTUITITU WTITYTTS TUT TUUTVAITTIUUTTISIUTCS PIaLTU T U1C odalTipic CUpy.

6.3 Procedure

6.3.1 The sample cup shall be filled to a level slightly below the upper edge of the cup [6 mm £ 0,5 mm
(1/4 in)].
6.3.2 Place the lid on the cup with the check valve in the down (open) position. Push the lid downward into

the mouth of the cup until surface contact is made between the outer skirt of the lid and the upper edge of the
cup. Expel excess slurry through the check valve.

CAUTION Slurry can be expelled forcibly.

14
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When the lid has been placed on the cup, pull the check valve up in the closed position, rinse off the cup and
threads with water, and screw the threaded cap on the cup.

6.3.3 The pressurizing pump is similar in operation to a syringe. Fill the pump by submerging the nose of
the pump assembily in the slurry with the piston rod in the completely inward position. Then draw the piston
rod upward, thereby filling the pump cylinder with slurry.

6.3.4 Push the nose of the pump onto the mating O-ring surface of the check valve. Pressurize the sample
cup by maintaining a downward force on the pump cylinder housing in order to hold the check valve down
(open) and at the same time force the piston rod inward. Maintain approximately 230 N (50 Ibf) force or
greater on the piston rod, see Figure 4.

7

\'
v
T

6

m\”."”_.

=~

\

Key
1 pressurizing pump
pressurizing valve
sample cup
entrained air
slurry samplée

cylinderhousing

N O o M~ WwDN

piston rod

Figure 4 — Fluid density balance

6.3.5 The check valve in the lid is pressure-actuated, which means the pressure in the cup keeps the valve
closed. Close the valve initially by gradually lifting the cylinder housing of the pressurizing pump while
applying pressure to the piston rod. When the check valve closes, release pressure on the piston rod before
disconnecting the pump.
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6.3.6 Rinse off the exterior of the cup and wipe dry. Then place the instrument on the knife edge as
illustrated in Figure 5. Move the sliding weight right or left until the beam is balanced. The beam is balanced
when the attached bubble is centred between the two scribed marks. Obtain the density by reading one of the
four calibrated scales on the arrow side of the sliding weight.

Figure 5 — Pressurized fluid density balance

6.3.7 To| push the valve downward and release the pressure, reconnect the pump.assembly and gush
downward ¢n the pump cylinder housing.

Then empty the cup and pump assembly of its contents, and thoroughly clean all\components.

For best opgration, lightly grease the valve, lid and cylinder.
6.4 Altennative apparatus and procedure

6.4.1 Alternative apparatus

Cement slufry density may alternatively be determined by use of the mud balance.

6.4.2 Alternative procedure
The procedure for using a mud balance shall‘be in accordance with the latest edition of ISO 10414-1 exgept

that the slufry, after being poured into the ‘mud balance cup, shall be puddled 25 times to eliminate entragped
air.

7 Well-simulation compressive strength tests

7.1 General

This clause presents procedures for well-simulation compressive strength testing. Well-simulation
compressive strength tests are not required for compliance with ISO 10426-1.

blend sample is exposed to temperature and pressure for varying periods of time and observed for changes in
compressive strength. The procedure involves comparing the compressive strength observed after some
initial period (such as 24 h, 48 h or 72 h) with the compressive strength observed after some extended period
or periods (such as 28 d). Cements or cement blends that exhibit lower compressive strength after extended
ageing may be considered to exhibit strength retrogression. The commonly cited temperature threshold for
thermally induced strength retrogression is 110 °C (230 °F), although deviation from this value has been
reported.

7.2 Sampling

Obtain samples of the cement, additives, and mix water in accordance with Clause 4.
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7.3 Preparation of slurry

Prepare the slurry in accordance with Clause 5.

7.4 Apparatus

7.41 Cube moulds and compressive-strength testing machine, conforming to the requirements of
ASTM C 109, except that the moulds may be separable into more than two parts.

Moulds and testing machine for compressive strength tests shall conform to the requirements of ASTM C 109,
exceptthat-themouldsay-beseparableinte—moerethantwoparis—The-meouldtelerances—shalhbe verified
Caliprate the testing device to be accurate to + 1 % of the load range to be measured. The moulds|{ and testing
dev|ce shall be calibrated at least every two years.

7.4 Cube mould base and cover plates, of corrosion-resistant material.
The base plate shall be of metal; the cover plate shall have a minimum thickness*of 6 mm (% in). Grooves
may be incorporated into the surface of the cover plate contacting the surface of\the cement. Glask plates are
not fecommended for tests above 110 °C (230 °F) because of the risk of silica replacement.
7.43 Water curing bath or tank, having dimensions permitting thé. complete immersion of{ moulds for
compressive-strength test samples in water, and capable of maintainingthe specified test temperdtures within
+ 2 PC (% 3 °F).

The|two types of water curing baths are:

a) |atmospheric-pressure curing bath (unpressurized); having an agitator or circulating system

Atmlospheric-pressure curing baths at or belowZ66 °C (150 °F) may be used for curing gamples for
compressive-strength testing when higher pressure is not required.

b) |pressurized curing bath, suitable for- curing samples at the appropriate final test tempgrature and
recommended as capable of maintaining a pressure of at least 20 700 kPa (3 000 psi).

The vessel shall be capable ofibeing heated at the desired rate.

7.44 Cooling bath, designed so that the specimen to be cooled from the curing temperafure can be
completely submerged in water maintained at 27 °C + 3 °C (80 °F + 5 °F).

7.4p Temperaturée<measuring system, calibrated to an accuracy of + 2 °C (+ 3 °F) no less frequently than
monthly.

The| calibration) 'procedure described in Annex B is commonly used. Three commonly used t¢mperature-
megsuring Systems are as follows:

a) |A-thermometer, of range —18 °C to 104 °C (0 °F to 220 °F), with minimum scale divisions ngt to exceed
1°C (2 °F) may be used in a non-pressurized vessel.

b) A thermocouple, of range —18 °C to 104 °C (0 °F to 220 °F), calibrated to an accuracy of + 2 °C (+ 3 °F) is
preferred in a non-pressurized vessel.

c) A thermocouple, of range —18 °C to at least 204 °C (0 °F to at least 400 °F), calibrated to an accuracy of
+ 2 °C (3 °F), shall be used in pressurized vessels.

7.4.6 Puddling rod, corrosion-resistant, typically with a width of 6 mm + 0,5 mm (1/4 in).
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7.4.7

temperatures and pressures is suitable for use:

a) aconsi
b)
c) waterr

d) inertto

stency to permit ease of application;

good sealing properties to prevent leakage;

esistance;

the cement.

Mould-sealing grease, possessing the following properties when subjected to anticipated test

€) non-co

748 Mo

A thin layer
from being

7.5 Proc

7.51

The interio
release age
ensure ther

7.5.2

7521 H

Prepare thg

7.5.2.2 H
Pour the cq
sample app
remaining s
puddle the
using a strg
each test, u

7.5.3 Cu

After the m

Pr¢paration of moulds

Pr¢paration and placement of cement slurry

rrosive in the temperature range —18 °C to at least 204 °C (0 °F to at least 400 °F).
uld-release agent (optional).

of mould-release agent may be applied to the interior surfaces of the mould to prévent the sar
Hamaged when removed from the mould.

edure

faces of the moulds and the contact surfaces of the plates_are commonly coated with m
nt, but may be clean and dry. The assembled moulds shall‘be water tight. Care shall be take
b is no bead of sealant on the interior of the mould (Figure\6).

reparation

cement slurry in accordance with Clause 5.

lacement

ment slurry into the prepared moulds to approximately one-half of the mould depth. Puddle ¢
roximately 30 times with a puddling rod after all mould chambers have received slurry. Stin
lurry by hand to re-suspend the components. Fill each sample mould to overflowing with slurry
same as the first layer.”After puddling, strike off the excess slurry even with the top of the m
ight edge. Discard-specimens in moulds that leak. Place the cover plate on top of the moulds.
se at least three specimens.

[ing at atmospheric pressure

bulds_have been filled and covered with the cover plate, immediately place them in a water cy

bath maintqinéd at the desired curing temperature. Raise the moulds off the bottom of the bath usir

nple

buld
n to

ach
the
and
ould
For

ring
ga

perforated baffle plate or suitable spacers to allow water to completely circulate around the samples during the
curing period. At approximately 45 min prior to the age at which the samples are to be tested, remove the
moulds from the water bath and remove the cured samples from the moulds. Immediately immerse the
samples in a water cooling bath at 27 °C + 3 °C (80 °F + 5 °F) until the samples are tested.

18
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Il

I

a8  Grease lightly here.
b Remove extruded grease.

¢ Apply mould release agent inside sample cavity.

Figure 6 — Diagram of mould preparation
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7.5.4 Curing at pressures above atmospheric

After the moulds have been filled and covered with the top plate, immediately place them in a pressurized
curing vessel at the desired test initiation temperature [normally 27 °C + 3 °C (80 °F £ 5 °F)]. Apply heat and
pressure in accordance with the test schedule. Cement samples may be cured in accordance with
pressure/temperature schedules provided in Table 2 (see below) or to a schedule designed to simulate
conditions in a specific well.

For samples cured at or below 90 °C (194 °F), maintain test temperature and pressure until 45 min prior to
testing. For test temperatures above 90 °C (194 °F), discontinue heating and allow samples to cool at such a
rate that th ' ° ° i i i intai > 0N
the curing yessel during the cooling process. At 45 min prior to testing the samples, release the presgure
gradually apd remove the moulds from the curing vessel. Immediately remove the samples from the.moplds
and place them in a water bath maintained at 27 °C + 3 °C (80 °F + 5 °F) until the samples are testéd;

7.5.5 Tesgt period

The test pgriod is the time elapsed from subjecting the sample to heat in the curing\vessel to testing| the
sample for $trength.

7.5.6 Sample testing

Test samplés immediately after removal from the cooling bath. The test procedure shall be in accordance with
ASTM C 109, except for the following aspects.

a) A compressive strength testing device shall be used, and the rate of loading for samples with strepgth
greater than 3,5 MPa (500 psi) shall be 71,7 kN + 7,2 kN.X16°000 Ibf + 1 600 Ibf, 4 000 psi + 400 psi)| per
minute| For a nominal 2 580,64 mm?2 (4 in2) sample surface, this rate can be achieved by adjusting the
load rafe to obtain a gauge indicator travel from 8,9 kN’to 26,8 kN (2 000 Ibf and 6 000 Ibf) gauge reafling
in 159. For samples with strength of 3,5 MPa (500 psi) or less, a loading rate of 17,9 kN + 1,8 kN
(1 000 ppsi + 100 psi, 4 000 Ibf + 400 Ibf) per minitée shall be used. For a nominal 4 in2 sample surface,
this rafe can be achieved by adjusting the load rate to obtain a gauge indicator travel from 8,9 kN to
26,8 kNl (2 000 Ibf and 6 000 Ibf) gauge reading in 1 min. Make no adjustment in the controls of| the
testing|machine while a sample is yielding-before failure.

b) Report|compressive strength as theforce required to break the sample divided by the smallest meastired
cross-gectional area in contact with the load-bearing plates of the compression tester. Average|the
comprgssive strength of all aCeeptable test samples (see ASTM C 109) made from the same slurry|and
tested pt the same time. Réport compressive strength results to the nearest 0,1 MPa (10 psi) and include
the test schedule used.

7.6 Determination‘of cement compressive strength at the top of long cement columns

7.6.1 Guldelinesfor use

Use this pr beedure if the bottom-hole r\irr\lllgfing +nmpnrﬂh|rn (TBH\J) is. highnr than the static h:mpnrnhlr at

the top of the cement column (Ttocs)-

7.6.2 Procedure

7.6.21 Prepare a cement slurry in accordance with Clause 5. Pour the slurry into the slurry container of a
pressurized consistometer, and heat to Tgyc in accordance with the pressure/temperature schedules provided
in Annex E or a schedule designed to simulate conditions in a specific well. Hold test temperature and
pressure for 60 min to allow the cement temperature to reach equilibrium.

7.6.2.2 Upon completion of the appropriate test schedule, plus the 60 min to reach equilibrium, cool to

the top-of-cement circulating temperature (Ttocc) or 90 °C (194 °F), whichever is lower, at a rate of
1,0 °C/min (2,0 °F/min). Use the following equation to determine the cool-down time (), in minutes.
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Sl units:

;= Ierc ~Trocc

1
1,0°C (1)
For US customary units:
T - T
_ IBHC OTOCC 2)
2,0 °F
whgre:
t is the cool-down time, expressed in minutes;
TgHc  is the bottom-hole circulating temperature, expressed in °C or °F
Ttocc s the top-of-cement circulating temperature, expressed in °C or °F.
Degrease the temperature while maintaining test pressure. When the T7agg-or 90 °C (190 °F) (whichever is
lowgr) is reached, release the pressure slowly and remove the slurry contairer.
7.6.2.3 Take care to minimize oil contamination of the slurry.<Open the slurry container ffom the top
(whlle leaving the paddle in place). This eliminates the need for inverting the slurry container gnd reduces
confamination that could be caused by oil migrating through.the slurry. Blot the top of the slyrry with an
absprbent cloth or paper towel to remove any visible oil. Transfer the slurry three (3) times betwegn the slurry
conjainer and a beaker, to re-suspend any solids that may’have settled.
7.6..4 Pour the slurry into prepared moulds as. specified in 7.5.2.2, and place the moulds in @& preheated
curiphg vessel [preheated to Ttocc or 90 °C (194.°F), whichever is lower]. A non-destructive sonid test device
as flescribed in Clause 8 may also be used. No longer than 15 min after removing the slurfy from the
consistometer, apply 20 700 kPa + 3 400 kPa*(3 000 psi + 500 psi) curing pressure.
7.6.2.5 Adjust sample temperature ;Frocs to the final curing temperature over a time period [appropriate
to well conditions, while maintaining, curing pressure. If a time to reach final conditions is ngt known or
spefified, use 6 h.
7.6.2.5 Remove samples-as specified in 7.5.4.
7.6.2.6 Test the samples for strength in accordance with procedures in 7.5.6 or Clause 8.
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Table 2 — Well-simulation test schedules for curing compressive strength specimens

1 2 3 4 5 6 7 8 9
E:::ng Pressure® Temperature gradient, °C/100 m depth (°F/100 ft depth)d

Schedule® c emnlc mlec emlec emlc em|c cn

mn | kPa  (s) | 16 ©9 | 2 anl| 24 a3 |27 @5l 31 anl| s @9

Temperature, °C (°F)

1Sg 15 |5500 (800) | 27 80) | 27 80y | 27 o) | 27 o) | 27 80) | 27  (80)

(fggomﬂ) 30 7 @0 | 27 @h | 27 _@nh | 27 e | 22 @) 27 ~B

60 28 (82) | 28 (82 | 28 (83) | 28 (83) | 20 (84) | 2907 (b4

90 28 (83) | 20 (84) | 20 (84) | 29 (85) | 30 (86) |- 80  (B6)

120 20 (84) | 20 (85 | 30 (86) | 31 (87 | 31 (®8)y[ 32 (9

150 20 (85 | 31 (87) | 31 (88) | 32 (89) | 32 Iw@0) | 33 (1)

180 31 (87) | 31 (88) | 32 (90) | 33 (91) | 34~ (93) | 34 (b4

210 31 (88) | 32 (90) | 33 (@) | 34 (93){ k5 (95 | 38 (bs)

240 32 (89) | 33 (o) | 34 (93) | 35 @) 3 (97 | 37 (P9

2 Sg 15 [11000 (1600)| 31 (88) | 31 (88 | 32 (89) | 32, “(89) | 32 (o0) | 32  (po)

(zsggomﬂ) 30 32 (90) | 32 (90) | 33 (91) =83 (1) | 33 (92) | 34  (3)

60 33 (91) | 33 (92) | 34 (93N 34 (94 | 35 (95 | 36  (b6)

90 33 (92) | 34 (93) | 35 () | 3 (97) | 37 (99 | 38 ({o0)

120 34 (93) | 35 (95) | 385" (97) | 37 (99) | 39 (102)| 39 ({03)

150 34 (94 | 3 (@) L8  (100)| 30 (102)| 41 (105)| 42 ({or)

180 36 (96) | 37 (99) | 39 (102)| 41 (105)| 42 (108)| 44 ({11

210 36 (97) | 38, '¢100)| 40 (104)| 42 (107)| 44 (111)| 46 ({14

240 37 (98) |89’ (102)| 41 (106)| 43 (110)| 46 (114)| 48 ({18)

3sg 15 20700 3000)| 33 (@1 [733 (92 | 34 ©3) | 34 (93 | 34 (04) | 34 (b4

(14 %%% rf?) 30 37 _~99) | 38 (101)| 30 (102)| 39 (103)| 40 (104)| 41 ({o5)

60 39 (102) | 40 (104)| 41 (108)| 42 (108)| 43 (110)| 44 ({12)

90 40 (104) | 42 (107)| 43 (110)| 45 (113)| 47 (117)| 49 ({20

120 42 (107)| 44 (111)| 46 (15| 48 (119)| 51 (123)| 53 ({27)

150 43 (109) | 46 (114)| 48 (119)| 51 (124)| 54 (12090 | 57 ({34)

180 44 (1) | 47 (117)| 51 (123)| 54 (1209)| 57 (135)| &1 ({a1)

210 46  (114)| 49 (121)| 53 (128)| 57 (135)| 61 (142)| 65 ({a9)

240 47 (116)| 51 (124)| 56 (132)| 60 (140) | 64 (148)| 69 ({56)

45g 15 20700 3000) 35 (95 | 35 (95 | 36 (9 | 38 (@) | 37 (98 | 38 ({o1)

(16 %%% rth‘) 30 43 (109) | 44 (111)| 45 (113)| 46 (115)| 47 (116)| 50 (122)

45 45  (113)| 47 (116)| 48 (118)| 49 (121)| 51 (124)| 54  (130)

60 46 (115)| 48 (118)| 49 (121)| 52 (125)| 53 (128)| 57 (135)

90 48 (118)| 51 (123)| 53 (128)| 56 (132)| 58 (137)| 63  (145)

120 49 (121)| 53 (127)| 57 (134)| 60 (140)| 63 (146) | 68 (155)

150 51 (124)| 56 (132)| 60 (140) | 64 (147)| 68 (155)| 73  (164)

180 53 (128)| 58 (137)| 63 (146)| 68 (155)| 73 (164)| 79 (174

210 55 (131)| 61 (141)| 67 (152)| 72 (162)| 78 (173)| 84 (184

240 57 (134)| 63 (146)| 70 (158)| 77 (170)| 83 (182)| 90  (194)
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Table 2 — (continued)

ISO 10426-2:2003(E)

1 2 3 5 6 7 8
Elapsed i
timeP Pressure® Temperature gradient, °C/100 m depth (°F/100 ft depth)d
Schedule? c Al emlc Al | cp|c A
min kPa (psi) | 16 09| 2 (.1 24 (13| 27 @15 ]| 31 (1,7)]| 35 (1,9
Temperature, °C (°F)
5 Sg 15 |20700 (3000)| 36 (97) | 37 (98) | 38 (100)| 39 (102)| 40 (104)| 43  (109)
é ;&’) rfT:) 30 46  (114) | 47  (116) | 49 (120)| 51 (124)| 53 (128D} 59  (139)
45 53 (127)| 54 (130)| 58 (136) | 61 (141 | 64 {ar||72 (61)
60 53 (128) | 56 (133) [ 60 (140) | 63 (146) | 67 |,°(153) (| 75  (167)
90 56 (132)| 59 (139)| 64 (147)| 68 (155 ()73 (163) || 81 (178)
120 58 (136) | 62 (144)| 68 (154) | 73 (@64) | 79 (174) || 87  (189)
150 60 (140)| 66 (150) | 72 (162)| 78( )173)| 84 (184) |93  (199)
180 62 (144)| 69 (156) | 76 (169) |« 887 (182)| 91 (195) |99  (210)
210 64 (148)| 72 (162)| 81 (W77 |° 88 (191)| 96  (205) ||105 (221)
240 67 (152)| 76 (168) | 84.,H(484) | 93  (200) | 102 (216) | |111 (232)
4 Sg 15 |20700 (3000)| 37 (98) | 38 (100) [, 39> (103)| 41 (108) | 43 (110) || 47  (116)
(13 0 (&)sgon;t) 30 47  (116) | 49 (120)4; 53 (127)| 56 (132)| 60 (140) || 67  (152)
45 57 (134)| 59 _(139)| 66 (150) | 70 (158) | 77 (170) || 87  (188)
60 61 (142) | 64 (148) | 72 (161)| 77 (170)| 84 (184) || 96  (204)
90 63  (146)¢[\.68 (155) | 76 (169)| 82  (180) [ 91 (195) | [102  (215)
120 66 (151 | 72 (162)| 81 (177)| 88 (190) | 97  (206) | |108 (226)
150 69 \J(156) | 76 (169)| 85 (185)| 93 (200) | 103 (217) |[[114 (237)
180 72 (161)| 80 (176)| 90 (194) | 99 (210)| 109 (228) | |120 (248)
210 74 (165)| 84 (183)| 94 (202) | 104 (220) | 115 (239) [[126 (259)
240 77  (170)| 88 (190) | 99 (210) | 110 (230) | 121 (250) | [132 (270)
1Sg 15 |20700 (3000)| 37 (98) | 39 (102) | 42 (107)| 44 (111)| 47 (116) || 49  (120)
(132( ggon;t) 30 46 (115)| 51 (124)| 56 (133)| 62 (143)| 67 (152) || 72  (161)
45 56 (133)| 63 (146)| 71 (160) | 79 (174)| 87 (188) || 94  (201)
60 64 (148)| 74 (166) | 84 (184)| 94 (202) | 104 (220) |[114 (237)
90 68 (155)| 78 (173)| 89 (192)| 99 (211)| 110 (230) ||121 (249)
120 72 (162) | 83 (181)| 94 (201) | 105 (221) | 116 (241) | 127 (261)
150 76 (168) | 87 (189) | 99 (210) | 111 (231)| 122 (252) | 133 (272)
180 79 (175)| 92 (197) | 104 (219) | 116 (241)| 128 (263) | 140 (284)
210 83 (181)| 96 (204) | 108 (227) | 121 (250) | 134 (273) | 147 (296)
240 87 (188) | 100 (212) | 113 (236) | 127 (260) | 140 (284) | 153 (308)
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Table 2 — (continued)

1 2 3 4 5 6 7 8 9
Elapsed i
timeP Pressure® Temperature gradient, °C/100 m depth (°F/100 ft depth)d
Schedule? c Alec mlc el Al Al P
min kPa (psi) | 1,6 09 | 2 (1| 24 @3 | 27 (@5 31 @A, 35 (1,9
Temperature, °C (°F)

8 Sg 15  |20700 (3000)| 37 (99) | 40 (104) | 43 (109) | 46 (114)| 48 (119)| 51  (123)
(14 4zggon;t) 30 48  (118) | 53 (128)| 59 (138)| 64 (147)| 69 (157) | 75 ul67)
45 58 (137)| 67 (152)| 75 (167)| 83 (181)| 91  (196) | ~89) (210)
60 69 (156) | 79 (175)| 91 (195)| 102 (215)| 113 (235)|,123 (354)
75 74 (166) | 87 (188) | 99 (210) | 111 (231)| 123 _(254) | 135 (375)
90 77 (170) | 89 (192) | 102 (215) | 114 (237)| 1260 (259) | 138 (481)
120 81 (177)| 93 (200) | 107 (224) | 119 (247 133 (271) | 146 (394)
150 84 (184) | 98 (209) | 112 (234) | 126 (258)7] 139 (283) | 153 (307)
180 89 (192) | 103 (217)| 117 (243) | 132, (269) | 146 (295) | 160 (320)
210 93  (199) | 108 (226) | 123 (253)H187 (279) | 152 (306) | 167 (333)
240 97 (206) | 112 (234) | 128 (262)Y 143 (290) | 159 (318) | 174 (346)
9 Sg 15 |[20700 (3000)| 38 (101)| 41 (106) | 44 _@(111)| 47 (116)| 49 (121)| 52 (126)
(f68§80r?t) 30 49 (121 | 55 (131) | 61" (142)| 67 (152)| 73  (163)| 78 (173)
45 61 (142)| 69 (1509 78 (173)| 87 (188) | 96 (204) | 104 (219)
60 73 (163) | 84 «(¥83)| 96 (204) | 107 (224)| 118 (245) | 130 (266)
75 83 (182) | .97, (207) | 112 (233)| 126 (258) | 140 (284) | 154 (309)
90 86  (186)\J100 (212) | 114 (238) | 129 (264) | 144 (291) | 158 (316)
120 90 «(94) | 105 (221)| 120 (248) | 135 (275)| 151 (303) | 166 (330)
150 94 ~"(201) | 109 (229) | 126 (258) | 141 (286) | 157 (315) | 173 (343)
180 98  (209) | 114 (238) | 131 (268) | 148 (298) | 164 (327)| 181 (357)
210 102 (216) | 119 (247) | 137 (278) | 154 (309) | 171 (340) | 188 (370)
240 107 (224) | 124 (256) | 142 (288) | 160 (320) | 178 (352) | 196 (384)
10 Sg 15  |20,700 (3000)| 39 (102) | 42 (108)| 45 (113)| 48 (119 | 51 (124)| 54 (129)
(15 84ggor?t) 30 51 (124)| 57 (135)| 63 (146)| 69 (157)| 76 (168) | 82  (179)
45 63 (146)| 73 (163)| 82 (179)| 61 (196) | 100 (212) | 109 (328)
60 76  (169) | 88 (190) | 100 (212) | 112 (234) | 124 (256) | 137 (278)
75 88 (191) | 103 (218) | 119 (246) | 134 (273) | 149 (300) | 164 (327)
90 95 (203) | 112 (233)| 129 (264) | 146 (294) | 162 (324) | 179 (354)
120 99 (@11) | 117 (242) | 134 (274) | 152 (305) | 169 (337)| 186 (367)
150 104 (219) | 122 (251) | 140 (284) | 158 (316) | 176 (349) | 194 (381)
180 108 (226) | 127 (260) | 146 (294) | 164 (328) | 183 (361) | 202  (395)
210 112 (234) | 132 (269) | 151 (304) | 171 (339) | 190 (374) | 209  (408)
240 117  (242) | 137 (278) | 157 (314) | 177 (350) | 197 (386) | 217 (422)
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Table 2 — (continued)

ISO 10426-2:2003(E)

1 2 5 6 8 9
Elapsed i
timeP Pressure® Temperature gradient, °C/100 m depth (°F/100 ft depth)d
Schedule® c Alc mlec mlc Al Al P
min kPa (psi) | 16 (09| 2 @0 24 @3 | 27 @5 ]| 31 (1,7 35 (1,9
Temperature, °C (°F)

11 Sg 15 [20700[(3000)| 40 104 | 43 (109)| 46 (115)| 49 (121)| 53 (127)| 56  (133)
(golggor?t) 30 53 127 | 59 (139)| 66 (150) | 72 (162) | 78 (173pf| 85 (185)
45 66 151 | 76 (168) | 86 (186) | 95 (203) | 104 (220) [|114 (238)

60 79 175 | 92 (197)| 105 (221) | 118 (244) | 137),°(267) || 143 (290)

75 92 198 | 108 (227)| 124 (256) | 141 (285)()156 (313) |[173 (343)

90 106 222 | 124 (256) | 144 (291) | 163 (326) | 182 (360) |[202 (395)

120 110 230 | 129 (265) | 149 (301) | 169 )(337) | 189 (372) [|209 (408)

150 114 237 | 134 (274) | 155 (311) . 176 (348) | 196 (384) [|216 (421)

180 118 245 | 139 (282) | 160 (320)1 181 (358) | 202 (396) ||223 (434)

210 122 252 | 144 (291) | 166/)330) | 187 (369) | 209 (408) ||231 (447)

240 127 260 | 149 (300) | 17+ (340) | 193 (380) | 216 (420) ||238  (460)

12 Sg 15 [20700[(3000)| 41 (105)| 44 (11| 47 (117)| 51 (123)| 54 (130) || 58  (136)
(30 (())(())On;t) 30 54 (130) | 61 _\(142)| 68 (155)| 75 (167)| 82 (179) || 88  (191)
45 68 (155) | 79¢ (174)| 89 (192)| 99 (210) | 109 (229) |[119 (247)

60 82 (180)4) 96  (205) | 109 (229) | 123 (254) | 137 (278) [|151 (303)

75 97 (206) [ 113 (236) | 131 (267) | 147 (297) | 164 (328) | (182 (359)

90 11107 (231) | 131 (267) | 151 (304) | 172 (341) | 192 (378) ||212 (414)

105 119  (246) | 141 (286) | 163 (326) | 186 (366) | 208 (406) ||231 (447)

120 121 (249) | 143 (290) | 166 (331) | 188 (371) | 211 (412) [|233 (452)

150 124 (256) | 148 (298) | 171 (339) | 194 (381) | 217 (422) ||240 (464)

180 129 (264) | 152 (306) | 176 (348) | 199 (391) | 223 (433) ||246 (475)

210 133 (271) | 157 (314) | 181 (357) | 204 (400) | 228 (443) ||253 (487)

240 137 (278) | 161 (322) | 186 (366) | 210 (410) | 234 (454) ||259 (498)

a8 |Sgis a-schedule number designation.

Tihe,temperature shall be increased in equal amounts at 15 min intervals until the 4 h (240 min) temperature is reache

The 4 h temperature shall be maintained until completion of test.

5 500 kPa + 700 kPa (800 psi + 100 psi).
11 000 kPa + 1 400 kPa (1 600 psi + 200 psi).
20 700 kPa + 3 400 kPa (3 000 psi + 500 psi).

TgHs = Bottom-Hole Static Temperature

Final temperature shall be maintained within + 2 °C (+ 3 °F) throughout the remainder of the curing period.

€ The test pressure shall be applied as soon as specimens are placed in the pressure vessel and maintained at the given pressure
within the following limits for the duration of the curing period:

Schedule 1 Sg
Schedule 2 Sg
Schedule 3 Sg-11 Sg
d Temperature gradient = (Tgyg — 27 °C) / 100 m depth or (Tgys — 80 °F) / 100 ft depth

© 1SO 2003 — Al rights reserved
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8 Non-destructive sonic testing of cement

8.1 General

This clause presents testing procedures for the non-destructive sonic testing of cement. The apparatus
transmits a sonic signal through the cement being tested. The signal transit time can be correlated to cement
properties such as the time and extent of strength development.

Non-destructive sonic testing of cement is not required for compliance with ISO 10426-1.

8.2 Apparatus

8.2.1 Curing cell, which can be subjected to controlled temperature and pressure for curing thie)cement
slurry.

The cell shall include the following systems:
a) Tempgrature-measuring system, calibrated to an accuracy of £ 2 °C (+ 3 °F).

Calibration shall be no less frequent than monthly and may be performed in accordance with|the
procedure described in Annex B.

b) Sonic signal measuring system, calibrated in accordance with the-manufacturer's instructions.

8.3 Sampling

Samples of|the cement, additives, and mix water shall be obtained in accordance with Clause 4.

8.4 Preparation of slurry
The slurry ghall be prepared in accordance with Clause 5.
Excessive free fluid can impair the accuracy.of+this test. Free fluid in a slurry can cause cement to lose cortact

with the tof cell cover plate and affect the\signal being sent through the cement. The percentage of free fluid
can be detgrmined in accordance with 15,4 and 15.5.

8.5 Procedure

Follow the detailed operating,instructions and safety precautions furnished by the manufacturer.

8.6 Curing time

The curing perioddbegins with the recording of the transit time and the application of temperature and presgure,
and continligsuntil the test is terminated. Recording of transit-time data shall begin within 5 min :Ffter
application of temperature and pressure:

8.7 Curing schedules

Cement samples may be cured in accordance with pressure/temperature schedules provided in Clause 7 or
with a schedule designed to simulate specific well conditions.

NOTE Planned or unplanned changes in temperature or pressure alter the transit time.
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8.8

8.8.1

ISO 10426-2:2003(E)

Data reporting

from transit time correlations.

The transit time shall be continuously monitored. The strength of the cement sample shall be obtained

8.8.2 After removal of the sample from the curing cell, it is occasionally surfaced (cut into cube) and
crushed. The result obtained is not comparable to that found using the method described in Clause 7. The
result shall not be reported as ISO compressive strength.
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Well-simulation thickenina-time.test

General

lommended procedures for determining the well-simulation thickening time of a cement slurry g
is clause. The results of the laboratory thickening-time test provide an indication of'the length
bment slurry will remain pumpable in a well. The laboratory test conditioqs”shall represe
perature and pressure to which a cement slurry will be exposed during pumping operations.

-simulation thickening-time tests are not required for compliance with 1S©@ 10426-1.

Apparatus and material
1 Pressurized consistometer, see Figure 7.

most commonly used apparatus incorporates a_rotating cylindrical slurry container equig
onary paddle assembly, all enclosed in a pressure vessel capable of withstanding we
sures and temperatures. The slurry container is-rotated at a speed of 150 r/min £ 15 r/min. An
pratus is described in Annex D.

paddle and all parts of the slurry container exposed to the slurry shall be constructed o
stant materials. The space between, the slurry container and the walls of the pressure ves
pletely filled with hydrocarbon oil (9.2:2).

temperature and consistengy* of the cement slurry (9.3.2) shall be measured. See A
perature-measuring systems.

E The alternative apparatus used to conduct well-simulation thickening-time tests described in Anne

Vis

The

in Annex D.

Hydrocarbon oil, selected to have the following physical properties:

osity =7 mm/s2 to 75 mm/s2 at 38 °C (7 ¢St to 75 ¢St at 100 °F)

re provided
of time that
t the time,

ped with a
I-simulation
alternative

f corrosion-
el shall be

nnex B for

x D utilizes a

ing paddle and stationary slurry container. Generalized operating procedures for the alternative apparatus are also

rmal conductivity = 0,119 W/(m-K) to 0,133 W/(m-K) (0,068 5 Btu/h-ft2.°F/ft to 0,077 0 Btu/h-ft2-°F/ft)

Relative density =0,85t0 0,91

A synthetic oil with suitable properties shall be used only if the test temperature exceeds the flash point of the
hydrocarbon oil.

9.2.3

minute.

© 1SO 2003 — Al rights reserved
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Temperature-measuring systems shall be provided for determining the temperature of the oil bath and also
that of the cement slurry (see Annex B).

Figure 7 — Typical pressurized consistometer

9.3 Calibration

9.3.1 General

Measurementof thethickening—timeof @ cement sturmy Tequires catibrationmand Tmaimnternarnce of operating
systems of the pressurized consistometer, including consistency measurement, temperature-measuring
systems, temperature controllers, motor speed, timer and pressure gauges.

9.3.2 Consistency

Consistency of a cement slurry is expressed in Bearden units (B.). This value is determined by a
potentiometer mechanism and voltage-measurement circuit. These shall be calibrated monthly and whenever
the calibration spring, resistor or contact arm is adjusted or replaced. The following calibration method shall be
used.
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A weight-loaded device (Figure 8), for typical potentiometer calibration, is used to produce a series of torque-
equivalent values for consistency, defined by the following equation:

T =78,2+20,02 B, @)

where:
T is the torque, expressed in gram-centimetres (g-cm);

B, consistency expressed in Bearden units.

Weights are used to apply torque to the potentiometer spring, using the radius of the potentimlneter frame
as a lever arm. As weights are added, the contact arm is deflected and the resulting DQ voltage is
recorded and used to determine B¢ (see manufacturer's instruction manual for procedures). Arf example is
given in Table 3. Some devices display B, directly.

Figure 8 — Typical calibrating device for pressurized consistometer
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Table 3 — Slurry consistency vs. equivalent torque
(for a potentiometer mechanism with a radius of 52 mm * 1 mm)?@

Calculated torque equivalent Mass of added weights slurl(':yacl:(:)l::it:tdency
g-cm g+0.1 B.
260 50 9
520 100 22
780 150 35
1040 200 48
1300 250 61
1560 300 74
1820 350 87
2080 400 100
@  Fof a potentiometer mechanism with a radius other than 52 mm+ 1 mm, an appropriate table with equivalent
toleranges shall be developed.

9.3.3 Temperature-measuring system

The tempe
shall be no
Annex B.

9.3.4 Motpr speed

Rotational

checked no

9.3.5 Tim

Timers sha

9.3.6 Pres

Calibration
a minimum

9.4 Test

9.41

Op€

ature-measuring device system shall be calibrated to anjaccuracy of +2 °C (+ 3 °F). Calibrg
less frequent than monthly and may be performed incaccordance with the procedure describg

speed of the slurry container shall be( 150 r/min + 15 r/min (2,5 rev/s £ 0,25 rev/s) and shal
less frequently than every three months:

er

| be accurate within + 30 § per h and shall be checked for accuracy every six months.

ssure-measuring devices

shall be conducted annually against a deadweight tester or master gauge to 0,25 % of full rang
of 25 %, 501% and 75 % of full scale.

procedure

tion
d in

be

e at

firror-imstructi

WARNING This procedure requires the handling of hot, pressurized equipment and materials that
are hazardous and can cause injury. Do not exceed manufacturer's safety limits. Only trained

personnel

shall run these tests.

Detailed operating instructions, as furnished by the equipment manufacturer, are applicable under this method
and shall be followed, provided they conform to the procedure contained in this part of ISO 10426.

30
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9.4.2 Assembly and filling the slurry container

Prepare and fill the slurry container via the following steps:

a)
b)
c)
d)

clean and lubricate cup threads;
inspect diaphragm;
assemble paddle shaft assembly and secure it in the cup sleeve with flange ring;

make sure the pnddln turns frnnly;

e)
f)
9)
h)
i)
)
k)
NOT

mixi
com

9.4.
Plad

con
the

the
oil,

Beg

9.44 Temperature and pressure controls

Dur

NeT: securely close the head assembly of the pressure vessel, insert the temperature-sensing de

invert the slurry container assembly and fill to within 6 mm (1/4 in) of the top;

strike to remove air;

screw in base plate and make sure slurry is extruded through the centre hole;

screw centre plug (pivot bearing) into the container;

wipe all cement from the outer surfaces;

recheck the paddle to make sure it turns smoothly;

load the slurry container assembly into the consistometer.

E Slurry segregation can occur during the filling epefation. This can be reduced by stirring the
pleting the filling operation is kept to a minimum.

B Initiation of test

e the filled slurry container (9.4.2)-on’the drive table in the pressure vessel, start rotation g

ainer and secure the potentiometer’mechanism so as to engage the paddle shaft drive bar.
vessel with oil. At this point, the.paddle shaft shall not be rotating.

ole in head assembly-and partially engage the threads. After the pressure vessel is complete]
ighten the threads of’the temperature-sensing device.

in operating thé.apparatus 5 min + 15 s after cessation of mixing of the slurry as defined in 5.3.

ng-the test period, increase the temperature and pressure of the cement slurry in the slurry

slurry in the

hg container with a spatula while pouring. Segregation will-be less of a problem if the time from cessation of mixing to

f the slurry
Begin filling

ice through
y filled with

container in
ed or taken

acc

prdance with the appropriate well-simulation test schedule (9.5). Schedules may be calculat

from tables. Determine the temperature of the cement slurry for specification testing by use of an ASTM E 220
classification “special” Type J thermocouple located in the centre of the slurry container.

9.4.5 Thickening time

The thickening time is the time elapsed from the initial application of pressure and temperature to the time at
which the slurry reaches a consistency deemed sufficient to make it unpumpable (e.g. 70 B; or 100 B¢). The
slurry consistency at which the thickening-time test was terminated shall be documented.

© 1SO 2003 — Al rights reserved
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9.5 Dete

rmination of test schedule

9.5.1 General

Well-simulation thickening-time test schedules may be taken from the tables or calculated from equations as
described in 9.5.2 to 9.5.4.13. Background and supporting information for these schedules is contained in

Annex C.

The schedules in Annex E are based upon nominally vertical wells. The choice of table to use is based upon
well depth. The choice of column within a table is based upon thermal gradient.

9.5.2 Caskng well-simulation schedules

Casing well

Fsimulation thickening-time schedules shall be determined as follows:

— accourt for surface mixing of the slurry as provided in 9.5.4.1;

— calculate time to displace leading edge of cement slurry to bottom (9.5.4.2);

— calculate bottom-hole pressure (9.5.4.5);

— determ)

— calcula

ne the starting pressure (9.5.4.6);

lte pressure-up rate to bottom-hole pressure (9.5.4.7);

— determjne the Ty} for the specific thermal gradient (Table Ec1);

— calcula

te well simulation heat-up rate by subtracting Tg5¢ from ambient temperature and dividing by

to bottom.

Once reach
is complete,

.

9.5.3 Liner well-simulation schedules

Liner well-s

mulation thickening-time schedules shall be determined as follows:

— accourt for surface mixing of-the slurry as provided in 9.5.4.1;

— calcula

— calcula

te time to displace leading edge of cement slurry to bottom (9.5.4.2);

te bottom=hole pressure (9.5.4.5);

— determjnethe starting pressure (9.5.4.6);

ed, the final temperature and pressure_conditions shall be maintained until the thickening-time

— calculate pressure-up rate to bottom-hole pressure (9.5.4.7);

— determine the T} ¢ for the specific thermal gradient (Table E.2);

me

test

— calculate well simulation heat-up rate by subtracting 7 from ambient temperature and dividing by time
to bottom.

Once reached, the final temperature and pressure conditions shall be maintained until the thickening-time test

is complete

32
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9.5.4 Calculations for casing and liner schedules

9.5.4.1  Surface mixing of the slurry

If batch mixing is used for the cementing operation, the slurry may be stirred in the consistometer to simulate
the time and temperature. The time and slurry surface temperature (7sg) may be estimated depending upon

the expected

conditions at the well site.

The batch mixing simulation is done prior to the start of the thickening-time test. The batch mixing time shall
be reported separately from the thickening time of the slurry. For example:

EXAMPLE

9.54.2 Time to displace leading edge of cement slurry to wellbore bottom

Thel rate of slurry displacement is calculated as follows:

ty =

< |-CS

whdre

"o

tq is the time to displace the leading edge of cement slurry to bottom, expressed in minutes;
is the volume of the pipe, expressed in cubic metres;

g s the rate at which the fluid slurry is pumped, expressed in cubic metres per minute.

Simulated batch mixing time: 1 h

Thickening time (does not include batch mixing simulation): 3 h 30 min

(4)

9.5.4.3 Correlation for predicted bottom-hole circulating temperatures (7pgnc) for casing pr liner

jobs at depths deeper than 3 048 m (10000 ft)

Thel correlation developed for predicting bottom-hole circulating temperatures is given, in degrees Celsius by:

TpHc =

or, ih degrees kahrenheit,

(0,006 061x htocTVD * VT )-10,0915
Tas -32
7,0 (0,000 015 052 htocTVD )

Teghc =Tas +

18 ®)

(0,006 061x hTOCTVDX VPT)—10,091 5
1,0 (0,000 015 052 x htacTvn )

(6)

where

TpgHe

Tps
htocTvb

Vet

is the predicted bottom-hole circulating temperature, expressed in °C [Equation (5)] or °F
[Equation (6)];

is the assumed surface temperature, expressed in °F;
is the top-of-column true vertical depth, expressed in feet;

is the pseudo-temperature gradient, expressed in °F/100 ft.
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NOTE This correlation was developed using constants derived from linear regression analysis of data collected in US

Customary u

nits. The correlation using Sl units has not been established.

This correlation shall not be used to predict Tpgnc for depths of 3 048 m (10 000 ft) or shallower, because it
can give significantly higher Tpgyc than the Tpgyc found in the tables in Annex E. A different correlation is
used for the predicted squeeze temperature (7pg). This correlation can be found in 9.5.6.1.

Although the Tpgyc correlation is based upon field measurements, there can be error associated with its use
for predicting the circulating temperature in a well. The error range between this correlation and the field-
measured data from which the correlation was derived is shown in Annex C. The standard deviation is 9,2 °C
(16,6 °F). Whenever possible, measurements of downhole temperatures are preferred over calculated

estimates.
9.5.4.4 Rate of heat-up to predicted bottom-hole circulating temperature
The tempetature of the cement slurry shall be increased from the slurry surface temperature (7gg) to| the
predicted bpttom-hole circulating temperature (Tpgyc) in the time required to displace thelleading edge of
cement slurry to bottom. The heat-up rate can be calculated using the following equation:
Rap = % @)
where
Rur is the rate of temperature change, expressed in °C per, minute (°F per minute);
TppHc | is the predicted bottom-hole circulating temperature, ‘expressed in °C (°F);
Tss is the slurry surface temperature, expressed\in°C (°F);
t4 is the time to displace the leading edgé.of cement slurry to bottom, expressed in minutes.
9.54.5 Bottom-hole pressure
The bottomthole pressure can be calculated in Sl units (or US Customary units) as follows:
PBH =|8 % Pdf X hTOCTVD (8)
where
PBH is the bottom-hole pressure, expressed in kilopascals (pounds per square inch);
g is\the acceleration of freefall, expressed in metres per second squared (feet per segond
squared);
Pdf is the density of drilling fluid, expressed in kilograms per cubic metre (pounds per gallon);
htocTyp is the top-of-column true vertical depth, expressed in metres (feet).
NOTE The bottom-hole pressure can be calculated to account for contributions of other fluids (spacers, weighted pills,

etc.) in the annulus.

9.5.4.6 Starting pressure

The starting pressure (pg) is the estimated pressure to which the leading edge of cement slurry is subjected

as it leaves

34

the cementing head.
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9.5.4.7 Increase in pressure (pressure-up rate) to bottom-hole pressure

Pressure on the cement slurry shall be increased to the bottom-hole pressure during the test at a pressure-up
rate calculated as follows:

PBH —Ps
Ry, =ZBH"PS ©)
tq
where:
Rpu ;D t:-lU pIUDDUIU'U}J ldtc, CApIUOOUd ill 'r\i:upaaua:o IJUI III;IIUtU,

PBH is the bottom-hole pressure, expressed in kilopascals;
Ps is the starting pressure, expressed in kilopascals;

tq is the time to displace leading edge of cement to bottom, expressedrin-minutes.

9.5.4.8 Time at TPBHC and pBH

If ng measured data are available for the top-of-cement-column temperature (T7gc), the Tpgyc and pgy shall
be maintained until the completion of the thickening-time test. Skip.steps in 9.5.4.9 to 9.5.4.13 below.

If reliable T data is available, the cement slurry may be held at the Tprgc and pgy for a given period, such
as 30 min, as a built-in safety factor. After a holding period at Tpgpc and pgy, the temperature and pressure
on the cement slurry may be changed to the top-of-cerient-column temperature (T1o¢c) and pressure (proc)
using steps in 9.5.4.9t0 9.5.4.13.

9.5.4.9 Time to displace the annular volumeto be cemented

Thel| time required to displace the annular;volume from the bottom of the casing to the top of fthe annular
cement column is calculated as follows:

V.
q
where
V, is the annularvolume, expressed in cubic metres;

is the.time to displace the leading edge of cement slurry from bottom of the casing to the top of the
annular cement column, expressed in minutes;

g~ is the fluid pump rate, expressed in cubic metres per minute.

9.5.4.10 Rate of temperature change to 7o

The temperature of the cement slurry may be changed to the 715 at a rate calculated by the following
equation:

_ T7oc —TpBHC (11)

R
AT s

where:

R,r  is the rate of temperature change to T1qc, expressed in °C per minute;
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TppHc s the bottom-hole circulating temperature, expressed in °C;

TToc

I

NOTE A positive R, rindicates heat-up; a negative R, indicates cool-down.

9.5.4.11 Pressure at the top of cement column

Pressure a
following eq

PTOC

where:

P1oC

Pdf

htocT\

The top of
pills, etc.) in

9.5.4.12 H

The following equation is used to calculate the rate of decrease in pressure (pressure-down rate) from
pressure to the pressure at-the top of the cement slurry column:

bottom-holg

Rpq =
where

pd

is top of cement column temperature, expressed in °C;

is the time to displace the leading edge of the cement slurry from bottom of the casing to the top

of the annular cement column, expressed in minutes.

the top of the cement slurry column is calculated in Sl units (or US Customary units)sing

uation:

= g% Pdf XhToCTVD

is the pressure at the top of the cement column in the annulus;expressed in kilopas|
(pounds per square inch);

is the acceleration of freefall, expressed in metres per second squared (feet per sed
squared);

is the density of drilling fluid, expressed in kilograms“per cubic metre (pounds per gallon);
p s the true vertical depth at top of cement column, expressed in metres (feet).

Cement pressure may be calculated to acceunt for contributions of other fluids (spacers, weig

the annulus.

Rate of change in pressure down.to proc

IPBH — PTOC

la

is the-rate of pressure change (down), expressed in kilopascals per minute;

issthe nressure at the ton of the cement column-in the annulus._expressed in kilonascals:
L) T T T T T

the

(12)

cals

ond

hted

the

(13)

PTOC

PBH

9.5.4.13 Completion of test with simulated temperature change

is the bottom-hole pressure, expressed in kilopascals;

is the time needed to displace the leading edge of cement slurry from the bottom of the casing to

the top of the annular cement column, expressed in minutes.

The cement slurry shall be held at the T1qc temperature and prqc pressure until the thickening-time test is

completed.

36
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9.5.5 Tables of squeeze-cementing schedules

9.5.5.1 Continuous-pumping squeeze schedules
Tabular well-simulation thickening-time schedules for continuous-pumping squeeze-cementing operations are

provided in Table E.3. Once reached, the final temperature and pressure conditions shown in the schedules
shall be maintained until the thickening-time test is completed.

9.5.5.2 Hesitation-pumping squeeze schedules

Ta = = = erations are
proyided in Table E.4. The differences between the hesitation- and continuous-pumping schedules are that,
for hesitation-pumping

a) |there is a second temperature ramp to static temperature, and

b) |stirring of the slurry is cycled on and off during the second temperature ramp;
9.5.p Tailored squeeze schedules

9.5.5.1 Correlation to predict squeeze temperatures

Thel correlation developed for predicting squeeze temperatures,dnh S units, is given by:

. (0,007 6495 x hTOCTVD X VPT ) - 8,202 1 T3
AS 1,0 - (0,000 008 068 x ATocTvD )

18

(14)

or, for US Customary units:

Tps =Ths + .
1,0-(0,000 008-068 x htocTVD)

whdre
Tpg is the predicted bottom-hole squeeze temperature, expressed in °C [Equatjon (14)] or
°F [EQuation (15)];
Vet is‘the pseudo-temperature gradient, expressed in °F per 100 ft;

htocryp 18 the true vertical depth, expressed in feet;

TAS is the assumed surface temperature _expressed in °F

NOTE These correlations are valid only for the units shown.

Although the Tpg correlation is based upon field measurements, error can be associated with its use for
predicting the squeeze temperature in a well. The error range between this correlation and the field-measured
data from which the correlation was derived is shown in Annex C. The standard deviation is 7,2 °C (13 °F).
Whenever possible, measurements of downhole temperatures are preferred over calculated estimates.
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9.5.6.2 Equations for tailored schedules

Equations (5) through (9) under 9.5.4.3 through 9.5.4.7 shall be used for tailored schedules. These equations
can be used to calculate the heat-up rate (R,;) and pressure-up rate (Rpu) for a squeeze simulation
thickening-time test. In Equation (7), the predicted squeeze temperature, Tpg, shall be substituted for the
TpghHc- After reaching the Tpg and pgy, the temperature and pressure profiles shall follow the anticipated
temperature and pressure profiles for the remainder of the squeeze operation. Additionally, it is recommended
that the stirring of the slurry be cycled, using an appropriate sequence, to simulate a hesitation technique if

this is antici

9.5.7 Plug-eementing-tailored-schedules

Equations
can be use

pated for the squeeze-cementing operation.

14) and (15) under 9.5.6.1 can be used for plug-cementing tailored schedules. These @quat
d to calculate the heat-up rate (R,;) and pressure-up rate (Rpu) for a plug-cementing 'simulg

ons
tion

thickening-fime test. Because of the short cement columns typically used in plug-cementing,.noltempergture

change or
through 9.5

10 Static

10.1 Gene¢ral

This clause
or equal to
atmospheri

greater than 88 °C (190 °F), testing may be performed using, a-static fluid-loss cell following conditioning

pressurized
in a consist

10.2 Apparatus

10.2.1 High temperature, high pressure “fluid-loss cell or stirred fluid-loss cell, fitted with a 4§

pressure-down rates to the top of the cement column shall be used. Therefore) steps 9.5
4.13 shall not be used.

fluid-loss tests

provides several procedures for running static fluid-loss tests. For tests at temperatures less
B8 °C (190 °F), testing may be performed using a static*fluid-loss cell after slurry conditioning i
C or pressurized consistometer, or by using a stirréd fluid-loss cell. For tests at temperat

consistometer or by using a stirred fluid-loss cell."Regardless of whether the slurry is conditig
bmeter or in a stirred fluid-loss cell, the fluid-loss value is determined under static conditions.

4.9

han
N an
ires
ina
ned

um

(325 mesh)|screen with a 22,6 cm? (3,5 in2).filtration area backed by a 250 um (60 mesh) screen.

If a screen With a perforated metal back is used, the end caps shall have radial grooves to provide a flow path
for the cemegnt filtrate. The screens shall be replaced when they show visible wear, damage or distortion.

The equipnjent manufacturef*'s)recommendations for maximum temperatures, pressures and volumes shpuld
not be exceeded.

10.2.2 ASTM E220< classification “special” Type J thermocouple, mounted in the wall of the ce|l or
immersed in the slurry, for measuring the temperature of the cement slurry.

ThermocouLes and displays on consistometers and fluid-loss cells shall be calibrated in accordance with

Annex B.

The location of the thermocouple shall be noted on the report form. A thermocouple mounted in the heating
jacket measures the temperature of the jacket. This temperature is usually higher than the temperature inside
the fluid-loss cell.

Metal thermometers shall not be used because of their relatively poor accuracy. Glass thermometers are not
used because their dimensions do not allow them to be fitted in the heating jacket or the test cell.

10.2.3 Pressure gauges, having a scale such that pressure can be read to + 300 kPa (+ 50 psi).

Gauges shall be calibrated annually.
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These procedures require the handling of hot, pressurized equipment and materials that are hazardous and

can

cause injury. Only trained personnel shall run these tests.

10.4 Mixing procedure

The slurry shall be mixed in accordance with Clause 5.

10.5 Conditioning procedures

All
con

10.

Elurry conditioning shall start at 27 °C + 1 °C (80 °F + 2 °F), or at a temperature appropriate
Hitions, and be heated in accordance with the appropriate schedule.

65 Procedures for testing at temperatures < 88 °C (190 °F)

10.6.1 Atmospheric-pressure conditioning

10.6.1.1 Within 1 min after mixing, place the slurry into the container of the atmosphe
congistometer.

10.6.1.2  Heat the slurry to Tpgyc or Tpg in accordance with the thickening-time schedule that
simpllates actual field conditions. (See optional step 10.6.4.) If the atmospheric-pressure consisto
equjpped to measure slurry temperature, the bath shall be:heated in accordance with the

schedule.

It is|preferred that the slurry, and not the bath, be heated'in accordance with the appropriate sched
10.9.1.3 After conditioning, remove the paddlé and stir the slurry briskly with a spatula to ensu
slurfy.

10.6.1.4 Fill the fluid-loss cell as specified in 10.8.

10.9.2 Pressurized conditioning

for the well

fic-pressure

host closely
meter is not
appropriate

uie.

e a uniform

procedure

e with the

host closely

bwly [about

10.6.2.1 Any consistometen referenced in Clause 9 or Annex D may be used. The following
applies to the most commonly used equipment.

10..2.2 Place theDslurry in the container of the pressurized consistometer in accordan
progedure in 9.4,

10.9.2.3 Apply pressure and heat in accordance with the thickening-time schedule which n
simplates.actual field conditions. (See optional step 10.6.4.)

10.6.24 At the end of the schedule, turn off the heaters and release the pressure sl

1 400 kPa/s (200 psi/s)].

10.6.2.5

does not mix with the slurry.

Remove the slurry container from the consistometer, keeping the container upright so that the oil

10.6.2.6 Remove the top locking ring, drive bar and collar from the shaft and the diaphragm cover.
10.6.2.7 Syringe and blot the oil from the top of the diaphragm.
10.6.2.8 Remove the diaphragm and the support ring.
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10.6.2.9
discard the

10.6.2.10

10.6.2.11

Syringe and blot any remaining oil from the top of the slurry. If the contamination is severe,

slurry and begin the test again.
Remove the paddle and stir the slurry briskly with a spatula to ensure a uniform slurry.

Fill the fluid-loss cell as specified in 10.8.

10.6.3 Stirred fluid-loss cell conditioning

10.6.3.1

Prepare the stirred fluid-loss cell in accordance with manufacturer's instructions.

10.6.3.2
accordance

10.6.3.3
10.6.3.4

10.6.3.5
which most

10.6.3.6
additional g
reconnect {
the top valyj
10.6.3.7

10.6.3.8

10.6.4 Exty

Follow the

After mixing in accordance with Clause 5, pour the slurry into a clean, dry, stirred fluid-loss(¢e
with manufacturer instructions.

Complete the assembly of the fluid-loss cell (screen, O-rings, end cap, etc.).
Apply 3 450 kPa + 300 kPa (500 psi + 50 psi) to the cell. Do not close the pressurizing valve.

While agitating with the paddle, heat the slurry in accordance with the(thickening-time sche
closely simulates actual field conditions.

Once the slurry has reached the specified temperature (and_been conditioned for an opti
eriod as described in 10.6.4), if required, close the test valve:and invert the pressure ves
he nitrogen to the top valve and repressurize the nitrogen supply line (if disconnected), and ¢
e slowly.

Apply 7 000 kPa + 300 kPa (1 000 psi + 50 psi) differéntial pressure to the test cell.

Open the test valve below the screen to beginthe test as specified in 10.9.

a conditioning at test temperature (optional)

brocedure described in 10.6.1.2, 10:6:2.3 or 10.6.3.6 above, then hold the slurry at the spec

temperaturg and pressure for 30 min + 30 s orother desired conditioning period before proceeding to the

step. Docur
10.7 Proc

10.7.1 Con

10.7.1.1

nent the conditioning period used.
edures for testing at temperatures > 88 °C (190 °F)

ditioning using pressurized consistometer

Any consistoffieter referenced in Clause 9 or Annex D may be used. The following proce

applies to thhe most commonly used equipment.

10.7.1.2
in accordan

Place’the slurry in the container of the pressurized consistometer and begin a thickening-time
ce-with the procedure in 9.4,

Hule

bnal
sel,
pen

fied
next

Hure

test

10.7.1.3

Apply pressure and heat in accordance with the thickening-time schedule which most clo

simulates actual field conditions.

10.7.1.4

10.7.1.5

10.7.1.6

At the end of the schedule, turn off the heaters and cool as quickly as practical.

sely

After the slurry has cooled to approximately 88 °C (190 °F), release the pressure slowly (about
1 400 kPa/s (200 psi/s).

Remove the slurry container from the consistometer, keeping the container upright so tha

does not mix with the slurry.

10.7.1.7

40

Remove the top locking ring, drive bar and collar from the shaft and the diaphragm cover.

t oil
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10.7.1.8 Syringe and blot the oil from the top of the diaphragm.
10.7.1.9 Remove the diaphragm and the support ring.

10.7.1.10 Syringe and blot any remaining oil from the top of the slurry. If the contamination is severe,
discard the slurry and begin the test again.

10.7.1.11 Remove the paddle and stir the slurry briskly with a spatula to ensure a uniform slurry.

10.7.1.12 Fill the fluid-loss cell as specified in 10.8.

excped equipment manufacturer's recommendations for maximum temperatures, jpre§sures and

WAENING Overfilling of this device creates a hazard due to thermal expansion (see Tabl¢ 4). Do not
voliimes.

Tgble 4 — Vapour pressure and volume expansion of water at temperatures between 100 °C (212 °F)
and 316 °C (600 °F)

Temperature Water vapour pressure | Coefficient of Volume expansion for
°C (°F) kPa (psi) water at.saturation pressure
100 (212) 100 (14,7) 1,04
121 (250) 210 (30) 1,06
149 (300) 460 (67) 1,09
177 (350) 930 (135) 1,12
204 (400) 1700 (247) 1,16
232 (450) 2910 (422) 1,21
260 (500) 4 690-(680) 1,27
288 (550) 7200 (1 044) 1,36
316 (600) 10 620 (1 541) 1,47

10.7.2 Conditioning using stirred fluid-loss cell
10.7.21 Prepare thestirred fluid-loss cell in accordance with manufacturer's instructions.

10.7.2.2 Pour the\slurry into a clean, dry, fluid-loss cell following the manufacturer's instructions.

WARNING Overfilling of this device creates a hazard due to thermal expansion (see Tablg 4). Do not
exceped equipment manufacturer's recommendations for maximum temperatures, pre

sures and

accordance
with manufacturer's instructions.

10.7.2.4 Apply and maintain 3 500 kPa + 300 kPa (500 psi + 50 psi) (or sufficient pressure to prevent the
fluid from boiling at the maximum test temperature as listed in Table 4) to the cell. Do not close the
pressurizing valve.

10.7.2.5 While agitating with the paddle, heat the slurry in accordance with the thickening-time schedule

which most closely simulates actual field conditions. Monitor pressures closely to prevent over-pressurizing
the cell.
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10.7.2.6

10.7.2.7

Once the slurry has reached the specified temperature (and been conditioned for an optional
period as described in 10.6.4), stop stirring, close the pressurizing valve, invert the pressure vessel, reconnect
the nitrogen and repressurize the nitrogen supply line (if disconnected), and open the top valve slowly.

Connect the back-pressure receiver or condenser to the test valve below the screen. If a back-
pressure receiver is used, apply sufficient pressure to the back-pressure receiver to prevent the cement filtrate

from boiling at the test temperature (Table 4).

10.7.2.8 Apply 7 000 kPa + 300 kPa (1 000 psi + 50 psi) differential pressure to the pressure vessel.
10.7.2.9 Open the test valve below the screen and begin the test as specified in 10.9.

10.8 Filling the static fluid-loss cell

10.8.1 Prepare the fluid-loss cell. It shall be ready to be filled when the slurry conditioning period has heen
completed. [It shall be clean and dry.

10.8.2 Preheat the fluid-loss cell to the test temperature of 88 °C + 3 °C (190 °F + 59F) for tests at 88 °C
(190 °F) or greater.

10.8.3 With the test pressure supply valve closed, pour the slurry into the fluid-loss cell to 2,5 cm + 0,6 cm
(1in+ '/, in) below the shoulder on which the screen rests in the 12,7 om ¢5in) cell, or 5,1 cm + 0,6 cm
(2int '/, in) below the shoulder in the 25,4 cm (10 in) cell.

WARNING| Overfilling of this device creates a hazard due to thermal expansion (see Table 4).

10.8.4 Plape the screen and O-rings in the cell, secure the’end cap in the cell. Apply pressur¢ of
3 500 =+ 30p kPa or 500 psi + 50 psi. Do not close the test valve:

10.8.5 Heating (non-stirred cell)

10.8.5.1 For tests at temperatures < 88 °C (190.°F), start the test as quickly as possible, but no more than
6 min shall glapse from the time of completion ef.eonditioning to the start of the test (opening the bottom valve,
10.9.1). Completion of conditioning is the end‘ofithe heat-up schedule (plus optional extra conditioning).
10.8.5.2 For tests at temperatures >88 °C (190 °F), heat the fluid-loss cell to the test temperature as|fast
as the heat|ng jacket will heat. No more-than 6 min shall elapse from the time of completion of conditioning to
the start of heating. Completion~ef.conditioning is the end of the heat-up schedule (plus optional gxtra
conditioning) and cooling. Record-the time to reach the test temperature.

NOTE In order for the{slfry to reach the test temperature, it is sometimes necessary to set the contfoller
temperature higher than thé.desired test temperature.

10.8.6 Close the fluid<loss cell top valve, bleed the pressure from the supply line and disconnect the nitrqgen
line.

10.8.7 Inveért:the cell so that the screen is on the baottom

10.8.8 Attach the back-pressure receiver (or condenser) to the outlet stem. If a back-pressure receiver is
used, apply sufficient pressure to the back-pressure receiver to prevent the cement filtrate from boiling at the
test temperature (Table 4).

10.8.9 Connect the nitrogen line and apply a differential pressure of 7 000 kPa + 300 kPa (1 000 psi + 50 psi).
Open the top fluid-loss cell valve to apply and maintain 7 000 kPa + 300 kPa (1 000 psi + 50 psi) differential
pressure to the cell.
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10.9 Fluid loss test

10.9.1 Open the bottom valve to start the test within 30 s of inverting the cell. Maintain at the specified
temperature for the duration of the test.

10.9.2 Collect the filtrate and record the volume to an accuracy of + 1 ml at 30 s, 1 min, 2 min, 5 min, 7,5 min,
10 min, 15 min, 25 min and 30 min. Alternatively, the filtrate may be continuously weighed and recorded. If
weighed, measure and report the filtrate relative density at 27 °C (80 °F) and correct the recorded filtrate
volumes for relative density. When a condenser is used, the filtrate volume in the condenser shall be
accounted for.

The| “Fluid Loss Results Reporting Form” at the end of Clause 10 may be used for recording data and other
pertinent information about the test.

10.9.3 If nitrogen blows through at less than 30 min, record the volume collected anhd -time at which the
blowout occurs. Close all valves to the cell and turn off the heater.

10.9.4 Calculate the ISO Fluid Loss, expressed as millilitres per 30 min. For tests that run the eptire 30 min
without “blowing out”’, measure the collected filtrate volume, double the value and report it as the fluid loss

valde. For tests that “blow out” in less than the 30 min test interval, usecEguation (16) to calculate the ISO
Fluif Loss.

10,944

N

Calculated ISO Fluid Loss =V, (16)

whdre

V; is the volume of filtrate collected at the time of the blowout, expressed in millilitres;

t  is the time of the blowout, expressed in‘minutes.
10.9.5 When reporting the fluid loss of cement slurries, those for which the fluid loss was measufed for a full

30 min shall be reported as “ISO Fluidess” while those for which the fluid “blew out” in less than B0 min shall
be reported as “Calculated ISO Fluid, Less.”

10.10 Test completion and clean-up

10.10.1 Cool the cell to a-safe handling temperature and release the pressure.
WARNING Pressure’can be trapped inside the cell, even if the valve stems are open or renjoved.
10.10.2 After ensuring that all the pressure is released, disassemble the cell, and inspect the screen to check

for holes or‘damage. If there is damage to the O-ring seals or screen, discard the test results and rerun the
test

10.10.3 Carefully clean the screen to remave cement or additive residue from fluid loss

10.10.4 Clean and dry the fluid-loss cell in preparation for the next test. Pay particular attention to the O-rings
in the cell and on the valve stems.

NOTE 1 Slurries with significant sedimentation give erroneous values for fluid loss.

NOTE 2  Fluid loss tests which do not run a full 30 min have a potential error which becomes greater as the length of
the test becomes shorter.

NOTE 3  Fluid loss tests that run the full 30 min typically show 5 % variability. Tests that run less than 5 min can have a
variability of more than 30 %.
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Form for reporting fluid loss results

Heat-up schedule: minutes to °C (°F) Test temperature [ °C (°F)/min]
Conditioning [ T Atmospheric [1] Pressurized
method kPa, (psi)]
[ 1 Stirred fluid-loss cell
[ 1 Optional extra conditioning minutes
Static cell length [1 12,7cm (5in) [1 254cm(10in)
Cell type (epds) [ 1 Double [ 1 Single
Screen typg [ 1 325mesh x 60 mesh
[ 1 325 mesh x 60 mesh with perforated metal back
Time (min) Filtrate ([ Imlor[ 19) Time (min) Filtrate ([ 1ml'erf 19)
"> 10
1 15
2 25
5 30
7 1/2
If filtrate welighed, relative density : at 26,7 °C (80 °F)
API fluid logs = ml/30 min
Blowout = ml (or g) at min/s
Calculated API fluid loss = ml/30 min
Filter cake ¢onditions = Thickness® Consistency®
Time from |end of conditiening to test = min
start
Temperatuvle = Start of test °C (°F)
End-of-test “CF
Location of thermocouple = [ 1Cell wall [ 1Inslurry
Date of calibration of sensors = Consistometer Fluid-loss cell
Pressure

gauge

Thermocouple

a Thickness : of cake only; do not include remaining slurry if gelled.

b

Consistency : hard, firm, mushy, gelled, etc.
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Permeability tests

11.1 General

-2:2003(E)

This procedure shall be used to determine the relative permeability of a set cement sample to liquids or gases.
Test results can be used to enhance the design of cement slurry formulations, however they do not always
provide an accurate indication of the actual permeability of a set cement under subterranean wellbore
conditions.

11.2 Apparatus

L
4

11
a)
b)

c)

The
may

perineameter shall include the devices described in 11.2.2, 11.2.3 and 11.2.4.

L
4

11
The]
dep
liste

a)

b)

.1 Cement (or core) permeameter, capable of

confining a set cement sample in a sample holder assembly;

displacing gas or liquid through the sample under pressure;

measuring or recording the pressure and rate of flow of fluid through the sample.
re are a variety of permeameters available which can be used to perform' this test. The equipm
be somewhat different, but their component parts and basic operating functions are simila
.2 Sample holder assembly

re are several types of sample holder assembly which can be used to confine a set cem
ending on the type of permeameter used for this tesi: Some recommended types of holder ag
d below:
Moulded-sample holder
an inside diameter tapered from 29,31 mm (1,154 in) at the bottom to 27,94 mm (1,102 in) af
outside diameter of 50,80 mm (2,0-in), and a 5,23 mm (0,206 in) by 45° bevelled top and bo
This mould is then placed in_the ‘'sample holder assembly of the cement permeameter and t
cement sample sealed in theyholder assembly.

Cored-sample holder

The cement slurfy-is cured in a 50,8 mm x 50,8 mm (2,0 in x 2,0 in) compressive strength mo
suitable mould). A cylindrical sample is then prepared by coring the set cement with a 25,4 mr
diamond ceré drill. Water or air is used to lubricate the drill bit while coring the 25,4 mm
cement sample. The cement sample is then cut to 25,4 mm (1,0 in) length using a diamond

that the-ends of the sample are parallel and as perpendicular to the sides of the sample as pos

The ends of the cored cement sample are then cleaned of any residue. The sample is plag

ent designs
. A cement

bnt sample,
sembly are

The cement sample is cured in a mould-of brass or stainless steel having a height of 25,40 mm (1,0 in),

the top, an
tom edges.
he moulded

ild (or other
n (1,0in) ID
(1,0in) OD
tore saw so
sible.

ed inside a

rappber core noldaer (Figure ). 1he rubber core nolder and cement sample IS then placed Ins

de the core

holder assembly and secured and confined in the permeameter such that no pressurized gas or liquid can

bypass the cement sample during testing.

11.2.3 Pressure medium, such as compressed air, nitrogen, or any other safe and adequate means of
maintaining constant gas pressure.

For gas permeability tests, the gas is transmitted under pressure directly through the cement sample.

For liquid permeability tests, the gas pressure shall be applied to a liquid-filled accumulator system (rubber
bladder, tank, sealed piston reservoir, cylinder, etc.) which, in turn, displaces a liquid out of the accumulator
through the cement sample. Constant gas pressure shall ensure a constant liquid flow rate into the cement
sample. Alternative fluid delivery systems such as constant rate pumps may also be used.

© 1SO 2003 — Al rights reserved
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11.2.4 Measuring or recording device

The flow rate of gas may be measured using a “ball” type flow meter or an electronic mass-flow meter. The
flow rate of liquid may be measured using a flow meter (rotameter), electronic mass-flow meter, or other
appropriate means. Flow rate shall be measured in millilitres per second.

When using the electronic mass-flow meter with liquid, the liquid shall be collected inside a closed, sealed
reservoir on the downstream side of the specimen which, in turn, will displace air out of the reservoir through

the mass-flow meter.

11.3 Sample preparation

11.3.1 General

Prior to curing, prepare the cement slurry and curing mould as directed in either 11.3.2 or 11.3.3.

11.3.2 Slugry

11.3.2.1 Hor moulded samples

Pour the cegment slurry, prepared in accordance with Clause 5, into a clean, . ungreased, cement permeameter
mould which has been placed on a flat plate and sealed around the exterior<with a thin film of grease. Pug@dle
the cement|slurry 27 times with a stirring rod and level it with a spatula‘orstraightedge. Carefully place g top
plate on thg mould so as not to trap air bubbles in the sample. Then+Cure the moulded sample in accordance

with the cur

11.3.2.2 K

Prepare thg cement slurry in accordance with Clause -5.°Then transfer the slurry into moulds prepared

compressiv
11.3.3 Set

11.3.31 K

After the ce
from the cu

temperatu rI

soft wire br

11.3.3.2 K

After the ce
from the cu

ng procedure outlined in Clause 7.

or cored samples

e-strength test, and cure in accordance wjthythe procedure outlined in Clause 7.
cement

or moulded samples

ment slurry has cured under the desired test conditions, remove the mould containing the sar
ring chamber or water_bath. Remove the cover plates and cool the sample under water to r
. Clean the sample.by scraping under a stream of water to remove any residue prior to testin
sh, emery cloth-orknife blade may be used for removing residue.

or cored.samples

ment'siurry has cured under the desired test conditions, remove the mould containing the sar

temperature

for

nple
bom
g. A

in 11.2.2 b).

11.4 Liquid permeability (cement permeameter)

11.4.1 Prior to testing, saturate the sample with water. Keep the sample immersed in water until the time of
testing. Seal the mould in the sample holder assembly with its larger face downward. Tighten the assembly to
assure an O-ring seal at the top and bottom of the cement sample. To prevent collection of any air in the water
and under the sample, the procedure described in 11.4.2 through 11.4.8 is recommended.

11.4.2 With mercury in the system as shown (see Figure 9), valve A closed, valves B, C, and D opened,
connect an aspirator bottle containing recently boiled, deaerated and filtered (using an 0,15 ym ceramic filter)
water to valve C. Fill the water chamber until water over flows through valve D.
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11.4.3 With valves B, C and D closed and valve A opened, adjust the air regulator to obtain

-2:2003(E)

the desired

pressure drop across the cement sample by observing pressure gauge G [generally 100 kPa to 1 400 kPa

(20 psi to 200 psi)].

11.4.4 Connect the aspirator bottle to valve E.

11.4.5 With the aspirator bottle 305 mm to 610 mm (12 in to 24 in) higher than valve E, open valves D and E
slightly to allow a small flow of water past the mould containing the set cement as the holder cap is screwed

into place.

11.4.6 Close valve E and fully open valve D.

.8.2 Fill the liquid accumulator in the core permeaméter with deaerated, filtered (using 0,15
) deionized water.

.8.4 Leaving valves A (gas test valve)sand F closed, open valves B, C, and D to the liquid
eameter, and trap valve E.

.8.5 Slowly increase pressurewith the regulator, as observed on gauge G, until a steady stre
ns to flow out of valve D abeve the core-holder assembly.

11.8.6 Close valve D to.divert flow through the cement sample. Increase pressure indicated on
readl between 100 kPa.-aind 1 400 kPa (20 psi and 200 psi) or until flow is observed on the downstn
the pement samplelat valve E. Close valve E to divert the flow through the flow-meter assembly.

The)
flow

slowest measurable flow rate shall be used to measure permeability. High differential pressurg
rates ean‘provide erroneous measurements.

11.8.7..When the flow rate has stabilized, record the inlet pressure as indicated on gauge G (p;) a

(q) =

millilitrac nar cacand \Whan comnlatad—raliavae-pnroaccira-on-thao raailatorand -clowlhionan\.
LERRLLLLELY B = SOty e cormpreteaTTenevye— C-ortecTreguratorarta—SteWwry-operi—v

r top of the

ced through
ure at least

the time of
r assembly
s confining

lm ceramic

side of the

am of liquid

gauge G to
eam side of

s and large

nd flow rate
alves D and

E to relieve any pressure in the system. Remove the cement sample.

In either case, “unsteady state” permeability is observed as an increase or decrease in different
and flow rate across the core sample at constant drive pressure. “Steady state” permeability occu
differential pressure and flow rate remain steady at constant drive pressure. Only steady state me
are valid.
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()

50,8

21,99

5,23 x 45°
i
e (T T T T [T T T T T T T T T])

25,4

29,31

1

Key

pressurg regulator
air
water
pipette measuring tube
mercury
O-ring
mould (kee detail)
holder dap

© 0o N o g b~ ON -

holder gylinder

RN
o

holder Qase

11 mould detail

A, B,C,D, E,F Vvalves (see text)
G pressure gauge

Figure 9 — Cement permeameter
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a) [Hassler sleeve assembly hydraulic seel b) Tapered sleeve assembly mechani¢al seal
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c) Assembled permeameter
Key 6  closed position 12 trap valve (E) 17  regulator
1 confining pressure 7  open position 13 Fill valve (F) 18 liquid accumulator
2 fluid inlet 8 gas test valve (A) 14 inlet pressure (G) 19 core-holder assembly
3 rubber sleeve 9  liquid test valve (B) 15 flow meters 20 tube to drain
4  cement sample 10 valve (C) 16 gasinlet 21 check valve
5  tube to flow meter 11  bleed valve (D)

Figure 10 — Liquid/gas core permeameter
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11.6 Calculating liquid permeability
Calculate the liquid permeability K of the set cement using Darcy's Law, as given in Equation (17) (SI units of

square micrometres) or Equation (18) (USC units of millidarcies). The curing temperature, curing pressure and
curing time shall also be reported with the permeability measurement.

K =1059 4L (17)
A-Ap

where, for Sl units:

K is he permeability, expressed in square micrometres;

g s the flow rate, expressed in millilitres per second;

4 is the liquid viscosity, expressed in pascal seconds;

L is [he sample length, expressed in centimetres;

A is [he cross-sectional area, expressed in centimetres squared;
pi isfhe inlet pressure, expressed in kilopascals;

Do is [he outlet pressure, expressed in kilopascals;

Ap is [p;—p,), expressed in kilopascals.

or, for USC|units:

K =147004 4L (18)
A-Ap

K is [he permeability, expressed in millidarcies;

g s the flow rate, expressed in-millilitres per second,;

4 is the liquid viscosity, expressed in centipoise;

L is the sample lengthyexpressed in centimetres;

A is [he crosszsectional area, expressed in centimetres squared;

p; is [he inlet-pressure, expressed in pounds per square inch;

Po is the outfet pressure, expressed In pounds per square Incri,

Ap is (p; = po), expressed in pounds per square inch.

11.7 Gas permeability (core permeameter)

11.7.1 Perior to testing, dry the sample to constant mass in a drying oven or desiccator. This procedure may
be used to determine the permeability of the cement sample to gas. This test can be used to quickly screen
cement samples to enhance the design of extremely low permeability formulations.

11.7.2 Prepare the sample and load into the core permeameter as outlined in 11.5.
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11.7.3 With the air regulator backed off, and all valves closed on the permeameter, apply gas pressure
[2 050 Pa to 3 500 Pa (300 psi to 500 psi)] to the permeameter.

11.7.4 Leaving valves B and C (liquid test valves) closed, open valves A and D to the gas side of the
permeameter.

11.7.5 Slowly increase pressure with the regulator until the lines have been purged of all liquid, and gas is
slowly bleeding out of valve D above the core-holder assembly.

11.7.6 Close valve D to divert the gas flow through the cement sample. Increase the pressure indicated on
gauge G until a flow rate is observed at the flow-meter assembly. Be sure valve E is closed. Once the flow
rate| has stabilized, record the inlet pressure on gauge G (p;) and flow rate (g, in millilitres per segond).

11.7.7 Once the readings are taken, relieve the pressure at the regulator, open bleedvalves D and E to
male sure no pressure is trapped in the permeameter, and remove the cement sample.

11.8 Calculating gas permeability

Calgulate the gas permeability k£ of the set cement using Darcy's Law, as givén in Equation (19) in Sl units of
square micrometres (USC units of millidarcies). The curing temperature, clring pressure and curing time shall
alsq be reported with the permeability measurement.

k:2000><y><2qb><pzb><L (19)
Ax(pi” =po”)

where:

k is the permeability to gas, expressed in square micrometres (millidarcies);

M is the viscosity of gas, expressed in pascal seconds (centipoise);

qp is the flow rate of gas, expressed.in millilitres per second;

pp is the adjusted barometrig.pressure, expressed in kilopascals (standard atmospheres);
L is the cement samplé€ length, expressed in centimetres;

A is the cross-sectipnal area, expressed in centimetres squared;

p; s the inlgf\pressure, expressed in kilopascals (standard atmospheres);

po s thie outlet pressure, expressed in kilopascals (standard atmospheres);
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12 Determination of rheological properties and gel strength using a rotational
viscometer

12.1 General

The purpose of this procedure is to characterize the rheological behaviour of cement slurries. Determination of
rheological properties of cement slurries can be sensitive to the procedure being used. Therefore, a
comparison of rheological properties of cement slurries obtained using different procedures is not

recommended.
A standardjzed—procedure ias been devetoped o generate reproducibte results for the ot imadustry. T his
procedure Wwas developed after a careful analysis of many parameters which affect the rheological behaviour
of cement glurries. The large majority of data was accumulated using non-dispersed slurries; however, gdata
from some [dispersed slurries were also evaluated. The results of the analysis showed that highly'dispefsed
slurries will|generally yield data of less quality with this procedure, because of possible settling,while runhing
the test.
12.2 Apparatus
12.2.1 Rotational viscometer
a) Calculation of shear stress and shear rate
With this type of viscometer, the sample is confined between two:concentric cylinders of radii R, and R,
(R, > R4), ope of which, the rotor, is rotating at a constant rotational speed, »,. The rotation of the rotor in the
presence of the sample produces a torque that is usually measuréd at the wall of the inner cylinder, but is plso
prevalent op the outer cylinder wall. The cylinder radii shall be*such that the sample is homogeneous and the
shear stres$ is as uniform as possible across the gap. Theseiconditions are assumed to be satisfied if:
R
(_1J 1oo (20)
Ry
and
Ry —RY>10xD (21)
where @ is the diameter of the largest sample particle.
The nomingl shear rate, Y, is calculated at the inner cylinder wall by the following expressions:
4XR3 xn
y = —f5 25 (22)
RS — R}
RA
y:ix—zzxnrz (23)
15 R5 —Rj
where
v is the nominal shear rate, expressed in reciprocal seconds;
n, is the viscometer rotational speed, expressed in revolutions per second (revolutions per minute);
R4, R, are the radii of the concentric cylinders (R, > R4), in metres (inches).
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the shear stress, 7,

. T
2><TE><R12

r=144— 1
2xmx Ry

where

(24)

(25)

The

The

zerd
ran

7 is the shear stress, expressed in pascals (pounds force per square inch);
T is the torque per unit length, expressed in newtons (pound-force);

R, is the radius of the inner cylinder, in metres (inches).

following assumptions were used in the derivation of Equations (22), (23),.(24) and (25).

The slurry is homogeneous and the shear stress is uniform in the gap.
The flow regime in the annular gap is laminar.
Slip at the wall is negligible.

The fluid exhibits essentially time-independent behaviour.

rotational viscometer shall be capable of measuring shear stress at shear rates in the rang
to at least as high as 511 s~!. Typically used instruments provide a minimum of five read
e. Instruments providing less than five readings in that shear rate range are not recommended.

b) |Description and specifications of-a'typical rotational viscometer

Thi

res
bob

viscometer is a direct-indicating -instrument powered by a motor with or without a speed reg
box| The outer cylinder or sleevetis driven at a constant rotational velocity for each r/min (rev/s)
rotation of the sleeve on thescement slurry produces a torque on the inner cylinder or bob. A to
ains the movement of-the bob and a dial attached to the torsion spring indicates the displacg

1) Characteristics of the sleeve:
inside\diameter 36,83 mm (1,450 in);

total length may vary slightly with manufacturer;

e from near
ings in that

uction gear
setting. The
rsion spring
ment of the

H R i H [ Lo W, | Vo Mo Yo NHIG WP Jov ok
SUTTUTU TG JO,5 TTTT &, U ) aUUVE DULUTTT,

two rows of 3,18 mm (1/8 in) holes, spaced 2,09 radians (120°) apart, around rotor sleeve and

centred 3,2 mm (1/8 in) and 9,6 mm (3/8 in) below the scribed line.
2) Characteristics of the bob:

diameter 34,49 mm (1,358 in);

cylinder length 38,00 mm (1,496 in);

closed, with a flat base and tapered top with a cone semi-angle of 60°.
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When using this instrument, nominal shear rate and shear stress can be calculated from the instrument's raw
data by using the expressions:

y =16,28 xn, (Shy (26)

y =1705xn, (USC) (27)
and

7(Pa)=0,509 9x F x 6@ (SI) (28)

7=1065%x Fx0 (USC)~~[(29)
where

y is the nominal shear rate, expressed in reciprocal seconds;

n, is fhe viscometer rotational speed, expressed in revolutions per second (revolutions per minute);

r is the shear stress, expressed in pascals (pounds force per 100 squarefeet);

6 is the viscometer reading, expressed in instrument degrees;

F is the instrument's torsion spring factor.

12.2.2 Stopwatch or electric timer.

12.2.3 Thefrmometer or thermocouple, capable of measuring temperature within + 0,5 °C (+ 1 °F).

12.3 Calibration

Calibration jprocedures for a given viscometet_shall be followed as suggested by the manufacturer to assure

the repeatapility of the measurements.

a) Proper|operation of a direct-indigating viscometer depends, among other things, upon maintenance of the
correct| spring tension. Procedures for testing spring tension by a simple deadweight method of by
measufing Newtonian fluidg-of-known viscosity at specific temperatures are available from manufactugers.
Rotatignal speeds shall be checked with a tachometer. In addition, it is important to make sure that when
empty,|the instrumentseads zero when rotating at any speed.

b) AIthouih typically used instruments are generally provided with a torsion spring having a spring fgctor
F=1 as standard, other torsion springs are available for measuring fluids having lower or higher
viscosity. Eaeh' time the torsion spring is changed, the instrument shall be recalibrated. When| the
instrument. is equipped with a torsion spring having a spring factor F = 1, the dial readings obtained shall
be multiplied-by-the-appropriatefastor-4=

c) The bob-sleeve assembly shall be checked for centralization before using the instrument. This shall be
done by turning on the instrument and placing a small mirror underneath the bob-sleeve assembly.
Severe non-centralization shall be corrected.

12.4 Dete

rmination of rheological properties

The procedure below is recommended when using pressurized viscometers [for measurements above 88 °C
(190 °F)] or atmospheric viscometers. For safety reasons, do not use atmospheric viscometers at
temperatures above 88 °C (190 °F). Deviations from this procedure for pressurized viscometers shall only be
made as required due to equipment characteristics.

54
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Clean and dry the instrument (bob, sleeve and cup) before each test.
a) Prepare the cement slurry in accordance with Clause 5, with the following exceptions.

1)

occurs around the bearings, replace the entire blender-blade assembly.)

2)
minimize foaming.

Pour the prepared cement slurry immediately into the slurry container of an atmospheric or a

-2:2003(E)

Check the blades of the blender for wear and replace as recommended in 5.2.3. (If water leakage

When needed, add antifoam agent to the mix water before adding the solids to the water, to

pressurized

consistometer for preconditioning. The slurry container shall be initially at ambient temper,
can avoid the possibility of thermally shocking temperature-sensitive additives. The slufry,
heated to the desired test temperature, up to 88 °C (190 °F) in the atmospheric consistomet
desired elevated temperature and pressure in a pressurized consistometer, and ,to the
thickening-time test schedule for the cementing application.

With slurries that are not affected by thermal shock, the slurry container\may be pre-hed
(£ 5 °F)] at the test temperature or any other initial temperature selected-by the operator, bef
the slurry into the slurry container.

After the desired preconditioning temperature (and pressure) has been reached, stir the ceme
rapidly as possible to 88 °C (190 °F), or to the test temperature if less than 88 °C (190
opened.

Blot from the top of the slurry any oil which may have invaded the pressurized consistomete
the preconditioning period.

After the oil is blotted, remove the slurry paddle and stirr the slurry vigorously with a spatula f
disperse all the solids which may have settled to the bottom of the cup.
d) |[Immediately pour the cement slurry,into the viscometer cup to the fill line. Maintain the visc
bob and sleeve at the test temperature + 2 °C (£ 5 °F) for the duration of the test, by using a
assembly large enough to<allow good temperature control. As indicated above, the m4
temperature for an atmospheric viscometer shall not exceed 88 °C (190 °F). During steps
12.4 d), make every effort-to prevent the slurry from remaining static for any period of time.
e) |With the sleeve rotating at the lowest speed, raise the preheated cup until the liquid lev
inscribed line on\the sleeve. This operation minimizes slurry gellation and ensures uniform di
the slurry.

Record the’temperature of the slurry in the viscometer cup before taking the first reading. Ta
instrument dial reading 10 s after continuous rotation at the lowest speed. Take all the remaini
firstin ascending order, and then in descending order, after continuous rotation of 10 s at g

afure, as this

)

ay then be
er, or to the
appropriate

ted [£2°C
ore pouring

nt slurry for

a period of 20 min. If preconditioning is done in a pressurized! consistometer, cool the slufry down as

°F), before

releasing the pressure from the consistometer. The pressurized consistometer can thenp be safely

cup during

or 5s to re-

bmeter cup,
heated cup
ximum test
12.4 c) and

el is at the
stribution of

e the initial
ng readings
ach speed.
ommended

Shifting to the next speed shall be done immediately after taking each reading. The reqg

highest reading shall be taken at a shear rate (equivalent speed) of about 511 s=1. Exposing cement
slurries to shear rates above 511 1/s has been reported to generate inconsistent results. If desired, after
ramping up and down and after measuring the gel strength (12.5), readings at shear rates greater than
511 s=1 may be taken. After taking all the readings, again record the temperature of the slurry in the
viscometer cup.

NOTE Repeatability of data taken at shear rates at and below 10,2 s~ is often poor. At the discretion of the operator,
readings at and below 10,2 s~ may be omitted from the test, except when measuring gel strength (12.5).
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g) Calculate the ratio of the ramp-up to ramp-down readings at each speed. This ratio can be used to help
qualify certain slurry properties, as follows.

1) When the ratio at all the speeds is close to 1, this may suggest that the slurry is a non-settling, time-
independent fluid at the average test temperature.

2) Ratios mostly higher than 1 may suggest settling of the slurry at the average test temperature. In
addition, if some ramp-down readings at the same rotational speed are lower by more than
5 instrument degrees (obtained with the viscometer in 12.2.1 b) with a spring factor F = 1), this may
be a further indication of the possibility of settling.

3) R4tio values mostly lower than 1 may suggest gelling of the slurry.

When Eignificant differences in the readings indicate that the cement slurry is not stable, i@. prong to
extremg settling or excessive gellation, adjustments in the slurry composition shall be considéred.

h) Report the slurry rheological measurements as the average of the readings [(ramp-up # ramp-down)/q], at
the avgrage of the temperatures recorded in Step 12.4 f). An example is shown in Table 5.

Table 5 — Example of data from a rheological propertiestest

Rotational .
speed | TG | reading | ratio) | reading
r's
3 21 24 0,87 22,5
6 40 36 1,11 38
30 65 83 0,78 74
60 84 100 0,84 92
100 100 115 0,87 107.,5
200 137 147 0,93 142
300 170 170
Initial slurry temperatufe’=66 °C (150 °F)
Final slurry temperature = 63 °C (146 °F)
Rheological propetties reported at average temperature 65 °C (148 °F)

i) For improved reliahility of the measurements, the entire procedure may be repeated 2 or 3 times using a
freshly|prepared. slurry each time. Each instrument reading shall then be reported as the average df all
the acdeptablé-measurements.

12.5 Determination of gel strength

The gel strength of a cement slurry may be measured immediately after determining the rheological properties
of the slurry sample, or as an independent observation. If increasing slurry gelation is observed during the
rheological measurements, a brief reconditioning of the slurry in the viscometer for 1 min at 300 r/s may
disperse the gels and allow better measurement of the gel strength. For all independent tests, prepare,
condition and load the slurry into the viscometer as outlined in 12.4 a) through 12.4 e).

Gel strength shall then be determined as follows.

a) Shut off the viscometer for 10 s and record the slurry temperature.

56 © 1SO 2003 — Al rights reserved


https://standardsiso.com/api/?name=c0a96ab9c40170c3088c90167d48b749

ISO 10426-2:2003(E)

b) Set the viscometer at the speed equivalent to 5,1 s=1 and start rotation. Record the maximum observed
reading immediately after turning on the instrument. Use this reading to calculate the 10 s gel strength
using Equation (28).

c) Shut off the viscometer for 10 min and record the slurry temperature. Repeat the measurements as in
12.5 b). to report the 10 min gel strength.

d) After taking the readings, again record the temperature of the slurry in the viscometer cup.

e) Report the slurry gel strengths at the average of the recorded temperatures.

f) |For improved reliability of the measurements, the entire procedure may be repeated 2 time$ or 3 times
using a freshly prepared slurry each time. Report the gel strength values as the average of tig acceptable
measurements.

12.6 Modelling of the rheological behaviour

12.6.1 General

To Ibe able to characterize the flow behaviour (friction pressures, flow regime, etc.) of the cement s$lurry in any
geometry (pipe, annulus, etc.), a rheological model that best represents-the data shall be selected| To do this,
conyert the raw data obtained (rotational velocities and torque readings) to shear rate and shear $tress using
Equations (22), (23), (24) and (25). Simplified equations (26), (27), (28) and (29) may be usefd when the
visgometer in 12.2.1 b) is being used. A rheological model for_the fluid can then be selected by g regression
analysis or by plotting the shear rate vs. shear stress data.

Thel following assumptions were made to develop the equations that appear in this clause:
a) |the fluid is homogeneous;

b) [slip at the wall is negligible;

c) |the fluid exhibits essentially time-independent behaviour;

d) |the flow regime is laminar.
12.6.2 Rheological models

12.6.2.1 General

Rhdological models describe the relationship between shear stress and shear rate of a fluidl The most
commonly used.models to describe the rheological properties of cement slurries are the Bingham|Plastic and
the Power Law\Models.

12.6.2.2,_\Bingham Plastic Model

When plotting shear siress versus shear rate on Cartesian (rectangular) coordinates, a cement slurry
behaving as a Bingham Plastic results in a straight line with a positive shear stress at zero shear rate
(Figure 11, Curve D). For this model, the shear stress is related to the shear rate by the relationship:

T =170+ (lp xy) (30)
where
r is the shear stress, expressed in pascals (pounds force per 100 square feet);

7, is the positive shear stress at zero shear rate, expressed in pascals (pounds force per 100 square

feet);
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Hy, is the proportionality constant, expressed in pascal seconds;

vy is the shear rate, expressed in reciprocal seconds.

In Equation (30), 7, is referred to as yield stress or yield point (often denoted as YP). Above the yield point, the
shear stress of the fluid is proportional to the shear rate, and the proportionality constant Hy is referred to as
the plastic viscosity (often denoted as PV). If in Equation (30) the yield point is equal to zero, the equation
then becomes the relationship for the simplest of all rheological models, the Newtonian fluid model (Figure 11,
Curve A).

10—

0 200 400 600 800 1000
7, s
Key
A Newton|an behaviour
B  Power law (n<1) behaviour
C Power law (n>1) behaviour
D Bingharm Plastic behaviour

Figure 11 — lllustration of shear stress-shear rate behaviour of various fluids on a linear plot

12.6.2.3 Rower-Law Model

When plottihng_shear stress versus shear rate on Cartesian (rectangular) coordinates, this model produces a
curve with zero shear stress at zero shear rate (Figure 11, Curves B and C). When plotting shear stress
versus shear rate on log-log paper, a cement slurry behaving as a Power Law fluid results in a straight line
(Figure 12, Curves B and C). For this model, the shear stress is related to the shear rate by the relationship:

T=kxy" (31)
where
7 is the shear stress, expressed in pascals (pounds force per 100 square feet);

k is the consistency index (a constant), expressed in pascal seconds to the power of n (Pa - s”) [100
pounds force seconds to the power of n per 100 square feet (100 Ibf - s7/100 ft2)];
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y is the shear rate, expressed in reciprocal seconds;
n is the Power Law flow behaviour index (Ostwald index).

In Equation (31), for shear-thinning (pseudo-plastic) fluids, n is a positive number between zero and 1
(Figure 11, Curve B). Cement slurries normally exhibit pseudo-plastic behaviour. For shear-thickening
(dilatant) fluids, n is a positive number greater than one (Figure 11, Curve C). Cement slurries normally do not
exhibit dilating behaviour. If in Equation (31) » is equal to 1, the equation then conforms to the Newtonian fluid
model (Figure 11, Curve A).

®©
o
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0,1
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0,001 | | |
1 10 100 100

[=)

Key

Newtonian behaviour
Power Law (n<1) behaviour

Power Law (n>1) behaviour

o O o >

Bingham Plastic behavieur

Figure 12 — llustration of shear stress-shear rate behaviour of various fluids on a log-lpg plot

12.9.3 Selecting a rheological model

12.6.3:14—General

The shear stress, shear rate data of the cement slurry shall be analysed according to Equations (30) and (31)
to make a decision about which model best fits the data. This can best be done by performing a regression
analysis on the data. The model with the best regression coefficient shall be selected as the model describing
the data.

12.6.3.2 Bingham Plastic Model
A regression analysis shall be performed using Equation (30) to determine the slope 4 and the intercept B. If

shear stresses r are expressed in pascals (Sl units) or pound-force per square inch (USC units) and shear
rates y are expressed in reciprocal seconds, the Bingham Plastic parameters Ly and r, can be derived from:

© 1SO 2003 — Al rights reserved 59


https://standardsiso.com/api/?name=c0a96ab9c40170c3088c90167d48b749

ISO 10426-2:2003(E)

py = A () (32)
py = 478,8x 4 (USC)  (33)
7o =B (Sland USC)  (34)

A negative calculated yield point is an indication that either the cement slurry has tendencies to settle, or the
cement slurry may be gelling up while its rheological properties are being measured. If this happens, it is
recommended that the slurry be re-mixed and its rheological properties re-measured. If the problem persists,

the cement

slurry could present problems downhole, and its use shall be reconsidered.

12.6.3.3 K

Here, the ¢
slope C ang

logyo 7
Regardless
n==C

If shear str
consistency

k=10

If shear stlesses r are expressed in Ibf/in2 and sheat rates y are expressed in reciprocal seconds,

consistency
0,0
12.6.4 The

12.6.41 (
If a regresg
method, tw
the models
rate data o
Power Law
then chose
can be obtg

ower Law Model

arameters are obtained using regression analysis on the logarithmic form of Equation (31)
intercept D:

=logyg k +nlogyg ¥

of the unit system, the flow behaviour index » can be derived directly fram the slope C:

esses 7 are expressed in pascals and shear rates y are expressed in reciprocal seconds,
index, k, in Pa-s” can be derived from the intercept D using:

P (Sl)

index, &, in Ibf-s"/ft2 can be derived from thé intercept D using:

1% 107 (USC)

“two-point” method

5eneral

ion analysis cannot' be performed, a less accurate “two-point” method may be used. With
p data points from) the shear-stress, shear-rate raw data are selected to calculate the paramete
A better way‘to select two data points to use with this method is to plot the shear-stress, sh
n Cartesiany(rectangular) coordinates for the Bingham Plastic Model, and on log-log paper for
Models-After that, the “best” straight line is drawn through the data points. Two data points
h on the line, and used to calculate the parameters. From these two data points, the paramg
ined as described in 12.6.4.2 and 12.6.4.3.

with

(35)

(36)

the

(37)

the

(38)
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the
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12.6.4.2 Bingham Plastic Model

For this method using the Bingham Plastic Model, where the subscripts | and , refer to the two selected data
points, the shear stresses r in pascals (Sl units) or pounds force per 100 square feet (USC units), and shear
rates y in reciprocal seconds for both unit systems, the plastic viscosity 44, and yield point 7y are calculated as

follows:

Hp

_ T2 — 17

(SN

Y2—nN

60

(39)

© 1SO 2003 — Al rights reserved


https://standardsiso.com/api/?name=c0a96ab9c40170c3088c90167d48b749

ISO 10426

-2:2003(E)

or
py = 478,8x 211 (USC)  (40)
Y2 =1
and
To =T —(72 x 2 _T1J (SlorUSC)  (41)
Y2 =1
If the viscometer described in 12.2.1 b) is being used, and if the cement slurry is truly behaving'ag a Bingham
Plagtic fluid, the following simple expressions may be used:
ty =0,00150 x F (6300 —O100) (Sl) (42
Hp =150 F (6300 ~ 100 ) (USC)  (43)
and
7o = 0,478 8( F x B399 —1 000 45 | (S (44)
7o = F (6300 — #4p) (USC)  (495)
whqre
0300 is the instrument's reading at 300 r/min;
6100 is the instrument's reading at 100 r/min.
A begtter choice is to use data points selected at the denoted revolutions per minute, from the best|straight line
drayn through the raw data points on a-Cartesian plot of revolutions per minute versus instrument feadings.
12.6.4.3 Power Law Model
Forfthe Power Law Model| the parameters using the “two-point” method can be obtained as follows:
 _ Jog10 (z2/ ) (46)
log1o (#2477)
and
R )
CA o
k=0,01x1=0,01x 2 (USC)  (48)

7 72

If the viscometer described in 12.2.1 b) is being used, and if the cement slurry is truly behaving as a Power
Law fluid, the following simple expressions may be used:

n=2,096x |Og10 (9300/9100)
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and

S11° Sl (50)

k=(Fx6 _—
( x 3°°)X0,4788

k=(F><¢9300)><(100><511n) (USC)  (51)

Again, the preferred way to obtain the instrument's readings for the last two equations is from the best straight
line drawn through the raw data points on a log-log plot of r/min versus instrument readings.

12.6.5 Exal'nples

Two examplles are given below illustrating the selection of the best model for the given measured'data.

EXAMPLE 1 The following data were obtained using the procedure outlined in this part of ISO 10426

Velocity Reading Shear rate Shear stress | Shearstress
r/min F=1 s Pa (IbFA100 ft2)
3 4 5,11 2,04 4,26
6 7 10,2 3,57 7,45
30 27 51,1 13,70 28,70
60 51 102 25,00 54,30
100 78 170 39,80 83,10
200 143 340 72,80 152
300 200 511 102 213

hd 14 show a comparison of the data.plotted on Cartesian and on log-log coordinates. The figures sudgest
Law Model may be used for the(data. From a regression analysis, the correlation coefficient for the Ppwer
as 1,000. For the Bingham Plastie, it was 0,996. The rheological parameters for the Power Law Model from

Figures 13 a
that a Powe

Law Model ®
the regressign analysis were in this case;
n k k
Pa-s” (Ibf-s"/ft2)
0,854 0,494 0,0103
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Figure 13 — A linear plot of shear stress vs. shear rate for Example 1
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Figure 14 — Logarithmic plot of shear stress vs. shear rate for Example 1
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EXAMPLE 2
Velocity Reading Shear rate Shear stress Shear stress
r/min F=1 s Pa (Ibf/100 ft2)
3 56 5,11 28,5 59,6
6 60 10,2 30,6 63,9
30 84 51,1 42,9 89,5
60 109 102 55,5 116
100 140 170 71,3 149
200 200 340 102 213
300 260 511 133 277
Figures 15 apd 16 show that these data best fit a Bingham Plastic Model. This was verified usingregression analysis .| The
correlation cpefficients were 0,992 for the Bingham Plastic Model and 0,937 for the Power iaw Model. The rheolopgical
parameters fpr the Bingham Plastic Model from the regression analysis were:
‘0 % Hp Hp
Pa (Ibf/100ft*) Pa-s (cp)
29,7 62,0 0,204 204
o
q
> 140 —
P ‘
120 — .- .
100 — _4' ’
80 —
60 —
L0 —
la
20 =
) | | | | | |
0 100 200 300 400 500 600
y, s
Key
A Data
B  Model

Figure 15 — Linear plot of shear stress vs. shear rate for Example 2
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Figure 16 — Logarithmic plot of shear stress vs. shear rate for Example 2

13 | Calculation of pressure drop and flow regime for cement slurries in pipes and
annuli

13.1 General

13.1.1 Background

Selgction of the rheological, model which best fits the slurry rheology data is required to calculate the flow
behpviour of a cementcslurry in any wellbore geometry. The procedure for rheological model |selection is

The| following edquations can be used for calculating pressure drop and flow regime for cement slurries in
cas|ng and con€entric annuli. Shear rates and shear stresses change as wellbore geometries and annular
tolefances change, with varying degrees of eccentricity. Also slurry behaviour is altered with changing

estimate pressure drop and flow reglme ina concentrlc annulus by usmg the rheological data from a rotational
viscometer. Due to the complexity of equations needed to address eccentric annuli, they are not included in
this procedure, however good computer models are available for this purpose. References in which such
models are discussed are included in this clause.

13.1.2 Assumptions
The following assumptions are made in these calculations:

— the fluid is assumed to be time-independent, its rheology is supposed to be well described either by a
Newtonian, a Power Law or Bingham Plastic Model;
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— the fluid is assumed to be homogeneous;

— the fluid temperature is assumed to be homogeneous;

— the flow is fully developed;

— for annular flow, it is assumed that the geometry is concentric.

For annular flow, we give two sets of equations. One is the pipe approximation which applies to annuli with
low diameter ratios, i.e. do/D5 (da and D4 being the inner and outer diameters of the annulus, respectively).

The other is_the narrow slot approximation which applies to annuli with diameter ratios typically higher f

0,3. In fact

13.1.3 Pert

In the equa
appropriate

To simplify
volumetric
conversion

a) Relatig

1)

2)

where

he diameter ratio can be taken into account but it leads to equations which are more complicat

inent equations

tions that follow in this part of ISO 10426, the multiplier K is a unit conversion) eonstant. It
subscripts, for example: v for velocity.

the flow equations presented below, the fluid mean velocity, symbol v, is(used rather than the
flow rate, symbol g. The relationship between these two parameters’is as follows. Factors
from Sl to USC units are included in 13.5.

nship between fluid mean velocity and fluid volumetric flow)rate

Pipe flow

4q
nxd&

:nxdg
4

%

Annular flow

i 4q
Ttx(Dg —dg)

:Ttx(Daz—dg)XV
4

than
Bd.

has

fluid
for

(52)

(53)

(54)

(55)

v is the fluid mean velocity, expressed in metres per second;

g is the volumetric flow rate, expressed in cubic metres per second;

66

is the inner diameter of the pipe, expressed in metres;
is the inner diameter of the annulus, expressed in metres;

is the outer diameter of the annulus, expressed in metres.

© 1SO 2003 — Al rights reserved


https://standardsiso.com/api/?name=c0a96ab9c40170c3088c90167d48b749

ISO 10426-2:2003(E)

b) Friction pressure gradients

Friction pressure gradients, Ap/L, will be calculated from the relationship between at least two dimensionless

groups: the Reynolds number Re, and the friction factor f.

Once the friction factor is known, the friction pressure gradient can be determined from:

1) Pipe flow
Ap _ 2pv2f
T G
2) Annular flow
Ap 2pv2f
L (Dy—dy)
where:

Ap/L is the friction pressure gradient, expressed in pascals pefimetre (Pa/m);

Ap s the friction pressure, expressed in pascals;

L is the length of a pipe or an annulus, expressedin metres;

P is the fluid density, expressed in kilograms:-per cubic metre;

v is the fluid mean velocity, expressed.in‘metres per second;

f is the friction factor, the ratio ofithe wall shear stresses to kinetic energy per volume;
d is the inner diameter of the pipe, expressed in metres;

a is the inner diameter. of the annulus, expressed in metres;

D, s the outer diameter of the annulus, expressed in metres.

(56)

(57)

The following clauses-discuss how the friction factor is calculated for Newtonian, Power Law and Bingham

Plasgtic fluids.
13.2 Newtonian fluids

13.2.14-Equations

For a Newtonian fluid, the Reynolds number, Re, is defined as:

a) Pipe flow, Reynolds number

vd,
Re:p P
Y7
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b) Annular flow, Reynolds number

Re = PDa ~da) (59)
U
where
Re is the Reynolds number of a Newtonian fluid;
p is the density, expressed in kilograms per cubic metre;
v is the fluid mean velocity, expressed in metres per second;
dp is fhe inner diameter of the pipe, expressed in metres;
d, is [he inner diameter of the annulus, expressed in metres;
D, is the outer diameter of the annulus, expressed in metres.
4 is fhe viscosity, expressed in pascal seconds (Pa-s).
Therefore the fluid mean velocity for a given value of the Reynolds number ¢an be calculated from:
c) Pipe flow, fluid mean velocity
, = HRe (60)
pdy,
d) Annular flow, fluid mean velocity
Re
=
where
Re is [he Reynolds number;
p is [he density, expressed in kilograms per cubic metre;
v is the fluid mean-velocity, expressed in metres per second;
dy is fhe inner diameter of the pipe, expressed in metres;
d, is thednner diameter of the annulus, expressed in metres;

D, is the outer diameter of the annulus, expressed in metres;

u is the viscosity, expressed in pascal seconds (Pa-s).
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Depending on the value of the Reynolds number, the flow regime is classified as follows:

Flow regime Pipe flow Annular flow
Laminar Re <2100 Re <2100

Transitional 2100 < Re <3000 2100 <Re <3000
Turbulent Re > 3000 Re > 3000

The critical fluid mean velocity for turbulent flow, v, is given by:

e) |Pipe flow, critical fluid mean velocity
VC:3OOO></u (62)
pdp
f) JAnnular flow, critical fluid mean velocity
Vg = 3 000 x u (63)
P(Da —da )
whegre
ve is the critical value of v, expressed in metres per second;
p s the density, expressed in kilograms per cubic metre;
dp is the inner diameter of the pipe, expressed in metres;
d, is the inner diameter of the annulus;-expressed in metres;
D, is the outer diameter of the annulus, expressed in metres.
4 is the viscosity, expressed in pascal seconds (Pa:-s).
g) [Friction factor, laminan flow
In Igminar flow the friction factor, f, can be calculated from the following equations:
1) Pipe-flow and annular flow — Pipe
16
= — 64
¥ o (64)
2) Annular flow — Slot
24
=7 65
A 2o (65)
where

f s the friction factor;

Re is the Reynolds number.
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h) Friction factor, turbulent flow

In turbulent flow, whatever the flow geometry, the friction factor can be calculated from the following equation:

L:4,0xlog10(Reﬁ)—0,4 (66)

Jr

where

f s fhe friction factor;
Re is the Reynolds number.

In transitional flow, a log-log approximation is performed between Re = 2 100 and Re = 3 000.
13.2.2 Example of calculations

13.2.21 EXAMPLE 1

What is the|critical flow rate for turbulent flow, in cubic metres per second; for a Newtonian fluid with a density
of 1 008 kg/m?3 and a viscosity of 1,8 x 103 Pa-s flowing in a pipe of inner diameter 4 0,059 m? The critical
velocity for furbulent flow is given by:

3ooox(1,8x10*3)
Ve = =,0,090 8 m/s
1008 x 0,059

This gives 3 critical flow rate of:

_ 7x0,0592

c

%0,090 8 = 0,248x10 3 m3/s

What is thelfriction pressure, in pascals;-over 500 m for the same fluid flowing at 0,015 m3/s? Its velocity is

yo 40015 o mis

1x0,0592

So its Reynplds numbekxis:

1008 x 5,49 x 0,059
Re =

oo~ 181390
|8 x

Since Re is larger than 3 000, the flow regime is turbulent, and the value of the friction factor can be
determined from:

£=0,0790x18139079?% =383x10°3
So the friction pressure gradient is given by:

Ap _2x1008x5,49°x3,83x10 2

= 3,944 Pa/m
L 0,059
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which gives a friction pressure of:

Ap =3 944 x500 =1997 000 Pa

13.2.2.2 EXAMPLE 2

-2:2003(E)

What is the critical flow rate for turbulent flow, in cubic metres per second, for a Newtonian fluid with a density
of 1008 kg/m3 and a viscosity of 1,8 x 10-3 Pa-s flowing in an annulus of diameter ratio 0,2159/0,1778? The
critical velocity for turbulent flow is given by:

Thig gives a critical flow rate of:

What is the friction pressure, in pascals, over 500 m for the same fluid flowirg at 0,015 m3/s? Its ve

So

Sing
detq

So the friction pressure gradient is'given by:

whi

-3

3000<t8x<10

"¢ = 1008x(0,2159—0,1778)

=0,141m/s

_ 1x(0,21592-0,17782)

q. 2 x0,141=1,66x10 2 m(s

4x0,015
V= 2 2
7(0,21592 —0,17782)

—127%m°%/s

ts Reynolds number is:

Re — 1008x1,27 (0,215.9-0,177 8)

82103 =27165

e Re is larger than 3 000, the flow regime is turbulent, and the value of the friction fad
rmined from:

£ 20,0790x271652%5 =315x10~°

Ap _ 2x1008x1,27%x6,15x10 2
L (0,2159-0,177 8)

=515Pa/m

th gives a friction pressure of:

Ap =525 %500 = 262 500 Pa

13.

B “Power Law fluids

13.3.1 Equations

For

a)

a Power Law fluid:
Reynolds number:
1) Pipe flow

2
pv-"dy

Rep| =
ot 8" [(3n+1)/(4n)]" k
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2)

3)

where:

Rep

Repi

Rep =

Annular flow — Pipe

_ PP (Dy—dy)"
8" [(3n+1)(4n)]" k

Annular flow — Slot

_ o (Da—dy)"
12" [(2n +1)/(3n)]" k

(68)

(69)

is the Power Law index;

b) Fluid mean velocity

Therefore the fluid mean velocity for a given valde of the Reynolds number can be calculated from:

1)

2)

3)

72

Pi

y =

be flow

i 8" [(3}1 + 1)/(4}1)] ! kRep| (-]
pdpn

Annular flow'— Pipe

i ( 8 1[(3n +1)/(4n)] " kRep, T/(Z—")]

o

is the Reynolds number for a Power Law fluid;

is the consistency index, expressed in pascals per second to the power ofw (Pa-s”);
is the fluid density, expressed in kilograms per cubic metre;

is the fluid mean velocity, expressed in metres per second;

is the inner diameter of the pipe, expressed in metres;

is the inner diameter of the annulus, expressed in meires;

is the outer diameter of the annulus, expressed’in metres.

(70)

(71)

\ P J

Annular flow — Slot

12" 1[(2n +1)/(3n)]" kRep, e
p(Dy —dy)'

(72)
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where
v is the fluid mean velocity, expressed in metres per second;
n is the Power Law index of a Power Law fluid;
k is the consistency index of a Power Law fluid, expressed in pascals per second to the power of

n (Pa-s");

Rep is the Reynolds number of a Power Law fluid;

P is the density, expressed in kilograms per cubic metre;
dp is the inner diameter of the pipe, expressed in metres;
d, is the inner diameter of the annulus, expressed in metres;
D is the outer diameter of the annulus, expressed in metres.

a

Degdending on the value of the Reynolds number, the flow regime is classified as follows:

Flow regime Pipe flow Annular flow
Laminar RepL < Re‘pL»] RePL < RepL1
Transitional RePL1 < RePL < RePL2 RePL»] < R@PL < RePLZ
Turbulent RepL = RepL2 R€p|_ = R€p|_2
with:
Re‘pL1 =3250-1150x%xn (73)
Repi o =4150-1150xn (74)

c) |Critical mean fluid velocity.

The critical fluid mean velogity-for turbulent flow, v, is given by:

1) Pipe flow
X . [1/(2-n)]
1o 8™ [(3n +1)/(4n)]" kRep, 75)
pdy
12y Annularflow—Pipe
8" [(3n + ()] ke, |
Ve = [( n+1)/( I’l)] epL (76)
p(Dy —dy)"
3) Annular flow — Slot
~ . [1/(2-n)]
. 12"1[(2n+1)/(3n)]" kRep, )

p(Da _da )n
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where

ol i
i
i
i
d)
In laminar f

1)

2)

where
f i

is the critical fluid mean velocity, expressed in metres per second;

is the Power Law index of a Power Law fluid;

(Pa-s"),

is the Reynolds number of a Power Law fluid;

is the consistency index of a Power Law fluid, expressed in Pascals per second to the power of
n

5 the density, expressed in kilograms per cubic metre;
5 the inner diameter of the pipe, expressed in metres;
5 the inner diameter of the annulus, expressed in metres;

5 the outer diameter of the annulus, expressed in metres.

Friction factor, laminar flow

ow, the friction factor, f, can be calculated from the following equatiéns:
Pipe flow and annular flow — Pipe

| 16
Rep_

Annular flow — Slot

| 24
Rep_

5 the friction factor;

5 the Reynolds number-of a Power Law fluid.

e) Friction factor, turbulent flow

In turbulent

1
Jr
where

A

flow, whateyver the flow geometry, the friction factor can be calculated from the following equati

0,4
1,2

(78)

(79)

(80)

4,0 (1-n/2)
WHOQW[RePLf :|_n

is the friction factor;

Rep|_ is the Reynolds number of a Power Law fluid.

In transitional flow, a log-log approximation is performed between Re = Rep| 1 and Re = Rep 5.

74
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13.3.2 Example of calculations

13.3.2.1 Example 1

What is the critical flow rate for turbulent flow, in metres per second, for a Power Law fluid with a density of
1 560 kg/m3, a Power Law index of 0,5 and a consistency index of 0,35 Pa-s” flowing in a pipe of inner
diameter 4 0,059 m? The critical velocity for turbulent flow is given by:

[1/(2-0,5)]
8705 %(2,5/2,0)%° x0,35x3 575
Ye T 1cen.nnca05 =1,29m/s
L IEvAvivr v aviviv) 1

Thig gives a critical flow rate of:

2
:%x1,29=3,52x1073 m3/s

q.

What is the friction pressure, in pascals, over 500 m for the same fluid flowing at 0,015 m3/s? Its velocity is:

V:M:SAQ m/s

nx0,0592
So its Reynolds number is:

1560 x 5,49 x0,059°°

- = 35230
8705 (2,5/20)%° x0,35

Re

Singe Re is larger than 3 575, the flow regime is turbulent and the value of the friction fagtor can be
detgrmined from:

f.20)0 730x 35 230 %293 - 3,40x10 3
So the friction pressure gradient is*given by:

Ap _ 2x1560x5,482 x3,40x10~°
L 0,059

=5420Pa/m

whig¢h gives a friction pressure of:

Ap =5420x500=2710000 Pa

13.3.222 _Example 2

What is the critical flow rate for turbulent flow, in cubic metres per second, for a Power Law fluid with a density
of 1560 kg/m3, a Power Law index of 0,5 and a consistency index of 0,35 Pa-s” flowing in an annulus of
diameter ratio 0,2159 m/0,1778 m? The critical velocity for turbulent flow is given by:

1/(2-0,5
870% x(2,5/2,0)° x0,35x3 575 [z-09)]
Ve = =1,38m/s

1560x(0,2159-0,177 8)>°
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for the pipe

approximation, and:

[1(2-05)]

1270:5 (2,0/1,5)0’5 x0,35x3 575
= =1,23m/s

1560x(0,2159-0,177 8)>°

Ve

for the slot approximation. This gives a critical flow rate of:

ﬂ:><(0,215 92 0177 82)
= x1.38 = 16.26 x10~ m®/s

14}

for the pipe

for the slot

What is the

So its Reyn

for the pipe

for the slot

7

approximation and:

nx(0,215 92 0,177 82)

Z x123 =14,50x10~2 m3/s

dc =

hpproximation.

. 4x0,024 x1 —2.04 fls

nx(0,215 92 0,177 82)

plds number is:
1560 x2,04"% x (0,215 9-0,177 8)0’5
e= 95 =6414
80 x(2,5/20)"° x0,35
approximation, and:
15 _ 05
Re < 1560%2,04 > x(0,2159-0,177 8) _ 7855

12705 %(2,0/1,5)%° x 0,35

approximation. Since Re is larger than 3 575, the flow regime is turbulent and the value of

friction facter can be determined from:

for the pipe

£=0,0730x64147929 5 95x1073

approximation, and:

friction pressure, in pascals, over 500 m for the same fluid flowing at/0,024 m3/s? Its velocity ig:

£=0,0730x7855 %29 - 5271073

for the slot approximation. So the friction pressure gradient is given by:

Ap  2x1560x2,042 x5,595x 10~
L (0,2159-0,177 8)

=1892 Pa/m

which gives a friction pressure of:

76

Ap =1892x500 =1033 000 Pa

the
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for the pipe approximation, and:

Ap =1783x500 =891500 Pa
for the slot approximation.
13.4 Bingham Plastic fluids

13.4.1 Equations

A Bingham Plastic fluid is characterized by its plastic viscosity Hy and yield point z,. In the ggpations that
follqw, the plastic viscosity and yield point obtained from rotational viscometer data, 14, pyiand 7, gy, are
modified as follows.

Hp = K 4pexp| 0,9 815In( 41y ry K 1 Ry ) ~0,03 832 (81)

7o = Ko (119375 ry K7 Ry —1,611) (82)
whegre

Hy is the plastic viscosity of a Bingham Plastic fluid, expressed in pascal seconds (Pa-s);

Kip is 0,001;

Hp RV is the plastic viscosity obtained from rotatienal viscometer, expressed in pascal seconfs (Pa-s);
K,pryv is1000;
75 is the yield stress of a Bingham Rlastic fluid, expressed in pascals;

K. is 0,478 8;

LRy Isthe yield point obtained from rotational viscometer, expressed in pascals;
KoRry i82,0885.

T

a) |Bingham Reynolds-humber

Forla Bingham Plasti¢c-fluid, with a plastic viscosity xp, a yield point 7, and a density p, the Bingham Reynolds
nunmiber, Regp, isdefined as:

1) Pipe flow

Vpd
Repp = o (83)
Hp
2) Annular flow — Pipe
D, -d
ReBP = M (84)
Hp
3) Annular flow — Slot
D, —d
Regp = M (85)
1,5 % Hp
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where:

Regp is the Reynolds number of a Bingham Plastic fluid;

v

is the fluid mean velocity, expressed in metres per second;

p is the density, expressed in kilograms per cubic metre;

dp is the inner diameter of the pipe, expressed in metres;

d, is the inner diameter of the annulus, expressed in metres;

D, is fhe outer diameter of the annulus, expressed in metres;

Hp is fhe plastic viscosity of a Bingham plastic fluid, expressed in pascal seconds (Pa-s).
b) Fluid mean velocity
Therefore the fluid mean velocity for a given value of the Reynolds number can be caleulated from:

1) Pipe flow

, = Mpftesp (86)

Adp
2) Annular flow — Pipe
UL Re
S oy o)
3) Annular flow — Slot
1,9u, Re

" oe o) ©
where

v is the fluid mean velocity, expressed in metres per second;

Hy is [he plastic viscosity of a Bingham Plastic fluid, expressed in pascal seconds (Pa-s);

Regp | is the_Reynolds number of a Bingham Plastic fluid;

p is [he density, expressed in kilograms per cubic metre;

dp is the inner diameter of the pipe, expressed in metres;

d, is the inner diameter of the annulus, expressed in metres;

D_ is the outer diameter of the annulus, expressed in metres.

78
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Depending on the value of the Reynolds number, the flow regime is classified as follows:

Flow regime Pipe flow Annular flow
Laminar Regp < Regpq Regp < Regpy
Transitional Regpy > Regp < Regp, Regpq > Regp < Regp,
Turbulent Regp > Regp, Regp > Regpy

C) Reppsand Regpo are estimated as follows
1) Pipe flow and annular flow — Pipe

Regy, = Regp, — 866(1-ac)

2) Annular flow — Slot
Regy, = Regp, — 577(1-a¢)

d) [Regp, is calculated as shown below
1) Pipe flow and annular flow — Pipe

He (0,968 774 —1,362 439 x o + 0,160 0822 x ;)

8a,

Regpp=

2) Annular flow — Slot

He (0,968 774 —1,362 439x o +0,160 082 2x ;)
2a,

Regpp=

whdgre
He is the Hedstrom number [see e) below];

and o is calculated from:

2He 3\ | 2t 3V _,( He Y
3124500 4) \( 24500 " 4 24 500
=

- Z 2 He
24 500

e) Hedstrom number

He is the Hedstrom number and is calculated from:

1) Pipe flow

2

7o Pdp
e = >
Hp
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2) Annular flow — Pipe
He = M (95)
Hp
3) Annular flow — Slot
He = M (96)
1.9% w5
where
He is the Hedstrom number;
7, is [he yield stress of a Bingham Plastic fluid, expressed in pascals;
p is [he density, expressed in kilograms per cubic metre;
dp is fhe inner diameter of the pipe, expressed in metres;
d, is the inner diameter of the annulus, expressed in metres;
D, is fhe outer diameter of the annulus, expressed in metres.
Hy is [he plastic viscosity of a Bingham Plastic fluid, expressed in pascal seconds.
f) Critical fluid mean velocity
The critical fluid mean velocity for turbulent flow, v, isgiven by:
1) Pipe flow
vl HpRegp2 (97)
pdyp
2) Annular flow — Pipe
| - LoReBr2, (98)
P(Da —dg )
3) Annilar flow — Slot
v o +StResr? (99)
p(Dg —djy)
where
Ve is the critical fluid mean velocity, expressed in metres per second;
Hy is the plastic viscosity of a Bingham Plastic fluid, expressed in pascal seconds;

Regp, is the Reynolds number of a Bingham Plastic fluid;

P is the density, expressed in kilograms per cubic metres;
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9)

In laminar flow the friction factor, £, can be calculated from the following equations:

dp is the inner diameter of the pipe, expressed in metres;
d, is the inner diameter of the annulus, expressed in metres;
D, is the outer diameter of the annulus, expressed in metres.

Friction factor, laminar flow

ISO 10426-2:2003(E)

whd

1) Pipe flow and annular flow — Pipe
1 He
=16 + 100
/ (Resp 6ReBP2j 199)
2) Annular flow — Slot
1 (9/8)He
f =16 + (101)

Regp  6Reppy

re
f is the friction factor;
Regp is the Reynolds number of a Bingham Plastic fluid;

He is the Hedstrom number.

From fluid mechanics, the exact analytically derived friction factor correlation for a Bingham Plastic fluid

flow

Equ
stre|

ing through a pipe is:

4
f=16[ 1 He He ]

Re +6Re 3/3Re8
BP BP2 3f Regp

55 of the fluid and 7, is the shear stress at the wall.

(102)

ation (100) is obtained freami Equation (102) when the ratio (ro/rw)4 can be neglected, where 7] is the yield

Fromn fluid mechanics,) the exact analytically derived friction factor correlation for a Bingham Plastic fluid

flow

ing through assletis:

3
Regp,  8Regph 6/°Repph

(103)

If the ratio (ro/rw)4 can be neglected, where 7, is the yield stress of the fluid and z,, is the shear stress at the

wall, then Equation (103), friction factor correlation for a Bingham Plastic fluid flowing through a slot, can be
written as:

f=24{ 1 " Heh J

Regph  8Redpp
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where the Regp , and Hey, for slot flow are defined as:

Repgp =

and

Heh

_ z'oP(Dh_ Do)

vp(Dh— DO )
Hp

2

2
Hp

where

Regp

In Equation
Hedstrom n

=16

which can |

which is the

Hence Equ

f=24{

s the Reynolds number of a Bingham Plastic fluid;

s the fluid mean velocity, expressed in metres per second;

s the density, expressed in kilograms per cubic metres;

s the inner diameter of the annulus, expressed in metres;

s the outer diameter of the annulus, expressed in metres.

s the plastic viscosity of a Bingham Plastic fluid, expressed ih pascal seconds;
s the Hedstrom number;

s the yield stress of a Bingham Plastic fluid, expressed in pascals.

(101), friction factor of a Bingham Plastic:fluid flowing through a slot, if the Reynolds
umbers are expressed in terms of hydraulic'diameters, then the equation can be written as:

|

1,5 N (9/8)H€h
6Refp

Regp p
e simplified to

1 Heh
Regph  8Regp

|

same as.Equation (104).

ations (100) to (103) recommended here for laminar flow of a Bingham Plastic fluid car

obtained frad

meanalhdicallv darivad -exact eauations
H—aRaryHeahry-aeH -8 a-axatt-8quatons:

(105)

(106)

and

07)

08)

be

In turbulent flow, whatever the flow geometry is, the friction factor can be calculated from the following

equation:

f=A(
where

s

Regp

82

-B
Regp)

is the friction factor;

is the Reynolds number of a Bingham Plastic fluid.

(109)
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constants A and B are given below.
He A B
< 0,75 x 10% 0,20 656 0,3 780
0,75 x 10° < He < 1,575 x 10° 0,26 365 0,38 931
>1,575 x 10° 0,20 521 0,35 579

ansitional flow, a log-log approximation is performed between Re = Regp4 and Re = Regp,.

13.4

13.4

.2 Examples of calculations

.21 Example 1

What is the critical flow rate for turbulent flow, in metres per second, for a Bingham.Plastic fluid wi

of 1
75 O

The

The

Ong

The

560 kg/m3, rotational viscometer plastic viscosity 1, of 6 x 10-3 Pa-s and rotational viscomete
f 4 Pa, flowing in a pipe having inner diameter d of 0,059 m?

rotational viscometer's PV and YP are modified as:
Hp =1x0,001x exp[O,Q 815 In(6 x 107 x1 OOO) £0,03 832} =5,586x107°
r,=04 788x(1,1938x4x2,0:885-1,611) = 4,004
Hedstrom number He is:

4,004+ 1560 x0,0592
(5.5862x10°)

He =696 596

e He is calculated, o, and Regpy are estimated as:

3[(2x696 596)/24.500 + 3/4 | - \/[(2 x 696 596),/24 500 + 3/4]2 — 4(696 596/24 500)°
4 2(696 596/24 500)

O =

696 596 x [0,968 774 — (1,362 439 x0,638) + (0,160 082 2x 0, 6384}
80,638

=17 203

Regpy =

th a density
r yield point

- 0,638

cfitical velocity is:

and

_ 5,586x10 > x17 203

Ve =104 m/s
1560 x 0,059

the critical flowrate is:

:@m,m ~285x103 m/s

dc
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83


https://standardsiso.com/api/?name=c0a96ab9c40170c3088c90167d48b749

ISO 10426

-2:2003(E)

13.4.2.2 Example 2

What is the friction pressure, in pascals, over 500 m for the same fluid flowing at 0,015 m3-s=1?
Its velocity is:
o 4x0,015x1 5,50 m/s
nx 0,059
So the Bingham Reynolds number is:

Since Re is
the value of

So the fricti

which gives

13.4.23 E

What is the
density of 1
yield point ¢

The ratio is

This is gres
both pipe a

The critical

bn pressure gradient is given by:

1x 5,50 x1560x 0,059

- 90620
5586 2x10°

Repp =

greater than Regp, (17 203) the flow regime is turbulent, and since He is greaterthan 1,525 x
the friction factor is determined from:

£ =0,20656%x90620 93780 _ 2 76 x10~3

Ap 2><1560><5,5><(2,76><10_3)><1
0,059

=803 Pa/m

L

a friction pressure of:

Ap =803 x500=\401500 Pa

xample 3

critical flow rate for turbulent flow, in cubic metres per second, for a Bingham Plastic fluid wi
560 kg/m3, a rotational viscemeter plastic viscosity of 6 x 10~3 Pa-s and a rotational viscom
f 4 Pa, flowing in a 0,215,9/0/177 8 m annulus?
dy/D, =0,177 8/0,2159=0,823 5

ter than 0,3, hénce slot approximation shall be used. However, the example will be worked ou
nd slot models:

velocity:for turbulent flow is estimated as follows:

a) Hedstrlom number — Annular flow — Pipe

10°

th a
eter

t for

| 4,004x1560x(0,2159-0,177 8)°

e 5 =290 580
(5.586x107%)
b) Hedstrom number — Annular flow — Slot
4,004 x1560x(0,2159-0,177 8)2
e = =129 150

84

1,52 x (5,586 2x1073 )2
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c) oa,— Annular flow — Pipe

3[(2x290 580),24 500 + 3/4 ] - \/[(2 x290 580)/24 500 +3/4]° - 4(290 580/24 500)° 0,583 6
%=y 2(290 580/24 500) o

d) o, — Annular flow — Slot

3[(zx 129 IbU) 24 0UU+ 5 4]—\/[(4>< 129 IbU) 24 00U+ 5 4]2 —4(I49 1oU/24 OUU)7 h 515 4
o, =— T
c=7 2(129150/24 500)

e) [Critical Bingham Reynolds number Regp, — Annular flow — Pipe

290 580 x [0,968 774 -1,362 439x 0,583 6+ 0,160 082 2 x (0,583 6)4}

R = =11964
cBP2 80,583 6
f) |Critical Bingham Reynolds number Regp, — Annular flow — Slot
129150 x[0,968 774 -1,362 439x0,5164+0,160 082 2x (0,515 4)4}
ReBPz = =7 040

12x 0,510 2
g) |[Critical fluid mean velocity for turbulent flow.— Annular flow — Pipe

(5,586x10_3)><11964
"e " 4560x(0,2159-0,177 8)

=112 m/s

h) |[Critical fluid mean velocity-for turbulent flow — Annular flow — Slot

1,5><(5,586><10_3)><7 040

Vo = =0,99m/s
1560 (0,2159-0,177 8)
i) |[Critical flowrate — Annular flow — Pipe
Tt><(0,215 920,177 82)x1,12
e = = =0,013m%/s
j) Critical flowrate — Annular flow — Slot
nx(0,215 92 -0,177 82 )x1,12
ge = =0,013m3/s

4

13.4.2.4 Example 4

What is the friction pressure, in pascals, over 500 m for the same fluid flowing at 0,015 m3/s?
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Its velocity is:

4%x0,15

=127 m/s
n(0,215 920177 82)

y =

a) Reynolds number — Annular flow — Pipe

1,27 x1560x%(0,2159-0,177 8)

ReBp: = 13 520
5,586 2x10~°
b) Reynollds number — Annular flow — Slot
Regp= 1,27x1560x(0,2159-0,177 8) 9008

Since Regp

c) Pipe-flpw model

For the pip
given by:

Thus the fri

which gives

Slot-flow m

For the slo

factor, £, is given by:

1,5%x5,586 2x1073

is greater than Regpo in both pipe and slot models, the flow regime is turbulent.

b-flow model, the Hedstrom number, He, is greater than 1,575/x 105 . So the friction factor,

£ =0,20521x13520723%7° _@96x10 3
Ction pressure gradient is given by:

pp  2%1560x127%x(6,96x1072 )1
ap =919,28 Pa/m
L (0,21590,177 8)

a friction pressure of:

Ap =919,28 x500 = 459 640 Pa

pdel

-flow model,<the” Hedstrom number, He, is such that 0,75 x 10°<He<1,575 x 10°. So the frig

£ =0,263651x9 0087938931 =7 611073

f, is

tion

So the friction pressure gradient is given by:

pp  2¥1560x1,27%x(7,61x107% 1

' =1005Pa/m
L (0,2159-0,177 8)

which gives a friction pressure of:

86

Ap =1005 %500 =502 500 Pa
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Sl unit to be multiplied by to get value in USC units
Pa 1x10° bar
m? 6,29 bbl
md/s 6,29 x 60 bbl/min
Pa's 1000 cP
m 3,28 ft
m3/s 264,19 x 60 gal/min
m 39,37 in
m? 1000 |
m3/s 1 000 x 60 /min
kg/m3 2,2 x (3,785 2 x 109) ibm/gal
kg/m3 2,2 x 0,304 83 lbm/ft3
Pa 2,09 Ibf/100 ft2
Pa-s" 0,020 9 Ibf-s"/ft2
Pa 6 894,65 psi
14 | Test procedure for arctic cementing slurries
14.1 General
Thig procedure is intended for the testing ofs\cement slurries that are to be placed in areas knowp to contain
perfnafrost. The conditioning temperature—for the test equipment, materials to be tested and the test

temperatures shall be controlled to + 1°€\(x 2 °F).

14.2 Preparation of cement slurry

Test samples shall be prepared according to Clause 5, except that the cement blend and mixing
sha|l be preconditioned-at/—7 °C (20 °F). Mix water shall be pre-chilled to 1 °C (34 °F), anc
temperature shall be-‘recorded immediately after mixing; ~ 4 °C (40 °F) is typical. Each of

temperatures shall e measured and reported on all tests.

14.8 Fluid fraction

equipment
the slurry
the above

The fluid \fraction shall be expressed as percent by mass of basic dry blend (not including any additives

needéd,for placement).

14.4 Thickening time

A thickening-time test shall be performed in a consistometer at 4 °C (40 °F) at atmospheric pressure.

14.5 Compressive strength

Specimens shall be cured at -7 °C (20 °F) and 4 °C (40 °F) for the desired testing period, i.e. 1d,3dor 7 d.

The moulds shall be preconditioned by cooling to the temperature of the curing bath, i.e. =7 °C (20 °F) or 4 °C

(40 °F).
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Stir the selected cementing compositions for 90 min in a consistometer at 4 °C (40 °F) before pouring into the
preconditioned moulds for curing. For curing at temperatures below 0 °C (32 °F), seal the test specimens in a
container of fresh water at test temperature or 2 °C (35 °F), whichever is higher. Submerge the sealed
container in a mineral oil or glycol bath at test temperature in a manner consistent with avoiding contamination
of the fresh water and specimens.

EXAMPLE For 24-h compressive strengths:
a) Stir cement slurry for 90 minutes at 4 °C (40 °F) and atmospheric pressure.

b)  Quickly pour slurry into preconditioned moulds, seal in a suitable container filled with fresh water [for tests below 0 °C
(32 °F)]and submerge n curing batn.

c) Cure sldirry for 22 h at —7 °C (20 °F) or 4 °C (40 °F), and monitor temperature.

d) Removeg cubes from moulds 30 min before the test and place them in 4 °C (40 °F) water. Crush the.speCimens &t the
loading Jrates described in 7.5.6 a).

14.6 Freege-thaw cycling at atmospheric pressure

Prepare slurry as in 14.2 (do not precondition the slurry as in 14.5) and cure under-the following sequenge (it
is suggestef that the cycle begin on a Monday):

a) 48 hat@ °C (40 °F) Monday

b) 24 hat|-7 °C (20 °F) Wednesday
c) 24 hatiy °C (40 °F) Thursday

d) 72 hat[38 °C (100 °F) Friday

e) 72hat|77 °C (170 °F) Monday

f) 24 h at38 °C (100 °F) Thursday
g) 72hatf7 °C (20 °F) Friday

h) Raise tp 4 °C (40 °F) and repeat cycle on Monday.

14.7 Comppressive strength cyclic testing

Examine the cement cubes and break them after 1 and 3 cycles under these conditions (14 d and 42 d). Cure
all compregsive-strehgth test cubes under water and in moulds during cycles with top of cement column
exposed to water..Break control specimens after 48 h at 4 °C (40 °F) for reference.

15 Well-simulation slurry stability tests

15.1 Introduction

The purpose of this test is to determine the static (quiescent) stability of a cement slurry. The cement slurry is
conditioned to simulate dynamic placement in a wellbore. The slurry is then left static to determine if free fluid
separates from the slurry or to determine if the cement slurry experiences particle sedimentation. Both the free
fluid result and the sedimentation result are required in order to understand the static stability of the slurry
under downhole conditions. Free fluid can be formed with minimal sedimentation, and sedimentation can take
place without free fluid being formed. Therefore, both results must be evaluated to determine slurry stability.
Excessive free fluid and settling are normally considered detrimental to cement sheath quality. The amount of
free fluid or settling that is acceptable varies with the application.
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15.2 Slurry mixing
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Prepare the cement slurry according to Clause 5. If performing the sedimentation test described in 15.6,
immediately after mixing the slurry, measure the density of the slurry using a pressurized fluid density
balance.

15.3 Slurry conditioning

Any consistometer referenced in Clause 9 may be used. The following procedure applies to the most
commonly used equipment.

Plaq
acc
moS
and
con
safd
acc

Relg
con
drivi
diag
the
stir

At this point, proceed with either 15.4 or 15.5 for a free-fluid test. For a sedimentation test, proceed

NOT

15.4 Free-fluid test with heated static period

15.4

Pou
be

duri
visu
250
dim

Pre

e the slurry in the container of the pressurized consistometer and begin a thickenidgsme test in
brdance with Clause 9. Apply pressure and heat or cool according to the thickening-time-schedule which

t closely simulates actual field conditions. If desired, the slurry may be held at the specified

pressure for 30 min + 30 s or other desired conditioning period before proceeding tolthe next
Hitioning temperature is greater than 88 °C (190 °F), cool the slurry to approximately 88 °C

ty. If the boiling point of water in your area is less than 100 °C (212 °E))>adjust test te
prdingly.

pase the pressure slowly [about 1 380 kPa/s (200 psi/s)]l. Remaye) the slurry containe
sistometer, keeping the container upright so oil does not mix with the slurry. Remove the top |

emperature
step. If the
190 °F) for
mperatures

r from the
ocking ring,

e bar and collar from the shaft and the diaphragm cover. Syringe’and blot any oil from the¢ top of the

hragm. Remove the diaphragm and the support ring. Syringeand blot any remaining oil frorn
slurry. If the contamination is severe, discard the slurry and<begin the test again. Remove the
he slurry briskly with a spatula to ensure a uniform slurry.

E The 88 °C (190 °F) safety temperature assumés a boiling point for water of 100 °C (212 °F).

.1 General

n the top of
paddle and

to 15.6.

r the slurry into a clear graduated tube. The ratio of the slurry-filled length to the inside tube diameter shall

jreater than 6:1 and less.than 8:1. The clear tube shall be inert to well cements and shall
hg the test. The clear tube shall be graduated such that the slurry volume placed in the t
ally determined with-a_precision of + 2 ml. The free-fluid test slurry volume shall be between
ml, inclusive. Document the slurry volume placed in the tube when the tube is vertical. Docum
ensions as well,

neat (or precool) a test chamber for curing the slurry during the static period to Tgpc or 88

whi
(19

youf area'is less than 100 °C (212 °F), adjust the 88 °C (190 °F) test temperature accordingly. T}

!

ma

thever is cooler. To minimize the effects of condensation on the test results, a test temperaty
°F) was chosen, and a boiling point for water of 100 °C (212 °F) assumed. If the boiling poin

not deform
Libe can be
100 ml and
ent the tube

C (190 °F),
re of 88 °C
of water in
is chamber

b&’an atmospheric heating or cooling bath/oven/jacket/chamber, or a suitable pressurized hed

ting/cooling

chamber that uses hydrocarbon oil to transmit heating/cooling to the slurry.

A bath/oven/jacket/chamber or pressurized chamber is designated hereafter in this clause as a chamber.
When hydrocarbon oil is used, the oil shall have a flash point that satisfactorily meets the safety requirements
of the organization performing the test.

15.4.2 Free-fluid tests at temperatures less than 88 °C (190 °F)

Immediately place the graduated tube in a heating or cooling chamber that is preheated or precooled to TgHc.
Cover the opening of the graduated tube to prevent evaporation. The chamber must be able to heat or cool
the entire slurry. The tube can be tilted to simulate hole angle, if desired. Appropriate precautions shall be
taken to ensure the static curing is performed at essentially vibration free conditions.
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The temperature is maintained at Tz for the remainder of the test. The test duration is 2 h, starting from the
time the slurry is poured into the clear tube. After the 2 h test period, the volume of free fluid (clear or coloured

fluid on top of the cement slurry inside of the clear tube) shall be measured, with a precision of + 0,2 ml.
The volume fraction, ¢, of free fluid, expressed as a percent, is then calculated.

Ve (100
q):L
Vs

where

(110)

Ve is the volume, in millilitres, of free fluid;

Vg is the volume in millilitres, of slurry.

15.4.3 Fre¢-fluid test at temperatures greater than or equal to 88 °C (190 °F)

Place the graduated tube in a preheated 88 °C (190 °F) oil-filled heating chamber. (Optionally, tilt the tub
simulate hdle angle. Further heat the slurry to Tgyc in the time required to take.the slurry from a depth
88 °C (190 fF) circulating temperature to Tgyc. Some heating chambers may not be able to heat fast eno
in that case heat as fast as possible but minimize overshooting the Tgyc. Maintain the slurry at Tgyc until
time to stant cooling the chamber back down to 88 °C (190 °F). The timérequired to cool various piece
equipment from elevated temperatures back to 88 °C (190 °F) will vary/Maintain the pressure on the cy
chamber high enough throughout the test so the slurry cannot bailx(Table 4). The pressure applied
simulate bgttom-hole conditions, if desired. Avoid constant pump ‘eycling, in order to prevent vibration.
schedules found in Clause 9 can be used to aid in selecting pressure- and temperature-change rates. T
appropriate|precautions to ensure that the static curing is performed in essentially vibration-free conditions

The 2 h test period is initiated when the conditioned slurty is poured into the graduated tube. Slurries ne¢
be cooled to 88 °C (190 °F) before the free fluid can_be measured. This cooling time is part of the 2 h
period. Aftgr the 2 h test period, the volume of free_fluid (clear or coloured fluid on top of the cement s
inside of th¢ clear tube) shall be measured. Freefluid for slurries immersed in hydrocarbon oil collects ak
the cement|but below the oil. Measure the volunie of the free fluid with a precision of + 0,2 ml.

The volumg fraction of free fluid is then-calculated, as a percent, in accordance with Equation (110) above

15.5 Freetfluid test with ambient temperature static period

Pour 250 ml of the slurry from 15.3 into a 250 ml graduated glass cylinder. The zero-to-250 ml gradu
portion of the cylinder shall\be no less that 232 mm (9 in) nor more than 250 mm (9,8 in) in length, gradu
in 2 ml incréments or less: Stir the slurry by hand with a spatula during pouring to ensure a uniform samp
the slurry. The 2 h test) period is initiated when the conditioned slurry is poured into the graduated tube.
the gradualed cylinder with plastic film wrap or equivalent material to prevent evaporation. The gradu
glass cylinder-may be inclined at an angle to simulate wellbore deviation. Take appropriate precaution
ensure that|static curing is performed in essentially vibration-free conditions.
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After the 2-h test period, measure the volume of free fluid (clear or coloured fluid on top of the cement sl
inside the clear tube) with a precision of + 0,2 ml.

The volume fraction of free fluid is then calculated, as a percent, in accordance with Equation (110) above.

15.6 Sedimentation test

Pour slurry from 15.3 into a sedimentation tube until it is approximately 20 mm (3/4 in) from the top.

urry

The

sedimentation tube shall have an inner diameter of 25 mm £ 5 mm (0,98 in + 0,02 in). The tube length shall be
a minimum of 100 mm (3,94 in). The most common tube length is approximately 200 mm (7,9 in) (see
Figure 17). Lightly grease the inside of the tube, and all joints, to ensure that it is leak-tight and so that the set
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cement can be removed without damage. The tube shall be inert to well cements and shall not deform during
the course of the test. Puddle the slurry in the filled tube to dislodge any air bubbles, then fill the tube
completely. A top closure which allows pressure communication may be used to prevent spillage of the slurry.
Place the filled tube in a water-filled preheated/precooled heating/cooling chamber in a vertical position.

Preheat or precool the chamber to T or 88 °C (190 °F) whichever is cooler (see safety note in 15.3).

Dimensions in millimetres
1
) l
I:l | .
| |
3 I |
T | =
| | ™
L L1
i S
25
Key
1 vent hole
2 |lid
3 |splitin tube
4 base

Adjlist the slurry temperature further to simulate temperature changes in the wellbore. Mainta

preg
con
and

Allo

Cog
if rd
(10
cen
the

with
the
pre

The
wat

Figure 17 — Typical sedimentation tube

sure to prevent boiling of the slurry (see Table 4). The pressure applied may simulate
ditions, if desired. Avoid constant-pump cycling~in order to minimize vibration. The schedules
Clause 7 can be used to aid in selecting the temperature and pressure.

W the slurry to cure for 24 h or until set_before removing it from the heating/cooling chamber.

| the chamber to 88 °C (190 °F), if required (see safety note in 15.3). Release pressure from tH
quired. Remove the tube from ‘the heating/cooling chamber and bring the tube to 27 °C (8
°F) by placing it in a water'bath. Once the tube has cooled, remove the cement from the tub
ent sample immersed.in Water, as much as possible, to prevent it from drying out. Measure t

a minimum of two-segments. Break or cut the sample at these marks, keeping the sections in
sections immiersed in water until each is weighed. A balance with a precision of 0,01 g is n
ision of 0,001 g is preferred.

preferred method for determining the density of each section is as follows. Place a beake
pr.onthe balance and tare the balance to zero. Remove a section to be measured from the wa

gen

n sufficient
bottom-hole
in Annex E

e chamber,
D °F)+6°C
e. Keep the
he length of

set cement specimen.-Mark the specimen approximately 20 mm (3/4 in) from the bottom and from the top
of the sample. Then divide the middle section, between the marks, by further marks into roughly €

qual pieces
prder. Keep
ecessary, a

- containing
er bath and

lv-dry it with a paper towel. Place this section on the balance beside the beaker. Record th

P mass and

remove the section from the balance. Retare the balance to zero. Next place a noose of thin line around the
section. Pick up the section by the line and suspend the section in the water in the beaker such that the
sample is totally surrounded by water. The sample shall not touch the bottom or sides of the beaker. Air
bubbles shall not be clinging to the section. Obtain the mass with the sample suspended in water. Remove the
sample from the water and retare the balance. Repeat the procedure for each set cement section.

By applying the Archimedes Principle, calculate the relative density of each cement core section.

(111)

The results are used to construct a density profile for the entire sample.
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is normal for cement slurries to experience a small density increase upon setting.

The liquid slurry density was measured prior to curing to permit the calculation of the percent density

difference b

etween the liquid sample and the set sample.

% Ap = 23t (100) (112)
Psl
where
Ap is the dcllo;ty differet 1CC;,

Pset IS
Ps| I8

The density

The amount of density difference that is acceptable varies with the applicatieon. The heating/coo

pressurizing
laboratories
pressurizing
pressurizing

Slurry mixif

Cement temperature:

Mix water t¢gmperature:

Slurry initia
Slurry final
Time to fing

Optional ad

Pressure profile:

Initial press

Final pressure:

he density of the set cement segment;
he density of the cement slurry.

differences between slurry and set well cements can vary greatly and depend on many fac
, and cooling information that is requested in the results-Report form-(Table 6) will allow o
to reproduce the test. The information requested is sufficient onlyNf the heating/cooling

rate, and cool-down rate are linear. If the rates are not linear, specify the exact heating/coo
, and cool-down schedules on the form.

Table 6 — Free fluid and sedimentation results-Report form

ng and conditioning

temperature:
emperature:
| temperature:

ditional conditioningperiod:

Lire:

Time to fing

ors.
ing,
ther
ate,

ing,

Lnrassure:
P -

Free fluid t
Length
Gradua

Test at

est
of graduated tube section:
ted tube inner diameter:

less than 88 °C (190 °F)

Slurry volume:

Test temperature:

92

© 1SO 2003 — Al rights reserved


https://standardsiso.com/api/?name=c0a96ab9c40170c3088c90167d48b749

ISO 10426-2:2003(E)

Test angle:
Measured free fluid volume: ml
Vol. fraction (%) free fluid :

Test at greater than or equal to 88 °C (190 °F)
Slurry volume:

Final temperature:

Time to final temperature: minutes
Initial test pressure:

Final test pressure:

Time to final test pressure:

Test angle:

Time to cool the slurry to 88 °C (190 °F):
Measured free-fluid volume: ml
Vol. fraction (%) free fluid:

Clause 7 schedules employed: Yes or No

If Yes, schedule number:
Ambient static period

Test angle:

Measured free fluid volume: ml
Vol. fraction (% )free fluid:
Sedimentation test

Preheated or precooled chamber temperature:

Tame:

Time 1o Tgyc!
Tghs:
Time to Tgys:

Initial test pressure:

Pressure at Tgpc:

Time to pressure at Tgyc:

© 1SO 2003 — Al rights reserved 93


https://standardsiso.com/api/?name=c0a96ab9c40170c3088c90167d48b749

ISO 10426-2:2003(E)

Pressure at Tgpg:
Time to pressure at Tgyg:
Time at Tgyg: hours

Time to cool the chamber to 88 °C (190 °F):

Length of sedimentation tube:

Length jof set specimen:
Annex E schedules employed: Yes or No
If Yes, $chedule number:

Clause |7 schedules employed: Yes or No

If Yes, $chedule number:

Slurry density:

Density| profile:

Top sample density: _ ; % density diff:
Next sample density: _ ; % density diff:
Next sample density: _ ; % density diff:
Next sample density: _ ; % density diff;
Next sample density: _ ; % density diff:
Boftom sample density: _ ; %-density diff:

16 Compatibility of wellbore fluids

16.1 Gene¢ral

This proceflure is .intehded for determining the degree of compatibility of wellbore fluids in cementing
operations,|and includes examination of rheology, static gel strength, thickening time, compressive strer|gth,
fluid loss and.Solids suspension. By the use of this procedure, the selection of proper preflushes and/or
spacers caf beymade when required. User discretion shall be exercised in the selection of the portion(s) of the
procedure needed.

The following test procedures are the same for preflushes and spacers. Therefore, the term spacer is used
hereafter to refer to both fluids.

16.2 Preparation of test fluids

16.2.1 Preparation of spacer

The spacer shall be freshly prepared and aged in accordance with the supplier's instructions.
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16.2.2 Preparation of mud
Use representative field mud. Thoroughly mix mud samples prior to testing.
16.2.3 Preparation of cementing slurries

Prepare the cement slurries according to Clause 5 or Annex A. Prepare a fresh quantity of cementing slurry
for each test.

16.2.4 Preparation of fluid mixtures

Mix{ures prepared in this clause shall be used for rheological, static gel strength, solids suspension, thickening
timg, compressive strength and fluid loss testing. Data for base fluids shall be obtained before mixtures are
prepared. All fluid mixtures in this clause are expressed as volume fraction ¢ (percent),ofithe tgtal mixture.
Thel mixture for each test procedure shall be prepared by stirring the proper ratio of base'fluids with a spatula
unti| homogeneous. The volume of the mixture shall be sufficient to perform the desireéd-test procedure.

16.3 Rheology

Rhdological properties shall be determined on mixtures of cement/mud; cement/spacer and mud/spacer. The
recdmmended ratios are 95/5, 75/25, 50/50, 25/75 and 5/95 for each fluid combination as well ag a 25/50/25
mixfure of mud/spacer/cement. The various-ratio mixtures may be_prepared in accordance with Table 7. The
rheglogical properties shall be measured in accordance with-Clause 12. The data may be recorded on
Tabje 8.

Table 7 — Ratio-mixtures

Ratio mud or cement/spacer
No. Mixing scheme
@ (%)
1 95/5 760 ml mud or cement / 40 ml spacer
2 75/25 100 ml spacer plus 375 ml of No. 1
3 5/95 40 ml mud or cement / 760 ml spacer
4 25/75 100 ml mud or cement plus 375 ml of No. 3
5 50/50 Equal parts of No. 1 and No. 3
6 EapL/25 Equal parts of No. 5 mud/spacer and No. 5 cement/spacer
mud/spacer/cement

16.4 Thickening time

Thid kenlng t|me tests shall be run on mixtures of cement/spacer The recommended ratlos are 95/5 and
75/2 , At the user cretion, tests
may be run on mlxtures of cement/mud spacer/mud and cement/mud/spacer

16.5 Compressive strength

Compressive-strength tests shall be run on mixtures of cement/spacer. The recommended ratios are 95/5
and 75/25. The compressive-strength test shall be conducted in accordance with either Clause 7 or Clause 8.
At the user's discretion, tests may be run on mixtures of cement/mud and cement/mud/spacer.
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16.6 Solids suspension and static gel strength

16.6.1 This procedure is designed to investigate the behaviour of fluid mixtures during and following cement
slurry placement. Selection of the fluid mixtures and ratios shall be made based on results obtained from 16.4
or 16.5, at the user's discretion.

16.6.2 Initiate a thickening-time test on the selected mixtures in accordance with Clause 9. When the
specified time for heat-up has been reached, read the consistency in B; and then cease stirring. After an
elapsed time of 10 min, resume stirring while observing for any momentary gel strength development or solids
settling as indicated by a maximum deflection in consistency at the instant of start-up. Continue stirring the
cement slurry until one-half of the thickening time of the base cement slurry has been reached. Read the
consistency| in B, and cease stirring. After an elapsed time of 10 min, resume stirring while observing fer|any
momentary|gel strength development or solids settling. This cycle may be repeated as often as desired; at the
user's discrgtion.

16.7 Fluid loss

Fluid-loss te¢sts shall be run on mixtures of cement/spacer. The recommended ratios are'95/5 and 75/25. [The
fluid-loss test shall be conducted in accordance with Clause 10. At the user's discretion, tests may be rup on
mixtures of [cement/mud and cement/mud/spacer.
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Table 8 — Rheological compatibility of mud cement and spacer

Cement:

Spacer:

Mud:

Test PV YP

Fluid mixture Viscometer dial readings
temp. Hy 0

o % °C (°F) 300 | 200 | 100 | 60 30 6 3 mPa-s Pal(Ibf/in2)

100 %
cement

100 %
spacer

100 %
mud

D5 % mud
5% cement

5 % mud
2% % cement

50 % mud
50 % cement

P5 % mud
7% % cement

5 % mud
9% % cement

D5 % mud
q % spacer

5 % mud
b % spacer

N

50 % mud
) % spacer

[

P5 % mud
b % spacer

~

5 % mud
9% % spacer

9% % cement
q % Spacer

73 %Ccement

25 % spacer

50 % cement
50 % spacer

25 % cement
75 % spacer

5 % cement
95 % spacer

25 % mud
50 % spacer
25 % cement
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17 Pozzolans

17.1 General

This clause covers the recommended terminology, procedures and properties for pozzolans used in well

cements.

17.2 Types of pozzolan

17.2.1 Pozzolan is defined in 3.1.33 and is further described by the ASTM as siliceous and aluminous

materials, W
presence o
possessing

17.2.2 Cla
N pozzolan

17.2.3 Fly
from the c
pozzolans 1

Class F fly

Class C fly
some contg

hich in themselves possess little or no cementitious value but will, in finely divided form and.in
f moisture, chemically react with calcium hydroxide at ordinary temperatures to form compot
cementitious properties.

5s N pozzolans are naturally occurring materials such as volcanic ashes, tuffs, pumices, etc. C
5 are not widely used in well cementing.

ash is defined in 3.1.21 and is further described by the ASTM as finely divided residue that res
bmbustion of ground or powdered coal. Fly ashes are called artificial_pozzolans and are
host commonly used in well cements.

hsh is produced as the combustion residue from anthracite or bitiminous coals.

ash is obtained by burning lignite or sub-bituminous coals. Class C fly ash can be produced
nt of calcium oxide (lime) which hydrates to form calcium:hydroxide.

17.3 Physical and chemical properties

physical and chemical characteristics of pozzelans are listed in ASTM C 618.

average bulk density of pozzolan is used to select the storage container capacity. The ave

can vary between 865 kg/m3 and 1.442 kg/m3 (54 Ibm/ft3 to 90 Ibm/ft3) and shall be determ
following procedure.

Use a|clean, dry 100 ml (TC type).graduated cylinder for the determination of both loose and pad

the
nds

lass

ults

the

with

age
ned

ked

apparent densities. Check the accuracy of the graduated cylinder by filling with 99,75 g of distilled water,

quals 100 ml volume at23°C (73 °F).

Place @bout 200 ml of the sample to be tested in a jar of approximately 11 (1 gt) volume, seal with

hd shake to “fluff’ymaterial for 30 s.

1-min period, loosely fill the tared graduate with fluffed material to the 100 ml mark. Weigh
and regord for calculation of loose apparent bulk density.

the, material from c) by gently tapping the cylinder on a hard surface, cushioned with a pa

b lid

the

d to
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nue

tapping until the compacted volume is unchanged. Record the packed volume of material directly from the

17.3.1 Thd
17.3.2 Thd
bulk density
by using th
a)
which
b)
and ha
c) Overa
samplg
d) “Pack”
preven
cylinde
e)
PLAB =
or
98

r graduations. Use this volume to calculate the packed apparent bulk density.

Calculate the common field units for bulk density as follows:

1000
100

Xm

(SN

(113)
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62,43
_ 2% UsC) (114
PLAB 100 Xm ( ) ( )
and
1000
PPAB =~ XM (SI) (115)
or
Prag == xm (Usc) (116)
where
PLAB is the loose apparent bulk density, in kilograms per cubic metre (poundsimass per cupic feet);
PPAB is the packed apparent bulk density, in kilograms per cubic metre\(pounds mass per ¢ubic feet);
m is the mass, in grams, of 100 ml of loosely filled material;
V' is the packed volume attained by 100 ml of loosely filled<material.
f) |Report average bulk density in kilograms per cubic metre.(pounds mass per cubic foot) as thg average of
the loose and packed determinations.
17.3.3 The relative density of pozzolan shall be measured in either a gas pycnometer, or in a Le Chatelier
flask in accordance with ASTM C 188. Certain pozzefans can contain particles with a relative densijty less than
the kerosene or naphtha specified in ASTM C 188 Suitable fluids with a relative density that prevents floating

of t
poz

The
AST

nese particles may be used. Use of a gas_pycnometer is preferred for measuring the relativ
volans containing unusually light particles.

relative density of pozzolans with/no particles lighter than water may determined in acco
M C 188 (Volume 04.01).

17.4 Slurry calculations

The
den
are

(12,
313
thar
othe
and

terms bulk densityZand absolute density must be understood to prevent confusion. They
sity units, i.e. kgim® (Ibm/ft3, Ibm/gal), etc. However, bulk and absolute density values for Portl
very different; "\Fhe bulk density for Portland cement can vary, but it is usually about

6 Ibm/gal or>94 Ibm/ft3). The absolute density for Portland cement can vary, but it is us
8 kg/m3426,2 Ibm/gal). Bulk density includes the air space around particles, thus it is a smg

b density of

rdance with

both have
and cement
506 kg/m3
ually about
ller number

the absolute density. Bulk density is used to calculate storage requirements for dry powdere
r dfy powdered materials. Absolute density is the density of the material without air around

j cement or
e particles

isTthus a much larger number than bulk density. Absolute density is used to calculate |iquid slurry

properties such as slurry density, slurry water requirement, and slurry yield. Absolute density, in kg/m3
(Ibm/gal), can also be obtained by multiplying the relative density of a material by the density of water at 4 °C,
1 000 kg/m3 (8,345 4 Ibm/gal).

An item which can cause confusion, when calculating the masses of pozzolan and Portland cement for an
equivalent sack of pozzolan and Portland cement blend, is that in many cementing handbooks an absolute
volume factor (inverse of absolute density) is given for determining slurry calculations. The absolute densities
of the pozzolan and of the Portland cement are required to perform the following calculations. The
manufacturer of the pozzolan or cement shall supply the absolute density of the material (or the relative
density to be used in calculating the absolute density as previously stated).

© 1SO 2003 — Al rights reserved 99


https://standardsiso.com/api/?name=c0a96ab9c40170c3088c90167d48b749

ISO 10426-2:2003(E)

When used with Portland cement in well cementing, the amount of pozzolan is based on the absolute volume
replacement of a portion of the Portland cement by an equivalent absolute volume of fly ash. These volumes
are designated by a ratio of percentages such as (35:65). The first number refers to pozzolan and the second
number refers to Portland cement. A (35:65) blend represents 35 % absolute volume pozzolan mixed with
65 % absolute volume cement. This designation is often not specific enough and shall be further specified. For
example, 35 % Class F Fly Ash: 65 % Class G Cement would be a better designation.

As a starting point for performing slurry calculations for pozzolan/Portland cement blends, an equivalent sack
of cement is defined in 3.1.19 as 42,63 kg (94 pounds) of Portland cement.

A sack of cement, 42,63 kg (94 Ibm) has an absolute volume. The absolute volume can vary depending upon

the absolu
(26,20 Ibm/
3 250 kg/m

EXAMPLE 1
low absolute

Once the ab)
absolute voll

EXAMPLE 2
and a 35:65
represents 2
cement (2,34

e density of the cement. Normally, cement has an absolute density of about 3 138-kd
pal). The absolute density of Portland cement can vary between 3 100 kg/m3 (25,87 Ibm/gab
(27,12 Ibm/gal). The correct absolute density value for the selected cement shall be used.

An example calculation, in USC units, for obtaining the absolute volume, V,, of a sack-of Cement W
density of 26,00 Ibm/gal is as follows:

~ 94 Ibm
@ 26,00 Ibm/U.S. gal

=3,62U.S. gal
solute volume of the sack of cement is known, then the pozzolan and- Portland cement percentages o
me can be calculated.

Expanding on the above example, in USC units. If the absglute volume of a sack of cement is 3,6

35 gal (65 % of 3,62 gal). The absolute volume of pozzolan,(1,27 gal) and the absolute volume of Porf
gal) are then used to calculate the pounds of each materialrfrom the absolute density values of pozzolan

/m3
and

ith a

f the

P gal

blend is wanted, then the pozzolan represents 1,27 gallons\(85 % of 3,62 gal) and the Portland cement

land
and

Portland cement. Expanding further on the example, 2,35 gal x 26,00 Ibm/gal = 61,1 Ibm of Portland cement. PozZolan

absolute der
must be kno
pozzolan to |

Combining t
example, 87
most other a

EXAMPLE 3
per sack of b
is (0,2 %) x

The equivalg
and slurry yig

Conversely,
value for slu
and hole con

sity can vary between 15,02 Ibm/gal (1 800 kg/m3)7and 24,20 lbm/gal (2 900 kg/m3), and the correct \
vn for the pozzolan material that will be used. Assume for example purposes that the absolute density o
e used is 20,50 Ibm/ gal. Then the mass of peZzolan is 26,0 Ibm (1,27 gal x 20,50 Ibm/gal).

e pounds of pozzolan and the poundsof’cement give 87,1 Ibm (61,1 Ibm + 26,0 Ibm) of blend. For
1 Ibm of blend would be an equivalent sack (see 3.1.19). Once the mass of the equivalent sack is kn
Hditives are based on this mass.

For instance, let's assume.that the blend has 6 % bentonite and 0,2 % retarder. The mass of bent
lend is (6 %) x (87,1 Ibm) = 5,23 Ibm of bentonite per equivalent sack. The mass of retarder per sack of 4
87,1 Ibm) = 0,17 Ibm per.equivalent sack.

nt sack mass is poWw/known. The masses of additives in the blend are also known. Therefore slurry de|
ld can be calculated if the volume of mix water is known.

f the slurfy density is known, then the slurry yield and mix water requirements can be calculated. Oncsd
ry yieldtis"determined, the number of equivalent sacks of blend for a given job can be determined from
figuration, calliper logs, etc.

EXAMPLE 4

cement would be required. For the same 125-sack job, (125

alue
f the

this
bwn,

bnite
lend

nsity

the
pipe

—ASSUME the Job Tequites 125 equivatent Sacks. Thus, (125 SKS) < (61, T1bmysk)y="7 638 b of Port
sks)

land

x (26,0 Ibm/sk) = 3 250 Ibm of pozzolan would be

required. The masses of bentonite and retarder required are respectively, (125 sks) x (5,23 Ibm/sk) = 654 Ibm (296,54 kg)
and (1,25 sks) x (17 Ibm/sk) = 22 Ibm (9,64 kg).

17.5 Bulk

volume of a blend

17.5.1 The bulk volume of a blend of pozzolan and Portland cement will vary depending on the amount of
small-particle packing between larger particles during the blending operation, and on other factors such as
humidity, vibration, time, air content, and the compacting force on the materials.

100
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17.5.2 Examples of field bulk volume measurements using actual one-sack blend masses are listed in
Table 9 below:

Table 9 — Examples of field bulk volume measurements using one-sack blend masses

Blend Aerated Aerated Packed Packed (:::;aa%ek) (:r:’:;aa%i)
m3 (ft3) m3 (ft3) m3 (ft3)
A2 0,033 16 1,171 0,029 17 1,03 0,031 12 1,101
Bb 0,033 16 1,171 0,029 17 1,03 0,031 12 1,104
ce 0,033 16 1,171 0,024 92 0,88 0,029 02 1,025

Blend A = (35 % Class F fly ash: 65 % Class A cement)
Blend B = (50 % Class F fly ash: 50 % Class A cement)

Blend C = (50 % Class F Fly Ash: 50 % Class H cement)

Thel recommended practice for determining the bulk volume of an eguivalent of pozzolan/Portland cement
blend is to average the aerated (loose or fluffed) and the packed bulkvolume values, as noted abo)e.
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Annex A
(normative)

Procedure for preparation of large slurry volumes

A.1 General

This proceg
not intende

ure shall only be used when an individual test requires a slurry volume greater than 600 mt

 to be used in place of Clause 5.

A.2 Apparatus

All apparaty
A21.
A.21 Mix
The mixing
mixing con
assembly §

blade shall
when 10 %

s shall be the same as outlined in Clause 5, except that the mixing device shall be as describg

ing device, of capacity 4 1to 5 1.

device for preparation of large slurry volumes shall be a{)bottom-drive, blade-type mixer.
fainer and the mixing blade shall be constructed of corrosion-resistant material. The mi
hall be constructed so that the blade can be separated-from the drive mechanism. The mi
be separated from the mixing assembly and weighedprior to use, and replaced with a new b
mass loss has occurred. The blade shall also be visually inspected for damage prior to each

and replaced as necessary. Should the mixing device leak®at any time during the mixing procedure,

contents sh

An examplg

all be discarded, the leak repaired and the procedure restarted.

of a mixing device in common use is shown in Figure A.1.

Ty =
Gt -
' 9

It is

din

The
Xing
Xing
ade
use
the

102

Figure A.1 — Example of a typical cement-mixing device
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A.3 Procedure

A.3.1 General

The procedure shall be the same as outlined in Clause 5 except as described below.

A.3.2 Laboratory density and volume calculations

Prepare a slurry of volume from 2 000 ml to 4 000 ml. Laboratory blend requirements can be calculated by

use of the equations found in 5.3.1.4.

A.313 Mixing cement and water

Plage the mixing container with the required mass of mix water and any liquid additives,on the mixer base.
Turn on the motor at “slow” speed (6 000 r/min or greater under no load). If additivesCare present in the mix

water, stir at the above rotational speed to thoroughly disperse them in the mix watef prior to thg
the [cement. In certain cases, the order of addition of the additives to the ymixing water can

addition of
be critical.

Dodument any special mixing procedures and mixing time Then add the cement or cement/dry additive blend

to the mixing container at a uniform rate, in not more than 15 s if possiblé~-Some slurry designs

can require

longer to completely wet the cement blend; however, keep the time used to add the blend at & minimum.

When all of the dry materials have been added to the mix water, place\.the cover on the mixing cg
continue mixing at “high” speed (14 000 r/min or greater under noead) for the times specified in ]
posgible, measure and document rotational speed under load.

Table A.1 — Slurry,mixing time

Slurry volume High-speed mixing time
ml s
2000 30
3000 45
4.000 55

ntainer and

[able A1. If
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Annex B
(normative)

Calibration procedures for thermocouples, temperature-measuring

B.1 Geng¢ral

There are
equipment
procedures

B.2 Ther

B.2.1 Equ

B.2.1.1
The individ

selected. T
technique.

B.21.2 H

The heating

and the reference thermocouple or reference thefmometer. The medium may be a liquid bath, a fluid

solids bath,
which is un

B.21.3 T

The referer
thermocoug

national bodgly responsible-for standards of temperature measurement (for example the NBS certification in

USA).

If a therm@couple<is used to sense the reference temperature, the voltage output from the referg

thermocoug
as ASTM E

General

systems and controllers

several satisfactory methods for calibrating thermocouples, including methods supplied
manufacturers. The reader is referred to ASTM E 220 for a more complete discussion of th
No ISO procedures for calibration of temperature-measuring systems are preseptlfhavailable.

mocouple calibration

ipment

al pieces of equipment needed to carry out the calibration depend on the particular techn
he following discussion highlights those features that need special attention, regardless of

leating environment

a heated block or a furnace. The 'equipment shall be capable of maintaining a stable temperg
form throughout the test section.

pmperature measurement

ce temperature of.the heating medium may be measured by using either a thermometer
le. The accuracy-of the reference measuring device shall be traceable to the reference of

le and test thermocouple shall be determined as described in applicable national standards, 9
220. In this case, tables of temperature vs. voltage for the type thermocouple being used mus

by
ese

que
the

medium shall permit proper immersion.of both the test thermocouple (the one being calibrated)

zed
ture

br a
the
the

nce
uch
t be

consulted to determine the temperature. Alternatively, a direct-reading, temperature-compensated, readout
instrument may be used. The accuracy of the instrument shall be traceable to national standards certification.

B.2.2 Pro

cedure

With the exception of the indicating instruments, the specific procedures to be followed are detailed in
ASTM E 220. The items listed here are those needing special attention or related to the use of the indicated
type of equipment.

a) The test and reference thermocouple or thermometer shall be placed as close together in the heating
medium as possible.

104
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d)
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After each change in the heating level, the temperature shall be allowed to remain at a stable value for
15 min before reading the reference temperature (or voltage) and the test thermocouple temperature (or

voltage).

Several (more than three) test temperatures which span the operating range of the equipment shall be

used in the calibration procedure.

If the test thermocouple does not accurately sense the temperature, a calibration curve shall be drawn
and used to correct the indicated temperatures from the test thermocouple. Occasionally, small
inaccuracies in thermocouple response can be compensated for during the calibration of the temperature-

measuring system being used in conjunction with the thermocouple (B.3).

B.3

B.3

The
con
and
and
con
The
galy
thar

If the test thermocouple error is greater than that specified by the manufacturer, the thetmo
be replaced by one that meets the thermocouple accuracy limits. The special type “J7therm
error limits equal to or better than = 1 °C (+ 2 °F) up to 277 °C (530 °F).

Calibration of temperature-measuring systems and controllers

.1 Equipment

calibration of temperature-measuring systems and controllers,requires a millivolt source,
hecting thermocouple extension cable for the type thermocouple being used and, possibly, a t
a table of reference voltages. Signal sources, or calibrators, are of two types, namely, uncg
cold-junction compensated. Several commercial calibrators are available which are d
pensated and have a digital display of the temperature*equivalent of the millivolt signal beir
accuracy of all calibration equipment shall be trageable to national standards certification.
anometer type temperature-indicating instruments and controllers require a stronger signal f
the newer potentiometric and digital type .temperature-measuring systems and controller

requiire a calibrator with sufficient signal strength-to'give an accurate calibration.

B.3

Foll

.2 Procedure

pbw the manufacturer’s procedure for calibrating temperature-measuring systems and con

greatest accuracy, allow proper warm-up time for calibrators, temperature-measuring systems anc

as §

a)

pecified by the manufacturer.) The following are reminders of items needing special attention.

Fit the thermocouple ‘extension cable with a proper thermocouple-grade adapter to permit plu
the same receptacle/used for connecting the test equipment thermocouple. Take care to
correct polarity-efthe connections.

Thermocouple calibrators with cold-junction compensation need only be properly connect
proper «thermocouple extension cable and thermocouple connectors. The temperature
systems and/or controllers using this signal shall have the same temperature readout within t
of the'temperature or controllers as supplied by the manufacturer.

couple shall
bcouple has

the correct
nermometer
mpensated
old-junction
g supplied.
Some older
br operation
5, and thus

rollers. For
controllers

gging it into
ensure the

ed with the
-measuring
e accuracy

c)

Uncompensated thermocouple calibrators require a thermometer to determine the cold-junction
temperature of the thermocouple extension cable connection of the calibrator. This cold-junction

temperature shall be set on the calibrator by the operator.

d) The use of an uncompensated millivolt potentiometer requires that the temperature at the calibrator/
thermocouple extension cable terminals be read with a thermometer of known accuracy. The millivolt
equivalent of this temperature is then subtracted from the equivalent test millivolt signal to obtain the
calibrator millivolt signal used. These voltages may be found in reference millivolt/temperature tables for

the type of thermocouple in use.
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Annex C
(informative)

Additional information relating to temperature determination

C.1 Intro

duction

This annex
contained i
considered
information
is available

C.2 Devé

The correl

temperatur¢ measurements in 66 wells. Data were obtained for wells drilled with water-based and oil-b3

drilling fluid

A maximurmn recorded bottom-hole static temperature (T\yrgus)@nd a minimum recorded bottom-

circulating t
SEensors ruf
highest tem
correlation,

TyNrBHC W
time for wel

In developi
depth and
inlet tempe

temperaturg. No clearly distinguishable_effects of these factors were observed or determined from the

contains background information relating to the development of the cementing sched
n Clause 9. This information is important in the development of a correct test schedule-but
too unwieldy to include in the well-simulation thickening-time test procedure itself.."Additi
about the development of correlations to predict down-hole temperatures for cemepting operat|
in APl Report 10 TR 3 [6].

lopment of predicted bottom-hole circulating temperature
ption for the predicted bottom-hole circulating temperature, (Zpgnc) was developed f

5. Well depths ranged from 2 362 m to 7 571 m (7 750 ft to 24)840 ft).

emperature (TpNnRBHC) Were measured in each well. Nleasurements were made using temperg

near the end of the drill string on a clean-up trip\prior to running casing. The Ty reHs Was
perature recorded prior to commencing circulation of the wellbore. For wells used to develop
the static time (non-circulating period) ranged-from 24 h to 138 h, with an average of 37,7 h.
as the pseudo-stabilized temperature at the end of the circulating period. The average circulg
s used to develop this correlation was 6,7 h.

ng this correlation, it was determined that the circulating temperature was a function of the
h temperature gradient. Other factors, such as drilling fluid type, circulating rate, circulating t
ature of the circulated fluid and\drill pipe/hole size, were evaluated for their effect on the circulg

ules
was
bnal
ons

rom
sed

hole
ture
the
the
The
tion

well
me,
ting
Hata

collected. Tlherefore, the T\ynreHc-Was correlated only to the well depth and a pseudo-temperature gradient
(Ver):
The Vpr is falculated from/the-difference between the TyrgHs and the assumed surface temperature (Tag) of
27 °C (80 °F), and the trde-vertical depth of the well. The Vpt is calculated according to either of the folloying
equations:
T -27°
Vpr, °C 11007 = [MRBHS —27 °C sh (€1
htocTvp100 m
or
Vpr, °F/100 f = MRBHS 80 °F (USC) (C.2)

htocTyp100 ft

where
Vet is the pseudo-temperature gradient;
htoctvp is the top-of-column true vertical depth of the well in which the temperature was measured,
expressed in metres (feet).
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The true temperature gradient may be different from the pseudo-temperature gradient Vpt of the well,
depending upon the difference between the Ty\rgns and the temperature of the undisturbed formation (7yg) at
the depth at which the temperature measurement was made. The longer a wellbore is allowed to remain static
prior to temperature measurement, the closer the TyyrgHs Will be to the TyE.

Although the Tpgyc correlation is based upon field measurements, error can be associated with its use for
predicting the circulating temperature in a well. The error range between this correlation and the field-
measured data from which the correlation was derived is shown in Figure C.1. The standard deviation is
9,2 °C (16,6 °F). Whenever possible, measurements of downhole temperatures are preferred over calculated
estimates.

-
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hroctvo 10° ft
Figure C.1 — Error range of predicted versus measured squeeze temperatures for the 40 data points
used to develop the Tpg correlation
C.3 Well-simulation casing-cementing schedules
These schedules represent average well conditions developed from surveys of cementing opegrations. To
devglop\these schedules, the time required for the cement slurry to reach the bottom, mud weight gnd starting
pregsure were collected from a survey of 584 casing cementing operations conducted betweep 1987 and

1989. Average values for each of these variables were determined for average depths from 305 m to 6 710 m
(1 000 ft to 22 000 ft) in the survey data. A linear regression analysis performed on these average values was
used to prepare tabular schedules.

The final temperature listed in the tabular schedules is the predicted bottom-hole circulating temperature
(TpBHC)- The Tpgyc Vvalues are taken from two sources. For well depths of 3 050 m (10 000 ft) or shallower,
the TpgHc are from API RP 10B [1]. For depths greater than 3 050 m (10 000 ft), the Tpgyc values are from
the correlation developed from the well survey. Two sources for Tpgyc are used because of the lack of
circulating-temperature data for depths shallower than 3 050 m (10 000 ft). Only two of the 66 data points
used to develop the correlation were from depths shallower than 3 050 m (10 000 ft).
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C.4 Well-simulation liner-cementing schedules

These schedules represent average well conditions developed from surveys of cementing operations. To
develop these schedules, the times for the leading edge of cement slurry to reach bottom, the mud weights
and the starting pressures were collected from a survey of 125 liner-cementing operations conducted between
1986 and 1989. Values for each of these variables were determined in the same manner described for the
development of casing-cementing thickening-time schedules. The predicted bottom-hole circulating
temperatures in the liner-cementing schedules were taken from the operating casing-cementing tabular
schedules for the corresponding well depth.

C.5 Development of predicted squeeze-cementing temperature correlation

The correlation for the predicted squeeze temperature (7pg) was developed from temperature measurements
in 40 wells| Data were obtained for wells drilled with water-based and oil-based drilling fluids.Well depths
varied from|2 362 m to 7 571 m (7 750 ft to 24 840 ft).

A maximunp recorded bottom-hole static temperature (T\yrgHs) and a recorded squeéze’ temperature (Irs)
were measlred in each well. Measurements were made using temperature sensors fun near the end of| the
drill string dn a clean-up trip prior to running casing. The T\yrgHs Was the highest-temperature recorded prior
to commenging circulation of the wellbore. For wells used to develop the correlation, the static time (hon-
circulating period) ranged from 24 h to 138 h, with an average of 38,1 h, The Trs was the tempergture
recorded affer pumping one drill-string volume of drilling fluid while taking4eturns up the annulus. The avefage
time requirgd to pump one drill-string volume was 37 min.

In developing this correlation, it was determined that the squeeze temperature was a function of the well dgpth
and a temperature gradient. Other factors, such as drilling fluidtype, circulating rate, inlet temperature of the
circulating fluid, and drill pipe/hole size, were evaluated for theireffect on the squeeze temperature. No clgarly
distinguishgble effects of these other factors were observed-or determined from the data collected. There was
insufficient |data for the wells investigated to determing the effect of fluid type (water or drilling fluids) on
perature. Therefore, the Trg was correlated only to the well depth and pseudo-tempergture
gradient (Vpr).

Although tHe Tpg correlation is based upon'field measurements, error can be associated with its usg for
predicting the squeeze temperature in a well.-The error range between this correlation and the field-measuired
data from which the correlation was derived is shown in Figure C.2. The standard deviation is 7,2 °C (13,0/°F).
Whenever possible, measurements of downhole temperatures are preferred over calculated estimates.

C.6 Development of well-simulation squeeze-cementing tabular schedules

Two types|of tabular{well-simulation thickening-time schedules for squeeze-cementing operations were
prepared: cpntinuous-pumping schedules and hesitation-squeeze schedules.

To develop|these'schedules, the time for the cement to reach the bottom of the workstring, the fluid we(ght,
the circulatjngpressure, the final squeeze pressure, and the time to apply final squeeze pressure were
collected from a survey of 180 squeeze-cementing operations conducted between 1985 and 1987. Average
values for each of these variables were determined for average depths from 305 m to 5486 m (1 000 ft to
18 000 ft) in the survey data. These average values were curve-fit using a polynomial function, and the
predicted values from the curve fit were used to prepare tabular schedules. Starting surface pressures were
taken from squeeze-cementing tabular schedules in API Spec 10 [2]. The Tpg in the tabular schedules are
from the correlation.
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used to develop the T correlation

continuous-pumping squeeze tabular schedules, the temperature of the cement slurry is incrg
and the pgy within the amount of time required for the leading edge of cement slurry to reach
e workstring. The amount of time is based.upon the correlation for average time to bottom dev
survey data. The temperature is held\Jconstant at the Tpg while the pressure is increased
beze pressure over time. The time over which the pressure is increased is based upon the
eloped from the survey data. Temperature is held at the Tpg and pressure is held at the fin
sure for the duration of the thickening-time test.

itation-squeeze schedules are the same as the continuous-pumping squeeze-cementing sch
squeeze pressure is reached. Pressure on the cement slurry is held at the final squeeze pres

gure C.2 — Error range of predicted versus measured sgueeze temperatures for the 66 data points

ased to the
the bottom
eloped from
to the final
correlation
al squeeze

edules until
sure for the
creases the

temperature of the slurry from the Tpg to the pseudo-undisturbed temperature (7p;) at a hegting rate of
0,1 PC/min (0,2 °E/min). The Tp, is calculated in Sl units using the following equation:

Tpy = {Vpr )N htocTyp/100) | +27 °C (Slupits)  (C.3)
whqre

Tpy is the pseudo-undisturbed temperature, expressed in °C;

Vet is the pseudo-temperature gradient, expressed in °C/100 m;

htocTyp s the true vertical depth, expressed in metres;

27 °C is the assumed surface temperature.
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orinUSCu
Tpy =
where
Tpy

Vet

nits:

[(Ver)(htocTyn/100)]+80 °F (USC units)

is the pseudo-undisturbed temperature, expressed in °F;

is the pseudo-temperature gradient, expressed in °F/100 ft

iotha tria vartional Aanth Avieacond m-faaot:

(C.4)

htocTy
80 °F
The motor

motor cycli
squeeze op

o tC ot v o TrtrCar O Pt CAPTCoSoST T 1CCTh

is the assumed surface temperature.

on the consistometer is cycled off (10 min) and on (5 min) during this final heating\period.
ng is designed to detect viscosity increases during static periods while “hesitating” durir
eration. Cycling of the motor is continued for the duration of the test.

C.7 Application of predicted circulating and squeeze temperatures to offshore wells

Some of the data used in the development of correlations for predicting bottom-hole circulating temperat
and squeeZe temperatures were from offshore wells. Only data from offshiore wells in less than 250 ft of w
were included in the data set used to develop the correlations. Alsg, the water depth was less than t

percent of
level using

Tpgrc and
temperatur
temperatur

C.8 Plug

The squee
measuremse
used to prg
were devel
2 h.

Therefore,
circulation

predicted values.

rcementing tailored schedules

e true vertical depth at which the temperature was measured. The V1 was calculated from
h T)g of 27 °C (80 °F).

Tpg from the correlations developed from thi§ data may be significantly different from
s at shallow depths below the seafloor i) offshore wells. Whenever possible, meas
s are preferred over predicted temperatures:

nts after one workstring velume had been circulated. The average circulating time for the
pare the Tpg correlation‘was 36,9 min. Predicted circulating temperatures from API RP 108
pbped from downhole-temperature measurements after a period of circulation typically greater

ime prior-to~the cementing operation. Whenever possible, use measured temperatures

The
g a

ires
ater
ree
sea

the
ired

ve temperatures predicted using the equations were developed from down-hole tempergture

Hata

(1]

han

selection of tésttemperature for plug cementing shall be based upon the anticipated amount of

pver

C.9 Expl

aration-of some-temperature-related-terms

C.9.1 Assumed surface temperature (7,g)

The assumed temperature at the surface is used for purposes of calculating a pseudo-temperature gradient
(Vpr)- The 1974 API data set used a T)g value of 24 °C (75 °F) for calculation of the pseudo-temperature
gradient values listed in earlier API well cement standards. The 1984 API data set used a T g value of 27 °C
(80 °F), as does the 1991 selected data set.
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C.9.2 Average time-to-bottom

This value was used in compiling the tabular casing and liner schedules found in Clause 7. These values are
based on actual times-to-bottom at each depth, obtained from the APl Casing Survey taken from 1987 to 1989
(covering 584 data points). The casing survey was for full casing strings and a few inner-string jobs, but no
liners.

The curve for average time-to-bottom was developed by dividing the survey data into depth ranges, computing
average time-to-bottom for each depth range, and using a simple linear regression analysis curve fit to these
average values.

C.9.3 Maximum recorded bottom-hole static temperature (7,rgns)

Thel T\reHs is the maximum temperature recorded at the bottom of a wellbore, aftera static geriod (non-
circplation normally of up to 24 h or more) and prior to start of circulation. The longer the 'static pgriod of non-
circulation, the closer the T\yrgHs Will approach the undisturbed formation temperature (Tyg). The TvrBHS
valye is preferably determined by a temperature sensor run in the drill string that.is tripped into the wellbore
during a clean-up trip after logging and prior to running casing. Maximum reeorded log tempgratures are
sonjetimes used. The 1974 data, used in APl Spec 10 [2], consisted of 41 )data points that were used to
detgrmine the pseudo-temperature gradients contained in the “cementing.sChedules.” These data |points were
obtained by temperature sensors at various static times from 7 h to 76.h. The average static pgriod for all
measured was 27,9 h. The 1991 selected set of data, used in API'RP 10B [1], consists of 66|data points
to determine the pseudo-temperature gradients contained{in*the “casing cementing sch¢dules” and
equptions. These data points also were obtained by temperature sensors at various static times from 24 h to
138|h. The average static period was also shown to be 37,7 h..One attribute of the 1991 selected data set was
that|all static times were greater than 24 h.

C.9.4 Minimum recorded bottom-hole circulating temperature (7\;,yrgHc)

Thel TyynreHC 1S the minimum temperature recorded at the bottom of a wellbore, after circulation time sufficient

to achieve a nearly stabilized or steady-state ‘circulating temperature. The Ty;\rgHc iS usually dete
temperature sensor run in the drill string that is tripped into the wellbore during a clean-up trip 4

rmined by a
fter logging

and| prior to running casing. The temperature is obtained, after some time period of circulating the wellbore,

priof to tripping the pipe off bottom.“The T reHc iS dependent upon well geometry, fluid
circpilation rate, etc., and is not.necessarily the minimum bottom-hole circulating temperature ¢
slurfy.

C.9.5 Predicted bottom-hole circulating temperature (7pgyc)

Thel Tpghc is the predicted temperature obtained from Clause 9, tabulated schedules or equati
bottbm-hole depth’and pseudo-temperature gradient (Vpt). This is a calculated value based on fig
assgpciated correlation techniques, used to develop the schedules and equations. When using th
schedules, this’is the temperature listed for the maximum time shown in that schedule. The Tpgy(
both casing*and liner schedules. The actual wellbore temperature is dependent upon well geg

properties,
f a cement

ons, for the
Id data and
e tabulated
is used for
metry, fluid

properties, circulation rate, etc., and is not necessarily the bottom-hole circulating temperature Tf a cement
slurty

C.9.6 Predicted squeeze temperature (7pg)

The Tpg is the predicted squeeze temperature obtained using Clause 9 tabulated squeeze schedules or
equations, for the selected depth and temperature gradient. When using the tabulated continuous-pumping
squeeze schedules, the Tpg is the temperature listed for the maximum time shown in that schedule. When
using the tabulated hesitation-squeeze schedules, the Tpg is the temperature in the schedule at the end of the
first temperature ramp. The actual wellbore squeeze temperature is dependent upon well geometry, fluid
properties, circulation rate, circulating time and inlet temperature of the fluid.
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C.9.7 Pseudo-temperature gradient (Vpy)

This is a calculated value based on field data and associated correlation techniques which were used to
develop the schedules and equations. The Vpt is a temperature change per unit of depth, determined by an
equation using an assumed surface temperature (7,g), defined as 27 °C (80 °F), and a maximum recorded
bottom-hole static temperature (7 rgns)- See Equation (C.1).

The Vpr is used in Clause 9 to develop well-simulation testing schedules of temperature and pressure versus

time.

C.9.8 Pseudo-undisturbedtemperature (7))

This is the femperature at a given depth calculated in Equations (C.3) and (C.4).

The Tp, at
(TmrBHS)- |

C.9.9 Red

This is the
equal to thg
time when
determined

is intended that the static time, for this equation, equal or exceed 24 h.

orded squeeze temperature (7xg)

temperature recorded at the end of the workstring at the calculated time when a volume of
internal volume of the workstring has been circulated. This also reppesents the temperature a

by a temperature sensor run in the workstring that is trippedtinto the wellbore during a clea

trip. The wqg
collected a

ter logging and prior to running casing. The actual wellbore squeeze temperature is depen

upon well geometry, fluid properties, circulation rate, circulating time and inlet temperature of the fluid.

C.9.10

This is the
maximum r

C.9.1

atic time

amount of time between the end of the last circulation of the wellbore and the time at which
pcorded bottom-hole static temperature. (T\,rgHs) Was observed.

Undisturbed formation temperature (7 ;)

This is the {femperature of the geologicformation, at the depth of interest, prior to its first penetration by a

bit, or the te
the adjacen

mperature attained at a depth in a well after the well is shut in for a period long enough to retu
t undisturbed (virgin) geological formation temperature.

the bottom of the wellbore is equal to the maximum recorded bottom-hole statie temperature

fluid
the

the leading edge of cement slurry would reach the end of the workstring. The Trg is ustally

h-up

rkstring for the 1991 selected data set was at the bottom of. the wellbore and the data were usdally

Hent

the

drill
n to
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Annex D
(normative)

Alternative apparatus for well thickening-time tests

D.1 General

Thig annex presents a description of an alternative pressurized consistometer for the(we(l-simulation
thickening-time testing of cement slurries.

D.2 Apparatus

D.2{1 Consistometer, having a rotating paddle and a stationary cup design and constructed suich that the
cenjent slurry can be subjected to the temperatures and pressures required by the well-simulation test
schedules described in 9.5.

Paddle torque is sensed by motor load or alternate torque~'sensors to provide slurry fonsistency
measurements equivalent to those of the typical consistometér ‘described in 9.2. Slurry temperature and
pregsure controls are provided as depicted in Figure D.1 and.Eigure D.2. The apparatus shall bg capable of
duplicating the test conditions and measurements required of\the typical consistometer described in 9.2.
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I

Key

1 slurry tgmperature sensor
2 inner magnet

3  drive pJlley

4  outer mpgnet

5  pressurg housing

6 lid

7  drive shaft

8 lid seal

9  paddle @rive coupling

10 pressurg medium

11 isolator|(slurry/pressure medium)
12  slurry cpntainer and slurry
13 pressurg chamber

14 heater glements

15 slurry cpntainer retainers
16 fluid fill/empty.

Figurg D1 — Alternative consistometer design for well-simulation thickening time, Example 1
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o L
AQ- 7
ﬁ/ ~ || 8
4 ﬁ\g
1 P §\10
§§\11
4 \
.4% 12
m« \13
Key
1 | motor/generator
2 | magnetic drive
3 | pressure-transmitting seal
4 | oil-pressuring port
5 |air vent
6 |auxiliary thermocouple
7 | mechanical coupling
8 |auxiliary heater jacket
9 |oil/cement interface
10 |slurry pressure vessel
11 |rotating paddle
12 | main heating/cooling‘jacket
13 |main thermocouple well

Figure D.2'— Alternative consistometer design for well-simulation thickening time, Example 2

D.3 €alibration

The equipment manufacturer's procedures for the calibration of the pressurized consistometer, including
consistency measurement, temperature measurement, temperature controllers, motor speed, timer and
pressure gauges, shall be followed. The same specifications and frequency of calibration apply to the use of
this alternative device as the typical consistometer of 9.2.

D.4 Test procedure

The equipment manufacturer's detailed procedures for the operation and maintenance of the equipment shall
be followed and shall satisfy the intent of the general procedures in Clause 9. Some modifications may be
necessary to accommodate the design variations of the alternative device. Do not exceed manufacturer's
safety limits.
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Annex E
(informative)

Cementing schedules

Table E.1 — Casing well-simulation tests

1 2 3 4 5 6 7
Temperature gradient, °C/100 m depth (°F/100 ft depth)
Depth 1,6 (0,9) 2,0 (1,1) 24 (1,3) 2,7 (1,5) 3,1 (1,7) 3,5 (1,9)
(hrocvo) Temperature
OC (OF) OC (OF) OC (OF) OC (OF) OC (OF) OC (OF)
305m 27 (80) 27 (80) 27 (80) 27 (80) 27 (80) 27 (80)
(1 000 ft)
610 m 32 (89) 32 (89) 32 (90) 32 (90) 33 (91) 33 (91)
(2 000 ft)
1020 m 37 (99) 38 (100) 38 (101) 39 (102) 39 (103) 40 (104)
(4 000 ft)
1830 m 44 (112) 46 (114) 47 (116) 48 (118) 49 (120) 52 (126)
(6 00Q ft)
244Qm 52 (126) 54 (129) 57 (135) 60 (140) 63 (146) 71 (160)
(8 000 ft)
3050 m 61 (141) 63 (146) 70 (158) 75 (167) 82 (180) 93 (200)
(10 00p ft)
3660 m 64 (148) 74 (165) 84 (183) 94 (201) | 104 (219) | 113  (236)
(12 00p ft)
427Qm 73 (164) 85 (185) 97 (207) | 109 (228) | 121 (250) | 133 (271)
(14 00p ft)
4880 m 83 (182) 97 (207) | 112 (233) | 126 (258) | 140 (284) | 154  (309)
(16 00p ft)
5490 m 94 (200111 (231) | 127 (261) | 144 (291) | 161 (321) | 177  (350)
(18 00p ft)
6100 m 106 . (222) | 124 (256) | 144 (291) | 163 (326) | 182 (360) | 202 (395)
(20 0o0p ft)
671Qm 118 (244) | 140 (284) | 162 (324) | 184 (364) | 207 (404) | 229 (444)
(22 00p ft)
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Table E.2 — Liner well-simulation tests

ISO 10426-2:2003(E)

1 3 4 5 6
Temperature gradient, °C/100 m depth (°F/100 ft depth)
Depth | 16 09 | 20 (| 24 (3| 27 @5| 31 anl| 35 (9
(hroctvo) Temperature
OC (OF) OC (OF) OC (OF) OC (OF) OC (OF) OC (OF)
305 m 27 80) | 27 (80) | 27 (80) | 27 (80) | 27 (80) | 27  (80)
(1 000 ft)
610 m 32 @©9) | 32 (89 | 32 (90 | 32 (90 | 33 (o1 |.-8°| @1
(2 000 ft)
1020m |57 99y | 38 (100) | 38 (101)| 39 (102) | 39 (103} 40 | (104)
(4 000 ft)
1830m 140 (112 | 46 (114) | 47 (116) | 48 (118) | 49~ *(120) | 52 | (126)
(6 000 ft)
2440 m
Gooomy | 52 (126 | 54 (129) | 57 (135) | 60 (140pf-63 (146) | 71 | (160)
3050 m
(ooooty | 61 (4N | 83 (14| 70 (158) | 75 o (167) | 82 (180) | 93 | (200)
3660m |\ g4 (qag) | 74 (165)| 84 (183) |. 94 = (201) | 104 (219) | 113 | (236)
(12 000 ft)
4210m 173 164y | 85 (185) | 97 (207) | 109 (228) | 121 (250) | 133 | (271)
(14 000 ft)
4880m | g3 182) | 97 (207) | 112:3(233) | 126 (258) | 140 (284) | 154 | (309)
(16 000 ft)
5490 m
(o000t | ©4 (@00 | 111 (@30D127  (261) | 144 (201) | 161 (321) | 177 | (350)
6100m | 405 (222) | 124 ((256) | 144 (291) | 163 (326) | 182 (360) | 202 | (395)
(20 000 ft)
6710m | 448 (244) |40 (284) | 162 (324) | 184 (364) | 207 (404) | 229 | (444)
(22 000 ft)
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Table E.3 — Continuous-pumping squeeze well-simulation tests

1 2 3 4 5 6 7 8
Temperature gradient, °C/100 m depth (°F/100 ft depth)
Time Pressure 16 09|20 an|24 a3|27 as|31 anlss @9
Temperature
min kPa  (psi) | °C  (°F) | °C (F) | °C (F) | °C (F) | °C (F) | °C  (F)
Depth: 305 m (1 000 ft) Mud density: 1,10 kg/I (9,2 Ibm/gal)
0 3400 (500 [ 27 8Oy 27 80y 27 80y 27 8Oy 27 8O 27 (30)
1 3400 (500) | 27 (80) | 27 (80) | 28 (82) | 28 (83) | 29 (85 | 30 (36)
2 3600 (520) | 27 (80) | 27 (80) | 28 (82) | 28 (83) | 29 (85) [.-30 (36)
3 3700 (540) | 27 (80) | 27 (80) | 28 (82) | 28 (83) | 29  (85)~] 30 (36)
4 3900 (560) | 27 (80) | 27 (80) | 28 (82) | 28 (83) | 29 . \(85) | 30 (36)
5 4000 (580) | 27 (80) | 27 (80) | 28 (82) | 28 (83) | 29 ™ (85) [ 30 (36)
6 4100 (600) | 27 (80) | 27 (80) | 28 (82) | 28  (83).¢~29 (85) | 30 (36)
7 4300 (620) | 27 (80) | 27 (80) | 28 (82) | 28 (83).| 29 (85 | 30 (36)
8 4400 (640) | 27 (80) | 27 (80) | 28 (82) | 28,-(83) | 29 (85) | 30 (36)
9 4600 (660) | 27 (80) | 27 (80) | 28 (82) | 28 " (83) | 29 (85) | 30 (36)
10 4700 (680) | 27 (80) | 27 (80) | 28  (82)4)»28 (83) | 29 (85) | 30 (36)
11 4800 (700) | 27 (80) | 27 (80) | 28 .(82) | 28 (83) | 29 (85 | 30 (36)
12 5000 (720) | 27 (80) | 27 (80) | 28\ (82) | 28 (83) | 29 (85) | 30 (36)
13 5100 (740) | 27 (80) | 27 (80) | 28 (82) | 28 (83) | 29 (85) | 30 (36)
14 5200 (760) | 27 (80) | 27 80P 28 (82) | 28 (83) | 29 (85 | 30 (36)
15 5400 (780) | 27 (80) | 27 (80) | 28 (82) | 28 (83) | 29 (85 | 30 (36)
Ramp (deg/min) 0,00 (0,00) |0,00~(0,00) |1,11  (2,00) (1,67 (3,00) (2,78 (5,00) |3,33 (6,p0)
Ramp time 1 min
Temp. dwell 14 min
Pressure ratge (per min) 0 kPa (0 psi) for 1 min, then 143 kPa (20 psi) for 14 min
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Table E.3 (continued)
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1 2 3 4 5 6 7
Temperature gradient, °C/100 m depth (°F/100 ft depth)
Time Pressure | 16 (09) ] 20 (10| 24 (3| 27 a5 |31 @135 9
Temperature
mn |[ka sy | c cP|°c cp|°c cp|cc cp|cc ep|cc P
Depth: 610 m (2 000 ft) Mud density: 1,13 kg/l (9,40 Ibm/gal)
0 3400 (500) 27 (80) 27 (80) 27 (80) 27 (80) 27 (80) 27 (80)
1 4100 (600) 28 (82) 28 (82) 28 (83) 29 (84) 29 (85) 30 (86)
2 4800 (700) 29 (84) 29 (85) 30 (86) 31 (88) 32 (89) 33 (91)
3 5500 (800) 30 (85) 31 (87) 31 (89) 33 (91) 34 (94) 36 (96)
4 6200 (900) 30 (86) 32 (89) 33 (92) 35 (95) 37 (98) 38  (101)
5 6 500 (940) 30 (86) 32 (89) 33 (92) 35 (95) 37 (98) 38  (101)
6 6800 (980) 30 (86) 32 (89) 33 (92) 35 (95) 37 (98) 38  (101)
7 7000 (1020)( 30 (86) 32 (89) 33 (92) 35 (95) 37 (98) 38  (101)
8 7300 (1060)( 30 (86) 32 (89) 33 (92) 35 (95) 37 (98) 38  (101)
9 7600 (1100)( 30 (86) 32 (89) 33 (92) 35 (95) 37 (98) 38  (101)
10 7900 (1140)( 30 (86) 32 (89) 33 (92) 35 (95) 37 (98) 38  (101)
11 8100 (1180)( 30 (86) 32 (89) 33 (92) 35 (95) 37 (98) 38  (101)
12 8400 (1220)| 30 (86) 32 (89) 33 (92) 35 (95) 37 (98) 38  (101)
13 8700 (1260)| 30 (86) 32 (89) 33 (92) 35 (95) 37 (98) 38  (101)
14 9000 (1300)( 30 (86) 32 (89) 33 (92) 35 (95) 37 (98) 38  (101)
15 9200 (1340)( 30 (86) 32 (89) 33 (92) 35 (95) 37 (98) 38  (101)
16 9500 (1380)( 30 (86) 32 (89) 33 (92) 35 (95) 37 (98) 38  (101)
17 9800 (1420)( 30 (86) 32 (89) 33 (92) 35 (95) 37 (98) 38  (101)
18 10 100 (1460)| B0 (86) 32 (89) 33 (92) 35 (95) 37 (98) 38  (101)
19 10 300 (1 500)( )30 (86) 32 (89) 33 (92) 35 (95) 37 (98) 38  (101)
20 10 600 (1/540)| 30 (86) 32 (89) 33 (92) 35 (95) 37 (98) 38  (101)
Ramp (deg/min) 0,83 (1,50) |1,25 (2,25) |1,67 (3,00) |2,08 (3,75) |2,50 (4,50) |2,p2 (5,25)
Ramp time 4 min
Tenmp. dwell 16 min
Pregsurevrate (per min) 700 kPa (100 psi) for 4 min, then 275 kPa (40 psi) for 16 min
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Table E.3 (continued)

1 2 3 4 5 6 7 8
Temperature gradient, °C/100 m depth (°F/100 ft depth)
Time Pressure | 16 (09) ] 20 (10| 24 (3| 27 a5 |31 11|35 9
Temperature
mn |[ka sy | c cP|°c cp|°c cp|cc cp|cc ep|cc P
Depth: 1 220 m (4 000 ft) Mud density: 1,16 kg/l (9,7 Ibm/gal)
0 3400 (500) 27 (80) 27 (80 27 8Oy 27 (80) 27 8O 27 (30)
1 4600 (660) 28 (82) 28 (83) | 29 (84) | 29 (84) 29 (85) 30 (86)
2 5700 (820) 29 (84) 30 (86) 31 (87) 32 (89) 32 (90) 3B (92)
3 6800 (980) 31 (87) 32 (89) 33 91) 34 (93) 35 (95) 36 (97)
4 7900 (1140)| 32 (89) 33 (92) 35 (95) 36 (97) 38 _.(100) [ 39 (103)
5 9000 (1300)( 33 (91) 34 (94) 37 (98) 39 (102) | 41 ~(105)| 43 (109)
6 10 100 (1460)| 34 (93) 36 (97) 39 (102)| 41 (106) (43 (110)| 46 (115)
7 11200 (1620)| 36 (96) 38 (100) [ 41 (106) | 43 (110).| 46 (115)| 49 (1R0)
8 12 300 (1780)| 37 (98) 39 (103) | 43 (109) | 46 -(115)| 49 (120) | 52  (1p6)
9 13400 (1940)| 38 (100) | 41 (106) | 45 (113)| 48 "~ (119)| 52 (125)| 56 (1B2)
10 13800 (2005)| 38 (100) | 41 (106) | 45 (113)%)>48 (119)| 52 (125)| 56 (1B2)
11 14300 (2070)| 38 (100) | 41 (106) | 45 (148)| 48 (119)| 52 (125)| 56 (1B2)
12 14700 (2135)| 38 (100) | 41 (106) | 45 \(113)| 48 (119)| 52 (125)| 56 (1B2)
13 15200 (2200)| 38 (100) | 41 (106) | 45° (113)| 48 (119)| 52 (125)| 56 (1B2)
14 15600 (2265)| 38 (100) | 41 (106){ 45 (113)| 48 (119)| 52 (125)| 56 (1B2)
15 16 100 (2330)| 38 (100) | 41 .(406)| 45 (113)| 48 (119)| 52 (125)| 56 (1B2)
16 16500 (2395)| 38 (100) | 41°\_J(106) | 45 (113)| 48 (119)| 52 (125)| 56 (1B2)
17 17 000 (2460)| 38 (100) .41  (106) | 45 (113)| 48 (119)| 52 (125)| 56 (1B2)
18 17 400 (2525)| 38 (100)«f 41  (106) | 45 (113)| 48 (119)| 52 (125)| 56 (1B2)
19 17900 (2590)| 38 ((100)| 41 (106) | 45 (113)| 48 (119)| 52 (125)| 56 (1B2)
20 18300 (2655)| B8\~ (100)| 41 (106) | 45 (113)| 48 (119)| 52 (125)| 56 (1B2)
21 18 800 (2720)4\,88 (100) | 41 (106) | 45 (113)| 48 (119)| 52 (125)| 56 (1B2)
22 19200 (2785)| 38 (100) | 41 (106) | 45 (113)| 48 (119)| 52 (125)| 56 (1B2)
23 19 700«(2.850) | 38 (100) | 41 (106) | 45 (113)| 48 (119)| 52 (125)| 56 (1B2)
24 20100 (2915)| 38 (100) | 41 (106) | 45 (113)| 48 (119)| 52 (125)| 56 (1B2)
25 20-500—2-986) 38— T—4H—HB6 45— T—48S—H ) T—B52—(1251T—56—432)
Ramp (deg/min) 1,23 (2,22)| 1,61 (2,89)| 2,04 (3,67)| 2,41 (4,33)| 2,78 (5,00)| 3,21 (5,78)
Ramp time 9 min
Temp. dwell 16 min
Pressure rate per min 1 111 kPa (160 psi) for 9 min, then 444 kPa (65 psi) for 16 min
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Table E.3 (continued)

1 2 3 4 5 6 7 8
Temperature gradient, °C/100 m depth (°F/100 ft depth)
Time Pressure | 16 (09) ] 20 (10| 24 (3| 27 a5 |31 @135 9
Temperature
mn |[ka sy | c cP|°c cp|°c cp|cc cp|cc ep|cc P
Depth: 1 830 m (6 000 ft) Mud density: 1,22 kg/l (10,2 Ibm/gal)
0 5500 (800) 27 (80) 27 (80) 27 (80) 27 (80) 27 (80) 27 (80)
1 6700 (970) 28 (83) 28 (83) | 29 (84) | 29 (85) 29 (85) 30 (86)
2 7900 (1140)( 29 (85) 30 (86) 31 (88) 32 (89) 32 (90) 33 (92)
3 9000 (1310)( 31 (88) 32 (89) 33 (92) 34 (94) 36 (96) 37 (98)
4 10200 (1480)| 32 (90) 34 (93) 35 (95) 37 (98) 38 (101) | 40  (104)
5 11400 (1650)| 34 (93) 36 (96) 37 (99) 39  (103):| 41 (106) | 43 (110)
6 12500 (1820)| 35 (95) 37 (99) 39  (103) | 42 CA107)| 44 (111)| W7  (116)
7 13700 (1990)| 37 (98) 39 (102) | 42 (107)| 44. (112)| 47 (116) | [BO0  (122)
8 14900 (2160)| 38 (100) | 41 (105)| 44 (1M1 47 (117)| 50 (122) | |53  (127)
9 16 100 (2330)| 39 (103) | 42 (108)| 46 (M5)| 49 (121)| 53 (127)| |56  (133)
10 17200 (2500)| 41 (105)| 44 (111)| 48¢)(119)| 52 (126) | 56 (132)| [59  (139)
11 18400 (2670)| 42 (108)| 46 (115) .50’ (122)| 54 (130)| 58 (137)| |63 (145)
12 19600 (2840)| 43 (110)| 48 (118)y 52 (126) | 57 (135)| 62 (143)| 66 (151)
13 20800 (3010)| 45 (113)| 49 (¢21)| 54 (130)| 59 (139)| 64 (148)| [69 (157)
14 21900 (3180)| 46 (115)| 5N (124)| 57 (134)| 62 (144)| 67 (153)| [73  (163)
15 22400 (3250)| 46 (115)4.C51 (124)| 57 (134)| 62 (144)| 67 (153)| [73  (163)
16 22900 (3320)| 46 (115} 51 (124)| 57 (134)| 62 (144)| 67 (153)| [73  (163)
17 23400 (3390)| 46 «(M5)| 51 (124)| 57 (134)| 62 (144)| 67 (153)| [73 (163)
18 23900 (3460)| 46~ (115)| 51 (124)| 57 (134)| 62 (144)| 67 (153)| [73  (163)
19 24 300 (3530)(] Y46 (115)| 51 (124)| 57 (134)| 62 (144)| 67 (153)| [73  (163)
20 24 800 (3600)| 46 (115)| 51 (124)| 57 (134)| 62 (144)| 67 (153)| [73  (163)
21 25300,(3/670) | 46 (115)| 51 (124)| 57 (134)| 62 (144)| 67 (153)| [73  (163)
22 25800 (3740)| 46 (115)| 51 (124)| 57 (134)| 62 (144)| 67 (153)| [73  (163)
23 26300 (3810)| 46 (115)| 51 (124)| 57 (134)| 62 (144)| 67 (153)| [73  (163)
24 26800 (3880)| 46 (115)| 51 (124)| 57 (134)| 62 (144)| 67 (153)| [73  (163)
25 2720039560 T—46—( T2 T— 5 F— (R T— 62— F—53 173 (163)
26 27700 (4020)| 46 (115)| 51 (124)| 57 (134)| 62 (144)| 67 (153)| 73 (163)
27 28200 (4090)| 46 (115)| 51 (124)| 57 (134)| 62 (144)| 67 (153)| 73  (163)
28 28700 (4160)| 46 (115)| 51 (124)| 57 (134)| 62 (144)| 67 (153)| 73  (163)
29 29200 (4230)| 46 (115)| 51 (124)| 57 (134)| 62 (144)| 67 (153)| 73  (163)
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ISO 10426-2:2003(E)

Table E.3 (continued)

1 2 3 4 5 6 7 8
Temperature gradient, °C/100 m depth (°F/100 ft depth)
Time Pressure | 16 (09) ] 20 (10| 24 (3| 27 a5 |31 11|35 9
Temperature
min kPa (psi) | °C  (°F) | °C  (°F) | °C  (°F) | °C (°F) | °C  (°F) | °C  (°F)
Depth: 1 830 m (6 000 ft) Mud density: 1,22 kg/l (10,2 Ibm/gal)
30 29000 (#300) 46 (T1B) | Dt (124) 57 (134) | 62  (134y | 67 (153) 73 (1B3)
31 30100 (4370)| 46 (115)| 51 (124)| 57 (134)| 62 (144)| 67 (153) | 73..)H(1B3)
32 30600 (4440)| 46 (115)| 51 (124)| 57 (134)| 62 (144)| 67 (153) | -7& (1B3)
33 31100 (4510)| 46 (115)| 51 (124)| 57 (134)| 62 (144)| 67 (158) 73 (1B3)
34 31600 (4580)| 46 (115)| 51 (124)| 57 (134)| 62 (144)| 67 _(163)| 73 (1B3)
35 32100 (4650)| 46 (115)| 51 (124)| 57 (134)| 62 (144)| 67 ™~ (153)| 73  (1B3)
Ramp (deg/min) 1,39 (2,50)| 1,74 (3,14)| 2,14 (3,86)| 2,54 (4,57)1-2,89 (521)| 3,29 (5[93)
Ramp time 14 min
Temp. dwell 21 min
Pressure rate (per min) 1171 kPa (170 psi) for 14 min, then 486 kPa (70 psi) for 21 min
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Table E.3 (continued)

ISO 10426-2:2003(E)

1 2 4 5 6 7
Temperature gradient, °C/100 m depth (°F/100 ft depth)
Time Pressure | 16 (09) ] 20 (10| 24 (3| 27 a5 |31 @135 9
Temperature
mn |[ka sy | c cP|°c cp|°c cp|cc cp|cc ep|cc P
Depth: 2 440 m (8 000 ft) Mud density: 1,29 kg/l (10,8 Ibm/gal)
0 6-900— (1000127 (80) 27 (80) 27 (807 27 (80) 27 (80) 27 (80)
1 8200 (1185)| 28 (83) | 28 (83) | 29 (84) | 29 (85) | 29 (85|30  (86)
2 9400 (1370)| 29 85 | 31 (@7 | 31 (88) | 32 (89 | 33 N | B3 (92
3 10700 (1555 | 31 (88) | 32 (90) | 33 (92) | 34 (94) | 36 .1(96) | [37  (98)
4 12000 (1740)| 33 (91) | 34 (93) | 36 (96) | 37 (99) ‘38" (101)| MO (104)
5 13300 (1925)| 34 (93) | 36 (97) | 38 (100)| 39 (103) 42 (107)| W4  (111)
6 14500 (2110)| 36  (96) | 38 (100)| 40 (104)| 42 _(108)| 44 (112)| W7 (117)
7 15800 (2295)| 37  (98) | 39 (103)| 42 (108)| 45°(113)| 48 (118)| [51  (123)
8 17100 (2480)| 38 (101)| 42 (107)| 44 (112)} 47 (117)| 51 (123)| 54  (129)
9 18400 (2665)| 40 (104) | 43 (110)| 47 (116)] 50 (122)| 53 (128)| [57  (135)
10 19700 (2850)| 41 (106) | 45 (113)| 49 120)| 53 (127)| 57 (134)| p1  (141)
11 20900 (3035)| 43 (109)| 47 (117)| 51%124)| 56 (131)| 59 (139)| |4  (147)
12 (22200 (3220)| 44 (112)| 49 (120) [~®3 (128)| 58 (136)| 62 (144)| [p7  (153)
13 [23500 (3405)| 46 (114)| 51 (123) 56 (132)| 61 (141)| 66 (150)| [71  (159)
14 |24800 (3590)| 47 (117)| 52 (i26)| 58 (136)| 63 (146)| 68 (155)| [74  (165)
15 |26000 (3775)| 48 (119)| 540(130)| 60 (140)| 66 (150)| 72 (161)| [78 (172)
16 [27300 (3960)| 50 (122){ (56 (133)| 62 (144)| 68 (155)| 74 (166)| [81 (178)
17 |28600 (4145)| 52 (125)| 58 (136)| 64 (148)| 71 (160)| 77 (171)| |84 (184)
18 [29900 (4330)| 53 _M27)| 60 (140)| 67 (152)| 73 (164)| 81 (177)| [88  (190)
19 |31100 (4515)| 54.)(130)| 62 (143)| 69 (156)| 76 (169)| 83 (182)| |91  (196)
20 [31700 (4600){~54 (130)| 62 (143)| 69 (156)| 76 (169)| 83 (182)| lo1  (196)
21 32300 (46850 54 (130)| 62 (143)| 69 (156)| 76 (169)| 83 (182)| lo1  (196)
22 |32900 (#770)| 54 (130)| 62 (143)| 69 (156)| 76 (169)| 83 (182)| 1  (196)
23 33500{(4855)| 54 (130)| 62 (143)| 69 (156)| 76 (169)| 83 (182)( [91 (196)
24 |34100 (4940)| 54 (130)| 62 (143)| 69 (156)| 76 (169)| 83 (182)| 1  (196)
25 34600 (5025)| 54 (130)| 62 (143)| 69 (156)| 76 (169)| 83 (182)( [91 (196)
26 35200 (5110)| 54 (130)| 62 (143)| 69 (156)| 76 (169)| 83 (182)( [91 (196)
27  |35800 (5195)| 54 (130)| 62 (143)| 69 (156)| 76 (169)| 83 (182)| 91  (196)
28 36400 (5280)| 54 (130)| 62 (143)| 69 (156)| 76 (169)| 83 (182)( 91 (196)
29  |37000 (5365)| 54 (130)| 62 (143)| 69 (156)| 76 (169) | 83 (182)| 91  (196)
30 [37600 (5450)| 54 (130)| 62 (143)| 69 (156)| 76 (169)| 83 (182)| 91  (196)
31 38200 (5535)| 54 (130)| 62 (143)| 69 (156)| 76 (169)| 83 (182)( 91 (196)
32 |38700 (5620)| 54 (130)| 62 (143)| 69 (156)| 76 (169) | 83 (182)| 91  (196)
33 39300 (5705)| 54 (130)| 62 (143)| 69 (156)| 76 (169)| 83 (182)( 91 (196)
34 |39900 (5790)| 54 (130)| 62 (143)| 69 (156)| 76 (169) | 83 (182)| 91  (196)
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ISO 10426-2:2003(E)

Table E.3 (continued)

1 2 3 4 5 6 7 8
Temperature gradient, °C/100 m depth (°F/100 ft depth)
Time Pressure | 16 (09) ] 20 (10| 24 (3| 27 a5 |31 11|35 9
Temperature
min kPa (psi) | °C  (°F) | °C  (°F) | °C  (°F) | °C (°F) | °C  (°F) | °C  (°F)
Depth: 2 440 m (8 000 ft) Mud density: 1,29 kg/l (10,8 Ibm/gal)
35 40500 (5 875) | D4 (130) | ©2  (143) [ 09 (156) | 76 (169) 83 (182 91 (TP6)
36 41100 (5960)| 54 (130)| 62 (143)| 69 (156)| 76 (169)| 83 (182)| 91..)H(1p6)
37 41700 (6045)| 54 (130)| 62 (143)| 69 (156)| 76 (169)| 83 (182)|. .94 (1P6)
38 42 300 (6130)| 54 (130)| 62 (143)| 69 (156) | 76 (169)| 83  (182)f "91  (1pP6)
39 42900 (6215)| 54 (130)| 62 (143)| 69 (156)| 76 (169)| 83 _(182) 91  (1pP6)
40 43400 (6300)| 54 (130)| 62 (143)| 69 (156)| 76 (169)| 83 ™ (182)| 91  (1P6)
Ramp (deg/min) 1,46 (2,63)| 1,84 (3,32)| 2,22 (4,00)| 2,60 (4,68)[2,98 (537)| 3,39 (6[11)
Ramp time 19 min
Temp. dwell 21 min
Pressure ratge (per min) 1 274 kPa (185 psi) for 19 min, then 586 kPa (85 psi) for 21 min
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Table E.3 (continued)

ISO 10426-2:2003(E)

1 2 4 5 6 7
Temperature gradient, °C/100 m depth (°F/100 ft depth)
Time Pressure | 16 (09) ] 20 (10| 24 (3| 27 a5 |31 @135 9
Temperature
mn |[ka sy | c cP|°c cp|°c cp|cc cp|cc ep|cc P
Depth: 3 050 m (10 000 ft) Mud density: 1,38 kg/l (11,5 Ibm/gal)
0 9 000— (1300127 (80) 27 (80) 27 (807 27 (80) 27 (80) 27 (80)
1 10300 (1500)| 28 (83) | 28 (83) | 29 (84) | 29 (85) | 30  (86)|“[30  (86)
2 11700 (1700)( 30 (86) 31 (87) 31 (88) 32 (90) 33 (91 33 (92)
3 13100 (1900)| 31 (88) | 32 (90) | 33 (92) | 35 (95) | 36 .\(97) | [37  (99)
4 14500 (2100)| 33 (91) | 34 (94) | 36 (97) | 37 (99) [+'39" (102)| M1  (105)
5 15900 (2300)| 34 (94) | 36 (97) | 38 (101)| 40 (104)P 42 (108)| M4  (111)
6 17200 (2500)| 36 (97) | 38 (101)| 41 (105)| 43 _(109)| 45 (113)| W7 (117)
7 18600 (2700)| 37  (99) | 40 (104)| 43 (109) | 46(114)| 48 (119)| 51 (123)
8 20000 (2900)| 39 (102)| 42 (108)| 45 (113)} 48 (119)| 51 (124)| |54  (130)
9 21400 (3100)| 41 (105)| 44 (111)| 47 (DO} 51 (123)| 54 (130)| |58  (136)
10 [22800 (3300)| 42 (108)| 46 (115)| 49 <(21)| 53 (128)| 57 (135)| 61  (142)
11 24100 (3500)| 43 (110)| 48 (118)| 52"J125)| 56 (133)| 61 (141)| |4  (148)
12 25500 (3700)| 45 (113)| 50 (122) (B4 (130)| 59 (138)| 64 (146) | [68 (155)
13 |26900 (3900)| 47 (116)| 52 (125Y) 57 (134)| 62 (143)| 67 (152)| [72  (161)
14 |28300 (4100)| 48 (119)| 53 (128)| 59 (138)| 64 (148)| 70 (158)| [75 (167)
15 |29600 (4300)| 49 (121)| 56<0(132)| 61 (142)| 67 (152)| 73 (163)| [78 (173)
16 [31000 (4500)| 51 (124){c57 (135)| 63 (146)| 69 (157)| 76 (169)| [82  (179)
17 |32400 (4700)| 53 (127 59 (139)| 66 (150)| 72 (162)| 79 (174)| |86  (186)
18 (33800 (4900)| 54 _Y430)| 61 (142)| 68 (154)| 75 (167)| 82 (180)| [89  (192)
19 35200 (5100)| 56.) (132)| 63 (146)| 70 (158)| 78 (172)| 85 (185)| |02  (198)
20  [36500 (5300){~57 (135)| 65 (149)| 73 (163)| 81 (177)| 88 (191)| |96  (204)
21 37900 (55000 59 (138)| 67 (153)| 75 (167)| 83 (181)| 91 (196)| |99  (210)
22 |39300 45700)| 61 (141)| 69 (156)| 77 (171)| 86 (186)| 94 (202) | 103 (217)
23 |407000(5900)| 62 (143)| 71 (160)| 79 (175)| 88 (191)| 97 (207)| 106 (223)
24 427100 (6100)| 63 (146)| 73 (163)| 82 (179)| 91 (196) | 101 (213)| 109 (229)
25 ,>[42700 (6195)| 63 (146)| 73 (163)| 82 (179)| 91 (196) | 101 (213)| 109 (229)
26~ |43400 (6290)| 63 (146)| 73 (163)| 82 (179)| 91 (196) | 101 (213)| 109 (229)
27 |44000 (6385)| 63 (146)| 73 (163)| 82 (179)| 91 (196)| 101 (213)] 109 (229)
28  |44700 (6480)| 63 (146)| 73 (163)| 82 (179)| 91 (196) | 101 (213)| 109 (229)
29  |45300 (6575)| 63 (146)| 73 (163)| 82 (179)| 91 (196) | 101 (213)| 109 (229)
30 |46000 (6670)| 63 (146)| 73 (163)| 82 (179)| 91 (196)| 101 (213)| 109 (229)
31  |46600 (6765)| 63 (146)| 73 (163)| 82 (179)| 91 (196)| 101 (213)| 109 (229)
32 |47300 (6860)| 63 (146)| 73 (163)| 82 (179)| 91 (196) | 101 (213)| 109 (229)
33 |48000 (6955)| 63 (146)| 73 (163)| 82 (179)| 91 (196) | 101 (213)| 109 (229)
34  |48600 (7050)| 63 (146)| 73 (163)| 82 (179)| 91 (196) | 101 (213)| 109 (229)
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ISO 10426-2:2003(E)

Table E.3 (continued)

1 2 3 4 5 6 7 8
Temperature gradient, °C/100 m depth (°F/100 ft depth)
Time Pressure | 16 (09) ] 20 (10| 24 (3| 27 a5 |31 11|35 9
Temperature
min kPa (psi) | °C  (°F) | °C  (°F) | °C  (°F) | °C (°F) | °C  (F) | °C  (°F)
Depth: 3 050 m (10 000 ft) Mud density: 1,38 kg/l (11,5 Ibm/gal)
35 49300 (7 T45) | 63 (140) | 73 (163) [ 82 (179 9t (T96) 10— (213 109 (2R9)
36 49900 (7240)| 63 (146)| 73 (163)| 82 (179)| 91 (196) | 101 (213) | 109.)(2R9)
37 50600 (7335)| 63 (146)| 73 (163)| 82 (179)| 91 (196) | 101 (213) |.109 (2R9)
38 51200 (7430)| 63 (146)| 73 (163)| 82 (179)| 91 (196) | 101 (218)f 109 (2R9)
39 51900 (7525)| 63 (146)| 73 (163)| 82 (179)| 91 (196) | 101 _(248) | 109 (2R9)
40 52 500 (7620)| 63 (146)| 73 (163)| 82 (179)| 91  (196) | 101 ™ (213) | 109 (2R9)
41 53200 (7715)| 63 (146)| 73 (163)| 82 (179)| 91  (196) {401 (213)| 109 (2R9)
42 53800 (7810)| 63 (146)| 73 (163)| 82 (179)| 91  (196).| 101 (213)| 109 (2R9)
43 54 500 (7905) 63 (146) | 73 (163)| 82 (179)| 91 _-X196) | 101 (213)| 109 (2R9)
44 55200 (8000)| 63 (146)| 73 (163)| 82 (179)| .9¢ “(196) | 101 (213)| 109 (2R9)
45 55800 (8095)| 63 (146)| 73 (163)| 82  (179)4)>91 (196) | 101 (213)| 109 (2R9)
Ramp (deg/min) 1,53 (2,75) |1,92 (3,46) (2,29 (4.13) |2,68 (4,83) (3,08 (5,54) |3,45 (6,p1)
Ramp time 24 min
Temp. dwell 21 min
Pressure ratge (per min) 1 379 kPa (200 psi) for 24 min;-then 652 kPa (95 psi) for 21 min
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Table E.3 (continued)

ISO 10426-2:2003(E)

1 2 4 5 6 7
Temperature gradient, °C/100 m depth (°F/100 ft depth)
Time Pressure | 16 (09) ] 20 (10| 24 (3| 27 a5 |31 @135 9
Temperature
mn |[ka sy | c cP|°c cp|°c cp|cc cp|cc ep|cc P
Depth: 3 660 m (12 000 ft) Mud density: 1,49 kg/l (12,4 Ibm/gal)
0 t0-300—(1+500)T—27 (80) 27 (80) 27 (807 27 (80) 27 (80) 27 (80)
1 11900 (1720)| 28 (83) | 29 (84) | 29 (84) | 29 (85) | 30  (86) |30  (86)
2 13400 (1940)| 30 (86) | 31 (87) | 31 (88) | 32 (90) | 33 N | [34 (93)
3 14900 (2160)| 31 (88) | 33 (91) | 34 (93) | 35 (95) | 36 .197) | B7  (99)
4 16400 (2380)| 33 (91) | 34 (94) | 36 (97) | 38 (100) |39 (103)| M1  (105)
5 17900 (2600)| 34 (94) | 37 (98) | 38 (101)| 41 (105)'P 42 (108)| M4 (112)
6 19400 (2820)| 36 (97) | 38 (101)| 41 (105)| 43 _(110)| 46 (114)| W48 (118)
7 21000 (3040)| 38 (100)| 41 (105)| 43 (110)| 46°(115)| 49 (120)| |51  (124)
8 22500 (3260)| 39 (103)| 42 (108)| 46 (114)} 48 (119)| 52 (125)| [55 (131)
9 24000 (3480)| 41 (105)| 44 (112)| 48 (118 51 (124)| 55 (131)| |8  (137)
10  [25500 (3700)| 42 (108)| 47 (116)| 50 (122)| 54 (129)| 58 (137)| 2  (143)
11 27000 (3920)| 44 (111)| 48 (119)| 53%J127)| 57 (134)| 61 (142)| |6  (150)
12 [28500 (4140)| 46 (114)| 51 (123) [>®5  (131)| 59 (139)| 64 (148)| |69  (156)
13 [30100 (4360)| 47 (117)| 52 (126} 57 (135)| 62 (144)| 68 (154)| [72 (162)
14 [31600 (4580)| 49 (120)| 54 (480)| 59 (139)| 65 (149)| 71 (159)| [76  (169)
15 |33100 (4800)| 50 (122)| 56<0(133)| 62 (144)| 68 (154)| 74 (165)| [r9  (175)
16 [34600 (5020)| 52 (125)|¢58 (137)| 64 (148)| 71 (159)| 77 (170)| [83 (182)
17 |36100 (5240)| 53 (128)| 60 (140)| 67 (152)| 73 (164)| 80 (176)| [87 (188)
18 |37600 (5460)| 55 _\431)| 62 (144)| 69 (156)| 76 (169)| 83 (182)| |90  (194)
19 (39200 (5680)| 570 (134)| 64 (147)| 72 (161)| 79 (174)| 86 (187)| [p4  (201)
20 40700 (5900)/~58 (137)| 66 (151)| 74 (165)| 82 (179)| 89 (193)| |97  (207)
21 |42200 61200 59 (139)| 68 (155)| 76 (169)| 84 (184)| 93  (199) | 101 (213)
22 |43700 46340)| 61 (142)| 70 (158)| 78 (173)| 87 (188)| 96 (204) | 104 (220)
23 45200 (6 560) 63 (145)| 72 (162) | 81 (178) | 89 (193) | 99 (210) 08 (226)
24 |46700 (6780)| 64 (148)| 74 (165)| 83 (182)| 92 (198)| 102 (216)| 111 (232)
25 48 300 (7000)( 66 (151) 76 (169)| 86 (186) | 95 (203) | 105 (221) 15  (239)
26+ |49800 (7220)| 68 (154)| 78 (172)| 88 (190)| 98 (208)| 108 (227)| 118 (245)
27 |51300 (7440)| 69 (156)| 80 (176)| 91 (195)| 101 (213)| 112 (233)| 122 (251)
28  |52800 (7660)| 71 (159)| 82 (179)| 93 (199)| 103 (218)| 114 (238)| 126 (258)
29  |54300 (7880)| 72 (162)| 84 (183)| 95 (203)| 106 (223)| 118 (244) | 129 (264)
30 |55100 (7985)| 72 (162)| 84 (183)| 95 (203)| 106 (223)| 118 (244) | 129 (264)
31 55800 (8090)| 72 (162)| 84 (183)| 95 (203)| 106 (223)| 118 (244) | 129 (264)
32 |56500 (8195)| 72 (162)| 84 (183)| 95 (203)| 106 (223)| 118 (244) | 129 (264)
33 |57200 (8300)| 72 (162)| 84 (183)| 95 (203)| 106 (223)| 118 (244) | 129 (264)
34  |58000 (8405)| 72 (162)| 84 (183)| 95 (203)| 106 (223)| 118 (244) | 129 (264)
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ISO 10426-2:2003(E)

Table E.3 (continued)

1 2 3 4 5 6 7 8
Temperature gradient, °C/100 m depth (°F/100 ft depth)
Time Pressure | 16 (09)| 20 (0| 24 (13| 27 a8 |31 an| 35 (9
Temperature
min kPa  (psi) | °C  (°F) | °C  (°F) | °C  (F) | °C  (°F) | °C  (F) | °C  (°F)
Depth: 3 660 m (12 000 ft) Mud density: 1,49 kg/l (12,4 Ibm/gal)

35 58700 (8510 [ 72 (102 84 (183) [ 95 (203) 106 (223) 18 (244) | 129 (2p4)
36 59400 (8615) | 72 (162)| 84 (183)| 95 (203) | 106 (223) | 118 (244) | 129.)(2p4)
37 60 100 (8720) | 72 (162)| 84 (183)| 95 (203) | 106 (223) | 118 (244) |.129 (2p4)
38 60 800 (8825)| 72 (162)| 84 (183)| 95 (203) | 106 (223)| 118 (244)] 129 (2p4)
39 61600 (8930) | 72 (162)| 84 (183)| 95 (203) | 106 (223)| 118 . (244) | 129 (2pB4)
40 62300 (9035) | 72 (162)| 84 (183)| 95 (203) | 106 (223) | 118 ™ (244) | 129 (2p4)
41 63000 (9140) | 72 (162)| 84 (183)| 95 (203) | 106 (223) {418 (244) | 129 (2p4)
42 63700 (9245) | 72 (162)| 84 (183)| 95 (203) | 106 (223).| 118 (244)| 129 (2p4)
43 64 500 (9350) | 72 (162)| 84 (183)| 95 (203) | 106,-(223) | 118 (244) | 129 (2p4)
44 65200 (9455) | 72 (162)| 84 (183)| 95 (203) | 106 " (223) | 118 (244)| 129 (2p4)
45 65900 (9560) | 72 (162) | 84 (183) | 95  (203) 0106 (223) | 118 (244) | 129 (2p4)
46 66 600 (9665) | 72 (162) | 84 (183)| 95 (208) | 106 (223) | 118 (244)| 129 (2p4)
47 67400 (9770) | 72 (162)| 84 (183)| 95 \(203) | 106 (223) | 118 (244)| 129 (2p4)
48 68100 (9875) | 72 (162)| 84 (183) | _95” (203) | 106 (223) | 118 (244)| 129 (2p4)
49 68800 (9980) | 72 (162) | 84 (183) 95 (203) | 106 (223) | 118 (244) | 129 (2p4)
50 69 500 (10085)| 72 (162) | 84 .(d83)| 95 (203) | 106 (223) | 118 (244)| 129 (2p4)

Ramp (deg/min) 1,57 (2,83)( 1,97/(3,55)| 2,36 (4,24)| 2,74 (4,93)| 3,14 (5,66)| 3,52 (6)34)

Ramp time 29 min

Temp. dwell 21 min

Pressure rate (per min) 1 517.kPa (220 psi) for 29 min, then 724 kPa (105 psi) for 21 min
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Table E.3 (continued)

ISO 10426-2:2003(E)

1 2 3 4 5 6 7
Temperature gradient, °C/100 m depth (°F/100 ft depth)
Time Pressure | 16 (09)| 20 (0| 24 (3] 27 a8 |31 an| 35 (9
Temperature
mn | kPa (psi) | °C () | A | c P | CF) | CF) | (°F)
Depth: 4 270 m (14 000 ft) Mud density: 1,59 kg/l (13,3 Ibm/gal)
) F22400— (1800127 (80) 27 (80) 27 (807 27 (807 27 (80) 27 (80)
1 14000 (2035) | 28 (83) | 29 (84) | 29 (84) | 29 (85) | 30  (86)“[30  (86)
2 15700 (2270) | 30 (86) 31 (87) 32 (89) 32 (90) 33 (92) 34 (93)
3 17300 (2505) | 32 (89) | 33 (91) | 34 (93) | 35 (95) | 36..V(97) | [B7  (99)
4 18900 (2740) | 33 (92) | 35 (95) | 36 (97) | 38 (100) |+‘39" (103)| l41  (106)
5 20500 (2975) | 35 (95) | 37 (98) | 39 (102)| 41 (105) 43 (109) | M4 (112
6 22100 (3210) | 36 (97) | 39 (102)| 41 (106)| 43 _(110)| 46 (115)| 48 (119)
7 23800 (3445) | 38 (100)| 41 (106) | 43 (110)| 46-(115)| 49 (120)| [52 (125)
8 25400 (3680) | 39 (103)| 43 (109)| 46 (115)} 49 (120)| 52 (126)| |56  (132)
9 27000 (3915) | 41 (108)| 45 (113)| 48 (119)) 52 (126)| 56 (132)| [59  (138)
10 |28600 (4150) | 43 (109)| 47 (116)| 51 124)| 55 (131)| 59 (138)| [63  (145)
11 30200 (4385) | 44 (112)| 49 (120) | 53*7(128)| 58 (136)| 62 (143)| |6  (151)
12 31900 (4620)| 46 (115)| 51 (124) |~®8 (132)| 61 (141)| 65 (149)| [0  (158)
13 |33500 (4855) | 48 (118)| 53 (127) 58 (137)| 63 (146)| 68 (155)| [73  (164)
14 |35100 (5090) | 49 (121)| 55 (481)| 61 (141)| 66 (151)| 72 (161 | [r7  (171)
15 36700 (5325) | 51 (124)| 5%0(135)| 63 (145)| 69 (156)| 74 (166)| 81 (177)
16 |38300 (5560) | 53 (127){c59 (138)| 66 (150) | 72 (161)| 78 (172)| |4 (184)
17 |40000 (5795) | 54 (130)] 61 (142)| 68 (154)| 74 (166)| 81 (178)| |88  (190)
18 |41600 (6030) | 56 _32)| 63 (146)| 70 (158)| 77 (171)| 84 (184)| [o1  (196)
19 |43200 (6265) | 5% (135)| 65 (149)| 73 (163)| 80 (176)| 88 (190)| |95 (203)
20 44 800 (6500)1 99 (138)| 67 (153)| 75 (167)| 83 (181)| 91 (195) [ [98  (209)
21 46400 (67350 61 (141)| 69 (157)| 77 (171)| 86 (186)| 94 (201)| 102 (216)
22 48100 6,970) | 62 (144)| 71 (160)| 80 (176)| 88 (191)| 97 (207)| {06 (222)
23 |497000(7205) | 64 (147)| 73 (164)| 82 (180)| 91 (196)| 101 (213)| 109 (229)
24  |591300 (7440) | 66 (150)| 76 (168)| 84 (184)| 94 (201)| 103 (218)| {13 (235)
25 {52900 (7675) | 67 (153)| 77 (171)| 87 (189)| 97 (206) | 107 (224) | {17 (242)
26~ 54500 (7910) | 69 (156) | 79 (175)| 89 (193)| 100 (212)| 110 (230)| 120 (248)
27  |56200 (8 145) | 71 (159) | 81 (178)| 92 (198) | 103 (217)| 113 (236) | 124 (255)
28  |57800 (8380) | 72 (162)| 83 (182)| 94 (202)| 106 (222)| 116 (241)| 127 (261)
29 59400 (8615)| 73 (164)| 86 (186)| 97 (206) | 108 (227)| 119 (247)| 131 (268)
30 [61000 (8850) | 75 (167)| 87 (189)| 99 (211)| 111 (232)| 123 (253)| 134 (274)
31 62600 (9085) | 77 (170)| 89 (193)| 102 (215)| 114 (237)| 126 (259)| 138 (281)
32 (64300 (9320)| 78 (173)| 92 (197)| 104 (219) | 117 (242) | 129 (264) | 142 (287)
33 (65900 (9555) | 80 (176)| 93 (200) | 107 (224) | 119 (247)| 132 (270) | 146 (294)
34 67500 (9790) | 82 (179)| 96 (204)| 109 (228) | 122 (252)| 136 (276)| 149 (300)
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ISO 10426-2:2003(E)

Table E.3 (continued)

1 2 3 4 5 6 7 8
Temperature gradient, °C/100 m depth (°F/100 ft depth)
Time Pressure | 16 (09)| 20 (0| 24 (13| 27 a8 |31 an| 35 (9
Temperature
mn |[ka (s) |[C (A|°c Al m|lc em|lc ep|cc P
Depth: 4 270 m (14 000 ft) Mud density: 1,59 kg/l (13,3 Ibm/gal)

35 68200 (9895) [ 82 (I79) [ 96 (204) [ 109 (228) 122 (252) 136 (276) | 149 (3p0)
36 69 000 (10000)| 82 (179)| 96  (204) | 109 (228) | 122 (252) | 136 (276) | 149..)(3)0)
37 69 700 (10 105)| 82 (179)| 96  (204) | 109 (228) | 122 (252)| 136 (276) |.149 (3)0)
38 70400 (10210)| 82 (179)| 96 (204) | 109 (228) | 122 (252) | 136 (276)\] 149 (3P0)
39 71100 (10315)| 82 (179)| 96 (204) | 109 (228) | 122 (252) | 136 . (276) | 149 (3P0)
40 71800 (10420)| 82 (179)| 96 (204) | 109 (228) | 122 (252)| 136 ™ (276) | 149 (3)0)
41 72600 (10525)| 82 (179)| 96 (204) | 109 (228) | 122 (252) {436 (276) | 149 (3)0)
42 73300 (10630)| 82 (179)| 96 (204) | 109 (228) | 122 (252).| 136 (276) | 149 (3)0)
43 74000 (10735)| 82 (179)| 96 (204) | 109 (228) | 122,252) | 136 (276) | 149 (3P0)
44 74700 (10840)| 82 (179)| 96 (204)| 109 (228) | 122 " (252) | 136 (276) | 149 (3P0)
45 75500 (10945) 82 (179)| 96  (204) | 109 (228).)122 (252)| 136 (276) | 149 (3)0)
46 76 200 (11050)| 82 (179)| 96 (204) | 109 (228) | 122 (252)| 136 (276) | 149 (3)0)
47 76 900 (11 155)| 82 (179) | 96  (204) | 109\ (228) | 122 (252) | 136 (276) | 149 (3P0)
48 77 600 (11260)| 82 (179)| 96 (204) | 109" (228) | 122 (252)| 136 (276) | 149 (3P0)
49 78400 (11365)| 82 (179)| 96 (204)4>109 (228) | 122 (252)| 136 (276) | 149 (3)0)
50 79 100 (11470)| 82 (179)| 96 .(204)| 109 (228) | 122 (252)| 136 (276) | 149 (3)0)
51 79800 (11575)| 82 (179) | 96°.)(204) | 109 (228) | 122 (252)| 136 (276) | 149 (3)0)
52 80500 (11680)| 82 (179) {96 (204) | 109 (228) | 122 (252)| 136 (276) | 149 (3P0)
53 81300 (11785)| 82 (179)-{ 96 (204)| 109 (228) | 122 (252)| 136 (276) | 149 (3P0)
54 82000 (11890)| 82 ((179)| 96 (204) | 109 (228) | 122 (252)| 136 (276) | 149 (3)0)
55 82700 (11995)| B2, (179) | 96  (204) | 109 (228) | 122 (252) | 136 (276) | 149 (3)0)

Ramp (deg/min) 1,62 (2,91)( 2,03 (3,65)| 2,42 (4,35)| 2,81 (5,06)| 3,2 (5,76)| 3,59 (6J47)

Ramp time 34 min

Temp. dwell 21 min

Pressure rate (per.min) 1 621 kPa (235 psi) for 34 min, then 724 kPa (105 psi) for 21 min
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Table E.3 (continued)

ISO 10426-2:2003(E)

1 2 3 4 5 6 7
Temperature gradient, °C/100 m depth (°F/100 ft depth)
Time Pressure | 16 (09)| 20 (0| 24 (3] 27 a8 |31 an| 35 (9
Temperature
mn | kPa (psi) | °C () | A | c P | CF) | CF) | (°F)
Depth: 4 880 m (16 000 ft) Mud density: 1,73 kg/l (14,4 Ibm/gal)
) F3-800—(2 000127 (80) 27 (80) 27 (807 27 (807 27 (80) 27 (80)
1 15500 (2255) | 28 (83) | 29 (84) | 29 (84) | 29 (85) | 30  (86) P31  (87)
2 17300 (2510) | 30 (86) | 31 (87) | 32 (89) | 32 (90) | 33 {92y | |34  (93)
3 19100 (2765) | 32 (89) | 33 (91) | 34 (93) | 35 (95) | 37 .1(98) | [38  (100)
4 20800 (3020) | 33 (92) | 35 (95) | 37 (98) | 38 (101) .39 (103)| M1  (106)
5 22600 (3275)| 35 (95) | 37 (99) | 39 (102)| 41 (108)} 43 (109) | U5  (113)
6 24300 (3530) | 37 (98) | 39 (102)| 42 (107)| 44 _(111)| 46 (115)| M9  (120)
7 26100 (3785) | 38 (101)| 41 (106) | 44 (111)| 47~-(116)| 49 (121)| [52 (126)
8 27900 (4040) | 40 (104)| 43 (110)| 46 (115)} 49 (121)| 53 (127)| [56 (133)
9 29600 (4295) | 42 (107)| 45 (113)| 49 (120)) 52 (126)| 56 (133)| 60  (140)
10 31400 (4550) | 43 (110)| 47 (117)| 51 <(124)| 56 (132)| 59 (139)| |63  (146)
11 33100 (4805) | 45 (113)| 49 (121)| 54*7(129)| 58 (137)| 63 (145)| |7  (153)
12 34900 (5060) | 47 (116) | 52 (125) |56 (133) | 61 (142) | 66 (150) | |71 (159)
13 |36600 (5315) | 48 (119)| 53 (128) 59 (138)| 64 (147)| 69 (156) | [74  (166)
14 |38400 (5570) | 50 (122)| 56 (482)| 61 (142)| 67 (152)| 72 (162)| [78 (173)
15 |40200 (5825) | 52 (125)| 58 0(136) | 64 (147)| 69 (157)| 76 (168)| [82  (179)
16 |41900 (6080) | 53 (128){c59 (139)| 66 (151)| 72 (162)| 79 (174)| |86  (186)
17 |43700 (6335)| 55 (13%)] 62 (143)| 68 (155)| 76 (168)| 82 (180)| |89  (192)
18 |45400 (6590) | 57 _‘«34)| 64 (147)| 71 (160)| 78 (173)| 86 (186)| [93  (199)
19  |47200 (6845) | 58.) (137)| 66 (151)| 73 (164)| 81 (178)| 89 (192)| lo7  (206)
20  |49000 (7100 60 (140)| 68 (154)| 76 (169)| 84 (183)| 92 (197)| 100 (212)
21 50700 (7355)| 62 (143)| 70 (158)| 78 (173)| 87 (188)| 95 (203)| 104 (219)
22 |52500 (%.610) | 63 (146)| 72 (162)| 81 (178)| 89 (193)| 98 (209) | 108 (226)
23 54 200, (7865) | 65 (149)| 74 (166)| 83 (182)| 93 (199)| 102 (215)| 111 (232)
24  |56000 (8120) | 67 (152)| 76 (169)| 86 (186)| 96 (204)| 105 (221)| {15 (239)
25 . >[57700 (8375)| 68 (155)| 78 (173)| 88 (191)| 98 (209) | 108 (227)| 118 (245)
26" |59500 (8530) | 70 (158)| 81 (177)| 91 (195)| 101 (214)| 112 (233)| 122 (252)
27 61300 (8885) | 72 (161)| 82 (180) | 93 (200) | 104 (219) | 115 (239) | 126 (259)
28 63000 (9140) | 73 (164)| 84 (184)| 96 (204)| 107 (224)| 118 (244)| 129 (265)
29 64800 (9395) | 75 (167)| 87 (188)| 98 (209) | 109 (229) | 121 (250) | 133 (272)
30 [66500 (9650) | 77 (170)| 89 (192)| 101 (213)| 113 (235)| 124 (256) | 137 (278)
31 68300 (9905) | 78 (173)| 91 (195)| 103 (218)| 116 (240) | 128 (262) | 141 (285)
32 [70100 (10 160)| 80 (176)| 93 (199) | 106 (222)| 118 (245)| 131 (268) | 144 (292)
33 [71800 (10415)| 82 (179)| 95 (203)| 108 (226) | 121 (250) | 134 (274) | 148 (298)
34  |73600 (10670)| 83 (182)| 97 (206) | 111 (231)| 124 (255)| 138 (280) | 152 (305)
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ISO 10426-2:2003(E)

Table E.3 (continued)

1 2 3 4 5 6 7 8
Temperature gradient, °C/100 m depth (°F/100 ft depth)
Time Pressure 16 (09 ] 20 an| 24 3|27 @] 31 an|3s @9
Temperature
mn | kka @s) [C ¢(A|°c A|lc m|lcc em|c cp|cc P
Depth: 4 880 m (16 000 ft) Mud density: 1,73 kg/l (14,4 Ibm/gal)

35 5300 (T0925) 85 (185) [ 99 (210) | 113 (Z35) | 127 (200) | 14T (286) | 156  (3J12)
36 7 100 (11180)| 87 (188) | 101 (214)| 116 (240) | 130 (266) | 144 (291) | 159.)(3[18)
37 8 800 (11435)| 88 (191) | 103 (218) | 118 (244) | 133 (271) | 147 (297) |. 163 (3R5)
38 B0 600 (11690)| 90 (194) | 105 (221)| 121 (249) | 136 (276) | 151 (308)\ 166 (301)
39 B2 400 (11945)| 92 (197) | 107 (225)| 123 (253) | 138 (281)| 154 _(309)| 170 (3{38)
40 B3 300 (12085)| 92 (197) | 107 (225) | 123 (253) | 138 (281)| 154 ™ (309) | 170 (3B8)
41 B4 300 (12225)| 92 (197) | 107 (225) | 123 (253) | 138 (281) {154 (309)| 170 (3B8)
42 B5 300 (12365)| 92 (197) | 107 (225) | 123 (253) | 138 (281).| 154 (309) | 170 (3B8)
43 B6 200 (12505)| 92 (197) | 107 (225)| 123 (253) | 138.-281) | 154 (309) | 170 (3{38)
44 B7 200 (12645)| 92 (197) | 107 (225)| 123 (253) | 188 " (281) | 154 (309) | 170 (3{38)
45 B8 200 (12785)| 92 (197) | 107 (225) | 123 (253)4)138 (281)| 154 (309) | 170 (3B8)
46 B9 100 (12925)| 92 (197) | 107 (225) | 123 (258) | 138 (281)| 154 (309) | 170 (3B8)
47 D0 100 (13065)| 92  (197) | 107 (225) | 123.\(253) [ 138 (281)| 154 (309) | 170 (3{38)
48 D1 000 (13205)| 92 (197) | 107 (225)| 123" (253) | 138 (281)| 154 (309)| 170 (3{38)
49 D2 000 (13345)| 92 (197) | 107 (225){ 123 (253) | 138 (281)| 154 (309) | 170 (3B8)
50 D3 000 (13485)| 92 (197) | 107 -(225)| 123 (253) | 138 (281)| 154 (309) | 170 (3B8)
51 D3 900 (13625)| 92 (197) | 107~.)(225) | 123 (253) | 138 (281)| 154 (309) | 170 (3B8)
52 D4 900 (13765)| 92  (197) .907 (225)| 123 (253) | 138 (281)| 154 (309) | 170 (3P38)
53 D5 900 (13905)| 92  (197)4 107 (225)| 123 (253) | 138 (281)| 154 (309) | 170 (3[38)
54 D6 800 (14 045)| 92 ((197) | 107 (225) | 123 (253) | 138 (281)| 154 (309) | 170 (3B8)
55 D7 800 (14 185)| Q2. (197) | 107 (225) | 123 (253) | 138 (281) | 154 (309) | 170 (3B8)

Ramp (deg/min) 1,67 (3,00)| 2,07 (3,72)| 2,47 (4,44)| 2,86 (5,15)| 3,26 (5,87)| 3,68 (6|62)

Ramp time 39 min

Temp. dwell 16 min

Pressure rate (per.min) 1 759 kPa (255 psi) for 39 min, then 963 kPa (140 psi) for 16 min
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ISO 10426-2:2003(E)

Table E.3 (continued)

1 2 3 4 5 6 7
Temperature gradient, °C/100 m depth (°F/100 ft depth)
Time Pressure 16 (09 ] 20 an| 24 3|27 @] 31 an|3s @9
Temperature
mn | kPa  (ps) | °C () | ch|lc em|c cp|c cp] (°F)
Depth: 5490 m (18 000 ft) Mud density: 1,87 kg/l (15,6 Ibm/gal)
) 152002200127 (80) 27 (80) 27 (80) 27 (807 27 (807 27 (80)
1 17100 (2475)| 28 (83) | 29 (84) | 29 (85) | 29 (85) | 30  (86) |31  (87)
2 19000 (2750) | 30 (86) | 31 (88) | 32 (89) | 33 (9n) | 33 @2 | [34 (93)
3 20900 (3025)| 32 (89) | 33 (91) | 34 (94) | 36 (96) | 37 ./(98) | [38 (100)
4 22800 (3300)| 33 (92) | 35 (95 | 37 (98) | 38 (101) |40 (104)| W2 (107)
5 24600 (3575)| 35 (95) | 37  (99) | 39 (103)| 41 (108) 43 (110)| W46  (114)
6 26500 (3850) | 37 (98) | 39 (103)| 42 (107)| 44 _(112)| 47 (116)| W49  (120)
7 28400 (4125)| 38 (101)| 42 (107)| 44 (112)| 47°-(117)| 50 (122)| [63 (127)
8 30300 (4400) | 41 (105)| 44 (111)| 47 (116)} 50 (122)| 53 (128)| [57 (134)
9 32200 (4675)| 42 (108)| 46 (114)| 49 (120)) 53 (127)| 57 (134)| 61 (141)
10 | 34100 (4950) | 44 (111)| 48 (118)| 52 (125)| 56 (133)| 60 (140)| [64 (147)
11 36000 (5225)| 46 (114)| 50 (122)| 54*7(130)| 59 (138)| 63 (146)| [68  (154)
12 | 37900 (5500) | 47 (117)| 52 (126) [\(B7 (135)| 62 (143)| 67 (152)| [712  (161)
13 |39800 (5775)| 49 (120)| 54 (1300 59 (139)| 65 (149)| 70 (158)| [75 (167)
14 |41700 (6050) | 51 (123)| 56 (133)| 62 (144)| 68 (154)| 73 (164)| [79 (174)
15 | 43600 (6325)| 52 (126)| 580(137)| 64 (148)| 71 (159)| 77 (170)| [83  (181)
16 | 45500 (6600) | 54 (129){c61 (141)| 67 (153)| 73 (164)| 80 (176)| [87  (188)
17 | 47400 (6875)| 56 (1320 63 (145)| 69 (157)| 77 (170)| 83 (182)| [90  (194)
18 | 49300 (7150) | 57 .\435)| 65 (149)| 72 (162)| 79 (175)| 87 (188)| [94  (201)
19 | 51200 (7425)| 59.) (138)| 67 (153)| 74 (166)| 82 (180)| 90 (194)| [98  (208)
20 [53100 (7700)f 61 (141)| 69 (156)| 77 (171)| 85 (185)| 93  (200)| 102 (215)
21 55000 (7975)| 62 (144)| 71 (160)| 79 (175)| 88 (191)| 97 (208)| 105 (221)
02 [ 56900 A8250) | 64 (148)| 73 (164)| 82 (180)| 91 (196) | 100 (212)| 109 (228)
23 58 800¢ (8525) | 66 (151)| 76 (168)| 85 (185)| 94 (201) | 103 (218) 13  (235)
P4 | 60700 (8800) | 68 (154)| 78 (172)| 87 (189)| 97 (207)| 107 (224)| 116 (241)
5 62600 (9075)| 69 (157)| 79 (175)| 90 (194)| 100 (212)| 110 (230)| {20 (248)
26 | 64500 (9350) | 71 (160)| 82 (179)| 92 (198)| 103 (217)| 113 (236) | 124 (255)
27 | 66400 (9625) | 73 (163)| 84 (183)| 95 (203)| 106 (222)] 117 (242)| 128 (262)
28 [68300 (9900) | 74 (166)| 86 (187)| 97 (207)| 109 (228)| 120 (248)| 131 (268)
29 |70200 (10175)| 76 (169)| 88 (191)| 100 (212)| 112 (233)| 123 (254) | 135 (275)
30 72100 (10450)| 78 (172)| 91 (195)| 102 (216) | 114 (238)| 127 (260) | 139 (282)
31 73900 (10725)| 79 (175)| 92 (198)| 105 (221)| 117 (243)| 130 (266) | 143 (289)
32 | 75800 (11000)| 81 (178)| 94 (202) | 107 (225)| 121 (249) | 133 (272)| 146 (295)
33 77700 (11275)( 83 (181)| 97 (206) | 110 (230) | 123 (254) | 137 (278) | 150 (302)
34 | 79600 (11550)| 84 (184)| 99 (210)| 113 (235)| 126 (259) | 140 (284)| 154 (309)
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ISO 10426-2:2003(E)

Table E.3 (continued)

1 2 3 4 5 6 7 8
Temperature gradient, °C/100 m depth (°F/100 ft depth)
Time Pressure 16 (09 ] 20 an| 24 3|27 @] 31 an|3s @9
Temperature
mn | kka @s) [C ¢(A|°c A|lc m|lcc em|c cp|cc P
Depth: 5490 m (18 000 ft) Mud density: 1,87 kg/l (15,6 Ibm/gal)

35 BTS00 (T1T825) 86 (187) | 10T (2T T15  (239) 129 (265) | 143 (2907 157 (315)
36 B3 400 (12100)| 88 (190) | 103 (217) | 118 (244) | 132 (270) | 147 (296) | 161.)(3R2)
37 B5 300 (12375)| 90 (194) | 105 (221) | 120 (248)| 135 (275)| 150 (302) |. 165 (3R9)
38 B7 200 (12650)| 92 (197) | 107 (225)| 123 (253) | 138 (280) | 153 (308)\ 169 (3[36)
39 B9 100 (12925)| 93 (200) | 109 (229) | 125 (257) | 141 (286) | 157 . (344)| 172 (342)
40 D1 000 (13200)| 95 (203) | 112 (233) | 128 (262) | 144 (291) | 160 ™ (320) | 176 (349)
41 D2 900 (13475)| 97 (206) | 114 (237)| 130 (266) | 147 (296) {163 (326) | 180 (356)
42 D4 800 (13750)| 98 (209) | 116 (240) [ 133 (271) | 149 (304).| 167 (332)| 184 (3B3)
43 D6 700 (14 025)| 100 (212) | 118 (244)| 135 (275) | 153,-307) | 170 (338)| 187 (3p9)
44 D8 600 (14 300)| 102 (215) | 120 (248)| 138 (280) [ 156 " (312) | 173 (344)| 191 (36)
45 D9 500 (14 435)| 102 (215) | 120 (248) | 138 (280) 4156 (312) | 173 (344) | 191 (3F6)
46 100 500 (14 570)| 102 (215) | 120 (248) | 138 (280) | 156 (312) | 173 (344)| 191 (376)
47 101 400 (14 705)| 102 (215) | 120 (248) | 138.\(280) | 156 (312) | 173 (344) | 191 (376)
48 102 300 (14 840)| 102 (215) | 120 (248) | 188" (280) | 156 (312)| 173 (344) | 191 (376)
49 103 300 (14 975)| 102 (215) | 120 (248)Y> 138 (280) | 156 (312) | 173 (344)| 191 (3[76)
50 104 200 (15110)| 102 (215)| 120 .(248) | 138 (280) | 156 (312) | 173 (344)| 191 (3[76)
51 105 100 (15245)| 102 (215) | 120~.)(248) | 138 (280) [ 156 (312) | 173 (344)| 191 (376)
52 106 000 (15380)| 102 (215) {920 (248) | 138 (280) | 156 (312) | 173 (344) | 191 (376)
53 107 000 (15515)| 102 (245)+ 120 (248) | 138 (280) | 156 (312) | 173 (344) | 191 (376)
54 107 900 (15650)| 102 ((215) | 120 (248) | 138 (280) [ 156 (312) | 173 (344)| 191 (376)
55 108 800 (15785)| A02~ (215) | 120 (248) | 138 (280) | 156 (312) | 173 (344)| 191 (3[76)
56 109 800 (159200 102 (215) | 120 (248) | 138 (280) | 156 (312) | 173 (344) | 191 (376)
57 110 700 (16.055)| 102 (215) | 120 (248) | 138 (280) | 156 (312) | 173 (344) | 191 (376)
58 111 600<(167190) | 102 (215) | 120 (248) | 138 (280) | 156 (312) | 173 (344)| 191 (3[76)
59 112600 (16 325)| 102 (215) | 120 (248) | 138 (280) [ 156 (312) | 173 (344)| 191 (376)
60 43-500—16460 1022451420 (248 1—38—280 56— T—+HF3—3441—194+—376)

Ramp (deg/min) 1,71 (3,07)| 2,12 (3,82)| 2,53 (4,55)| 2,93 (5,27)| 3,33 (6,00)| 3,74 (6,73)

Ramp time 44 min

Temp. dwell 16 min

Pressure rate (per min) 1 895 kPa (275 psi) for 44 min, then 931 kPa (135 psi) for 16 min
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ISO 10426-2:2003(E)

Table E.3 (continued)

1 2 3 4 5 6 7
Temperature gradient, °C/100 m depth (°F/100 ft depth)
Time Pressure 16 (09 ] 20 an| 24 3|27 @] 31 an|3s @9
Temperature
mn | kPa  (ps) | °C () | ch|lc em|c cp|c cp] (°F)
Depth: 6 095 m (20 000 ft) Mud density: 2,03 kg/l (16,9 Ibm/gal)
) 1650022400127 (80) 27 (80) 27 (80) 27 (807 27 (807 27 (80)
1 18600 (2695) | 28 (83) | 29 (84) | 29 (85) | 29 (85) | 30 (86)“[31  (87)
2 20600 (2990) | 30 (86) | 31 (88) | 32 (89) | 33 (91) | 33 {92) | [34  (94)
3 22700 (3285)| 32 (89) | 33 (92) | 34 (94) | 36 (96) | 37 ./(98) | [38 (101)
4 24700 (3580)| 34 (93) | 36 (96) | 37 (99) | 39 (102) |.‘40 (104)| W42  (108)
5 26700 (3875)| 36 (96) | 37 (99) | 39 (103)| 42 (10R)Y 44 (111)| 46  (114)
6 28800 (4170) | 37 (99) | 39 (103)| 42 (108)| 44 _(112)| 47 (117)| W9 (121)
7 30800 (4465) | 39 (102)| 42 (107)| 44 (112)| 48°(118)| 51 (123)| [63 (128)
8 32800 (4760) | 41 (105)| 44 (111)| 47 (117)} 54 (123)| 54 (129)| [57 (135)
9 34900 (5055) | 42 (108)| 46 (115)| 50 (122)) 53 (128)| 57 (135)| [61 (142)
10 | 36900 (5350) | 44 (111)| 48 (119)| 52 ~126)| 57 (134)| 61 (141)| |65 (149)
11 38900 (5645) | 46 (115)| 51  (123)| 55°7(131)| 59 (139)| 64 (147)| [69  (156)
12 |41000 (5940) | 48 (118)| 53 (127) |58 (136)| 63 (145)| 67 (153)| [73  (163)
13 43000 (6235)| 49 (121)| 55 (131)y 60 (140)| 66 (150) | 71 (160) | |76  (169)
14 | 45000 (6530)| 51 (124)| 57 (135)| 63 (145)| 68 (155)| 74 (166)| [80  (176)
15  |47100 (6825) | 53 (127)| 590 (138)| 65 (149)| 72 (161)| 78 (172)| |84  (183)
16 | 49100 (7120) | 54 (130){C61 (142)| 68 (154)| 74 (166)| 81 (178)| [88  (190)
17 | 51100 (7415)| 56 (138 63 (146)| 71 (159)| 78 (172)| 84 (184)| [92  (197)
18 53200 (7710) | 58 . 37)| 66 (150) | 73 (163)| 81 (177) | 88 (190) | [96  (204)
19 | 55200 (8005) | 60_) (140)| 68 (154)| 76 (168)| 83 (182)| 91 (196)| [99  (211)
20 | 57200 (8300)yf 62 (143)| 70 (158)| 78 (173)| 87 (188)| 94 (202)| 103 (218)
21 59300 (8595)| 63 (146)| 72 (162)| 81 (177)| 89 (193)| 98 (209) | 107 (224)
02 [61300 A8890) | 65 (149)| 74 (166)| 83 (182)| 93 (199) | 102 (215)| 111 (231)
23 [6330047(9185) | 67 (152)| 77 (170)| 86 (187)| 96 (204) | 105 (221)| 114 (238)
P4 | 65400 (9480) | 68 (155)| 79 (174)| 88 (191)| 98 (209) | 108 (227)| 118 (245)
D5 67400 (9775) | 71 (159)| 81 (177)| 91 (196) | 102 (215)| 112 (233)| 122 (252)
26 69400 (10070)( 72 (162)| 83 (181)| 93 (200) | 104 (220)| 115 (239) 26 (259)
27 | 71500 (10365)| 74 (165)| 85 (185)| 96 (205) | 107 (225)| 118 (245)| 130 (266)
28 |73500 (10660)| 76 (168)| 87 (189)| 99 (210)| 111 (231)| 122 (251)| 134 (273)
29 |75500 (10955)| 77 (171)| 89 (193)| 101 (214)| 113 (236) | 126 (258) | 137 (279)
30 | 77600 (11250)| 79 (174)| 92 (197)| 104 (219) | 117 (242) | 129 (264) | 141 (286)
31 79600 (11545)| 81 (177)| 94 (201)| 107 (224)| 119 (247)| 132 (270) | 145 (293)
32 |81600 (11840)| 83 (181)| 96 (205)| 109 (228) | 122 (252)| 136 (276) | 149 (300)
33 | 83700 (12135)| 84 (184)| 98 (209) | 112 (233)| 126 (258) | 139 (282)| 153 (307)
34 |85700 (12430)| 86 (187)| 101 (213)| 114 (238)| 128 (263) | 142 (288) | 157 (314)
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ISO 10426-2:2003(E)

Table E.3 (continued)

1 2 3 4 5 6 7 8
Temperature gradient, °C/100 m depth (°F/100 ft depth)
Time Pressure 16 (09 ] 20 an| 24 3|27 @] 31 an|3s @9
Temperature
mn | kka @s) [C ¢(A|°c A|lc m|lcc em|c cp|cc P
Depth: 6 095 m (20 000 ft) Mud density: 2,03 kg/l (16,9 Ibm/gal)

35 B7- 700 (T2725) 88 (190) | 102 (Z21oy [ 117 242y 132 (269) 146 (294) 61T (3R1)
36 B9 800 (13020)| 89 (193) | 104 (220) [ 119 (247)| 134 (274) | 149 (300) | 164.)(3R8)
37 D1 800 (13315)| 91 (196) | 107 (224) | 122 (251) | 137 (279)| 153 (307) |. 168 (3B4)
38 D3 800 (13610)| 93 (199) | 109 (228)| 124 (256) | 141 (285) | 156 (318)( 172 (3¢41)
39 D5 900 (13905)| 95 (203) | 111  (232) | 127 (261) | 143 (290) | 159 . (349)| 176 (3¢48)
40 D7 900 (14 200)| 97 (206) | 113 (236) [ 129 (265) | 147 (296) | 163 ™ (325) | 179 (3b5)
41 D9 900 (14 495)| 98 (209) | 116 (240) [ 132 (270) | 149 (301) {166 (331)| 183 (362)
42 102 000 (14 790)| 100 (212) | 118 (244) | 135 (275)| 152 (306).| 169 (337)| 187 (3p9)
43 104 000 (15085)| 102 (215) | 120 (248) | 137 (279) | 156,-(312) | 173 (343) | 191 (376)
44 106 000 (15380)| 103 (218) | 122 (252) | 140 (284) | 188 " (317) | 176 (349) | 195 (383)
45 108 100 (15675)| 105 (221) | 124 (255) | 142 (288).{)161 (322) | 180 (356) | 198 (3089)
46 110 100 (15970)| 107 (225) | 126 (259) | 145 (293) | 164 (328) | 183 (362) | 202 (396)
47 112100 (16 265)| 109 (228) | 128 (263) | 148.\(298) | 167 (333)| 187 (368) | 206 (403)
48 114 200 (16 560) | 111 (231) | 131 (267) | 150" (302) | 171 (339) | 190 (374) | 210 (4/10)
49 116 200 (16 855)| 112 (234) | 133 (271 153 (307) | 173 (344) | 193 (380) | 214 (4/17)
50 117 400 (17 030)| 112 (234) | 133 .(271) | 153 (307) | 173 (344)| 193 (380)| 214 (4/17)
51 118 600 (17 205)| 112 (234) | 133.J(271) | 153 (307) | 173 (344) | 193 (380)| 214 (4{17)
52 119800 (17 380)| 112 (234) {483 (271) | 153 (307) | 173 (344)| 193 (380) | 214 (417)
53 121 000 (17 555)| 112 (284)+ 133 (271) | 153 (307) | 173 (344)| 193 (380) | 214 (417)
54 122 200 (17 730)| 112 ((234) | 133 (271) | 153 (307) | 173 (344) | 193 (380)| 214 (4/17)
55 123 500 (17 905) | A12~ (234) | 133 (271) | 153 (307) | 173 (344) | 193 (380) | 214 (4/17)
56 124 700 (18 080)\ 112 (234) | 133 (271) | 153 (307) | 173 (344)| 193 (380) | 214 (417)
57 125900 (18.255)| 112 (234) | 133 (271) | 153 (307) | 173 (344)| 193 (380) | 214 (417)
58 127 100<(187430) | 112 (234) | 133 (271) | 153 (307) | 173 (344)| 193 (380)| 214 (4/17)
59 128300 (18 605)| 112 (234) | 133 (271) | 153 (307) | 173 (344) | 193 (380)| 214 (4/17)
60 29-560—48-F30T—H2—( 234 433—R2F T 53— B30T HR—344T—393—386T—2H—417)

Ramp (deg/min) 1,74 (3,14)| 2,17 (3,90)( 2,57 (4,63)| 2,99 (5,39)| 3,40 (6,12)| 3,82 (6,88)

Ramp time 49 min

Temp. dwell 11 min

Pressure rate (per min) 2 035 kPa (295 psi) for 49 min, then 1 209 kPa (175 psi) for 11 min
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