Preparation and Testing of
Foamed Cement Formulations
at Atmospheric Pressure

APl RECOMMENDED PRACTICE 10B-4
SECOND EDITION, OCTOBER 2015

|
energy
[ |

®

AMERICAN PETROLEUM INSTITUTE



Special Notes

API publications necessarily address problems of a general nature. With respect to particular circumstances, local,
state, and federal laws and regulations should be reviewed.

Neither API nor any of API's employees, subcontractors, consultants, committees, or other assignees make any
warranty or representation, either express or implied, with respect to the accuracy, completeness, or usefulness of the
information contained herein, or assume any liability or responsibility for any use, or the results of such use, of any
information or process disclosed in this publication. Neither APl nor any of API's employees, subcontractors,
consultants, or other assignees represent that use of this publication would not infringe upon privately owned rights.

API publications may be used by anyone desiring to do so. Every effort has been made by the Institute to assure the
accuracy and reliability of the data contained in them; however, the Institute makes no representation, warranty, or
guarantee in connection with this publication and hereby expressly disclaims any liability or responsibility for loss or
damage resulting from its use or for the violation of any authorities having jurisdiction with which this publication may
conflict.

API publications are published to facilitate the broad availability of proven, sound engineering and operating
practices. These publications are not intended to obviate the need for applying sound engineering judgment
regarding when and where these publications should be utilized. The formulation and publication of API publications
is not intended in any way to inhibit anyone from using any other practices.

Any manufacturer marking equipment or materials in conformance with the marking requirements of an API standard
is solely responsible for complying with all the applicable requirements of that standard. APl does not represent,
warrant, or guarantee that such products do in fact conform to the applicable API standard.

Users of this recommended practice should not rely exclusively on the information contained in this standard. Sound
business, scientific, engineering, and safety judgment should be used in employing the information contained herein.

All rights reserved. No part of this work may be reproduced, translated, stored in a retrieval system, or transmitted by any means,
electronic, mechanical, photocopying, recording, or otherwise, without prior written permission from the publisher. Contact the
Publisher, API Publishing Services, 1220 L Street, NW, Washington, DC 20005.

Copyright © 2015 American Petroleum Institute



Foreword

Nothing contained in any API publication is to be construed as granting any right, by implication or otherwise, for the
manufacture, sale, or use of any method, apparatus, or product covered by letters patent. Neither should anything
contained in the publication be construed as insuring anyone against liability for infringement of letters patent.

The verbal forms used to express the provisions in this recommended practice are as follows:
— the term “shall” denotes a minimum requirement in order to conform to the recommended practice;

— the term “should” denotes a recommendation or that which is advised but not required in order to conform to the
recommended practice;

— the term “may” is used to express permission or a provision that is optional; and
— the term “can” is used to express possibility or capability.

Informative elements: As used in a standard, “informative” denotes elements that: identify the standard, introduce its
content, and explain its background, development, and its relationship with other standards; or provide additional
information intended to assist the understanding or use of the standard.

Normative elements: As used in a standard, “normative” denotes elements that describe the scope of the standard
and that set out provisions that are required to implement the standard.

This document was produced under API standardization procedures that ensure appropriate notification and
participation in the developmental process and is designated as an APl standard. Questions concerning the
interpretation of the content of this publication or comments and questions concerning the procedures under which
this publication was developed should be directed in writing to the Director of Standards, American Petroleum
Institute, 1220 L Street, NW, Washington, DC 20005. Requests for permission to reproduce or translate all or any part
of the material published herein should also be addressed to the director.

Generally, API standards are reviewed and revised, reaffirmed, or withdrawn at least every five years. A one-time
extension of up to two years may be added to this review cycle. Status of the publication can be ascertained from the
API Standards Department, telephone (202) 682-8000. A catalog of API publications and materials is published
annually by API, 1220 L Street, NW, Washington, DC 20005.

Suggested revisions are invited and should be submitted to the Standards Department, API, 1220 L Street, NW,
Washington, DC 20005, standards@api.org.
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Preparation and Testing of Foamed Cement Formulations at Atmospheric Pressure

1 Scope

This standard defines the test methods including the generation of unfoamed base and their corresponding foamed
cement slurries at atmospheric pressure. These procedures are developed for foaming cement slurries with air, at
atmospheric conditions, which could mimic a foam quality experienced with nitrogen at downhole conditions; they
may be modified to accommodate other gases such as nitrogen. Slurries that are foamed with nitrogen, and their
properties, will also be discussed within this standard as they are relevant to the scope of the standard.

This standard does not address testing at pressures above atmospheric conditions, nor does this standard include or
consider the effects of nitrogen solubility in the nitrogen fraction calculations.

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 document (including any
amendments) applies. However, not all documents listed may apply to your specific needs. The body of the standard
should be referred to for how these documents are specifically applied. For a list of other standards associated with
this standard, see the Bibliography.

API Recommended Practice 10B-2, Recommended Practice for Testing Well Cements

API Recommended Practice 10B-3, Recommended Practice on Testing of Deepwater Well Cement Formulations
3 Terms, Definitions, and Symbols

3.1 Terms and Definitions

For the purposes of this document, the following definitions apply.

3.1.1
additive
Material added to a cement slurry to modify or enhance some desired property.

3.1.2
batch mixing
Process of mixing and holding a volume of cement slurry prior to placement in the wellbore.

3.1.3

cement

Portland cement

Material formed by the grinding of clinker, generally consisting of hydraulic calcium silicates and aluminates and
usually containing one or more of the forms of calcium sulfate added during grinding.

3.1.4
compatibility
Capacity to form a fluid mixture that does not undergo undesirable chemical and/or physical reactions.

3.1.5

compressive strength

Strength of a set cement sample measured by the force required to cause it to fail in compression, expressed as force
per unit area.
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3.1.6
consistometer
Device used to measure the thickening time of a cement slurry at specified temperature and pressure.

NOTE  An atmospheric consistometer can be used to condition fluids prior to testing and for determining the thickening time of
arctic slurries.

3.1.7
foamed cement
Cement slurry containing a stable gas fraction (typically nitrogen) well dispersed and entrained within the slurry.

3.1.8
free fluid
Colored or colorless liquid that has separated from a cement slurry when standing in a static condition.

3.1.9
nitrogen fraction
Volume percent nitrogen within a volume of foamed cement slurry, commonly referred to as foam quality.

NOTE In the laboratory the nitrogen fraction will typically be created with air. Nitrogen fraction is a function of temperature and
pressure and thus can vary widely during job placement.

3.1.10

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 typically water; the reference temperature is typically 4 °C (39 °F) for a relative density or
specific gravity of 1.00.

3.1.11
sedimentation
Separation and settling of solids in a cement slurry.

3.1.12
slurry stability test
Test to determine the degree of sedimentation and/or free fluid development in a cement slurry.

3.1.13

sonic strength

Compressive strength of a cement sample obtained by measuring the velocity of sound through the cement and
computing the strength using a correlation to compressive strength measurements.

3.1.14

static fluid loss test

Test to determine filtrate lost from a cement slurry when placed against a 45 um (325 mesh) screen at 6900 kPa
(1000 psi) differential pressure.

3.1.15

thickening time

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 Bc or 100 Bc).

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.
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3.1.16

unfoamed base cement slurry

Cement slurry utilized to create a foamed cement that does not contain the surfactant(s), or gas fraction of the foamed
cement slurry.

3.1.17

unfoamed base cement slurry with surfactants

Cement slurry utilized to create a foamed cement that does contain the surfactant(s), utilized to create the foamed
cement slurry.

3.1.18

unstable foamed cement

Foamed cement that fails to maintain the evenly and well dispersed nitrogen (or gas) fraction following foam
generation.

NOTE In the laboratory the nitrogen fraction will typically be created with air; a foamed cement that cannot be foamed to the
desired nitrogen (or gas) fraction may remain stable but may not be fit for purpose and should be redesigned.

3.2 Symbols
Orel relative density of the set cement segment
my mass of additive(s) without surfactants
Myirf foamed cement segment weight in air
MBWOS mass of unfoamed base cement slurry with no surfactant(s)
MewSs mass of unfoamed base cement slurry with surfactant(s) to be placed in the blending container
Me cement mass
mg mass of surfactant(s)
My mix water mass
Myaterf foamed cement segment weight in water
Myib mass of water to fill blender (used to determine blender volume)
Vad.abs solid additive volume
Ve blending container volume
VBwos slurry volume without surfactant(s)
VBws unfoamed base cement slurry volume with surfactant(s)
Ve.abs cement volume
Vi mix water volume
Vad.abs solid additive absolute volume
Vc.abs cement absolute volume
Wq mass fraction of surfactant(s) expressed as a percentage
ON2A nitrogen fraction required to achieve the design downhole density at estimated downhole conditions
of pressure and temperature in the well at atmospheric conditions expressed as a percentage
ON2L nitrogen fraction in the lab
PBWOS base cement slurry density without surfactant(s)
PBWS density of the unfoamed base cement slurry with surfactant(s)
PFA atmospheric foamed cement slurry density calculated with the required nitrogen fraction to achieve the

design downhole density (at estimated downhole conditions of pressure and temperature in the well)
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PFD targeted in situ downhole density of the foamed cement slurry
PN2D downhole density of nitrogen at the estimated pressure and temperature in the well (expressed in
grams per centimeter or kilograms per cubic meter; can be obtained from Annex A)
Pset density of set cement segment
PWater density of water
4 Sampling

4.1 General

Samples of the water, cement material or cement blend, and additives (solid or liquid) used for mixing are required to
test a foamed cement slurry. These samples shall be obtained in accordance with API 10B-2. Appropriate sampling
equipment and methods should be used to obtain samples. Wellsite, or representative samples, should be used to
ensure the test materials match as closely as possible to those used for job execution.

4.2 Method

Applicable sampling techniques for the fluids and materials used in foamed cementing operations can be found within
API 10B-2.

5 Slurry Calculations

5.1 Introduction

The maximum nitrogen fraction calculations are based on the properties of nitrogen at anticipated in situ downhole
conditions. Nitrogen fraction calculations can be performed using the equations and tables contained in this standard,
or by the use of a numerical foamed cement simulator. Small, but acceptable, differences in nitrogen fraction results
may occur due to variations in compressibility factors (Z nitrogen) between the tables within this standard and those
used by numerical simulators.

Laboratory preparation and testing are performed based on the results of these calculations using air (instead of
nitrogen). At atmospheric conditions, the differences between cement foamed with nitrogen or air are not significant.

5.2 Calculation of Base Cement Slurry Composition With and Without Surfactant(s)

The base cement slurry for preparing a foamed cement slurry contains surfactant(s) that cannot be added to the base
cement slurry for initial mixing. This requires calculation of the relative mass percentage (mass fraction) of the
surfactant(s) in the foamed cement slurry. This is done by taking the total mass of the surfactant(s) and dividing by the
total mass of the base cement slurry. For these calculations, “additives” are considered as all additives added to mix
the initial base cement slurry and exclude the surfactant(s) used for foaming the system.

The mass fraction of surfactant(s), ws, expressed as a percentage, can be calculated according to Equation (1):

w, = M, » 100 1)
mC + ma + mS + rm

where
ws is the mass fraction of surfactant(s) expressed as a percentage;
ms is the mass of surfactant(s) expressed in grams;

m; is the cement mass expressed in grams;
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m, is the additive(s) mass without surfactants expressed in grams; and
m,, is the mix water mass expressed in grams.

NOTE  Mass fraction for other components of the foamed cement (such as cement and water) can be calculated by Equation (1)
and replacing the numerator, mass of surfactant(s), ms, by the mass of the foamed cement component (such as cement and water).

If desired, the base cement slurry density without surfactant(s), pgwos, can be calculated in grams per cubic
centimeter according to Equation (2):

m,+m, +m,
(mc X Vc.abs) + (ma X Vadabs) + Vw

)

Pswos =

where

pPewos IS the base cement slurry density without surfactant(s) expressed in grams per cubic centimeter;

Mg is the cement mass expressed in grams;
my is the additive(s) mass without surfactants expressed in grams;
my is the mix water mass expressed in grams;

Veabs IS the cement absolute volume expressed in cubic centimeters per gram;
Vad.abs IS the solid additive absolute volume expressed in cubic centimeters per gram; and
Vi is the mix water volume expressed in cubic centimeters.

NOTE 1 Mass and volume calculations are described in APl 10B-2.

NOTE 2 Mass fraction and density can be calculated using homogeneous metric (SI) or U.S. customary (USC) units.

5.3 Determination of Slurry Volume and Mass

5.3.1 General

Determine the volume of unfoamed base cement slurry to be used. The total volume of unfoamed base cement slurry
shall include the volume of surfactant(s) to be added to the base cement slurry. The surfactant(s) is (are) added after
the initial mixing of the base cement slurry.

During the job design process the maximum nitrogen fraction in the annulus following cement placement (in situ) shall
be determined for each foamed cement job and is typically determined with computer-aided foamed cement job
design tools. The maximum nitrogen fraction should be agreed by the user and the provider of the foamed cement
before testing begins. This maximum nitrogen fraction shall be utilized during testing to evaluate the stability of the
foamed cement slurry as specified in 8.3.

Nitrogen is a real gas; therefore, not only does the volume of nitrogen change with pressure and temperature but also
its density. Pre-calculated nitrogen densities are also provided in tables within Annex A. The nitrogen density can be
calculated using the equations in Annex B, which include the compressibility factor (Z nitrogen). Nitrogen
compressibility factors are provided within Annex C, Table C.1 (for Sl units) and Table C.2 (for USC units).

Once the pressure and temperature are determined for laboratory testing, the appropriate atmospheric nitrogen
fraction can be determined utilizing the nitrogen density tables in Annex A and the equations as specified in 5.3.

NOTE Refer to Annex D for example calculations.



6 APl RECOMMENDED PRACTICE 10B-4

5.3.2 Atmospheric Nitrogen Fraction to Achieve the Design Density Calculated with the Downhole N,
Density at the Estimated Pressure and Temperature in the Well

Utilizing the design downhole density and the estimated pressure and temperature in the well, the laboratory nitrogen
fraction ¢gnoa (i.€. volume fraction of gas) is calculated according to Equation (3):

Pron = Psws ~ Pro % 100 (3)

Pews — PNz
where

o2 is the nitrogen fraction required to achieve the designed downhole density at estimated downhole
conditions of pressure and temperature in the well at atmospheric conditions expressed as a percentage

pews is the density of the unfoamed base cement slurry with surfactant(s), expressed in kilograms per cubic
meter at downhole conditions;

prp  is the targeted in situ (downhole) density of the foamed cement slurry, expressed in kilograms per cubic
meter; and

pn2p is the downhole density of nitrogen at the estimated pressure and temperature in the well, expressed in
kilograms per cubic meter, obtained from Annex A.

Stability and compressive strength testing of the foamed cement shall be conducted at the nitrogen fraction
(expressed as a percentage) required to achieve the designed downhole density at estimated downhole conditions of
pressure and temperature in the well at atmospheric conditions.

NOTE 1 To facilitate the use of the tables in Annex A, the density terms according to Equation (3) can be expressed in units of
kg/m3 or lom/gal; if the density is expressed in kg/m3, to express the density in g/cm3 divide the value by 1000.

NOTE 2 The atmospheric laboratory prepared density will vary from the target in situ (downhole) density (see 5.3.7).

5.3.3 Calculation of Atmospheric Foamed Cement Slurry Density Utilizing the Nitrogen Fraction Required
to Achieve the Design Downhole Density at Estimated Downhole Conditions of Pressure and
Temperature in the Well

The atmospheric foamed cement slurry density (oga) with the required nitrogen fraction to achieve the design
downhole density, at estimated downhole conditions of pressure and temperature in the well (¢n24) Can now be
calculated according to Equation (4):

100 -
Pra = ‘_16'('()/@5 X Pews 4)

where

Pra  is the atmospheric foamed cement slurry density calculated with the required nitrogen fraction to achieve
the design downhole density, at estimated downhole conditions of pressure and temperature in the well,
expressed in grams per cubic centimeter;

on2a s the nitrogen fraction required to achieve the design downhole density at estimated downhole conditions
of pressure and temperature in the well at atmospheric conditions expressed as a percentage;

pews is the density of the unfoamed base cement slurry with surfactant(s), expressed in grams per cubic
centimeter.
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5.3.4 Mass of Unfoamed Base Cement Slurry with Surfactant(s) Required for Testing

The mass of cement slurry in grams, including surfactant(s), mgyws, to be placed into the blending container to
prepare the foamed cement slurry can be calculated according to Equation (5):

Maws = Vie X Ora )
where

mgws is the mass of unfoamed base cement slurry with surfactant(s) to be placed in the blending container,
expressed in grams;

Vpe  is the blending container volume, expressed in cubic centimeters; and

Pra IS the atmospheric foamed cement slurry density, expressed in grams per cubic centimeter and
calculated with the required nitrogen fraction to achieve the design downhole density, at estimated
downhole conditions of pressure and temperature in the well.

5.3.5 Surfactant(s) and Base Cement Slurry Mass Required for Testing

The masses of surfactant(s), mg, and mass of unfoamed base cement slurry with no surfactant(s), mgwos, required
for testing are found according to Equations (6) and (7).

The mass of surfactant(s) to be placed into the blending container with the unfoamed base cement slurry, mgyys, can
be calculated according to Equation (6):

WS
ms = Mgys X 100 (6)

where
mg is the mass of surfactant(s), expressed as a percentage;

mews is the mass of unfoamed base cement slurry with surfactant(s) to be placed in the blending container,
expressed in grams; and

Wg is the mass fraction of surfactant(s), expressed in grams.
The mass of unfoamed base cement slurry with no surfactants, mgywos, can be calculated according to Equation (7):
Mgwos = Maws — Mg )
where
mewos is the mass of unfoamed base cement slurry with no surfactant(s), expressed in grams;
mews IS the mass of unfoamed base cement slurry with surfactant(s), expressed in grams; and

mg is the mass of surfactant(s), expressed in grams.

NOTE The percentage contribution of each material by mass was determined as specified in 5.2.
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5.3.6 Volume and Mass of Unfoamed Base Cement Slurry Required for Testing

The volume of unfoamed base slurry with surfactant(s), Vgws, may also be calculated utilizing the laboratory
atmospheric density calculated according to Equation (4); see 5.3.3. This density is calculated utilizing the nitrogen
fraction required to achieve the designed downhole density at the estimated conditions of pressure and temperature
in the well according to Equation (3); see 5.3.2.

The volume of unfoamed base cement slurry, Vgws, can be calculated according to Equation (8):

Ve X
Vews = Ve — "Q"JTg"\'@ﬁ ®)

where
Vgws is the unfoamed base cement slurry volume, expressed in cubic centimeters;
Vpe  is the blending container volume, expressed in cubic centimeters; and

on2a IS the nitrogen fraction required to achieve the design downhole density at estimated downhole
conditions of pressure and temperature in the well at atmospheric conditions expressed as a percentage.

The mass of unfoamed base cement slurry, mgys, can be calculated according to Equation (9):

Mews = Vews X Pews )
where
mews IS the mass of unfoamed base cement slurry with surfactant(s), expressed in grams;

Vews is the slurry volume of the unfoamed base cement slurry with surfactant(s), expressed in cubic
centimeters; and

pews IS the density of the unfoamed base cement slurry with surfactant(s), expressed in grams per cubic
centimeter.

5.3.7 Density of a Laboratory Atmospherically Foamed Cement

Following the generation of the foamed cement slurry, the density (oea) may be calculated according to Equation (10):

100 -
Pra = 10(;pN2L X Pews

(10)
where
Pra IS the atmospheric foamed cement slurry density calculated with the required nitrogen fraction to achieve
the design downhole density, at estimated downhole conditions of pressure and temperature in the well,
expressed in grams per cubic centimeter;
onoL IS the nitrogen fraction in the lab, expressed as a percentage; and

pews IS the density of the unfoamed base cement slurry with surfactant(s), expressed in grams per cubic
centimeter.

NOTE An example of the use of these equations for calculations can be found in Annex D.
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6 Base Cement Slurry Preparation and Testing

6.1 General

For the following tests performed on the unfoamed base cement slurry, the unfoamed base cement slurry without the
surfactants(s) shall be prepared in accordance with API 10B-2. After the slurry is prepared, stop the blending
container, add the surfactant(s), and stir gently with a spatula to distribute it uniformly in the slurry. It is recommended
that the slurry should be poured gently from the blending container to a beaker and back three times to ensure a
uniform distribution of the surfactant(s).

When testing unfoamed base slurry with surfactants, air entrainment can potentially create errors in some test results.
A small amount of defoamer can be used to prevent air entrainment in the laboratory. This is not recommended when
testing foam stability in the laboratory and is not recommended during field applications in oil and gas wells.

NOTE Preparation of sufficient volume of the base cement slurry may require multiple mixes using the standard mixing
procedure, or use of a large laboratory blender; see preparation of large slurry volumes in API 10B-2.

6.2 Conditioning Procedures

For conditioning procedures for testing of the unfoamed base cement slurry, refer to API 10B-2 or API 10B-3. Report
any conditioning procedure used in the preparation of the unfoamed base slurry.

6.3 Density Measurement

The density of the unfoamed base cement slurry with surfactants can be determined by methods found in AP 10B-2.
Failure to measure the atmospheric density of the base slurry, inclusive of the foaming surfactant(s), will lead to
incorrect volumes in the blender and subsequent incorrect air fraction of the foamed slurry.

6.4 Stability of Unfoamed Base Cement Slurry

The unfoamed base cement slurry with surfactant(s) shall be evaluated in accordance with API 10B-2. The unfoamed
base slurry with surfactant(s) shall be stable. If the unfoamed base cement slurry shows signs of instability, redesign
the slurry.

Some signs of instability can include:

a) excessive free fluid;

b) streaking or light to dark color change from top to bottom; and/or

¢) large variations in density from sample top to bottom in the sedimentation test.

6.5 Determination of Rheological Properties

Rheological properties test on the unfoamed base cement slurry with surfactant(s) shall be performed in accordance
with API 10B-2 or API 10B-3.

NOTE  Use of the rotational viscometer with a foamed cement slurry may result in separation of the gas from the slurry, causing
erroneous results.

6.6 Determination of Static Fluid Loss

Fluid-loss tests performed on the foamed cement slurry prepared at atmospheric pressure may not yield reliable
results and should not be performed. Specialized test methods have determined that fluid-loss values obtained from a
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foamed cement slurry are lower than those from a base unfoamed cement slurry. The fluid loss of the unfoamed base
cement slurry with surfactant(s) is normally used as an indication of the fluid loss of the foamed cement slurry.

The static fluid loss test on the unfoamed base cement slurry containing the surfactant(s) shall be performed in
accordance with API 10B-2.

6.7 Determination of Thickening Time

As surfactant(s) can affect the thickening time, the thickening-time test is normally performed using a standard high-
pressure high-temperature (HPHT) consistometer on the unfoamed base cement slurry containing the surfactant(s).

Thickening-time test on the unfoamed base cement slurry shall be performed in accordance with APl 10B-2.

6.8 Determination of Compressive Strength

While the compressive strength values of the unfoamed base cement will not match the compressive strength of the
foamed slurry, the time required to develop initial compressive strength in the unfoamed base cement slurry may be
used to approximate the time required to develop initial compressive strength in the foamed slurry. To estimate the
approximate time required to develop initial compressive strength, perform a nondestructive sonic strength test on the
unfoamed base cement slurry containing the surfactant(s); this test shall be performed in accordance with API 10B-2
or API 10B-3 for deepwater applications.

6.9 Compatibility

Compatibility testing on the unfoamed base slurry shall be performed in accordance with APl 10B-2.

7 Preparation of Foamed Cement Slurry at Atmospheric Pressure

7.1 Unfoamed Base Cement Slurry Preparation

7.1.1 General

Unfoamed base slurries containing all additives except foaming surfactant(s) shall be prepared in accordance with
API 10B-2. The time from the initial preparation of the unfoamed base cement slurry to the time the foamed cement is
generated should be as quick as possible and not exceed 10 minutes.

All testing apparatuses used shall be calibrated in accordance with APl 10B-2.

7.1.2 Temperature Considerations

The temperatures of the cement sample, additives, and mix water should be within £1 °C (+2 °F) of the ambient
temperature in the laboratory. The temperature of the cement sample, additives, and water shall be measured and
reported.

7.1.3 Conditioning Procedures

Current methods do not provide fully representative HPHT conditioning of foamed slurries.

Conditioning the unfoamed base cement slurry used for the preparation of foamed cement at atmospheric pressure
may have an effect on foamed cement slurry stability. Slurry conditioning for atmospheric foamed cement testing is
limited to simulation of batch mixing. If conditioning of the unfoamed base cement slurry is performed, then a

comparison of conditioned and unconditioned unfoamed base cement slurry that is subsequently foamed should be
performed and reported to provide information regarding the foamed slurry stability.
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The conditioning schedule shall be reported with any resulting test data of foamed cement slurries.

If the foamed cement used in the field is generated utilizing a recirculating mixing system and pumped downhole
(“mixed on-the-fly”), then the time from mixing the base slurry to the point of the initial foam generation on surface will
not be accurately represented by slurries conditioned at bottom-hole conditions. Therefore, if testing is conducted to
determine the stability of the foam at conditions of surface foam generation, then conditioning schedules, if any,
should reflect surface pressure, temperature, and slurry residence time as closely as possible.

7.2 Blending Apparatus

7.2.1 Blending Container

The blending container is similar to that used for standard slurry preparation, except it has a threaded cap with an O-
ring seal and a removable plug. A conventional blending container that does not have a seal cannot be used for these
tests. The base and the cap shall have a matching demarcation line to show closure level. This will ensure that the
volumes used are identical each time the cap is closed, regardless of user.

7.2.2 Mixing Blade Assembly

Multi-blade (stacked-blade) assembly is constructed of a series of blade assemblies (see Figure 1), and each
individual blade assembly shall be in accordance with APl 10B-2.

Figure 1—Blending Container and Multi-blade Assembly

The assembly consists of five standard blades attached to a central shaft and spaced equally along the shaft.

The blender motor should be capable of providing 12,000 revolutions per minute (r/min) to an unfoamed base slurry
with the stacked blade assembly.

If 12,000 r/min is not achieved, report achieved at end of mixing and record the final revolutions per minute of the
mixer before mixing is terminated.

7.2.3 Determination of Blending Container Volume
This method assumes the base cement slurry as described in 5.2 is prepared in a separate blending container and

this prepared slurry weighed into the blending container with a sealed lid. Accurate determination of the volume of the
blending container is critical to this procedure. The calculations for slurry volume, density, and foamed cement slurry-
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to-gas ratio are based on determination of this sealed lid container volume. The volume shall be determined as
follows:

a) weigh the clean dry blending container (including mixing assembly, screw-on lid, and screw-in plug for the lid),
record the weight, then tare the balance to zero in preparation to determine the mass of water to fill the blender;

b) remove the screw-on lid from the blending container and remove the screw-in plug from the lid;

c) fill the blending container with distilled water or measure the density of the water using a hydrometer and water
temperature (refer to API 13J);

d) screw the lid on tightly so that the base and cap matching demarcation lines indicate the correct closure level;
e) pour additional water into the hole in the lid until the container is completely full and screw the plug into the lid;
f) wipe the excess water that exits from the plug’s vent hole; and

g) re-weigh the container and record the mass of the water inside the container (myp).

To determine the volume of the blending container, the mass of the water inside the container is divided by the density
of the water to determine an accurate volume for the blending container according to Equation (11):

Vbc = ranb
Puwater

(11)
where
Vpe  is blending container volume expressed in cubic centimeter; and

Mafy IS mass of water to fill blender expressed in grams; and

Pwater IS density of water expressed in grams per cubic centimeter.

The volume of the blending container shall be checked any time the blades are replaced, or after any damage to the
container that may affect the volume. The volume shall be verified at least every six months.

7.3 Generation of a Foamed Cement Slurry
7.3.1 Mass of Cement Slurry

Using the mass calculated as specified in 5.3, weigh half of the appropriate amount of the prepared unfoamed base
cement slurry with no surfactant(s) into the blending container. Add the calculated amount of surfactant(s). Add the
remaining half of the prepared unfoamed base cement slurry. The final mass of the base cement slurry and added
surfactant(s) should be checked against the final desired base cement slurry mass calculated as specified in 5.3.4.

The weigh up should use the nitrogen fraction for the atmospheric conditions (see 5.3.1).
NOTE More than one mixing of base slurry may be needed.
7.3.2 Cement Slurry Mixing

Place the lid (containing the plug) on the mixing container and make sure the blending container is sealed. Using the
blade assembly as specified in 7.2.2, mix the slurry at the 12,000 r/min setting for 15 seconds. If the slurry does not fill
the blending container at the end of 15 seconds, the slurry shall be redesigned.

NOTE  During the mixing, there will be a noticeable change in the sound (pitch) from the blending container indicating that the
blender is full of foamed cement.
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7.3.3 Mixing Completed

After mixing, remove the plug at the top of the blending container and check that the slurry completely fills the
container.

Because of the slurry volume and viscosity increase when foamed, the maximum revolutions per minute of the
blending container blade(s) may be less than 12,000 r/min. The maximum attainable revolutions per minute depend
on the power of the blending container motor, slurry density and slurry air (nitrogen) fraction. Record the revolutions
per minute at the end of mixing.

When preparing the foamed cement slurry in the sealed blending container, it is common for the final density of the
foamed cement slurry to be less than designed. It is likely due to expansion caused by the temperature increase
generated from the mixing energy. The foamed cement slurry may expand upon removal from the blending container.
Some testing performed has indicated that the foam expansion that occurs in the sealed blending container after
foaming may not be strictly caused by heat generation. By sealing the top of the plug in the blending container, it may
be possible to obtain acceptable foam densities from the initial mixing design without using the low density slurry
offset procedure as specified in 7.3.5.

One method to obtain a foamed cement slurry having a density closer to the design density is described below; see
7.3.4and 7.3.5.

7.3.4 Checking Slurry Design
Check the slurry design for use in laboratory tests in accordance with the following procedure:

a) design the cement slurry density to be foamed [e.g. 1.893 g/cm3 base cement slurry foamed to 1.318 g/cm3
(15.8 Ibm/gal foamed to 11.0 lbm/gal)];

b) prepare the 1.318 g/cm3 (11.0 Ibm/gal) foamed cement slurry in the laboratory according to the design; and

c) measure the density of the foamed cement slurry according to 8.2.

If the volume of the blending container is not completely filled with foamed cement slurry or if the measured foam
density is above the design, it may be difficult to obtain the proper foamed cement density in the field, and the slurry
should be redesigned.

If the measured density is less than designed, see 7.3.5.

7.3.5 Low Slurry Density

If the measured density is less than the design [e.g. 1.246 g/cm3 (10.4 Ibm/gal)], the following procedure can be used
to check design calculations:

a) if the calculations are correct, subtract the measured density from the design density to obtain an “offset
correction” [e.g. 1.318 g/cm3 —1.246 g/cm3 = 0.072 g/cm3 (11.0 Ibm/gal — 10.4 Ibm/gal = 0.6 Ibm/gal) offset
correctiony];

b) recalculate the slurry density using the offset correction [e.g. 1.318 g/cm3 + 0.072 g/cm3 = 1.390 g/cm3 (11.0 Ibm/
gal + 0.6 Ibm/gal = 11.6 Ibm/gal)];

c) prepare a new foamed cement slurry according to the corrected density [e.g. 1.890 g/cm3 foamed to 1.390 g/cm3
(15.8 Ibm/gal foamed to 11.6 Ibm/gal)]; and
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d) measure the density of the foamed cement slurry; the density of this foamed cement slurry should be close to the
desired density of 1.318 g/cm3 (11.0 Ibm/gal).

If this density is still not acceptable, obtain a new offset correction and prepare a new base cement slurry.

The user and provider of the foamed cement should agree on an acceptable density decrease limit to indicate when
this correction factor should be applied.

8 Atmospheric Testing of Foamed Cement Slurries
8.1 General

Because of the high volume of gas in a foamed cement slurry, it is necessary to modify some of the standard testing
procedures to prevent erroneous test results.

8.2 Determination of Foamed Cement Slurry Density

The density of the foamed cement slurry shall be determined by pouring the foamed cement slurry into a large open
top container (no pouring lip and flat across the top) that has a known volume no less than 150 ml when completely
filled. A rheometer cup will work fine after being calibrated.

Calibrate the container with water by determining the mass of the water in the container after filling with water (see
7.2.3).

Measure and report the temperature of the foamed cement slurry that is being tested.

Weigh the container then gently pour the foamed cement slurry, with minimal agitation to avoid additional air
entrainment, into the container and level the top with a straight blade. Wipe the outside of the container clean and
again weigh the container with the slurry. The density of the foamed cement slurry in the container is determined by
dividing the slurry mass by the container volume and converting to the appropriate density units.

A balance is required for foamed cement density measurement. This balance shall have accuracies in accordance
with API 10B-2. A pressurized fluid density balance should never be used to determine the density of a foamed
cement slurry prepared at atmospheric pressure. This can compress the gas bubbles and the slurry density indication
will be too high. A nonpressurized slurry density balance is not recommended because the small hole in the center of
the lid can cause a restriction resulting in partial pressurization of the slurry. This can cause errors in the density
determination.

8.3 Determination of Foamed Cement Slurry Stability
8.3.1 General

To utilize the test method within this recommended practice, it is necessary to determine the maximum predicted
nitrogen fraction of the foamed cement slurry in the annulus following cement placement (in situ). This value is
typically determined with the use of computer-aided cement job design tools. The maximum nitrogen fraction should
be determined and agreed to by the user and the provider of the foamed cement before testing begins. This
maximum nitrogen fraction shall be utilized during testing to evaluate the stability of the foamed cement slurry for any
job design (see 5.3.1).

NOTE This method does not address the maximum nitrogen fraction that may occur at or near the surface inside the casing; the
foaming methods, and equipment, applied in this document are often not capable of producing stable foamed cements at the
maximum nitrogen fraction often predicted in this part of the well.
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8.3.2 Stability of Unset Foamed Cement Slurry

The stability of the unset foamed cement slurry shall be evaluated. Evaluate the foam stability by pouring a sample of
the foamed cement slurry into a standard 250-ml graduated cylinder. The dimensions of the graduated cylinder shall
be in accordance with API 10B-2 Free Fluid Test (length = 232 mm to 250 mm with 2 ml or less graduations). Seal the
top of the cylinder to prevent dehydration.

Allowing temperature fluctuation during the test will impact the gas fraction in the sample and potentially impact
stability. Temperature should be maintained in accordance with 7.1.2. Placing the sample in a water bath should help
to provide a more constant temperature environment. Let stand for a 2-hour period +1 minute. Vibrations to the
container should be minimized to the extent reasonably possible. Any decrease in the final height of the foamed
cement column should be recorded as a percentage of total height. Any other evidence of potential instability shall be
reported. A digital photograph of the slurry in the graduated cylinder at the start of the test and following the 2-hour
period +1 minute shall be reported. The cylinder contents cannot be cured at temperatures above ambient
temperature in the laboratory because an increase in temperature will increase the bubble size and slurry volume and
may affect the slurry stability.

8.3.3 Stability of Set Foamed Cement Slurry

8.3.3.1 General

The stability of the set foamed cement shall be evaluated. The set foamed stability is evaluated by determining the set
sample’s density and through visual inspections made for bubble consistency, overall volume reductions, or other
indications of foam instability as specified in 8.3.5.

Samples may be cured in covered cylinders of at least 25.4-mm diameter x 101.6-mm height (1-in. diameter x 4-in.
height); the most common tube length is 200 mm (7.9 in.). Grease or other mold-release agents should not be used
as these materials can affect the stability of the foamed cement slurry. The tube (or other sample container) should be

placed vertically to evaluate set foamed cement stability.

Allow the sample to set, remove the cement from the tube, and photograph the sample. Samples for density
determination shall be prepared in accordance with 8.3.3.2.

NOTE  These tests are intended for evaluation of foam cement slurries at room temperature; it is possible that foam cement
slurries designed for higher temperatures may not set at room temperature.

8.3.3.2 Density Determination

8.3.3.2.1 The mass of each section in air and in water can be determined as follows.
a) Measure and record the length of the cement sample.

b) Mark the sample approximately 20 mm (0.75 in.) from the bottom and from the top.

1) Divide the section between the marks by further marks into segments of roughly equal length with a minimum of
four segments.

2) Mark the segments to keep track of their order.
c) Break or cut the cement sample at these mark.

NOTE If using a saw to segment the cement sample, do not use a saw that uses water as the segments will absorb water
during preparation.
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d) Photograph each segment alongside a ruler for scale; note and record any change in appearance between the
segments.

e) To determine the density of the segments, place a beaker containing water on the balance and tare the balance to
zero.

NOTE Abalance with a precision of 0.01 g is necessary.
f) Place a segment on the balance beside the beaker.
g) Record the weight of the foamed cement segment, my;;, and remove the segment from the balance.
h) Tare the balance if necessary.
i) Place a noose of thin string around the segment (dental floss works well).

i) Suspend the segment in the beaker such that the segment is totally surrounded by water, but such that the
segment should not touch the bottom or the sides of the beaker.

k) Obtain and record the weight of the foamed cement sample, myaterf, With the segment suspended in water, and
the length of time the segment was suspended in water.

NOTE  Obtain the weight of the sample as quickly as possible (preferably in less than 10 seconds) to prevent excessive
water absorption.

[) Remove the segment from the water and tare the balance.

m) Repeat the procedure for each segment.

n) By applying Archimedes Principle, calculate the relative density of each cement segment using Equation (12).
Use of wet measurement techniques may be prone to greater error in cases of high foam quality or significant open

bubble structure on the surface of the sample; it is important to take wet measurements as quickly as possible to limit
errors.

m .
d - airf (12)
e rnwaterf
where
drel is the relative density of the set foamed cement segment;

Myirf is the foamed cement segment weight in air, expressed in grams; and
Myaterf 1S the foamed cement segment weight in water, expressed in grams.
8.3.3.2.2 The results are used to construct a density profile for the entire sample.
Reporting of results shall also include at a minimum:
a) original length of sample in an unset state (this may be the length of the sample tube);
b) length of the sample after set;

c) relative densities of the samples;
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d) comments on visual inspection to include:

1) consistency of bubble distribution—noting any variance in size of bubbles from top to the bottom of the sample
or between samples; and

2) presence of any streaking or other color anomalies.

Photos of the samples shall be included in the final report. Every effort should be made to test samples from the very
top and bottom of the prepared sample.

Relative density difference calculations between slurry and set foamed cement shall be performed in accordance with
API 10B-2.

The density differences between slurry and set foamed cements, and the density difference from top to bottom in the
set foamed cement, can vary greatly and depend on many factors. The amount of density difference that is
acceptable varies with the application and should be defined prior to testing and the results should be considered
prior to job execution.

8.3.4 Evaluating Foamed Cement Slurry Stability at Temperature <90 °C (194 °F)

The following procedure shall be followed for evaluating foamed cement slurry stability at temperatures <90 °C
(194 °F).

a) Prepare an appropriate mold for curing the foamed cement slurry sample.

For example, a PVC or HPVC (high-temperature PVC) curing mold can be prepared by applying primer/cleaner
and glue to the PVC parts and assembling them in the manner shown in Figure 2.

Allow sufficient time for the glue to harden. Apply a nonadhesive sealing tape to the threads of the brass fittings.

NOTE 1 PVC or other plastic material is preferred because the foamed cement slurry will not bond to the mold material;
other materials are acceptable provided a mold-release compound is not used on the surface of the mold.

NOTE 2 The use of a 50 mm x 50 mm (2 in. x 2 in.) mold for this section is not appropriate as there is insufficient length to
properly determine density variations within the sample.

b) Pour the foamed cement slurry into the mold and screw the large brass reducer (or other corrosion-resistant
material) into the top until tight.

1) Slurry shall exit the center hole of the large brass reducer.
2) Screw the small brass plug into the large brass fitting and tighten both.

If liquid cement slurry in the fitting threads prevents tightening large brass reducer sufficiently, the curing mold can
be filled to below the threads of the large brass reducer. Place and tighten the reducer, then fill the remainder of
the curing mold through the hole of the reducer and tighten the small brass plug.

c) Allow the slurry to cure for 24 hours or until set at the desired temperature.
NOTE The sample may be cured in a vertical position or at a specific angle.

d) After curing, cool to room temperature at a rate that will not cause thermal shock induced stress fracturing of the
sample.

1) Remove the brass reducer and plug from the top and examine the sample.

2) Note any obvious signs of instability in the top of the sample (see 8.3.5).
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Key

6.35-mm (1/4-in.) brass plug

25.4 mm x 6.35 mm (1 in. x /4 in.) brass reducer
25.4-mm (1-in.) female adapter for PVC schedule 40 pipe

25.4-mm (1-in.) PVC schedule 40 tubing [OD 33.4 mm (1.315 in.), ID 26.6 mm (1.049 in.)], length 152 mm to 203 mm (6 in. to
8in.)
5 25.4-mm (1-in.) PVC cap

A WDN PP

Figure 2—Example of Curing Mold for Evaluation of Foamed Cement Slurry Stability

e) Segment samples for density determination shall be prepared in accordance with 8.3.3.2.

1) The sample should not be cut with a saw that uses water, since water can be absorbed by the sample and
change its density.

2) If the sample is cut dry, remove any dust resulting from cutting with a brush.
3) Carefully cut the PVC longitudinally along each segment until the PVC can be removed.

4) Care should be taken when removing the set cement to assure all of the cement is recovered from the sample
container.

f) Examine the set foamed sections for signs of instability (see 8.3.5).
g) The segments shall then be tested for density using the Archimedes Principle according to 8.3.3.2.
h) Results shall be presented in accordance with 8.3.3.2.2.

Figure 3 can be used for the results of the evaluation.
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8.3.5 Signs of Unstable Foamed Cement

The acceptance criteria are dependent upon well conditions and should be defined prior to testing.

Some signs of instability in set or unset foamed cement may include:

a) bubble breakout noted by large bubbles on the top of the sample;

b) excessive gap at the top of the specimen (minor meniscus effects are normal);

c) discontinuous column or discontinuity in the column;

d) large variations in density from sample top to bottom or large variation in density from design; and/or

e) visual signs of density segregation as indicated by streaking or light-to-dark color change from top to bottom.
Unfoamed base cement slurry stability shall be confirmed before proceeding to foamed cement stability testing.

Any cement slurry design that shows signs of instability shall be redesigned.

Bubble size variations may be seen better when an entire sample is cut in half from top to bottom. For this
observation, one sample can be prepared and cut wet or dry. After cutting, clean the cut surface under running water
to expose the bubble cavities for visual inspection and a digital photo.

Figure 3 is merely an example for illustration purposes only and is not to be considered exclusive or exhaustive in
nature. Each company should develop its own approach. APl makes no warranties, express or implied reliance on, or
any omissions from the information contained in the figure/form below.

8.4 Determination of Compressive Strength

Pour the foamed cement slurry into a curing mold that can be sealed. The sealing lid prevents the foamed cement
slurry from expanding as it is heated. The expansion can result in an undesired density decrease.

A suitable curing mold is a standard 50-mm (2-in.) cube mold (described in ASTM C109) with a cover (without
grooves) and gasket clamped on. Plastic cylinder, 50-mm diameter x 101.6-mm height (2-in. diameter x 4-in. height)
with a sealable top and 50-mm (2-in.) plastic cube molds with a sealable lid have also been used.

Place the sealed mold containing the foamed cement slurry into an atmospheric-pressure water bath, cure the
sample, and determine the compressive strength. The surface ends of the sample that contact the loading platens
shall be parallel, smooth, and planar. This testing shall be conducted in accordance with APl 10B-2.

Caution should be used with any plastic molds as the cement sample may expand when heated resulting in an
undesired density decrease, or the container may result in surface ends of the sample that are not parallel, smooth,
and planar.

NOTE 1 Sample geometry affects the values determined for compressive strength, i.e. strength determined with one sample
geometry may not correspond to that of a different geometry.

NOTE 2 Ultrasonic, nondestructive, sonic strength data of the unfoamed base cement slurry can be used to estimate the time for
initial strength development.
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Preheated or precooled chamber temperature:

Total time of test:

Time to test temperature :

Time at maximum test temperature : hours

Inside length of sedimentation tube that can contain a fluid volume:
Length of sample in an unset state

Length of set sample:

Dimensions of each tested sample (length and diameter)

Top sample length: ; diameter:
Next sample length: ; diameter:
Next sample length: ; diameter:
Next sample length: ; diameter:
Next sample length: ; diameter:
Bottom sample length: ; diameter:

Slurry measured density:

Density profile:

Top segment density: ; % density diff from measured density:
Next segment density: ; % density diff from measured density:
Next segment density: ; % density diff from measured density:
Next segment density: ; % density diff from measured density:
Next segment density: ; % density diff from measured density:
Bottom segment density: ; % density diff from measured density:

% density diff top to bottom segment:
{[1 - (top density + bottom density)] x 100}

Comments on visual inspection to include:

Consistency of bubble distribution—noting any variance in size of bubbles from top to the bottom of the sample or
between samples or bubble grouping within a sample or between samples:

Presence of any streaking or other color anomalies:

Other:

Figure 3—Evaluation Report Form: Foamed Cement Slurry Stability at Temperature <90 °C (194 °F)




Annex A
(informative)

Nitrogen Density, ono
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Annex B
(informative)

Nitrogen—A Real Gas

Nitrogen is a real gas. The volume of nitrogen changes with pressure and temperature. As a result, there is a change
in the nitrogen density. An ideal gas follows the Boyle-Mariotte law (Boyle’s law) and its volume changes directly in
relation with pressure and temperature. Nitrogen does not follow the ideal gas law; a deviance is expressed by a
compressibility factor, Z, in the real gas equation (in case of ideal gas Z is equal to 1) according to Equation (B.1).

PV = nZRT (B.1)
where

P is the absolute pressure expressed in Pascals (kPa);

V s the gaseous volume expressed in cubic meters;

n is the number of gas moles;

Z is the thermodynamic gas compressibility factor;

R is the universal gas constant expressed in joules per mole.Kelvin (K) (where R = 8.3145 J/mol.K, unit
equivalent to m3 Pa /mol.K); and

T is the thermodynamic temperature expressed in Kelvin.

Thermodynamic temperature, T, is calculated from temperature @ that is expressed in degree Celsius, according to
Equation (B.2):

T = 6+273.15 (B.2)

Nitrogen compressibility factor is also a function of temperature and pressure. The real gas equation permits the
calculation of the density of nitrogen, which changes with pressure and temperature.

The mass of a gaseous phase can be calculated knowing the number of moles and the molecular mass of the gas
according to Equation (B.3).

Mass of gas = number of moles x gas molecular mass (B.3)

Applied to nitrogen gas (N»), the gaseous density of nitrogen expressed in kilograms per cubic meter or grams per
cubic decimeter according to Equation (B.4).

Nnx My,
= N2 B.4
Pn2 v (B.4)

where
pn2 IS the density of nitrogen gas expressed in kilograms per cubic meter;
n is a number of moles of nitrogen gas;
Mpn2  is the molecular mass of nitrogen gas (Mpy2 = 28.0134 g); and

\% is the volume of n moles of nitrogen.
28
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The volume of moles of nitrogen, V, can be calculated using real gas Equation (B.1). Then Equation (B.4) becomes
Equation (B.5):

_ PxMy,
Pz = 7 S RXT (B:5)

Equation (B.5) is valid for any gas to calculate density of the gas function of its conditions of temperature and

pressure. Molecular mass of the gas and its compressibility factor according the conditions should be used for the
calculation.

Knowing the universal gas constant R and nitrogen gas molecular mass My, Equation (B.5) can be expressed in Si
units by Equation (B.6):

_ 3.3692xP
P = (0+273.15) (B.6)

where
PNz 1S the density of nitrogen gas expressed in kilograms per cubic meter;
Zn2 is the compressibility factor for nitrogen gas;
P is the absolute pressure expressed in kilopascals; and
6 is the temperature expressed in degree Celsius.
In USC units, density of nitrogen gas expressed in pounds per gallon can be determined by Equation (B.7):

_ 0.34895x P
Pre = 7 (6+459.67) B.7)

where
pn2 IS the density of nitrogen gas expressed in pounds per gallon;
ZN2 is the compressibility factor for nitrogen gas;
P is the absolute pressure expressed in pounds per square inch; and
6 is the temperature expressed in degree Fahrenheit.

Nitrogen compressibility factors are provided versus temperature and absolute pressure in S| units in Table A.1 and
USC units in Table A.2.



Annex C
(informative)

Nitrogen Compressibility Factor, Z (Dimensionless)
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Annex D
(informative)

Example Calculations for the Preparation of Foamed
Cement Slurry at Atmospheric Pressure

D.1 General

The example calculations in this annex demonstrate the use of the equations in 5.2 and 5.3 to determine the proper
guantities of a base cement slurry and surfactant(s) to use in the laboratory, accounting for changing pressure.

The following criteria can be used for the calculations in this annex:
a) downhole conditions: 6000 psi and 60 °F;

b) downhole N5 density (from Annex A) = 3.185 Ibm/gal;

¢) planned downhole foamed cement slurry density = 13.5 Ibm/gal;
d) base cement slurry design: cement + surfactant(s) 0.20 gallons per sack + water;
e) base cement slurry density 16.4 lbm/gal;

f) density of dry cement (Class H in this example) = 26.41 Ibm/gal;
g) density of base slurry = 16.37 lbm/gal;

h) surfactant density = 10 lbm/gal;

i) density of water = 8.345 Ibm/gal; and

) blending container volume = 1170 cm3.

The following example calculations are merely examples for illustration purposes only and are not to be considered
exclusive or exhaustive in nature. Each company should develop its own approach. APl makes no warranties,
express or implied reliance on, or any omissions from the information contained in the example calculations below.

D.2 Example Calculation of Nitrogen Fraction and Laboratory Density (Atmospheric)

Goal: Foaming a base slurry density to the nitrogen fraction required to achieve a downhole foam density of 13.5 lbm/
gal for use in the lab at atmospheric conditions.

Using Equation (3) as specified in 5.3.2, calculate the nitrogen fraction required to achieve a 13.5 lbm/gal downhole
foam density at the estimated conditions of pressure and temperature in the well—6000 psi and 60 °F.

Onon = 100 x [(16.4 Ibm/gal —13.5 Ibm/gal)/(16.4 Ibm/gal —3.185 Ibm/gal)] = 21.94 %

Using Equation (4) as specified in 5.3.3, calculate the atmospheric foamed cement slurry density with the required
nitrogen fraction to achieve the design downhole density, at estimated downhole conditions of pressure and
temperature in the well, expressed in grams per cubic centimeter:

Pra = [(100-21.94)/100] x 16.4 Ibm/gal = 12.80 Ibm/gal , and

12.80 Ibm/gal/8.345 = 1.534 g/cm®.

Pra
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D.3 Example Calculation of Mass Percentages

Slurry design: Cement + surfactant(s) at 0.20 gallons per sack.

Downhole foamed slurry density = 13.50 Ibm/gal
Base cement slurry density = 16.40 Ibm/gal
Surfactant density = 10.0 lbm/gal
For 16.40 Ibm/gal:

Mass Volume

Cement 94.00 lbm 3.56 gal

Surfactant 2.00 Ibm 0.20 gal

Water 35.57 Ibm 4.26 gal

Total 131.57 Ibm 8.02 gal

Calculate the mass fraction of surfactant(s) from Equation (1) as specified in 5.2.

Goal: Determine the relative mass fraction (percentage) contribution for the surfactant(s) from Equation (1) as
specified in 5.2. Then determine the mass fraction (percentage) contributions for cement and water for a base slurry
with the given target density of 16.40 Ibm/gal.

Cement (94.00 Ibm/131.57 Ibm) x 100 = 71.44 %
Surfactant(s) (2.0 Ibm/131.57 Ibm) x 100 = 1.52%
Water (35.57 Ibm/131.57 Ibm) x 100 = 27.04 %

D.4 Example Calculation of Slurry Density Without Surfactant(s) for Use in On-the-fly
Mixing Operations

To calculate the defined target mixing density for the base unfoamed cement slurry during job execution using a
downstream foaming surfactant injection system [foaming surfactant(s) injected following slurry mixing], the slurry
shall be mixed at the slurry density excluding the surfactant(s).

Goal: Determine the density of the base cement slurry without surfactant(s) (ogwos) with the given composition. For
example, using Equation (2) as specified in 5.2:

Mgwos = Mg + My + My =94 Ibm+3557Ibm+0 =129.57 Iom

Vewos = Veabs + Vw+ Vagaps =3.56gal+4.26 gal +0 = 7.82 gal

Pewos= Mewos/Vewos = 129.57 Ibm/7.82 gal = 16.57 Ibm/gal
where

mewos IS the mass of unfoamed base cement slurry with no surfactant; and
Vewos is the slurry volume without surfactant(s).

This calculated target mixing density will be reported for all jobs utilizing a downstream foaming surfactant injection
system.
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D.5 Example Calculation of Required Grams of Unfoamed Base Cement Slurry and
Surfactant for Use in the Lab at Atmospheric Conditions

Goal: Prepare a foamed cement slurry sample from the example slurry in a 1170 cm3 blending container.

For laboratory calculations, unfoamed base slurry density with surfactant and atmospheric foamed slurry density
need to be expressed in grams per cubic centimeter.

Unfoamed base slurry density with surfactant(s) expressed in grams per cubic centimeter:
peWos = 16.40 Ibm/gal / 8.345 = 1.965 g/cm3

Atmospheric foamed slurry density with the required foam quality of 21.94 % expressed in grams per cubic centimeter
(see 5.3.7):

Pea = 12.8 Ibm/gal / 8.345 = 1.534 g/cm3

a) Calculate the mass of the unfoamed base cement slurry with surfactant(s) using Equation (5) as specified in 5.3.4.
This is the total mass that will be in the blending container after the foam is created.

mews= 1170 cm3 x 1.534 g/cm3 = 1794.78 g base slurry with surfactant(s)

b) Calculate the mass of surfactant(s) that will be added to the slurry in the blending container to create the foam
using Equation (6) as specified in 5.3.5.

ms = 1794.78 g x (1.52/100) = 27.28 g of surfactant(s)

c) Calculate the mass of unfoamed cement slurry without surfactant(s) to add to the blending container before
adding surfactant(s) using Equation (7) as specified in 5.3.5.

Mgwos = 1794.78 g — 27.28 g = 1767.50 g of base slurry without surfactant(s)

D.6 Example Calculation of Volume and Mass of Unfoamed Base Cement Slurry with
Surfactant(s) Required for Testing

The volume of unfoamed base slurry with surfactant(s) may also be calculated utilizing the laboratory atmospheric
density calculated from Equation (4) as specified in 5.3.3. This density is calculated utilizing the nitrogen fraction
required to achieve the design downhole density at the estimated conditions of pressure and temperature in the well
from Equation (3) as specified in 5.3.2.

a) Calculate the volume of unfoamed base cement slurry with surfactant(s), expressed in cubic centimeters using
Equation (8) as specified in 5.3.6.

Vgws = 1170 cm3 — (1170 cm3 x 21.94 %/100) = 913.30 cm3 of base slurry with surfactant(s)

b) Calculate the mass of the unfoamed base cement slurry with surfactant(s), expressed in cubic centimeters using
Equation (9) as specified in 5.3.6.

mews = 913.30 cm3 x 1.965 g/ cm3 = 1794.64 g of base slurry with surfactant(s)



[1]
(2]

3]
[4]
[5]
[6]
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