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ABSTRACT

Experimental test results are reported in regard to the
fo?iowing phyéiéa?wﬁfbpefties of foam cement andAfoam cement with
additives of calcium chloride, silica flour, and calcium lignosulfonate:
'l.i| Compressive strengths for foam qualities of 0 percent
(neat cement) to 67.0 percent.

2. Tensile strengths for foam qualities of 0 percent to
68.5 percent.

3. Setting times for foam qualities of 0 percent to
72.0 percent.

A theoretical model is developed which offers an explanation of
the compressive and tensile strengths of foam cement. The model is
based on the assumptions that the cement contains the gas in
rhombically packed, equal size bubbles. Derived from the model are
two analytical equations for the predictions of compressive and
tensile strengths of foam cement within a continuous quality range.

A laboratory procedure for the creation of foam cement in a
dynamic mode is described and discussed, and a diagram of the

equipment is presented.
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INTRODUCTION

Foam cement is defined as an agglomeration of gas bubbles
separated from eachmothe} by thin films of solid cement. The gas
forms a discontinuous or dispersed phase, and the continucus phase
is solid cement1.

Foam cement is created when gases {air or nitrogen) are
injected into a liquid cement slurry. After hardening, a cellular
cement is formed in which a multitude of small gas bubbles are
enclosed within a solid cement matrix. The gas buﬁb]es may or
may not be interconnected.

Porosity, the ratio of the total void space in the cement to
the bulk volume of the cement, is directly related to the quality
of the cement slurry. Quality, a property of the slurry and not
the set sample, is defined as the ratio of the total volume of gas
in the slurry to the total volume of water, cement, and gas.
Porosity is also a function of the absorption of free water in
the slurry and the shrinkage or expansion properties of the gas
and solids as the cement sets. In this study, quality is defined
as the total porosity of the set sample. Thus, any effects of
pressure or temperature change upon the gas are ignored and the

porosity of the sample is also the quality of the slurry.
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The most significant physical properties of foam cement are
the'fo]]owing: (1) a low-density slurry is obtainable, (2)
compressive strength is satisfactory for many industrial purposes,
(3) permeability may be varied, and (4) the coefficient of thermal

d]’z. Increase of strengths of foam

conductivity may be altere
cement may provide solutions to some of the following problems:
1. Cementing longer strings of casing and obtaining
returns to the surface.
2. Cementing pre-stressed formations where conventional
techniques fracture the formation.
3. Opening and supporting fractures in low permeability
zones.
The effects of common cement additives upon the strenath of
foamed class G cement were investigated in this study. Compressive
and tensile strengths of foam cement as a function of the additive

used and the quality of the sample were investigated and evaluated.

The effect of additives upon the setting time was also investigated.

. RY
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LITERATURE SURVEY

History

The forerunner of modern ¢il well cements originated in Roman
civilization, during which both 1ime mortar and gypsum plasters were employed
in the construction of buildings and roads. Little work was done in
the development of Portland cements until the 18th century. In 1824,

Joseph Aspdin, a bricklayer from Leeds, England, was granted a
patent by the British Government for the prcduction of Portland
cement3’4’5.

The development of Portland cement in the United States advanced
rapidly in the 19th century, but mary of its present applications were not
evaluated until the mid-1900's. In 1905, the first successful '
attempt to shut off a lower water sand was completed by Union 0il
Company in the Lompoc Field in California. Frank F. Hill, an employee
of Union, successfully pumped cement through tubing (with a packer set
at bottom) and sealed off a water sand by accurately placina the
cement in the annular space across the zonee.

In 1919, Erle P. Halliburton established a company in Burkburnett,
Texa;,and began a period of development of Portland cement in the o1l
industry. Various additives were developed for retardation and acceler-

ation of the setting properties of the cement. This form of Portland

cement is presently used in the oil industrys.
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The chemicals used to retard the setting properties of the cement
either alter the chemical compounds or retard the hvdratable components
“"of ‘the cement. The uses of these chemicals either to accelerate,
to retard, or to strengthen normal, unfoamed cement are well documented

in the 1iterature7’8.

Development of Low Density Slurries

Bentonite was first used to obtain slurry densities as low as
12 ppg. In a few cases, however, the low-density slurry would fracture
deep pre-stressed formations. For this reason, attempts have been
made to develop other types of lower density s]urriesg. H.F. Coffer,
J.J. Reynolds, and R.C. Clark, Jr., of Continental 0il Company,
developed a 10 1b./gal. cement slurry by placing small "clay
bubbles" (sic) of air into the slurry. The clay bubbles of air were
of sufficient strength to withstand crushing by bottom-hole pressures
to 5000 psi'C,

Pozzolans, silicious materials of volcanic origin, have been
blended with Portland cement in the production of low-density slurries.
Halliburton has shown that a Pozzolan-Portland mixture will display
the following properties13’ 24, 27:

1. Low heat of hydration
2. Low volume change
3. Improved tensile and compressive strength

4. Greater resistance to sulfates

5. Reduced leaching of soluble materials
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6. Lower permeabilfty than.neat cement

7. Reduced cost

Presently, Pozzolan cements are made by combining diatomaceous
earth (DE) and carboxymethyl hydroxyethyl cellulose (CMHEC) to obtain
low density siurries. CMHEC is also used to retard the setting time
-of the cement. Bergman, Hurley, and Sheil found that for a mixture
of 40% DE, slurry densities from 10.7 to 13.0 ppg could be generated’z.
(See Figure 1)

It should be noted that pozzolans alone are not cementitious,
but contain constituents which will combine with lime at ordinary
temperatures in the presence of water to form stable, insoluble
compounds possessing cementitious properties. Artificial pozzolans
are mainly obtained by heat treatment of natural materials, such as
clays and shales and certain silicious rocks. Certain combustion
bhyproducts of natural materials have also heen found to be pozzolanic

in characterl]’]2’13.

Aerated Cement

Foam cement, gas cement, gas concrete, aerated cement, cellular
concrete, and cellular cement are the various names given to a cement
consisting of a continuous cement phase and a discontinuous gaseous
phase. The construction industry has used foam cement and cellular
concrete as a thermal insulating material and for structural supports.

Nevi]1e14 has reported foamed densities in the range of 12 1b/ft3

(1.6 ppg) to 20 1b/ft3 (2.67 ppg). However, low strengths precluded
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industrial use. Practica[ strengths could be maintained by adding
sand or silica flour to obtain densities in the range of 4.0 ppg
to 9.36 ppg. Compressive strengths for the 4.0 ppg foamed set
concrete ranged from 450 psi to 600 psi]4.

Short and Kinniburg reported compressive strengths of aerated

concretesls. Aldrich reported compressive strengths of foamed

cementsz.

Additives

| Alquist and Miller, by chemical analysis of Portiand cement,
~found the main constituents to be calcium oxide (Ca0), aluminum
oxide (A1,05), and silicone dioxide (8102). In addition, small
'amounts'of magnesium oxide (Mg0), ferric oxide (Fe203), and sulfur
trioxide (503) are present. The main constituents listed above
occur in the cement in combined form as tricalcium aluminate,
tricalcium silicate, and dicalcium silicate. The iron oxide combines
to form calcium sulfo-aluminate, while the magnesium oxide remains
uncombined. The strength and shrinkage characteristics of cement
at various ages depends upon the proportion and degree of hydration

"of these compounds]s.

Retarder (Calcium Lignosulfonate)

By definition, a retarder delays the initial setting time of
cement. In 1882, rye flour was used as a retarder; in 1895, borax;

in 1904, gum arabic; in 1908, dextrin. In 1921, the iron concentration
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in the cement was changed, retarding the cement. Pacific Portland
cement company produced a retarded cement by altering the concentrations of
the constituents and generating a coarser grind]7’18.

The most commonly used retarder is calcium salt of lignin
sulfonic acid and is known as calcium lignosulfonate. It is an
organic compound that functions by being adsorbed on the cement
particles; thus reducing the rate of the hydration process. Calcium
lignosulfonate has the additional property of being a dispersant

in both bentonite-cement and pozzolan-cement mixtures]8.

Accelerator (Calcium Chloride)

By definition, an accelerator shortens the initial setting timg
of cement. Calcium chloride is an effective and most economical
accelerator for Portland cement. In 1914, Franklin W. Oatman stated
that if over 2% calcium chloride (by weight) is used, the setting
time of the cement will be shortened and the pumping time will be
decreasedZ]. Frederick W. Huber obtained a patent on the use of
chlorides of alkaline earth as accelerators. The patent was issued
in 1923, but it was later discovered that these same additives were
used for years prior to issuezz.

The use of calcium chloride in Portland cement imparts to the
slurry, high earTy strength, uniformity, impermeability, and it
materially reduces the shrinkage of the cement mixture. These proper-
ties are very desirable for surface casing cementations and for all

intermediate and oil strings where bottom hole temperatures are 1ow16.
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| Optimum concentratiqn of CaCTZ, for early strength, ranges between
2% and 4% by weight of the dry cement. Greater than 5% will produce
lower strength and a flash set will result if 10% or more is used.
The usual effect of 2% Ca012 is to reduce the thickening time by one-
half and to double the 24-hour strength. If mixed in the optimum
concentration range, calcium chloride reduces viscosities of the
cement slurries and is exothermic in hydration16’20’27’28.
Dumbalt, Perry, Binkley, and Brooks have shown with their tests
on calcium chloride treated cement, that after 3 hours, 20 minutes,
the compressive strengths of treated cement samples were several hundred
pounds greater than the untreated samp1e523. (See Figures 2, 3, and 4).
| The following is a 1ist -of advantages of calcium cﬁlbride
treated cement:
1. Savings in time and money
2. Final setting time reduced approximately 30%
3. No excess water required in mixing
4. Early strength is obtained

5. Thickening time is reduced by 40%1°

The f011owing chart shows values of thickening time and compressive
strengths for a calcium chloride treated-cement.

Class A Cement with Calcium Chloride

Thickening Time Hr:Min at
% 91°F 103°F 113°F
CaCl2 2000 Ft. 4000 Ft. 6000 Ft.
0 4:00 3:30 2:32
2 1:17 1: M 1:01

4 1:18 1:02 0:59
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Compressive Strength, Psi, at
Temperature and Time Indicated

Cagz 6 tr_ 12 Hr 24 Hr 6 Hr 12Hr 24 Hr  GHr 12 Hr 24 hr
0  N.S. 60 415 45 370 1260 370 840 1780
2 125 480 1510 410 1020 2510 1110 2370 3950
4 125 650 1570 370 975 2475 875 2130 3515

Strengthener (Silica Flour)

Silica flour added to 0il well cements retards permeability and
strength retrogressions. Investigators of these phenomena have shown
that the compressive strength of cement will increase with increasing
curing temperatures to 230°F. At temperatures above 23C°F, the
strength of the cement increases to a maximum value followed by a
Toss in strength and a corresponding increase in permeability. The
decrease in compressive strength is caused by chemical reactions
within the set cemenf which only occur at temperatures above 230°F.
The higher the temperature, the more pronounced the compressive
strength 105524.

Investigators have found that using a 35% concentration of
silica flour enables strength retrogression tc be overcome at all
practical temperature524. Further study showed the rate of retro-
gression was affected by the addition of high water ratio additives
(bentonite) and under certain conditions, these additives could cause

comp]eteifailure in strength19.
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Summarized advantages of silica flour follow:

1. Cement permeability and strength retrogressions are
prevented in high temperature wells.

2. A controlled silica flour grind provides excellent

perforating qualities and minimizes shattering.

3. Silica flour increases slurry fluidity and tends to

decrease viscosity and yield point24

13

Silica flour is compatible with cements containing common re-

tarders, water loss additives, weighing and loss circulation materials,

and salt.

The following chart shows permeability and'compressive strength

values of silica flour treated cement24.

Silica Flour

API Class E Cement

3 days @ 320°F

28 days @ 320°F

% Silica Compressive Permeability Compressive Permeability
Strengths Strengths
(psi) (Millidarcies) (psi) (Millidarcies)
0 2165 0.031 2590 4.580
20 9590 0.001 5450 <0.001
30 8325 0.001 5390 <0.001
40 8165 <0.001 11330 <0.001
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THEORETICAL DEVELOPMENT

In this section, a theoretical model is developed to predict the
compressive and tensile strength of cellular cement.

The strength of a cement is the resistance it offers to being
crushed (compressive strength) or pulled apart (tensile strength).
The two types of strengths are related, with compressive strength
ranging from five to ten times higher than tensile strength of
similar samples of a set cement?>.

It is in the literature that a compressiie strength of 1000 psi
is adequate for drillout. This minimum strength is rneeded to:

1. Support the pipe in the hole.

2. Prevent unwanted fluids from entering the casing,

or migrating from one formation to another.

3. Confine injected fluids to the desired formation.

4. Withstand the shocks of drilling and perforating®>.

The true mode of fracture in uniaxial compression is obscured
by several factors. If a sample is placed under uniaxial compression
as shown in Fiqure 5, the sample will first fail as if it has been
sheared. Shear fractures and conical or wedge shaped fragments are

26

often noticed, but these are associated with end effects The sample

will fracture along a plane, similar to a shear plane. This plane is
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actually the plane of least resistance. Because a sample fails along the
plane of least resistance, the parameters affecting the fai1pre are the
minimal cross-sectional area of matrix, hereafter known as ASC,~or the
area of solid cement, the unit compressive strength of the solid
cement,Z . ., the angle of the plane of least resistance, 6, and,
associated with this angle, the packing arrangement of the gas

bubbles. If a system is packed cubically, the angle of least

resistance is 45°, with each sphere touching ten other spheres.

However, if a system is packed rhombically, where each sphere touches

twelve other spheres and which is the most 1likely packing, then the

plane of least resistance is 35° 16'. (See Figure 6) (See Appendix A)

FIGURE 5.

Uniaxial Loading of
a Cube.




T-1832 16
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FIGURE 6. Plane of Least Resistance.

The rhombic arrangement view of the spheres as cut by the 35° 16'
plane is shown as a cross-sectional area in Figure 7. The matrix
(cement) is denoted by the shaded area, while the gas bubbles occupy
the remaining portion. It can be seen that the exposed matrix area com-

prises only 10.90% of the total exposed area.
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FIGURE 7. Cross-sectional view of Plane of Least Resistance

If a set foam cement sample undergoes sufficient compressive
“force, the equal sized spheres will begin to deform uniformly.
Figure 8 shows how a sphere appears as it is surrounded by twelve
other spheres. Assuming that each sphere deforms equally in all

directions, the resulting polyhedron would be in the shape of a dodeca-

hedron (See Figure 9).

FIGURE 8. Rhombohedral Packing FIGURE 9. Dodecahedron
of a Single Sphere.
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Assuming the volume of the sphere does not change, but that
only the exterior surface'is distorted, a relationship between the
radius of the sphere (r) and the length of one side (a) of the

twelve pentagons of a dodecahedron, is as follows:

V§phere = g’“ r’ (1)

Vdodecahedron = [ 12 Z T :I 2> (2)

Thus, v = Lﬂ's 7612:]/5“ ] " (3a)

Cor 4=[45 - 215 ]”3 \ (35)
L

It is now convenient to define the equivalent volume of the

dodecahedron witnh the _juation,

|

vdodecahedron 3T R3 (4)

where R is a value equivalent to the radius of a sphere of equal volume.
If a large number of dodecahedrons are rhombically packed within

a cube and placed under compression, the compressive strenqgth of the

sample is a function of the cross-sectional area of the cement matrix

(See Figure 7) and the effects the dodecahedrons of gas might have.

If the effects of free water absorption, the effects additives might
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havg upon the shrinkage and expansion of the cement as it sets, and
the 'effects the bubbles of gas might have are ignored, the compressive

strength of foam cement could be defined as:

Sfc = Esc Asc ()
where Sfc = Compressive strength of foam cement

Zsc = Unit compressive strength of solid cement

A;c = Area of solid cement

Because the failure of a sample will be along a

surface of least resistance, the area of this surface can be approximated

2
A

with a plane as:

sc [L (m} ] (“a'

>
n
M3

where L = length of one side of the cube
0 = the angle of the plane of least resistance
rj = radius of the spheres of gas within the plane

n
(v pX rjz = cross-sectional area of exposed gas
J=1
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The cross-sectional area of.-the voids is:

Ag =M A, (7)

>
)

2
L 2 2 or1/2
= | = a (7/8 - 2 cos 108°)
g A2 45 + 21/5 2/3] [
2 | === 5 ‘

(S‘“S}2836§§°5 18 ) + (774 - 2 cos 108°) sin 108°] (8)

where M = total number of intersected spheres
Ag = area of exposed gas
Ahex = area of oblique hexagon
Thus,

A=[( sze)'( L2 2 2/3)
sC cos 35° !
45 + 21/5
des=s

01172 [sin 108° cos 18° |
( (7/4 - 2 cos 108°) ( S 36° +
(7/4 - 2 cos 108°) sin 108° ):} (9)

Substituting Equation 9 into Equation 5:
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s -3 L2 L2 2
2 2m

((7/4 - 2 cos 108°)”2(5“‘ 108°_cos ’8°)+

sin 36°
(7/4 - 2 cos 108°) sin 108° ) :) (10)

Equation (10) becomes the equation for predicting the compressive

strength of foam cement.

= 2
Sgc T Zoc .1328 L (1)

Similarly, the equation for predicting the tensi1e‘strength of

foam cement is:

Eee 1528 L2 (12)

L]

ch

unit tensile strength of solid, unfoamed cement

m
1

where sc

ch = tensile strength of foam cement
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DISCUSSION OF EXPERIMENT

In this section, the experimental procedure is discussed, the
experimental results are presented, and the significance of the

results are evaluated.

Mixing Procedure

When a cementing job is performed in the field, the initial mixing
. of the slurry occurs when jets of water contact the dry ingredients
in a jet mixer. This vigorous mixing action lasts only a few
seconds. Within seconds, the resulting slurry is pumped from a
tank by a centrifugal pump and fed to a triplex plunger pump
which displaces it into the wellbore. The shearing action upon the
slurry during these actions is severe but of very short duration.
Additional aggitation of the slurry before it is placed behind thev
casing is a relatively gentle mixing actionzs.

To simulate the field mixing of slurries, the API has adopted
a procedure that employs a Waring Blender. The slurry is sheared
at a speed approaching 10,000 rpm for 35 seconds.

One of the objectives of this study was "to develop a

field application technique for generation of foam cement". A
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mixing system was designed for laboratory work which closely
resembled a technique to be used in the field. Dry ingredients
and water were mixed in a Waring Blender (10000 rpm) or in a mixer of
similar speed (8500 rpm) and placed in a holding tank.  The tank was pressured
to insure constant flow. Nitrogen was admixed with the slurry just
prior to entry into the generator.
The mixture then entered a foam generator for mixing of
the nitrogen and the slurry. This method was developed so as to
insure the generation and mixing of a consistent foam slurry. See

Figure 10 for the equipment diagram.

Compressive Strength Test

The compressive strength test was conducted in accordance with
accepted American Petroleum Institute standards - with the
following exceptions35:

1. The sample cement was not passed through an 850
micrometer (No. 20) sieve.

2. The set samples were not placed in a water curing bath,
but were allowed to cure at room temperature (@ 70°F).

3. The temperature of the water prior to mixing was not
80°F + 5°F.

4. The temperature of the cement prior to mixing was

not 80° + 10°F.

5. The mixing device was not a Waring Blender.
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The mix water was placed in the mixing container and measured
to an accuracy of * 2.0 cc. The volumes of cement were added in
accordance with the ratios listed in the Halliburton Cementing
Tables. Any water requirements for the additives were also
admixed in accordance with the Halliburton Cementing Tab1e527.

The s]hrry (cement, additives, and water) was mixed in a large
multiple-speed propellor-type mixer at 6500 rpm for 5 minutes. The
amount of surfactant (0.004% by weight of water) to be added to
the slurry was determined from Aldrich's workz. The surfactant
was added to the mixed slurry and stirred for five minutes to
_insure good dispersion of the surfactant within the s!urry and to
avoid foaming in the holding tank.

Thé density of the slurry was sampled randomly to insure 2
relatively constant slurry. Slurry flow rate was manually controlied
by the use of a sphinx Qaive. Nitrcgen was injected into the slurry
prior to entrance into the foam cement generator.

The generated foam cement was placed in molds conforming to the
requirements of ASTM C 109 and aged for the required time. Cne hour
prior to testing, the samples were removed from the molds, weighed
to determine quality, and prepared for testing. Two opposite faces

on the cube were sanded smooth and parallel to reduce local stress

points.

The samples were placed in the hydraulic compression tester

shown in Figure 11, with steel plates placed bectween the sanded surface
of the test sample and the steel surface of the compression tester

' BRARY
RTHUR LAKES LI
CO%ORADO SCHOOL of MINES

GOLDEN, COLOR



T-1832

FIGURE 11.

Tinus-0lsen Hydraulic Compression Testing Machine.

26
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to further reduce localized‘pressure points. A floating head was
used to insure central loading of the sample. The ultimate load at
the time of compressive failure was measured to within + 20 1bs. for
loads less than 5000 1bs. and to within + 50 1bs. for loads greater
than 5000 1bs. A loading rate of 1000 1bs. per minute was used.

If improper centering of specimens resulted in oblique fractures
causing lower strength results, the sample data was recorded, but
was not used in the final analysis. The compressive strengths of
the foam cement versus the quality of the sample are tabulated in

Tables 140 through 145.and are shown in Figures 16 through 21.

Tensile Strength Test

An ASTM testing procedure for tensile strengths was adopted
because the American Petroleum Institute has not published tensile
testing standards. The tests conducted were taken from Richard K.

Meade's book, Portland Cement: Its Composition, Raw Materials,
23,38

Manufacture, Testing, and Analysis, and from ASTM C 190-7

The same generating process used for the compressive strength
tests was incorporated with changes of molds only. The molds were
made of non-corroding metal and had sufficient material in the sides
to prevent spreading during molding. The form of the test piece is
shown in Figure 12.

Briquettes were removed from the molds one hour prior to testing
and weighed. The testing apparatus was the manually controlled system

shown in Figure 13, Because a constant loading force could not be
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Tensile Strength Testing Specimen and Gang Mold.

FIGURE 12.
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FIGURE 13.

01sen-Boyd Automatic

Cement Tensile Tester.

29
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pre§chedu1ed, an attempt to maintain a rate of 150 1b. per minute
was applied. Any diversi&ﬁs from this rate were noted during the
individual tests.

Rubber-cushioned roi]er c1ips were used, and the sample was held
as shown in Figure 14. The tensile strengths of foam cement versus
the quality of the sample are tabulated in Tables 146 through 150 and

are shown in Figures 22 through 26.

Setting Time Test

A standard method of test for initial and final setting time
of hydraulic cement was used according toc ASTM C 266-7436.
Test specimens were the same as those used in the compressive
and tensile tests. To determine the time of setting, Gillmore
needles, corresponding to the following specifications, were held in
a vertical position anu applied lightly to the surface of the cement.
Initial needle:
Weight 1/4 1b + 8 arains (113.4 = 0.5q)
Diameter 1/12 + 0.002 in (2.12 + 0.05 mm)
Final needle:
Weight 1 1b + 8 grains (453.6 + 0.5g)
Diameter 1/24 + 0.002 in (1.06 + 0.05 mm)
The needle tips were cylindrical for a distance of about 2/16 in, (4.8 mm).
The Gillmore needles are mounted as shown in Figure 15.
The initial needle was held in a vertical position and applied

Tiahtly to the surface of the specimen. The cement was considered
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to have acquired its "initial set" when the specimen would bear,
without appreciable indentation, the initial Gillmore needle.
Initial setting time data are tabulated in Table 151 and are

shown in Figure 27.

Experimental Results

In this section the observed compressive strengths, tensile

strengths and initial setting times are reported.

Compressive Strength: 1In this experiment a Class G oil-well

cement was pre-mixed with a standard quantity cf water and additive.
Surfactant was mixed to reduce the surface tension of the water and
to generate maximum foaminess. MNitrogen was injected into the slurry
to regulate the quality of the set sample.

Generated samples that were stable enough to set without
excessive shrinkage were developed with qualities that ranged from
0 percent (15.8 1b. per gal.) with no nitrogen, to 67.0%
(5.2 1b. per gal.) as shown in Table 141. The lightest sample
generated was one of silica flour for the 72-hour test.

fhroughout the entire range of qualities generated, the cement
set and developed compressive strength. As expected, strengths decreased
with increasing quality and in all cases except silica flour, the 72-
hour strength for the higher qualities (55-65%) was greater than the
24-hour strength. Fiqures 12 through 21 depict these data, and
Tables 1 through 60 1ist these data.
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Tensile Strenqth: Samples were generated that developed qualities

that ranged from O percent (15.8 1b. per gal.) to 68.5 percent (5.0 1bs.
per gal.). No samples could be gencrated for calcium lignosulfonate
for the 24-hour test. The lightest sample generated was one of silica
flour for the 72-hour test.

Throughout the entire range of qualities generated, the ceménf
set and developed tensile strength. As expected, strengths decreased
with increasing quality and in all cases, the 72-hour strength was
greater than the 24-hour strength. Figures 22 through 26 depict tﬁe§e
data, and Tables 61 through 139 1ist these data.

Initial Setting Time: The effects of additives upon the set

samples showed expected results, i.e., the retarder increased the
initial setting time, the accelerator decreased the initial setting
time, and the strengthener maintained the initial setting time. At
higher qua]ities, initial times increased, and no readings could be
obtained at higher qualities for calcium lignosulfonate.

Data is listed on Table 151 and depicted on Figure 27.

Discussion of Results

In this section the experiment is discussed. The discussion includes
an evaluation of the experimental procedure, an evaluation of the

significance of the results, and recommendations for further study.
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Experimental Procedure: The method of mixing the slurry prior

to placement in the holding tank proved to be satisfactory but had
several disadvantages. The large vclumes mixed demanded constant
attention so as to prevent settling and lumpiness. Rapid addition

of cement to the mix water would cause lumpiness, and as a result

some cement would not hydrate. This problem later caused the plugging
of the equipment aﬁ&iéhanges in design.

It was determined from the Fisher Surface Tensiometer Test
(Figure 31) that an optimum concentration of surfactant near 4000 ppm
should be used. At this concentration, however, some of the surfactant
was adsorbed onto the cement particles, lowering the maximum foaminess
level. For this reason the quantity of surfactant was doubled. At
this eoncentration, higher qualities were generated.

The placement and direction of the‘nitrogen proved to be critical
in the generation of high qulaity samples. Problems that were encountered
are as follows:

1. Gas slugs followad by cement.

2. Gas back-up into the holding tank and a subsequent back

pressure problem.

3. Unevenly created samples.

Various designs for a nitrogen nozzle were tested before a suitable
model was developed. Nitrogen is injected into the center of the cement
slurry in a downstream direction with a small diameter jet (1/16-in.
diameter). The final design eliminated the above problems and is shown
in Figure 10 (inset)..

The two-inch cubes used in the compressive test were molded in

brass molds. In spite of the precautions taken to eliminate local
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stress points during the compressive test, corners and edges often
failed long before the ultimate compressive strendth of the sample was
obtained. These samples were excluded from the compressive test analysis
as prescribed by ASTM C 109-7337.

The method of testing tensile strength samples was taken from

Richard K. Meade's book and from ASTM ¢ 190-723238,

No problems with
testing were encountered, but some samples were corner broken before
the ultimate strength was obtained. This problem could be solved by
ordering new clips for the testing machine.

Two changes of equipment could be made to generate more accurate and
consistent samples. A calibrated nigrogen flow controller, designed for
the specific system, would regulate the nitrogen so that predetermined

qualities of cement could be generated. Secondly, a better nozzle dgsign

would insure a more uniform bubble size and a more consistently aerated sample,

Compressive Strength of Foam Cement: In general, the observed compressive

strengths of foam oil-well cements conformed to previously reported
vaiues of normal and treated oil-well cements. Strengths increased
with decreasing quality and increased with setting time.

The observed compressive strength of the foam cement with additives
generally compared favorably with the compressive strength calculated with
equation (11) previously developed. The greatest variance occurred with
the silica flour 72-hour test and with calcium lignosulfonate, also the
72-hour test.

Comparison of initial setting times of neat cement to that of cement
with additives (Table 151) shows why expected values (extrapolation of

actual data) differ from theoretical values. For additives which
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retarded the initial setting time, the theoretical value was consistently
higher than the extrapolated value. For calcium chloride, the theoretical
value was consistently lower than the extrapolated value. Theoretical
and extrapolated values for silica flour were closest in comparison.

In particular, the correlation between the observed strength and
the calculated strength predicted by equation (11) could be used by the
engineer as a first approximation of the expected strength. The results
of the experiment indicate that minimum acceptable strength is obtained
from slurries with densities as low as 6.2 1b. per gal.

Thé early strength of the foam cement compares very favorably with‘
the early strength of other 1ight weight cements. Reports of these cther

1ight weight cements are well documented in the 1iterature1]’13’]6’25’27.

Tensile Strength of Foam Cement: Except for values observed for

the silica flour tensile tests, equation (12) closely approximates the
observed values for all additives used in the tensile strength tests.
The problem with the use of equation (12) include the following:

1. the volume parameter was defined incompletely.

2. no consideration was given to additive used.

3. no consideration was given to setting time.

No comparison could be made between the observed values and
values reported in the literature, since none could be found.

Test times reported are not adjusted for the variation of setting
time as a function of cement quality. It is noted that cements with greater
setting times have strengths less than the theoretical predictions for a
given test time. The mathematical model developed in this study does not
consider setting time or additive used, each a determining factor in the

prediction of strength.
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If a minimum of 8 psi tensile strength were considered, all

|

add%tives would meet the réquirements except for calcium lignosulfonate.

Initial Setting Time Test: Observed values of initial setting

times were as expected. Calcium chloride reduced the initial setting
time, calcium lignosulfonate increased the time, and silica flour only
slightly affected the initial setting time if each were compared with
the initial setting time of untreated cement.

It should be noted that the time of setting is affected not only
by the percentage and temperature of the water used and the amount of
mixing, but also by the temperature and humidity of the air. Therefore,
the determination of the initial setting time is only approximate.

Use_of Gillmore needles for testing of neat, unfoamed cement has
proved to be very effective. Foam cement, however, cannot be tested on
an equal basis because the needle is small enough to penetrate some

air bubbles.

Recommendations for Further Research: This study has indicated

that foam oil-well cement can be used for many functions for which neat
cement has been used in the past. However, many guestions need to be
answered before foam cement can be applied to field problems. The
following subjects are those which need further investigation:
1. The determination of shear-bonding strength of foam cement.
2. A more detai]ed study of the effects that different concentrations
of add?&ives will have on the tensile and compressive strength
of foam cement.
3. The determination of optimum bubble size and its effect on

permeability and strength.
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4.

10.

39

A more detailed study of permeability of foam cement with
equipment that measures very small permeabilities.

The determination of water loss of foamed cement.

The investigation of pumping time of foam cement. This
should be done with conventional eéuipment.

The investigation of foam cement, with and without silica
sand, as a fracturing medium.

The investigation of a mixing system in which a quality could
be predetermined prior to mixing.

An investigation of the compressive and tensile strengths of
foam cement with silica sand as compared to silica flour.

An investigation of the compressive and tensile strengths of
foam cement with combined additives, e.g., silica flour and

calcium chloride.
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CONCLUSIONS

The following conclusions are reasonabiy supported in this study:

1. A light weighfjs1ufry'¢an be generated which will perform
many of the functions of a heavy slurry presently used in
the 0il industry.

2. There exists a correlation between the strength of untreated,
neat cement and that of foam cement. This correlation is
réasonab]y predicted by the mathematical relationship
developed in this study.

3. The initial setting time of treated foam cements are well
within expected values.

4, A laboratory procedure for the creation of foam cement in
a dynamic mode has been developed.

5. A nitrogen injection nozzle for the generation of foam cement
has been developed that eliminates surging, sluaging, and back-
pressure problems by injecting nitrogen through a small jet into

the cement flow stream.
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FIGURE 29.
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FIGURE 30.

Fisher Surface Tensiometer.
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