TP T I ——
- VORRR o

mining research contract report (:‘
 APRIL 1991

IMPROVED METHOD FOR
EXTINGUISHING COAL
REFUSE FIRES

Contract J0398007 ‘ \
MSA Research Corporation

BUREAU OF MINES |u| £
UNITED STATES DEPARTMENT OF THE INTERIOR | ere

'REPRODUCED BY
U.S. DEPARTMENT OF COMMERCE
NATIONAL TECHNICAL
INFORMATION SERVICE
SPRINGFIELD, VA 22161







sorry- wn S,

PAGE | J
. Titte and Suctine 8 Révort Ot “
Improved Method for Extinguishing Coal Refuse Fires Y fpril 1991
7. Authoris) & Performing Gresetizetion
8. Gross MSAR 91-14
9. Performing Orgsnization Name and Address Mroject,
MSA Research Corporation - estfinems e
Div. of Mine Safety Appliances Co. 1L Contrect(C) er Grenerd) Na.
P.0. Box 429 o J0398007
Pittsburgh, PA 15230 .
12, Seomsoring Organization Name and Address 13 Typm of Regort & Period Covered
U.S. Department of the Interior, Bureau of Mines Final Report
P.0. Box 18070, Cochrans Mi1l Road, Bldg. 140 6/89-2/91
Pittsburgh, PA 15236-0070 u

18, Supsiementary MNates

=

16, Abstrect (LImiit 200 words)

Coal refuse fires present environmental and personnel hazards to those
living=in the vicinity of the fire as well as those engaged in the reclamation
efforts. The fire can also increase subsidence problems as well as prevent revega-
tation and reclamation of the site.

Conventional efforts have been excavation and quenching; expensive, danger-
ous, and very often unsuccessful techniques. Water flooding has also proven unsuc-
cessful due to the poor distribution of the water in the refuse pile.

Water quickly drains from the coal refuse pile below its injection point
with Tlittle or no laterial distribution. “As an alternate to excavation and/or
guenching, the feasibility of using water based foams to improve the distribution of
water injected into a coal refuse fire was examined. Using surfactants to foam the
water and gelling agents to reduce its fluidity, tests were conducted in the 1ab and
the field.  The foam still tends to follow the larger channels/openings in the pile,
although above, as well as below the injection point. While the foam does improve
water distribution in the pile, additional work needs to be conducted to prevent
preferential channel flow and further improve distribution. Ge=—

17. Oourment Anatiysis o, Descrigtors

b dentiflars AQpen-Endes Termw

& COSATI Flekd/Group

18 Availabillty Statament 13, Securfty Class (This Reporo 2L Ne. of Puges
UNCLASSIFIED 161.
= nernest e ™ = e

{Formerly NT15=3%
Oepartrant of Comenarce

Preceding page blank|
\"’_* —_— ~




FOREWORD

This report was prepared by MSA Research Corporation, a divisign of Mine
Safety Appliances Company, Evans City, PA under USBM Contract Number
J0398007. The contract was initiated under the Abandoned Mine Lands
(AML) Program. It was administered under the technical direction of
the U.S. Bureau of Mines with Dr. Robert F. Chaiken acting as Technical
Project Officer. Mr. Larry E. Guess was the contract administrator for
the Bureau of Mines. This report is a summary of the work recently
completed as a part of this contract during the period June 1989 to
February 1991. This report was submitted by the authors on 16 April
1991. We are currently evaluating whether the concept, process or form-
ulations are patentable. ’ '
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ABSTRACT

Coal refuse fires present environmental and personnel hazards
to those living in the vicinity of the fire as well as those engaged in
the reclamation efforts. The fire can also increase subsidence problems
as well as prevent revegatation and reclamation of the site.

Conventional efforts have been excavation and quenching; expen-
sive, dangerous, and very often unsuccessful techniques. Water flooding
has also proven unsuccessful due to the poor distribution of the water
in the refuse pile.

Water quickly drains from the coal refuse pile below its injec-
tion point with little or no laterial distribution., As an aliernate to
excavation and/or quenching, the feasibility of using water based foams
to improve the distribution of water injected into a coal refuse fire
was examined. Using surfactants to foam the water and gelling agents to
reduce its fluidity, tests were conducted in the lab and the field. The
foam still tends to follow the larger channels/openings in the pile,
although above, as well as below the injection point, While the foam
does improve water distribution in the pile, additional work needs to be
conducted to prevent preferential channel flow and further improve dis-
tribution.
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INTRODUCT ION

MSAR conducted a research program to determine if a gelling
foam could control and extinguish coal refuse fires as an alternative to
excavation and quenching. The foam, injected into the burning region,
plugs channels and crevices, preventing water in the foam from flowing
away from the fire zone. The foam could also contain a fire retardant
which would be deposited in the refuse pile to prevent burnback.

It has been our observation that attempts in the past to
extinguish coal refuse fires using water or foam have not met with
success. A major reason for this failure appears to be that water
sprayed upon or injected into the refuse pile spon channels the pile,
The channels make up only a small fraction of the total cross section of
the pile. As a consequence, water distribution is poor, and the fire
area is not completely quenched, allowing re-ignition. Regardless of
the quantity of water placed on the pile, the fire may be largely
untouched.

In our method, we injected a low expansion, water-based foam
into the refuse pile. The foam contained a fire extinguishing agent and
a gelling agent which tends to stiffen the foam. It was theorized that
the foam flow would favor the channels, but gradually close these open-
ings, forcing the foam to adjacent areas. When the fire is extin-
guished, the fire retardant will remain to prevent re-ignition.

The program was divided into 6 tasks:

. Program Plan
literature Search

Gel Testing
Compatibility Testing
Coal Refuse Tests
Final Report

ST LW —
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TECHNICAL DISCUSSION

Statement of the Problem

Coal refuse fires present environmental and personnel hazards
to those living in the vicinity of the fire as well as those engaged in
the reclamation efforts. The fire can also increase subsidence problems
as well as prevent revegatation and reclamation of the site.

Conventional efforts have been excavation and quenching; expen-
sive, dangerous, and very often unsuccessful techniques.

Coal refuse fires have also proven resistant to the use of
water for extinguishment. Water would appear to be the best method of
extinguishment, but applying water to the top of the refuse pile is
usually ineffective. Subsurface injection is more effective, but the
fire is rarely extinguished. In almost all cases, effective extinguish-
ment can only be accomplished by excavation and quenching, an expensive
and sometimes dangerous method,

The reason for the failure of water sprays and subsurface
injection appears to be due to the channeling of the water as it
trickles through the refuse pile (Figure 1). The channeling does not
allow the water to flow through the total pile, but leaves much of the
pile, and thus the fire, untouched. Applying large guantities of water
does not help since it continues to flow only through the channels.

Foam has been advocated as an improved method of fire control
over water alone. _However, field tests done by the Bureau of Mines with
MSAR's assistance,1 2 indicate that the foam method has the same problem
as water application; the water in the foam still flows only in chan-
nels, and large portions of the fire area may be unaffected. If a
method could be developed to force the water into the areas between the
channels to extinguish the fire area without excavation, a significant
improvement would be made.

Technigues for Solution

We proposed to use a method to block the channels forcing the
water to wet a greater cross-section of the refuse pile. This method
would inject a Tow expansion foam into the fire area. After several
minutes the foam gels, closing off the channel areas, and forcing the
foam to move to an adjacent zone. The foam also contains a fire retard-
ant to prevent burnback.

1R19281, "Fire and Explosion Hazards of Qil Shale",
20ne ton rubble pile tests at Bruceton with A, Furno.
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Fire-Fighting Foams - Fire-fighting foams are presently used to
blanket the fire with a continuous air-water layer which smothers the
combustion. There are a variety of fire fighting foam agents available.
They may be divided into five categories according to their basic start-
ing material:

Protein

Fluoroprotein

Alcohol based

Aqueous film forming (AFFF)
. Surfactant

g W —
. [

The first four categories are used only as low expansion foams, with an
expansion ratio of approximately 8:1. In other words, one gallon of
liquid foam solution will produce eight gallons of foam. Low expansion
are heavier than high expansion foams, and can be projected through air
about as far as water. The last category, surfactants, can be used to
produce high or low expansion foams, the surfactant-based low expansion
foams are wusually more fluid than protein, fluoroprotein, or alcochol-
based foams. '

Dry Chemicals and Flame Retardants - The biggest drawback in
fighting fires with foam is the potential for burnback when foam genera-
tion is stopped. Figure 2 shows the sub-surface temperature of a wood
fire in a test tumnel where high expansion foam was tested by MSAR in a
program for the Bureaus. Initially, the foam quenched the burning and a
large temperature decrease was noted. However, combustion continued in
deep-seated- areas after foam generation was stopped. Within a short
period of time the fire regained its original intensity. Flame retard-
ants were added to the foam to prevent this reignition.

A number of chemicals are available for fighting fires either
as dry chemical extinguishing agents or flame retardants. Dry chemicals
are divided into two classes: Class B chemicals, such as sodium bicar-
bonate or the salts of potassium, are recommended only for fires of
flammable Tiquids or gases; Class A chemicals are multipurpose -- they
are based on ammonium phosphates, and are recommended for combustible
solids as well as flammable liquids and gases,

Flame retardant chemicals, such as zinc borates, prevent or
retard combustion in solids. They are usually mixed with the solid
before fabrication into final products such as plastics and textiles.

There are primary and secondary extingquishing mechanisms
involved in the action of the various dry chemicals and flame retard-
ants. (It should be noted, however, that these are not completely
understood.) The primary mechanism is the interruption of the combus-

3Contract HO308064, Incorporation of Fire Extinguishing Agents in High
Expansion Foam. :
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tion chain reaction, which occurs in two ways. One, is the recombina-
tion of the radicals found during combustion on a particle surface of
the agent. In this case, the effectiveness of the agent increases with
a decrease in particle surface area, The smaller radical recombination
on the particle surface accelerates the chain termination steps of the
combustion reaction.

The second means of chain reaction interruption is accomplished
through the formation of chemical species which react with the chain
propagating radicals. (An example could be the formation of the HPQ4
fragment from ammonium phosphate.)

The secondary extinguishing mechanisms include heat absorption
and formation of oxygen-excluding coatings. The secondary mechanisms,
however, are considered important factors only if large quantities of
the various dry chemicals and flame retardants are used.

Phosphorous compounds appear to be very promising for incorpor-
ation into foam. Nearly all phosphorous compounds that decompose to
acid fragments at low temperatures are effective flame retardants.?
The extinguishing mechanism appears to be combustion chain reaction
termmination. [t has been noted that the phosphorous compounds increase
the char content of the burning solid and decrease the amount of
flammable gases generated during combustion. This increase in
effectiveness with decreased particle size is also evident,.

It is also believed that phosphorous compounds form a surface
barrier to oxidation by virtue of their tendency to produce a viscous or
gummy material which may act as a polymeric phosphoric coating on the
substrate. This physical fire extinguishant mechanism may be correct
when enough of the phosphorous compound has been applied to establish a
coating, .

In the previous study6 with ammonium phosphate we found fires
were rapidly extinguished and burnback prevented even when a continucus
layer of the compound could not be distinguished on the burnt surface,
nor could such a small amount of phosphorous compounds exclude oxygen.

There are a number of flame retardants other than standard dry
chemicals and ammonium phosphate which could be examined. These include
(1) bromine and chlorine compounds, (2) phosphorous-halogen compounds,
(3) phosphorous-nitrogen compounds, {(4) antimony-halogen compounds, (5)
aluminum hydrate, and (6) borate compounds. Those which are combina-
tions of chemical compounds could be more effective than either compound
alone due to synergism. There may be additional flame retardants used
for a specific situation, which may also be considered.

4Sharon, J., Fire Retardant Chemistry, Vol. 4, pl8.
SShafizadeh, Fire Retardant Chemistry, Vol. 2 (3, Suppl.), p195.
6USBM Contract HO308064.
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After consideration, the most likely candidates for effective
fire control with foam are those compounds which retard by chemical,
rather than physical means. In most cases, the chemical effects require
a much smaller amount of flame retardant. For example, there is evi-
dence that some flame retardants used in plastics have proven effective
in concentrations as low as 0.001% to 2% by weight.

In most cases, the materials capable of effectively preventing
burnback are those which are not rapidly consumed during the initial
fire extinguishment, Persistent chemical species would then remain
available to prevent reignition until the burnt surface ccols. Neither
are those compounds which prevent burnback necessarily the best for
initial fire extinguishment. Evidence for this is seen by the decrease
in the effectiveness of ammonium phosphate at temperatures in excess of
600°C.

Dry Chemicals Incorporated in Foams - Ory chemical agents dis-
solved in a surfactant foam solution produce a mixture which can be
projected to a fire as a low-expansion foam. The water in the foam
would quench the fire, while the chemical agent is deposited on the
burning substrate, aiding in fire extinguishment and preventing burn-
back.

Combinations of AFFF or fluorgprotein low-expansion foams and
dry chemicals have been used in dual applications requiring two separate
delivery systems which operate simultaneously or sequentially. In
fighting Tiquefied natural gas fires, a dry chemical is used with high
expansion foam., The high expansion foam is used to knock down fire
intensity and the dry chemical is used to extinguish the less intense
flames. It is believed that this approach was not examined in the past
due to the poor quality foams available and the incompatibility of many
dry chemicals with the foam agents.

Preliminary tunnel tests’ done at MSAR have shown impressive
results using only 10% di- and mono-ammanium phosphates incorporated
into high expansion foam. Some glowing continued after the foam had
been applied to the burning wood samples, but no burnback occurred over
those areas which were coated with the mixture of foam solution and
ammonium phosphate. The glowing action observed is probably a solid-
phase oxidation of carbon to carbon dioxide and carbon monoxide. An
example of the positive results is shown in Figure 3 as compared to the
negative results shown in Figure 2.

Apparently, the ammonium phosphate prevents the combustion
reaction chemically, since the 10% mixture did not show any oxygen-
excluding layer on the charred wood surface [by Scanning Election Micro-
scope {SEM) examination]. Perhaps the extinguishing mechanism in which
the effectiveness increases with a decrease in particle surface area

7USBM Contract HO308064.
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(specific surface area increases) has been carried one step further,
The maximum specific surface area obtained with the ammonium phosphates
would be from a water solution, where the molecular surface area would
be exposed to the burning substrate as the water evaporated.

During the above referenced work, other dry chemicals tested
(listed in Table 1) did not delay burnback any longer than the foam
solutijon itself. The differences observed between ammonium phosphates
and for those chemicals Tisted in Table 1 may be due to the fact that
the chemicals listed in Table 1 extinguish primarily by a physical
rather than chemical mechanism, and the small amounts incorporated into
the foam solution were insufficient to prevent burnback,

TABLE 1. - Extinguishants

Potassium Silicate PS
Sodium Silicate SS
Potassium Bicarbonate PB
Sodium Bicarbonate SB
Potassium Carbonate PC
Sodium Carbonate SC
Zinc Borate B

A Tliterature search indicated that for ammonium phosphate, the
phosphorus level was responsible for the positive results, and thus the
further work concentrated on increasing the phosphorus content of the
solution,

Gelling Foams - Prior work by MSAR had evolved an anionic sur-
factant foam concentrate which yielded a long Tife foam employing as the
stabilizing agent a polyethyleneimine-glycerin mixture, In the course
of that work a number of other water soluble polymeric materials had
shown potential for stabilizing or gelling foam masses. These included
polyvinyl pyrrolidone, polyvinyl alcochol, and certain of the acid poly-
mers, carboxylic vinyls, polyacrylics, and maleic anhydride-polyvinyl
ether copolymers.

Thus, foam can be formed from a low viscosity liquid and a
chemical gelling agent, which gels the foam immediately on generation,
to provide a highly stable foam with Tiquid cell walls having a vis-
cosity of up to 100,000 centipoise.

Polyvinyl alcohol, acrylic acid polymers and copolymers, and
carboxy vinyl polymers are especially suitable for use, although other
water soluble polymers forming chemically gellable solutions may be
used, Suitable polymers include polyacrylic acid and polymethacrylic

18



acid; water soluble copolymers of acrylic acid or methacrylic acid:
polymers of acrylamide, methacrylamide, N-methylolacrylamide and
hydroxyethyl acrylate; carboxylated vinyl polymers such as the Carbo-
pols. A preferred gellable foamable liquid contains fully hydrolyzed
polyvinyl alcohol and boric acid,

Any surfactant foaming agent may be used that is inert to, or
does not gel, the polymer solution, and selection of a particular foam-
ing agent for a particular formulation or use is generally based an its
effectiveness as a foaming agent. Neutral or acid-foaming agents are
used in foam forming liquids that incorporate polymers forming acid
solutions that gel when neutralized or made more basic, such as acrylic
acid polymers and copolymers, Carbopols and polyvinyl alcohol-boric
acid. The well known alkanesulfonates are preferred foaming agents for
use with polymer solutions that are gelied with a base gelling agent.
These foaming agents have the formula RSO3M, where R is an aliphatic
radical containing from about 6 to 20 carbon atoms and M is an alkali
metal, alkaline earth metal or ammonium cation. Any other neutral or
acid foaming agent can be generally used, such as, for example, alkyl-
benzenesulfonates, RCgH4S03M, and napthalene sulfonates, RC1pHgSO3M,
where R is an alkyl radical and M is an alkali metal, alkaline earth
metal, ammonium, amino, or hydrogen cation, and alkoxylated and sulfo-
nated alkylphenols.

With other gelling systems, such as those in which polyvinyl
alcohol solutions are gelled with an organic gelling agent, other more
basic foaming agents can be used to advantage, such as the alkyl sul-
fates (sulfated alcohols) and alkyl ether sulfates {(alkoxylated and
sulfated alcohols). Alkyl ether sulfates have the formula
Ra(ORpIn0503M where Ry s the aliphatic radical of the alcohol
containing from 10 to 20 carbon atoms, Ry is methylene, ethylene or
propylene, n varies from about 1 to 4, and X is an atkali metal,
alkaline earth metal, ammonium .or alkanolamine cation radical; gener-
ally, the cation 1is sodium, ammonium or ¢friethanol amine. Alkyl
sulfates have the formula ROSO3M, where R is an aliphatic radical con-
taining from about 6 to 20 carbon atoms, and M is an alkali metal,
alkaline earth metal, ammonium or amine cation. . Generally the cation is
sodium, potassium, calcium, magnesium, or ammonia.

Other suitable foaming agents include sulfated fatty acids and
esters, such as the disodium salt of olsic acid, or sulfated esters of
oleic or ricinoleic acid with Tow molecular weight alcohols,

Any base material can be used as the gelling agent for solu-
tions of polymers that are dissolved in their acid form in water but gel
upon neutralization. Ammonia is a preferred gaseous gelling agent and
gaseous amines, such as monomethylamine, dimethylamine and trimethyl-
amine, can also be conveniently used. A great variety of liquid bases
can be used by spraying as a fog in the foam-generating air stream;
suitably 1liquid amines, for example, diethylamine, triethylamine,
triamylamine, di-n-butylamine and pyridine; alkanolamines, for example,
triethanolamine; and solutions, preferably aqueous, of inorganic bases,
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for example, alkali metal hydroxides and ammonium hydroxide. OQOther
types of gelling agents may be used in a similar manner if desired. For
example, polyviny! alcohol is gelled by a variety of organic reagents,
such as sodium dibutylphenoldisulfonate, Congo red acid, p-(methyl-
amino)phenol sulfate, resorcinol and catechol, which may be dispersed in
solution in the air stream.

Foam Concrete - Another method of sealing the channels is the
use of foam concrete,

Foamed, or cellular concrete, is formed by blending cement
slurry with a fine bubble water foam. The density (up to 80% air) and
thus strength can be varied to meet requirements by varying the quantity
of foam added. It requires only the transfer of cement in bulk to the
work area,.the Tlogistics of which have already been worked ocut for rock-
dust, a similar material. It is readily prepared in available, permis-
sible equipment, and can be pumped to the immediate work site and cast
in place. Forming can be simple and lightweight.

Foam Cooling Capacity - If we assume a coal refuse density of
80 pounds/ft.2 (we measured 80 poUnds/ft.3 of dry refuse from a site in
Homer City, PA), the void space is 30%. On a coal/rock mixture the
specific heat is approximately 0.3 Btu/pound/°F. The heat removed is:

(80 #/Ft.3)(T-200°F)(0.3 Btu/#/°F)

| where T is the initial temperature of the hot refuse. The amount of
heat removed at various initial temperatures is:

2000°F 1000°F 600°F 300°F

43,200 Btu/ft.3 19,200 Btu/ft.3 9,600 Btu/ft.3 2,400 Btu/ft.3

If one cubic foot of refuse has a 30% void space, 0.3 ft.3 of space is
available for water. The weight of water is (0.3 ft.3)(62.43 #/ft.3) =
18.73 pounds. If the heat of vaporization is 970 Btu/#, then 18,168
Btu's are available for cooling, assuming no makeup. As the liquid is
foamed, the water content decreases. The Btu's available at the follow-
ing expansion ratios are:

Expansion ratios: 5:1 10:1 20:1 50:1 100:1
Btu's: | 3634 - 1817 908 363 182
Comparing the heat content of a refuse pile with the cooling
available from foam, shows that as the expansion increases the cooling
capacity is greatly reduced. We have limited our expansion to less than

20:1. On a particularly "hot" spot, it may even be desirable to use a
Tower expansion of 5:1. .
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PROGRAM PLAN

The program was divided into six tasks:

Program Plan :
Literature/Information Search
Gel Testing

Capability Test

Coal Refuse Pile Tests

Final Report.

O P who—
« v o = s ®

Task 1 involved the preparation of a program plan to be
approved by the Bureau before the start of work. This plan detailed the
tasks, costs, reporting, materials and personnel for the program.

Task 2 was a literature search for improved gelling compounds
for foam. We have much of the background data but we needed to update
the information,

Task 3 involved the development of bench scale tests to deter-
mine the effectiveness of the gelled foam to improve the water distribu-
tion in a coal refuse pile. This test was conducted with limestone
aggregate and coal refuse.

Task 4 involved compatibility testing to determine if a flame
retardant could be incorporated into the foam solution, yet not inter-
fere with the gelling. This involved conducting tests using the gel
foam with and without the flame retardant.

Task 5 involved coal refuse pile tests using the foam from Task
4, The tests were conducted in an expanded metal box which was 5 feet
by 5 feet by 5 feet equipped with thermocouples. A fire was started by
using charcoal/charcoal starter. Tests were conducted using water, then
the gel foam/flame retardant formulations.

Task 6 involved the submittal of the Final Report.
TASK 1 - PROGRAM PLAN

Task 1, Program Plan, was submitted during the first 30 days of
the program.

TASK 2 - LITERATURE SEARCH

A literature search was conducted which included water based
foams which gel or are thixectropic. In addition the literature search
included data on foam flow in porous media. The following data base
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files were used in the search:

NTIS

COMPENDEX PLUS

INSPEC-77-89/1SS 15

INSPEC-1969 thru 1976

Kirk-Othmer Encyc. of Chem. Technology
Chemical Engineering Abstract 1971-89/Jul
Ceramic Abstracts, (Issue 3) 06/89

CA Search 1967-1989

GEQARCHIVE

GEOREF

PASCAL

GEOBASE

A number of articles pertaining to foam and gelled foam used in
porous media have been found. Most of these articles are related to
secondary and tertiary oil recovery. The media is also sandstone or
other o0il bearing rock which has a porosity much less than a refuse
pile. However, the articles do discuss possible gelled foam as well as
horizontal flow 1in the porous media. Titles and abstracts of the
articles are included.

The references are primarily for surfactant injection in oil
fields to improve recovery of o0il. While the characteristics and flow
of surfactant foams are significantly different in an o0il formation
(tight sandstone) than a coal refuse pile, we have found useful informa-
tion in several areas. These are primarily gelled foams and surfactants
which can produce foams at higher temperatures (up to 175°C). In addi-
tion many of these surfactants can tolerate high salt loading.

In addition to the surfactants of interest, the eguipment used
to inject foam in o0il field applications may also be applicable to coal
refuse piles.

Several articles obtained during the initial survey of perti-
nent literature have served to guide the secondary inquiries. Investi-
gation concerning secondary or tertiary oil recovery were, themselves,
based upon previous work with specific surfactants and gelling foam
technology.

The overview by Marsden (1986) and reviews by Handy (1989) and
Freeman et al. (1986) broadened the base for developing our own back-
ground in this area. Their reports, and the results of screening tests,
have stimulated further inguiries into a secondary series of references
pertaining to more specific aspects of applying foams in wells and bore
holes. These and the American Petroleum Institute “Standard Procedures
for Evaluation of Hydraulic Fluids" were used to assess further modi-
fications.

We have received the publication of "Standard Procedures for
Evaluation of Hydraulic Fluids" from the American Petroleum Institute.
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These methods and apparatus are more directly related to sandstone and
the less permeable media in which 0il reservoirs are found rather than
coal refuse. The basic ideas and approach are applicable, however, if
more quantitative descriptions of the coal refuse and/or the inter-
actions of foams and refuse are found to be required.

The paper by Harris and Reidenbach describing their "High-
Temperature Rheological Study of Foam Fracturing FTuids" has also been
anaiyzed 1in terms of its applicability towards coal refuse fires.
Again, this work and the general background and development are associ-
ated with specific aspects of oil recovery. Their general conclusions,
especially that, "high-temperature, dynamic stability depends upon
surfactant type and concentration.....", confirm our approach towards
treating coal refuse. They also found that high-expansion foams were
better able to maintain their viscosity at high temperatures than fluids
containing the standard viscosity modifiers, such as hydroxypropyl
guar.

We feel that the surfactants used in our fire-fighting foams
should be satisfactaory in both aspects.

Our own experience in this area, and those published concerning
other investigations into the gelling process, agree that the types of
reactions which would work well in these situations (i.e. those having
short gelling times), are not presently available.

TASKS 3 AND 4 - GEL AND COMPATIBILITY TESTING

Tasks 3 and 4 were combined since they were to be conducted
simultaneously.

Screening lab tests on foam flow were conducted. Using No., 3
slag to simulate mine refuse, the test was conducted in a 12 in. x 12
in, x 12 in, ¢lear plastic box. We ran low expansion foam (2:1) with
1ittle or no improvement in horizontal flow over water. Medium expan-
sion foam (approximately 100:1) wusing a 1 inch generator show much
better horizontal flow. The 1 inch foam generator was placed in the top
middle of the box approximately 2 inches below the surface of the slag
(Figure 4), Tests were then run on water, standard foam and a foam with
a thickener "Rheothik" (20 gms/liter of surfactant solution). Rheothik
is a polysulfonic acid used as a thickener, The following results
were:

Water - no horizontal movement from the 1 inch foam gener-
ator,

Standard foam - approximately 2 inches of horizontal flow
from center of foam generator.

Rheothik solution - over 6 inches of horizontal flow fram
center of the foam generator.
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Foam injection

FIGURE 4

24






Figures 4A and 4B show the foamaker 1in the top and standard
foam coming out the bottom. Figures 5 and 6 show the test using Rheo-
thik. In Figure 6, foam can be seen against the sides of the clear
box.

The next series of tests were conducted with gelled foams and
other thickeners such as:

Polysaccharides

Acrylic polymers
Polyvinyl alcohol
Cellulose ethers

The initial results with “thickened" foam showed the concept of
better distribution with foam has promise. We tried a series of tests
with polyvinyl alcohol (PVA). These tests are grouped into two areas,
the production of a medium expansion foam and gelling. It was found
that the amount of PVA in solution must be approximately 3% in order to
successfully produce medium expansion foam, The reaction rate of
gelling agents such as boric acid is so rapid that we cannot pre-mix the
solution, then produce foam., We must mix the boric acid with the PVA
solution just before making foam. A mixing head was made to accomplish
this.

Additional polymer samples and information were regquested from
suppliers, These polymers have been selected based upon our desire to
have a low viscosity solution {at high shear rates) which can thicken or
gel after making the medium expansion foam, The specific polymers
requested were:

Elvanol 90-50 (PVA) -~ duPont
Acrysol ICS-1 (Acrylic) - Rohm-Haas
Galactasol 245 (Polysaccharide} - Henkel

Galactasol 640
Galactasol 510

Additional information on these polymers was requested:

Amatex Gums (Galactomannano) - Henkel
Gengel {modified Galactomannano) - Henkel
Culminol (Cellulose Ether) - - Henkel

The tests with Acrysol, Galactasol and Elvanol 90-50 did not
produce a delayed gelied foam. The polymer still gels so rapidly that
we cannot inject it into the simulated coal refuse pile.

We achieved minor success in delaying the kinetics of gelling
reaction, These slight changes have, however, been sufficient to permit
foaming the mixtures. This preliminary success has permitted the pur-
suit of secondary goals including greater stability in the foam; higher
expansion ratios; and/or the preparation of pumpable gelled foams.
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FIGURE 5. - Foam injection using Rheothik formulation,
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FIGURE 6. - Foam injection using Rheothik formulation.

27






These foams have been prepared with two-component formulations,
which are mixed immediately before foaming. The two components contain
polyvinyl alcohol and polyacrylate in one solution and a silicate/
carbonate solution as the second component.

, Screening tests with this formulation have shown that it will
form a foam, with the expansion ratios considered acceptable for placing
in a bore hole (10-100/1). Screening tests continued, to determine the
flow in No. 3 slag and samples of mine refuse. The results of these
preliminary tests were wused to direct further modification and
development of the formulation.

Additional screening studies continued for an alternative foam
formulation. Tentative results indicated that combinations of
carbonates, silicates and/or urea with boric acid may slow the gelation
of polyvinyl alcohol enough to permit foaming.

The primary objective of this task was to develop aqueous
formulations which will produce foams having desirable characteristics
for treating coal refuse piles. The following set of five
characteristics was used to direct this work.

1) good coal refuse wetting ability

2) slow drainage

3) low pumping viscosity of the liquid(s)

4) slow chemical gelling reaction

5} compatibility with the acidic conditions of coal refuse

Several standard viscosity modifiers have been used as com-

ponents in preparing experimental formulations. Those presented in
Table 2 comprise the most promising of the candidates investigated.

TABLE 2. - Standard viscosity medifiers investigated as means
to develop a gelling-foam formulation

Example Source Type

Galaxy Type 1083 Aqualon Company guar product
Galactasol 510 Agqualon Company guar product
Galactasol 245 Agualon Company guar product
Polyox 301 Union Carbide Corporation polyethylene oxide
Polyox 303 Union Carbide Corporation polyethylene oxide
Rheothik Henkel Co?poration polysulfonic acid
Cellosize QP-09-L Union Carbide Corporation modified cellulose
Cellasize QP-09-H Union Carbide Corporation modified cellulose
Cellosize QP-4400-H Union Carbide Corporation modified cellulose
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Each of these examples has some unique attribute to influence
the characteristics of the foam; but as a group their negative influence
on the pumping, flow and generation of foam must be weighed against
these attributes.

Laboratory tests in the one-cubic-foot plexiglass box simulated
the conditions for foam flowing through No. 3 limestone slag and coal
refuse piles, The first series of tests attempted to drive a high-
expansion, gelled foam into No. 3 sltag. The results of this test are
documented in the series of seven photographs compiled in Figures 7 & 8.
These photographs were taken at regular intervals as the apparatus was
prepared (A); Jjust starting the generator (B); as the foam filled the
top layers of slag (C); foam backed up through the standpipe delivery
tube and onto the surface (D); as the foam expansion decreased during
flow through the slag (E); and after foam generation stopped (F).

No foam was observed to flow through the slag and out the
bottom of the box. Although not evident in these photographs, radial
flow of the foam was equal in all directions.

The flow resulting from a similar test, with a poorer gelling
foam, is shown in the seventh photograph (G), for comparison. The flow
of foam out the bottom is quite evident.

Efforts to push foams through coal refuse were less successful.
When the high-expansion, gelled foam was directed into coal refuse
(Figure 9, H), the foam flowed back along the sides of the delivery tube
to the surface. Similar results were obtained with several delivery
systems and injection points (I & J)., Foams flowed radially about 3
inches from the delivery tube and then backed up the outer walls of the
tube, to the surface.

Several tests were done in which the foam was delivered to the
coal refuse/plexiglass interface. This procedure offered a means for
observing the flow, although it is not a good simulation.

Delivery of low-expansion, gelled foam in this manner showed
significant differences in the radial flow, As shown in Figure 10,
photographs K, L, M, & N, this foam extended only 2 or 3 inches from the
delivery tube when flowing at about 5 mi/min and 5 psig delivery
pressure (K, L). As the pressure increased to 20 psig, and flow
increased to 200 m1/min (M, N), radial flow extended out almost 4 or 5
inches and the foam penetrated the refuse more than one inch below the
delivery tube, Foam generation continued until the column broke the
surface in every test. A typical time sequence is shown in Figure 11,
photographs 0, P, & Q, where foam dispersal is shown at 5 minute inter-
vals for a test flow of about 50 ml/min.

A similar test, using a non-gelling foam, was done for compari-

son. In this test, the flowrate was about 250 m1/min, and the duration
commensurately shorter, The results, however, shown in Figure 12,
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FIGURE 7. - Surface foam application.
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- Surface foam application.

FIGURE 8.
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FIGURE 9. - Gelled foam application.
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FIGURE 10. - Gelled foam flow tests.

33

f

e it e e e







FIGURE 11.

- Time sequence.

34







ing foam test

- Non-gell

IGURE 12.

F

35






photographs R, S, T, & U, show that dispersal through the void volume of
coal refuse is inversely proportional to the viscosity of the foam.

Generation and/or delivery of gelled foam at greater pressures
is the best way to overcome the difficulty of flowing. This approach is
Timited for small scale tests, however, when the line of least resist-
ance is usually back along the walls of the delivery tube.

Several aqueous foams were formulated which exhibit the char-
acteristics desired for treating coal refuse piles. The "best" of the
gelling formulations has two component solutions, which are mixed just
prior . to foaming. The first component is a solution containing a
polyacrylate/polyvinyl alcohol mixture, which provides good wetting
ability with controlled gelation. The second component is a solution of
sodium carbonate, sodium silicate and surfactants, which aid and control
the gelation reaction and foam ability of the mixture,

Some non-gelling formulations, based on Mine Safety Appliances
Co.'s fire-fighting foams, have also been investigated as alternatives.
These have been used in conjunction with viscosity modifiers, especially
those which impart thixotropy.

Apparatus for generating and/or delivering the gelling foams in
a coal refuse pile are limited by the kinetics of the gelation reaction
and the final viscosities of the gels produced. A Waukesha pump has
been used as the primary means for preparing and delivering the gelling
foans formulated during this investigation. Although these mixtures
have been used to prepare high-expansion foams, the viscosity increases
with time and temperature, making it difficult to incorporate a reser-
voir or secondary pressurizing stage.

The non-gelling foams may be used in any typical foam gener-
ator. Those which are most stable (slowest drainage) have also been
placed in a reservoir and delivered into the test apparatus under requ-
lated pressures.

Laboratory Scale-up Tests

A larger apparatus has been constructed to continue and expand
.upon the results obtained with the one-cubic-foot container. This
apparatus, shown in Figures 13 and 14, was constructed from steel plate,
to grovide the strength necessary to hold about 1/4 ton charges (about 8
ft.2 capacity).

The apparatus is hinged on one side (see Fig. 13), to permit
opening the unit to see the way these foams are dispersed through the
test media. Several holes were placed along the sides which also pro-
vide a means for following the dispersal of foam through the apparatus.
The bottom was covered with a 4-mesh screen, to show when the foam
penetrated the media.

The two segments of the apparatus are cleosed with a wire mesh

screen, to hold the media in place as the bed is opened, while per-
mitting the foam to flow throughout (see Fig. 14). This turned out to
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FIGURE 13. - Larger-scale, experimental unit showing hinged,
compartmental construction, Total volume of
coal refuse about 8 cubic feet.

FIGHRE 14. - Opened test container showing separator
screens and foam delivery tube.
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be a necessary evil, since, even with conscientious packing of the test
media, the space around these screens proved to be the line of least
resistance for the foam to flow. This was partially mitigated in sub-
sequent tests-when portions of these screens were removed to place the
25-pound charge of coal and minimize channelling near the foam delivery
tube,

The flow of foam up the outside surfaces of the delivery tube
to the surface of the_coal refuse samples was a problem encountered in
tests with the 1 ft,3 apparatus. The initial tests with the larger
apparatus were designed to investigate this problem and determine some
means to solve it,

Injecting the foam at a point 20 inches beneath the surface was
tried first. The foam did not flow much laterally, but preferentially
through the remaining portion (+~4 inches) and out the bottom. This is
shown in Figure 15, where most of the flow appears to have been between
the separator screens.

Raising the injection point to about 18 inches beneath the
surface and attaching baffles to the delivery tube created a better
dispersion, as shown in Figure 16; but much of the foam fiowed out the
bottom.

Raising the injection point to 10 in. beneath the surface and
using baffles and extra weight to held the tube in place significantly
helped the lateral flow of the foam. Foam flowed from the thermocouple
well, located across form the injection point, before it erupted through
the surface (Figure 17). Penetration was not as good as anticipated,
however, and the flow appeared to follow the separator screens, as shown
in Figure 18.

Foam dispersal through-coal refuse could only be obtained when
the injection point was 10 inches or more beneath the surface and var-
jous means were used to hold the tube and keep the surface from heaving.
These problems would be corrected, however, as the depth of injection
and the size of the coal refuse sample increase. The coal refuse sample
we have been using has a void volume of about 33%, which impaired the
flow of foam in both of the experimental apparatus.

Test with Coal Fire

Extinguishing fires within the coal refuse i1s the primary
objective of this investigation. The difficulties in dispersing the
candidate foams through coal refuse, however, steered the fire tests
towards the more open media, No, 3 limestone slag.

Several foams were dispersed easily and rapidly through slag
samples in the 1 ft,3 apparatus. This material has a void volume of
about 40%, compared to about 33% for the coal refuse. It was chosen to
permit a more rapid evaluation of fire fighting capability of these
foams,
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FIGURE 15. - Test with gelling foam delivered to a point 20
inches beneath the surface of coal refuse.
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FIGURE 16. - Foam delivered through tube with baffles to the
point where red marker indicates (approx. 18 in.
beneath surface),
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FIGURE 17. - Test with gelling foam delivered through a tube
with baffles. First flow of foam occurred
through the thermocouple well, located directly
horizontal to the delivery point.

FIGURE 18. - Foam delivered through tube with baffles to the
point where red marker indicates (approx. 10 in.
beneath the surface).
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The 8 ft.3 apparatus was prepared for fire tests by removing
the center section from the separator screens. This provides a guide
for repetitive positioning of a 25-pound charge of coal, which was used
as the fuel. Although air could infiltrate the bed through many paths,
the ignition and time to attain a representative fire were significantly
reduced by placing an oxygen lance into the center of the sphere of
coal.

Temperatures were monitored with three Type K thermocouples, at
the top of the coal, across from the foam inlet, and about 4 inches away
from the coal in the slag media. These thermocouples, and the general
layout of the test apparatus are visible in the photograph, taken just
prior to starting the test, shown in Figure 19,

The coal, located in the center of the limestone slag, was
ignited with a gas torch. A pre-burn of approximately 20 minutes was
used to establish the fire and temperature equilibrium throughout the
apparatus. During this time, oxygen was added through a lance, located
in the center of the coal. The equilibrated temperatures were: 1850°F
in the fire zone, and 1450°F at the edge of the coal. The temperature
of the slag increased from 40°F to 88°F during the pre-burn.

The test proceeded well, in that the flame was extinguished and
replaced with steam during the first minute, as shown on Figure 20. The
foam appeared to disperse throughout the box and erupted through severa1
openings along the sides within, as shown in Figure Z21.

When opened, however, the fire was rekindled even though the
foam had flowed almost completely around it (Figures 22 & 23). The foam
had neither penetrated the fire zone nor flowed directly beneath the
sphere of coal.

The results of tests done with the Targer apparatus have pro-
vided some indications of scale-up problems. The problem of sealing the
delivery tube to the surface may be corrected by increasing the depth of
injection; but this leads to penetration of the bed in this apparatus.
The fire-fighting capabilities of the gelling foam appear good; but the
rush of air over the coal occurring when the unit is opened increases
the possibility for reignition. Opening the bed is the best way to
determine the nature and extent of foam dispersal, however.

Temperatures in this test unit may be greater than experienced
in actual coal refuse pile fires, due to the greater exposure to air.
We feel that the system should be designed for the worst case, however,
and that the merits of this larger apparatus outweigh its shortcomings.

An identical logic can be used to explain the fact that the
foam appeared to circumvent the coal fire area. The implications are,
that if the system was more tightly sealed, the foam would be forced
through under greater pressure into the fire zone.
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FIGURE 19 - Fire test utilizing 25 1b of coal in the center
of No. 3 limestone slag media (pre-test).
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FIGURE 20. - Fire test approximately 1/2 minute after starting
foam generator.

FIGURE 21. ~ Fire test after about 2 minutes and nearly 10
gallons of foam added.
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FIGURE 22. - Fire test when opened for exami-
nation and analysis of results.
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FIGURE 23. - Fire test after sitting open for
approximately 10 minutes.
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Laboratory Scale-up Tests

The larger, steel apparatus for simulating coal refuse piles
has been used in a series of tests designed to examine the dispersion of
foams as they are delivered underground, and their fire-fighting capa-
bilities. The apparatus was described in Monthly Report No, 8, but is
presented in Figures 24 & 25, for reference.

This apparatus is a cube measuring 2 feet on each side (8 ft3
volume), hinged at the center to permit visual evaluation of the disper-
sion of foams. The two halves are enclosed with screens, having 1 1/2-
by 2-inch, diamond-shaped mesh.

These tests were controlled by keeping the total volume of coal
refuse or slag (weight of coal), the location of the foam-delivery-tube
outlet, and the rate of foam delivery constant. Temperatures, linear
penetrations, and total volume of foam dispersed through the coal or
slag media were measured for each test,

A small Waukesha pump was used to generate the foams in all
tests, This unit, visible in many of the test photographs, generates
approximately 5 gal/min of gelled foam (18 gal/min with zero back
pressure) and standard fire-fighting foam, with an expansion ratio of
about 16 volumes of foam for each liquid volume used.

Foam Dispersal - All of these tests were done using a 3/4-
inch, stainiess steel tube to deliver the foam into the test vessel,
This tubing was directed across the surface and into the center of the
bed, to a depth of 6 to 7 inches. This method was found to be the best
means to alleviate the problem of foam flowing back along the delivery
tube.

The generating pressure and momentum of the foam were the major
factors influencing the initial dispersion of the foam as it entered the
test apparatus. Factors such as void volume, buoyancy, and crevices or
packing became more influential as the foam dispersed from the delivery
tube.

This series of tests continued and expanded our investigation
of methods to stop the back-fiow of foam along the delivery tube. These
methods included packing and covering the surface, heaping the coal or
slag to achieve delivery depths of more than 1 foot, and anchoring the
delivery tube to the separator screens to minimize any movement.

The initial force developed as the foam entered the apparatus
opened a cavity, which started the path of least resistance for sub-
sequent flow. These foams also appeared to be dispersed into the separ-
ator screens, where the difficulties for uniform filling and unegual
wetting characteristics made penetration somewhat easier., A typical
flow pattern is shown in Figure 26. The foam moved horizontally through
the coal and slag, but vertical movement between the screens was easier.
Tests with gelling-foams resulted in pentrating either the top or bottom
of the apparatus, whereas several tests with non-gelling foams showed
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FIGURE 24. - Experimental unit.
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FIGURE 25. - Experimental unit split open.
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FIGURE 26. - Typical dispersion of gelling foam through No. 3
limestone slag.

47






more horizontal movement. The total volume of coal refuse or slag
affected was similar in both cases, however,

Our observations during these tests resulted in three general
conclusions concerning tests with coal refuse:

1) The initial forces developed as foam entered the apparatus
opened cavities in the piles.

2) This initial force also moved the delivery tube in many
tests, breaking or weakening any seal with the surrounding
material.

3) The dimensions and construction of this experimental appar-
atus are insufficient to achieve an adequate seal and ful-
fill the other objectives of the investigation.

Both the flowrate and extent of dispersion of foam were greater
through No. 3 limestone slag than through coal refuse. This performance
reflects the difference in particle size and void volumes. The void
volumes of coal refuse samples were between 30 and 33%; while about 10
to 20% of the material consisted of particles less than 1/4 in. diam-
eter. No. 3 limestone slag samples had a void volume between 40 and
42%; with no particulates smaller than about 1 inch in diameter. The
5-gallon/minute output from the Waukesha pump could be directed through
the No. 3 slag with much less tendency towards back-flow.

Fire-Fighting Tests - A series of 9 tests has been completed in
the larger, experimental apparatus, to determine the fire-fighting capa-
bilities of these foams. Since the primary objective was to observe and
measure fire-fighting capabilities, these tests were prepared and done
under conditions which were controlled to be as nearly identical as
possible with fire tests.

The procedures and conditions used to define these tests were
as follows:

1) Twenty-five pounds of cannel coal was packed in a sphere at
the center of the experimental chamber.

2) The apparatus was filled with No. 3 slag (or coal refuse)
to position and surround the charge of coal.

3) An oxygen lance was placed in the center of the cannel
coal, to expedite the pre-burn.

4) Three Type K thermocouples were placed in stainless steel
wells to monitor the temperature. One was placed in the
center of the coal. The second at the top of the coal, and
the third in the sltag or refuse. The temperature data was
manually recorded on a digital output wusing a 3-way
switch.
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5) The oxygen-enhanced pre-burn was done for 20-30 minutes to
establish the fire and obtain a temperature equilibrium,

6) The oxygen lance was removed and temperatures re-equili-
brated prior to adding foam.

7) The apparatus was opened for inspection immediately after
the test was finished.

A typical test required filling the apparatus with slag or coal
refuse, while positioning the charge of cannel coal in the center;
positioning the stainless steel tubes for the thermocouples and oxygen
lance; igniting the coal with a gas torch; and monitoring the system
during the 20-30 minute pre-burn before starting the foam generator.

The thermocouple in the coal often measured temperatures
exceeding 2000°F during the pre-burn periods. Flames and steam usually
erupted through the surface as seen in Figures 27 & 28,

This temperature decreased when the oxygen lance was removed,
reflecting the influences of air inflow through the particulates and the
ambient temperature. The temperature of the cannel coal re-equilibrated
in the range of 1600 to 1900°F before the test with a candidate foam
agent began. Temperatures at the edge of the cannel coal were less
easily controlled and ranged from 600 to 1700°F. The temperature of the
slag or coal refuse containing media did not change much throughout a
test; usually 75 to B0°F during pre-burn and the prevailing ambient
temperature at all other times.

The void volume of the apparatus, when using slag, was about 26
gal. This represented about 5 minutes operation for the Waukesha pump.
When coal refuse was used to fill the apparatus, the void volume was
about 18 gallons; representing enly slightly more than 3 minutes opera-
tion. Foam was driven out through the holes in the side of the appara-
tus within 1 to 3 minutes, as shown in Figures 29, 30 and 31.

The temperature within the cannel coal charge decreased rapidly
from the equilibrated fire temperature range of 1600 to 1900°F. The
thermocouple in the coal measured temperatures of 1200 to 1600°F within
the first minute that the foam flowed into the apparatus. A slower
decrease occurred after the initial passage of foam and continued until
the apparatus was opened for inspection; with the exception of one test
using gelling foam and coal refuse. Foam penetration was minimal in
this test, as it flowed back out the surface preferentially, and the
coal ignited when opened while the temperature was about 1600°F (Figure
32). The foam dispersed only in top 6-8 inches of the coal refuse,
indicating only about 2 inch penetration.

These foams dispersed through the apparatus to fill everything
but the coal and the material directly beneath the coal (i.e, see Fig-
ures 33 & 34 for non-gelling foams and Figures 35, 36 & 37 for gelling
foams).
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FIGURE 27. - Pre-burn during fire test with No. 3 limestone slag
surrounding the 25-pound charge of cannel coal,

FIGURE 28. - Pre-burn during fire test with coal refuse
surrounding the 25-pound charge of cannel
coal.
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FIGURE 29..- Dispersed foam flowing out the sides of the apparatus
2 minutes after starting the flow with gelling foam,

FIGURE 30. - Dispersed foam flowing from test using coal refuse
with the gelling foam, 1 minute after starting the

flow.
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FIGURE 31. - Same test as #7 (different side), 3 minutes after
starting the flow of foam,
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FIGURE 32, - Re-ignition of cannel coal fire after opening the
apparatus. Penetration and dispersal of the gelling
foam was limited to the top 6-8 inches of the coal

refuse used.
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FIGURE 33. - Penetration and dispersion of a thickened foam added
to the cannel coal fire, surrounded by No, 3 lime-
stone stag.

FIGURE 34, = Penetration and dispersion of a standard foam added
to the cannel coal fire, surrounded by No. 3 1lime-
stone slag.

54






FIGURE 35. - penetration and dispersion of a gelling foam added to
the cannel coal fire, surrounded by No. 3 limestone
slag.
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FIGURE 36. = The differences apparent between gelling foam exposed
to the fire and that flowing around the fire in
cooler zones.
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FIGURE 37. - Typical example of the penetration and dispersion of
a gelling foam where no back-flow occurred to the
surface.
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Standard foams containing the "Rheothik" thickening agent
filled the chamber, except under the fire, as shown in Figure 33. These
foams are stabte and have a longer life, as seen in this photograph.
Without these thickeners, the standard foams experienced nearly total
collapse, as seen in Figure 34,

Gelling~-foam formulations showed similar penetration and dis-
persion through the apparatus. They produced a compact mass of slag or
coal refuse, held together by gelling liquid in those areas exposed to
the fire, or by gelled foam, in the cooler regions. Typical results are
shown in Figures 35, 36, & 37.

These foams appear to have the capability to extinguish fires
in a simulated underground environment. The full extent of their capa-
bilities may be lost in the design of the experimental apparatus, which
was prepared for visual observation. The Waukesha generator, although
capable of producing foams at 50 psig, did not operate at more than 10
psig in short spurts, and usually in the range of 5-7 psig. It is
possible that the foams would be forced to encapsulate the fire if there
was a greater generating pressure and fewer avenues of escape.

Some characteristics of the flow of foams through c¢oal refuse
have been examined using new experimental apparatus. These apparatus
have been adapted from the methods described in the API publication,
Recommended Practices for Standard Procedures for Evaluation of Hydrau-
1ic Fracturing Fluids (Section 5). We have used them to study the dis-
persion of both standard and gelling foams through coal refuse, when
they are generated with a Waukesha pump.

Two apparatus were fabricated during the course of this invest-
igation: the first, based on an hemispherical head, welded to 8-inch-
diameter pipe, with a flanged nipple at the end. 'The second, a similar
construction, having an overall length of about 73 inches. These two
apparatus are presented, schematically, in Figure 38.

Foams were generated at approximately 50 psig with a Waukesha
pump, and delivered to the capped-end of the pipe. The pipe was filled
with coal refuse, held in position by heavy wire mesh at both ends.
Eleven penetrations were placed at 6 in. intervals, diametrically
opposed, along the length of the pipe. These penetrations included a
1-inch annulus and 1/2-inch tubing nipple, fitted so as to indicate the
flow of foam along the pipe wall or through the coal refuse matrix (as
shown in Figure 38).

The smaller of these apparatus was about 16 inches long and
presented no challenge to the generating capabilities of the Waukesha
pump. The total volume of coal refuse was about 3 1/3 gallons (approx.
1 gallon void volume), which represents less than 1 minute's flow from
this generator. The foam traversed the entire apparatus in about 10
seconds, and the flowrate was equal to that measured during completely
free flow from the generator.
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FIGURE 38. - Apparatus for examining and measuring

the flow of foams through coal refuse.
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These tests used standard foam formulations and proved that the
entire cross-sections of the coal refuse was permeated by the foam,
There was no evidence that the foam collapsed, or that the flow was
impaired, as it moved through this apparatus.

The larger apparatus, shown in Figure 39, did provide a greater
challenge for the Waukesha pump and a better means for evaluating the
dispersion and flow of foams through the coal refuse., The flow of foam
was monitored at each of the penetrations along the 8-~inch pipe, where
the flow along the walls appeared first, and differentiation increased
with distance from the delivery tube.

The 50 psig operating pressure of the Waukesha pump was
insufficient to push the standard (non-gelling) foam through the entire
column of coal refuse. This foam permeated the pipe for about 57
inches, but the penetration at 57 inches showed flow only along the
wall. Although the foam generation continued for another 3 minutes,
neither interior flow nor further advance along the walls could be
observed.

The final state of the apparatus during this test is shown in
Figure 40. The photograph does not provide an adequate means to dis-
tinguish between the flow through the coal refuse and that along the
wall, but does show the extent of penetration through the pipe.

The time required to traverse the pipe is plotted against the
distance from the delivery tube in Figure 41. This graph shows a
significant decrease in the rate of penetration after 1 minute. The
slow rate of dispersion noted between 3 and 7 minutes, as well as the
poor performance observed at the Waukesha generator and observations
during the final clean-out, verify the conclusion that this was the
maximum foam dispersion attainable under the test conditions.

The difference in the. rates of dispersion of standard and
gelling foams through coal refuse are also evident in Figure 41. The
initial surge of foam into the test bed showed only minor differences.
As the foams penetrated more than 2 feet, however, there was a greater
divergence in the rates of dispersion. The incremental changes; due to
fluid characteristics, foam collapse, pressure drop, or other factors;
were not as great for the gelling foam as for the standard. Total dis-
persion of the gelling foam equalled that of the standard foam after
about 6 minutes generating time, and continued on to penetrate the
entire apparatus. The gelling foam continued to flow out the open end,
although there was some blow-back through the generator and the flowrate
was only 0.8 gallon/min, vs 5 gallon/min under free flow.

The rate of dispersion of the gelling foam appeared linear
through most of the measuring points. The decrease noted as the foam
exits the apparatus may be real, or may also reflect the changes occur-
ring as the foam exits the coal refuse and encounters only ambient
pressure and normal gravity settling into the collector. The first foam
to exit the apparatus appeared along the wall (Figure 42). The entire
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FIGURE 39. - Large apparatus, as prepared for laboratory test,
to study the dispersal of foams through coal
refuse under pressure.
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FIGURE 40. - Apparatus in test with non-gelling foam (this
foam flowed through 57 in., length of the pipe,
and then only at the wall).
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FIGURE 42. - Apparatus in test with gelling foam (foam perme-
ated the apparatus, with the initial outflow only
along the walls; full diameter flow required
about 30 seconds).
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surface of the screen at the end of the pipe was filled by the foam
flowing through the coal refuse after about 30 seconds.

Test Conclusions

The following conclusions have been derived from the experi-
mental tests completed until this time:

1) The gelling foam appears more capable for applications
requiring generation and delivery underground at elevated
pressures.

2) The Waukesha pump generator is sufficient for preparing
foams at 50 psig; and will treat a volume of roughly 6 feet
radius around the injection point,

3) A larger scale test will significantly increase our know-
ledge of the capabilities of these foams.

4) The criteria used to evaluate the performance of foams
should include both the dispersibility and heat absorbing
capabilities.

The following formulation was used in subsequent fire tests.
A. Components

16 liters of PVA solution (5% Elvanol 90-50 in water)
1.4 liters of ICS-1 Acrysol (Rohm & Haas)

B. Components

12 liters of 10%-NaoCO3
2.75 liters of sodium silicate solution
1.65 liters of surfactant pre-mix

Mixed 50:50.

TASK 5 - REFUSE PILE FIRE TESTS

Before fire tests were conducted, the characteristics of the
foam pump were determined. The variation of pressure with expansion
ratio and pump suction is shown in Figures 43 and 44. [t was expected
that by varying the pump parameter the injection technique could accom-
modate variations in pile density and porosity. In order to reduce the
cost of the portable generator, we converted the foam pump from 34
220V motor to a 14 220V motor. This enabled us to use a smaller port-
able generator. The cost of conversion was made-up by elimination of
the cost of rental of a 34 220V generator. Table 3 is a summary of
the test,
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Size of Container:
Sides:

Thermocouples:
(Type K)

Data Collection:
Refuse:

Fire Locations:

Injection Point:
Injection Equipment:

Locations:

TABLE 3, - Test summary

5 x5 x5 feet
Expanded metal/angle bracing

1 foot centers from sides - 64 total

2 Molytek recorders - 32 t/c each
Approx. 10 tons from a local reclaim operation

One foot in from the top & each side at two
opposing corners. The adjacent corners had
fires at one foot from the bottom of the
test bed (bag of cannel coal + 02 for start-
ing).

Geometric center of box

Waukesha pump - horizontal injection

U.S. Bureau of Mines, Lake Lynn faciltity
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Field tests were conducted at the Bureau of Mines Lake Lynn
facility. A box which was 5 ft x 5 ft x 5 ft was constructed (Figure
45A). The sides of the box were made of expanded metal.

Mine refuse was collected from a waste bank reclaim operation
nearby, Laboratory percolation tests indicate a rate of 0.42 liters/
min/ft2. The foam pump (Figure 45B) was modified to operate on 14
220V (2 HP), Foam pump performance data is shown in Table 4, The
injection tube was located in the geometric center of the box.

The test set-up was next to the explosives testing area (Figure
45C). Four charcoal inserts in the pile were used for the initial
fires. The charcoal was ignited using charcoal starter fluid and air
oxygen, Thermocouples were placed on 1 foot centers (64) throughout the
bed with the outputs to two Molytek recorders.

Fires were started but could not be kept 1it unless oxygen was
continuously supplied. In addition, only localized high temperatures in
the coal were found. No temperature increase was seen in the refuse,

We had hoped that igniting the coal and returning the next morning would
provide high temperatures throughout the bed. However, the fires were
out and the bed was cold.

Temperature data was not recorded due to the problem of heating
the bed and poor foam distribution. It was felt that until good foam
distribution was obtained, the effort to record a large number of
thermocouples would not be worthwhile.

Every time foam was injected it flowed out of the pile on the
outside of the injection tube. After opening the box, foam was found to
have flowed through the larger channels in all directions, but not in
the more densely packed areas (Figure 45D).

It appears the problem is one of flow, not fire extinguishment.
Therefore, a second series of tests were planned where the injection
tube had a baffle plate and a ballcon section. It was expected that
these steps would prevent flow over the outside of the injection tube.
The foam formulation was also modified to increase its viscosity and
produce a thixotropic foam which should block the larger channels and
force the foam to flow into the denser areas of the refuse pile,

During the second series of tests a number of approaches were
taken. These were:

1. Use of Type P - a lower viscosity single component foam
solution,

2. Gelling foam with a thickener (Xanthan gum) with an initial
injection, followed by subsequent injections the next morning.

3. Lowering the expansion of the initial injection.
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Reproduced from
best avallable copy.

FIGURE 45. - Field tests at Lake Lynn.
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4. Placing the injection tube on the side of the pile,

In all these cases, flow up the outside of the injection tube
was present, but preferential flow (always up) out the larger channels
occurred, A picture of the foam on the top of the pile is shown in
Figure 46.

Economics

Discussions were held with a contractor at a site located near
the Lake Lynn facility. Costs of a burning coal seam were examined to
provide a preliminary cost calculation. The cost to excavate and quench
an estimated 95,000 yd.3 of overburden and coal was $167,000. However
the coal zone where the fire was burning was estimated to be 56,000
square feet by 10 feet in depth. The fire was approximately 50 feet
below the surface. Therefore a significant volume of overburden must be
removed before the fire zone is reached. The cost of the gelled foam
Viquid is approximately $2.80 per gallon on a small quantity (5 gal.)
basis. The cost for a large volume (greater than 1000 gallons) is
estimated at approximately $2.00 per gallon.

The total volume in the affected zone is 560,000 ft.3. With a
30% void space (assumed)}, 168,000 ft,3 (1,260,000 gal.) is available for
liquid/foam flow. At the following expansion ratios the amount of
liquid (no makeup) needed would be:

Cost @

$2/qal.
1: 1,260,000 gal. 2,520,000
5:1 252,000 gal. 504,000
10:1 126,000 gal. 252,000
20:1 63,000 gal. 126,000

These costs do not include the cost for drill holes, pump,
labor, etc.

It became apparent that material costs are significantly

reduced as the expansion ratio increases., However, this must be weighed
against the decrease in heat capacity.

71



FIGURE 46. - Foam escape from top of the pile.
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CONCLUSIONS

¢ Gelling foams did not provide enough resistance to block
flow through major channels. -The channels must be blocked to provide
more uniform distribution, by forcing the foam into the denser areas of
the coal refuse pile. :

o Low expansion foams {(20:1 max.) provided the best injection
and extinguishing properties because of its smaller bubble size and
higher water content.

¢ Preliminary cost calculations indicate that the foam injec-
tion methods are competitive with excavation.
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RECOMMENDAT IONS

¢ This is the initial research effort in this area. While we
have shown that foam improves water distribution, further improvements
are needed to provide better assurance of fire extinguishment, The foam
flow is primarily in the larger channels,

¢ Initial injection of a porous plug material (7.e. foam con-
crete) strong enough to block larger channels and force the foam to flow
into the denser areas should be explored. Subsequent injections could
be with the standard foams.

e Injection pressure is a function of bubble size, porosity,
injection rate and pressure, A better understanding of these parameters
is needed,

e Bench scale tests need to be developed to simulate refuse
piles, The tests in the 5 ft x b ft x 5 ft bed at Lake Lynn appear to
stmulate actual field conditions. However our bench scale tests indi-
cated that foam flow would be much more uniform then was the case with
the Lake Lynn tests.

¢ Foam flow in porous media such as coal refuse piles needs to

be studied further in order to design or select equipment for injec-
tion.
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Lzboratory  Zrudies for  the Dezign  and dnalysis of Hydraulic Fracture
Stimulations in Tight Gas Reservoirs

Sattler, A. R. 3 Hudson, P. J. ; Raible, C. J. ; 5all, B. L. ; Maloney,
D. R.

Sandia Mational Labs., Albuquerque, NM.

Corp. Source Codes: 068123000; 5511100

Sponsor: Dowell Schlumberger.; HNational Inet. for Petroleum and Energy
Recearch, Bartlezville, OK.; Department of Energy, kachingrton, DC.

Feport Mo.: SaND-8S-2507C; CONF-360567-3

1986 15p

Languages: English Document Tupe: Conference proceeding

Journal Announcement: GRAIZSE1IE; NSA1100

ZPE unconventional gas technology symposium, Louisville, KY, USAR, 185 May
1986.

Fortions of thie document are illegible in microfiche producets.

MTIS FPrices: PC AD2/MF =01

Country of Publication: United States

Contract No.: ACQ4-7EDPLO0OYE9

Laboratory studies were used as an aid in designing stimulation
treatments and to assist in the analysis of producticon results. These
analyses were done in conjunction with coastal zZone stimulation cperations
at the Department of Energy‘s Multiwell Experiment near Rifle, Colorado. &
multitreatment stimulation plan was designed for the coastal zone because
of apparent damage to the paludal zene formations in prior stimulation
cperations. The stimulation plan w3s made to minimize the wuse of
water-based, gelled fluids. Two small stimulations were performed in the
same coastal interwval: an unpropped nitrogen gas frac and a propped,
nitrogen foam frac. Gas production decreased from that of the gas frac
after the nitrogen foam stimulation and formation damage was apparent. The
laboratory program was wused to (1) aid stimulation designi (2) help
eliminate several possible causes of damage such a5 permesbility
degradation in the matrix rock, a gel block in the sand pack, proprant
¢ffects, or imbibition of brine from workover operations; and (3) examine
the more probable causes, damage that may be centered around. fluid effects
in the natyral fracture system.” A unigue explanation is not poscsibls
because there are some aspects of these damage mechanisms that cannot be
verified in the labgsratory, However, comparable damage mechanisms that hzus
been seen in c¢racked core are described. Also, other pocstulated forms of
"fluid damage are discussed, largely in terms of natural fractures in cors
in combination with other measured core properties. 37 refs., 1 fig., 8
tabs. (ERA citation 11:025359)
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1,742
0z253434 Mamthly Mo: EIST0Z2682228

DYNAMILC FLUID-LOSS CHARACTERISTICS OF CO.-2-FDAM FRACTURING FLUIDS.

Harris, Fhillip C.

Halliburton Services .

Source: SPE Prod Eng v 2 n 2 May 1287 SPE 13120, o £9-92

Publication Year: 19287

CGOEN: ZFENES

Languszge: ENGLIEH

Document Tuwpe: J&; (Journal Article) Treatment: X; (Experimental)

Journal Announcement: 8705

High-guality COs-2-foam fracturing bas vecently bscomes & very popular
=2timulation tocl. Dynamic fluid-loss messurements were performed on 2 brozd
range of ore -samples to measure the effect of several parameters on
Corr2-foam fluid-loss coefficients., The parameters tested were coove
permeability, foam quality, gelling-=3gent concentration in ths aquecus
phase, and core temperature. Measurements were performed in 3 recirculating
fluid-flow test loop. A variation of cne c¢rder of magnitude in C//I/ /1 71
for two-orders-of-magnitude change in permesbility was observed from 0. 02
to 10 md. For permesbility  below 1 .md, foam quality had no =ffect,
‘Fluid-loss control improved as gelling agent concentration in the liguid
phase increased. Fassage of CO0/72 foams through porous media casused s
=ignificant modificarion in guality from the input to the effluent fluid,
(Edited author abstract) 11 refs.
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1,773
QzZ235116 Monthly Mot EIMESPD5-040331
RHEQLOGICAL FROPERTIES oF FOoaM  FRACTURING FLUIDS UNDER DOWMHOLE
COMDITIONS.
Cawiezel, K, E,; MNiles, T, D,
Dowell Schlumbergsar
Conference Title: Proceedings - Froductien Operations Svmososzium.
Conference Location: Oklahoma City, CK, USA Confererce Date: 1937 Mar
&-10
Sponsor: Soe of Fetroleum Engineers of AIME, Richardsen, TX, USA
E.I. Conference MNo.: 09570
Source: Society of Petroleum Engineers of AIME, (Faper) SPE Publ by Zoc
of Petroleum Enginesrs of AIME, Richardson, TX, USA SPE 16131, p S3-E3
Publicatian Year: 1987
CODEN: SEAFAZ
Language: English
Document Type: PA; (Conference Paper)
Journal Announcement: 8736
~Foams are~complex mixtures of g9as and liquid whose rheological sroperties
are largely influenced by foam guality, temperature, pressure and zhear
rates. A comprehensive study of the effecte of these variables on the
rheological properties of foams was caenducted as & first step to
understanding, defining and predicting the rhealegical properties of foam
fracturing fluids. Rheological properties of nitrogens/water/surfacrant
foams and gelled foam fluids were esvaluated using a recantly develcped foam
rheology simulator, Results indicate that the rhesleogical bebavior of foam
fluid is primarily that of & wield-pssudoplastic fluid and zan best be
described by a Herschel-Bulkley model. The complexity of feam systems and
their sensttivity to external conditions vrequive that foam System
properties be closely controlled and monitored in field use to optimize thsa
frictional pressure required to wutilize foam fracturing fluids. (Editsd
author abstract) 9 refs, :
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SUCCESSFUL FIELD APPLICATIONS 0QF CO-//2 FOaM FRACTURING FLUIDS IN THE
SRK—-LA-TEX REGION.

Warnock, W. £. Jr.; Harris, P. C.; King, D. 5.

Crystal 01l Co

Conference Title: Proceedings of the Thirty-Firet Annual Scuthwestern
Fetroleum Short Course. : '

Conference Location: Lubbock, TX, US~ Confersnce Dater 1334 Apr 25-26

Sponsor: Southwestern Petroleum Short Course Assoc, USA; Petroleum
Industry of West Texas, US~; Texas Tech Univ, Dep of Petroleum Ensineering,
Lubbock, TX, USA

E.l. Conference No.: 09420

Source: Proceedings of the Annual Southwestern Petroleum Short Course
3lst. Fubl by Southwestern Petroleum Short Course Assoc Inc, USA:p 135-150

Publication Year: 1984

CODEM: P3PCDZ ISEN: 0361-5287

Language: English . .

Document Type: PAs (Conference Paper)

Journal Announcement: 8704

The CO/-/2 foam fracturing fluid provides a gas drive to assist removal of
the treating (load) fluids after the proppant has been placed in the
formation, establishes permeability to gas within the formation volume that
h3s been saturated by load fluids, and minimizes the actual water vaolume
that g required to place a givern volume of proppant in the formation. Due
tg the high density of the liquid CO//2 mixture, the CO//2 foam can be
etilized on deep, high pressure formations without experiencing prohibitive
wellhead treating pressures, The C0-2 also reacts with the water in the
foam to form carbonic acid, so that the ocverall pH of the system is reduced
(thus r»educing the damaging effect of .the. fluids), and it lowers the
surface tension of the load fluids so that they can be recovered more
rapidly and efficiently. (Edited author abstract) & refs.,
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EFFECTIVE WELL STIMULATIONS WITH GELLED METHANOL/CAREON DIOXIDE
FFRACTURING FLUIDS.

Fairless, C. M.; Jdoseph, W.

Serwice Fracturing Co

Canference Title: Proceedings = MNew Reserves Through Techrology
Suemposium, 1286 East Texas Regional Mesting,

Confer=nce Location: Tyler, TX, USA Conference Date: 13236 Apr 21-22

Sponsor:  Soc of Petroleum Engineers, East Texas Section, USA; Eazt Texas
Segleogisal Society, USA; Gas Ressasrch Inst, Chicage, IL, USA

E.I. Conferenca No,.: 073957

Source: Society of Petroleum Engineers of AIME, (Paper) SPE Publ by Sac
of Petrolsum Enginesrs, Richardson, T, USA SFE 14636, p &3-66

Fublizztion Year: 1986

CODEM: SEAPAZ

Language: English

Document Typ2: PA; (Conference Paper)

Jourrzl Announcement: 8603

CO/»2 foam fracturing fluids with gelled methanol as the external phase
fhave beoen  -=sveloped., These CO0//2 foams are gencrated on the suyrface by s
patented C0//2 heating process., Field applications of these fluids
demonstrate that they are effective well stimulation fluids for hydrecarbon
Zearing fermations that exhibit low permeability, low reserveir pressure or
Aater sensitivity, With this system water can be completely eliminated from
the trzatment fluid while the CO/72 provides a gas drive to assist in
returning load fluid te the wellbore. Since the density of these fluids 1:
qear  that of .water, they can be utilized to fracture stimulate desep
formations without experiencing excessive wellhead pressurec. (Edited
surthor abstract) 8 refs.
FT LA7S6-10
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EFFECTIVE WELL STIMULATIONS WITH GELLED METHAMOL/CARBON DIOXIDE
ERACTURIMG FLUIDS.,

Fairlessz, C. M.; Joseph, W.

Servize Fracturing Co

Conference Title: Proceedings - Mew Reserves Through Technology
Symposium, 1286 East Texas Regional Meeting.

Conference Location: Tyler, TX, UEA Conference Date: 13986 Apr 21-22

Sponsor: Sog of Petroleum Engineers, East Texss Section, USA; East Texzs
Geologicsl Soeiety, USA; Gas Rssearch Inst, Chicage, IL, USa

E.l. Conference No.: 07257

Souyrce: Seciety of Petroleum Engineers of AIME, (Paper) SPE Publ by Soc
wtf Petrolsum Engineers, Richardson, TX, USA SPE 14656, p 63-66
Fublication Year: 1985

CODEM: SEAPAZ

Languag=: English

Document Type: PAj (Conference Paper)

Journal Announcement: S603
- CO/72 foam  fracturing fluids with gelled methanol as the external phase
fPave besn tzveloped. These COAY2 foame are generated on the surface by a
patented €0/72 heating process. Field applications of these fluids
demonstrate that they are effective well stimulation fluids for hydrocarbon
zaring formations that exhibit low permsability, low reserveir pressure or
wWEter sensitivity, With this system water can be completely eliminated from
the  treatment fluid while the CO/72 provides a gas drive to assisrt in
*eturning load fluid to the wellbore. Since the density of these fluids is

ar that of water, they can  be utilized to fracture stimulate deep
formations without experiencing excessive wellhead pressures. (Edited
author abstract) 8 refs.
TT 1/77-6-10 :
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DELAYED CROSSLINKED GELS: THEIR ROLE IN AQUEOUS FOAM FRACTURIMG.

Freeman, E. R.; Bilden, D. M.; Hossaini, M.

BJ-Titan Serwvices Co

Conference Title: Proceedings 149%3-150320, S6th’ Annual California
Fegignal Meeting, Society of Perroleum Engineers.

Conference Location: Oakland, CA, USA Confer=nce Date: 1986 &pr 2-4

Sponsar: Soc of Fetroleum Engineers, Golden Gate 3Sect, CAR, USA

E.1. Confarence No.:1 073206

Source: Society of Petroleum Engineers of AIME, (Paper) SPE v 1. Publ by
Soe of Petroleum Engineers, Richardson, TX, USA SPE 15070, p 235-248

Publication Year: 1935

CODEM: SEAPAZ

Language: English

Document Type: PA; (Conference Paper)

Journzsl Announcement: 3608

Lazberartory results indicate that the Toaming of a delayed crosslinking

.. gel. increases apparent viscosity, improves proppant transport capabilities,

- and extends fluid loss properties beyond those of foamed linear gels. More
than 200 treatments have been completed in various formations in
Califernia, Texas, and Cklahoma. A~ review of local formation
characteristics and treatment conditions are discussed regarding the
application  and successful use o9f a crosslinked versus eccnventional linear
gel foam. Notewosrthy is that cresslinking the gelled phase of a3 foam system
r=quires limit=ed modification of current foam fracturing procedures or
equipment. (Edited author abstract) 21 refs, )
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Alkaline Silicares &5 Raw Materials for Insulating Mineral Foams:
Eibliographic Study,

LES SILICATES ALCALINS, MATIEZRE DE BASE DES MOU3ISES MINERALES [SO0LANTES:
ETUDE EIEBLIOGRAFHIQUE.

Lesage, J.; Mergisr, N.

Inst Francais du Petrole, Rueil-Malmaison, Fr

Sourcs: Revuysz de !l Institut Francais du Petrole v 32 n 3 May-Jun 1984 p
215-33S

Fublication Year: 1334

CODEM: RFPTEH ISSN: 0373-932X

Languaget FREMCH

Document Types: JAa; (Journal Article) Treatment: L} (Literature
Ceviews/Bibliography) e

Journal Announcemsnt: 3603

Thiz arrtiecle 4gives a bibliographic survey of methods for obtaining
alkaline <cilicates as well as their properties and the properties of their
solymerz, A method iz .recommencded for obtaining foams from aqueous silicate
zolutions. The influence of different additives such as surfactanrts,
foaming 3elling and hardening agents on the properties of thess foams is
Jizecuszed. This study shows that soluble paolysilicate foams may be obtained
fram =ilicate solutions: with a loew 3Si0-/72/Mas /20 molar ratio. (Edited
author =zbstract) Refz. In french.
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COLLOIDAL STABILIZERS - PART I.

Athey, Robert D, Jr.

Athsy Technologies, ELl Cerrito, CA, USA

Soyrce: Metal Finigshing v .84 n 7 Jul 1986 p 6l-62

Publicstion Year: 1286

CODEN: MEFIAT ISSN: 0026-0S576

Larguage: ENGLISH

Document Type: JAa) (Journal Article) Treatment: G} (Gerneral Reviegi)

Journal Announcement: 3603

The waterborne coating 1= composed of ‘colleoidal materials. There may
also be pigment particles that are likely to be colloidal in size (if rthe
grind 1is gorrect). Probtlems of roam, substrate wetting, gelling, viscosity
vise andsor coagulation crop up now and sg92in during the application of the
coating., The article looks 3t such colloidsl systemms and the chemicals that
are added to coatings to stabilize the colloids. The discussion covers
c.surfactants, - wetting agents (hydrotropes) and dispersants,
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RHEQLOGICAL STUDY OF FOaM FRACTURING FLUIDS USING MITROCGEM AND CARBON
DICKIDE.

Reidenbach, VY, G.j Harris, P, C.; Lee, Y. N.j Lord, D. L.

Halliburton Ssrvices :

Sourcer SPE Pred Eng v 1 n 1 Jasn 1286 3PE l2026, p 31-41

Publication Year: 1226 ,

CODEM: SPENES

Language: ENGLISH

Document Type: JA; (Journal Article) Treatment: A; (Applications)y T;
(Theoretical); X; (Experimental)

Journal Announcement: 2608

& practical mathematical model based on experimental data is presented
for calculation of rheoclogical properties of N/A72 and C0O//2 foam
stimuylation fluids. The laminar flow maodel is a yield pseudoplastic type,
with wviscosity depsndent aon foam quality, yield point, basze liquid
consistency index (K ¢ ), and flew bBehavior index (n 7 Y. (n 7 ). foam flow
data were analyzed with AFl RP39 procedures but were modified to include
variable density effects of foam fluids. MWater-based foam apparent
viscoeities compare closely to Mitchell’s Bingham plastic moedel at high
zhear rvrates. Ths yield pseudoplastic model also includes viscous effects of
3elling a339ents snd measurement at much lower shear rates. Comparison of
rredicted pipe friction was made to actual field wellhead pressures with
3s0d sgreement. (Edited zuthor abstract) 36 refs.
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DYNAMIC FLUID-L0DSS CHARACTERISTICS OF CO’/‘ FOAM FRACTURING FLUIDS.

Harris, Phillip C.

Halliburten Services

Conference Title: 352th Annual Technical Conference and Exhibition
(Society of Petroleum Engineers of AIME).

Conference Location: Houston, TX, USA Conference Date: 1284 5Sep 16-19

Spansor: 3Saoc of Petroleum Engineers of AIME, Richardsen, TX, USA

£.1. Conference No.: 05224

Source: Society gof Petroleum Enginesersz of AIME, (Paper) SPE Publ by Sos
of Petroleum Engineers of AIME, Richardson, TX, USA SPE 13180, 7p

Publication Year: 1234

CODEN: SEAPAZ

Language: English

Document Type: PA; (Conference FPaper)

Jeurnal Announcsmenty 38302 .

High gquality carbon dioxide foam fracturing has become & very popular new
stimulation tool in the past twe years. Dynamic fluid loss measurements
were performed on 3 broad range of core samples to measure the =ffect of
several parameters on CO/72 foam fluid loss coefficients. The parameters
Tested were core permeability, foam gquality, gelling agent concentration 'in
the aqueous phase, and core temperature. Measurements were performed in a
recireulating fluid flow test loop. A variation of one order of magnitude
in Cw for twd orders of magnitude change in permeability was observed from
7., G2 toe 108 md. 8 rers.
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HIGH-TEMPERATURE RREDJLQOGICAL 5TUDY DF FOAM FRACTURING FLUIDS.

Harrie, Phillip C.; Reidenbach, Yincent G.

Halliburton S=rwvices

_Confersnce Title: 53th Annual Technical Conference and Exhibition
.Society of Fetroleum Engineers of AIME). )

Canference Location: Houston, TX, USA Conference Date:! 1984 Sep 16-13

Sponsor: Soc of Petroleum Enginsers of AIME, Rizhardson, TX, USA

E.I. Conferencs No.: 03224

3ourece: Society of Petroleum Engineers of AIME, (Paper) SPE Publ by Soc
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Publication Year: 1983

CODEM: SBEAPAZ

Language: English

Cocument Type: PAj (Conference Faper)

Journal Announcement: 3502 ,

Mitrog=n foam properties were measur=d up to 300 DEGREE F in a high
remperstures and pressure recitrculsting loop viscometer. Foam fluids did rnot
thin 353 rapidly as gel fluids under similar conditions. Therefore, foams
affer  inharent advantages far high temperature stimulation work. Higher
gelling agent concentrations do not improve dynamic foam stability. Rather,
Bigh  remperature  dyramic stability is dependent upon surfactant type and
zencentration., Mathematical equatione havs been developed to describe foam
vheglagical behsvicor from 75 to 300 DEGREEZ F, 0 to 80 quality, containing O
re 80 lz HF3/Mgal in the asqusous phase. 9 refs.
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NIOBRARA SHALLOW CHALK COMPLETION aAND DEVELOPMENT.

Rohret, Matthew T, N '

Kans-Nebr Nat Gas Co .

Source; Sel Pap ~7 the Heart of am Drilling and Prod Inst, Liberal, Kang,
Feb 6-7 1979 Sponsored by Univ of Kans West Regents Cent, Garden Cirty, 132723
ap - -

Publication Year: 1979

Language: ENGLISH

Journal Announcement: 7210

‘Several types of stimulation treatments have been tried in the tight
Niebrara formation of sastern Colorado. High quality foam fracs have proven
very successful at keeping water requirements to an absolute minimum, while
at the same time providing enough sand for adequate propping of the created
fracture, Other techniques that show great promise are alcohol foam fracs,
CO//72-gelled water fracs, and combination frac treatments. 8 refs. )
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Rheclogical properties of foam in a porous medium,

EVGEN‘EV, A. E.; TURNIER, U, N, _ ‘

I.M.Gubkin Inst of the Petrochemical. and Gas Industry, Moscow

Source: Int Chem Eng v 9 n 2 Apr 19692 p 261-3

Publication Year: 1969

Language: ENGLISH, s

Journal Announcement: 70X0

Foam properties play an important role, especizlly where it is necessary
to isolate low- permeability streaks (intercalations) in the bottomhole
zones. of wells in vunderground gas storage facilities. The first field-
scale " experiment using a foam- forming surfactant, carried out on the
- shchelkovsk wunderground gas storage facility, made it possible to bring
~ into production two wells which were previously shut in because they were
producing water and sand. Experiments allow the following conclusions to be
drawn=-- the initiation of foam movement and flow occurs at a definite
intialpressure gradient- the threshold precsure gradient depends on the
length  of time the foam is at rest; consequently, the foam has thixatropic
- properties~ cessation of. foam flow takes place at-a pressure gradient which
~is not dependent on the threshold pressure gr3dient. 7 vefs. Translated
from [zvestiva Uysshikh Lichebnykh Zavederii, Nefr i Sas » &3 n 12(1867).
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Development of Novuel EOR (Enhanced 0il Recovery) Methods: Foame far
Mobility Control in Surfactant Flooding

Llave, F. M.  Sturm; J. M, 3 0Qlsen, D. K.

Natienal Inst. for Fetroleum and Energy Research, Bartlesville, UK.
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Sponsor: Department of Enmergy, Washington, DC.

Report No.: NIPER-369

Jan 89 44p

Langquages: English

Journal Announcement: GRAIEILZ2; NSALA00
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The use of foam as a novel method for mobility control in surfactant
flooding 'was investigated. This report presents an initial evaluation of
the - potential ‘application of foam as a mobility control sgent behind a low
concentration syrfactant flood.,. This enhanced oil recovery (EOR) process
involves the injection of alternate slugs of g93s and surfactant solution as
drive fluids behind the active surfactant slug front as an alternatjve o
the use of "polymers in order to eliminste unfavorable surfactant-polymer
.interactions. Experiments were performed to determine in situ foam
generation and propagation using varying concentrations of surfactants in a3
Berea sandstone core. AR  apparatus was designed and built to accurately
measure differential pressures along sections of the core., Bottle or chake
tests wusing the wvarious concentrations of surfactants and experiments to
determine the effect of foam flow on reducing mobility and inwvolved
steady-state measurement of differential pressures in the presence of foam
~ere performed. Coreflood displacement experiments in the presence of o1il
Jere performed wusing wvarying concentrations of surfactants to compare
various injection modes and oil recovery efficiency. 15 rvrefs., 18 figs., S
tabs., (ERA citation 14:012580)
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Lhemical Additives for Improving Steamflooed Performance: Final Repare,
January 1, '1984-May 31, 1287

Handy, L. L.

University of Southern Californiza, Los Angsles. Dept. of Petrolsum
Zrigineering.

Corp. 5Source Codes: 0163561113 23071924

Sponsor: Department of Energy, Washingten, DC.

Report Mo.: DOE-/SF/11993-2

Jan 53 115p

Languages: English -

Journal Announcement: GR&AIS211; NSA1400

Portions of this document are illegible in microfiche products,
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Relative o0il and water permeabilities haue been measursd experimentally
%5 functions of both temperature and interfacial tension., The effect of
.temperature appears .to shift the curves in the direction of more water wert
systems=. Reducing. interfacial tensign ar increasing the capillary number
sbove abowt 10 (sup -3} mouss the curves in the direction towards a dirscr
nroporticnality between the relative permeability of the specific phase and
its corresponding saturaticn, which might be predicted for totally miscible
fluids. Correlations have been developsd which permit the application of
these data in the simulator model. Questions are discussed with respect to
the wusze of the capillary number and the residual wetting phass saturation
in the correlations for .the wetting phaze. Studies have continued on the
mechanism of foam flow, (0f particular. interest  &are Open tap -pressurs
measurements in the presence of foam which suggest that the gas in the foam
i3 semi-continuous with & pressurs greatsr than the liquid by an amount
zbout equal te¢e the capillary entry pressure. This suggests, but does not
oroue, that th= bubble concept of flow for foams is not the correct one.
(ERA citation 14:012574)
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Tapillaries )
Ginley, G. M. ; Radke, C. J.
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“Foam 1s a promising fluid for increasing mobility control in underground
znhanced =il recovery. An understanding of the fundamentals of foam flow in
rorous media may be gained by studying the flow of surfactant-stabilized
subble traine’ in eapillary tubes, Thus, by scaling arguments similar to
thoce ‘used for non-Mewtonian polymer solutions (3), it appears possible rto
aredict foam-flow behavior in peorous media using measurements of a theory
for bubble flow in tubes, This work considers the behavior of a single gas
bubble in a captllary with the continuous liquid phase containing
zurfactant whose concentration 1s near or abovwe the critical micelles
concentration. ‘We extend Bretherton’s analysis for a clean gas bubble to
inclyde the effects of a kinmstically hundered, soluble surfactant in-the
Liquid phasze on ths shape of the bubble, and on the resulting pressure drop
agross the bubble. € refs., 3 figs. (ERA citation 13:031426)
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The objective 1is to identify commercially available additives which are
effective in reducing the mobility of carbon dioxide, CO sub 2 , thereby
improving its efficiency {dn-the recovery of. tertiary o0il, and which are low
enough in cost. to .be economically attractive, 'During the courgse of the
project significzant progress has been made 1in developing s commercial
method of reducing the mobility of carbon dioxide in enhanced o0il recovery
processes. Experiments on gas mobility control, conducted in ~“linear
zand-pack models, show only a 4general correlation with the static foam
‘test, The static test, which utilizes a blender to generate foam from an
agqueous sdurfactant solution, is useful mainly for studying the effects of
pHy, temperature, salinity and crude o¢il on--the relative foamability of zny
qiven syrfactant. Surfactants that produce-reasonable quantitiecs of foam in
the blender test also impart some degree of mobility control te gas during
two-phase flow. The best mebility control additives however, are only
modest foam volume producers, In addition, the best additives spontaneocusly
produce 2 viscous foam under flow conditions and rates typical of petroleuns
reservoirs. Three basic chemical structures listed below appear to show
‘host promise for g9as mobility control: (1) ethoxylated adducts of C sub 8
to C sub 14 linear alcoholsy (2) sulfate esters of ethoxylated C sub 9 to C
zub 1€ linear alcoheols; (3) low molecular weight co-polymers of ethvlene
oxide and propylene oxide., For an immiscible CO sub 2 flood, reducing CO
sub 2 mobility by a factor of 10 i1ncreased overall recovery by 20 percent.
More importantly, incremental oil production was more than doubled during
the early phase when only CO sub 2 was injected. Attempts to simulate the
mobility controlled miscible CO sub 2 process were not succescful, More
derk is planned. 98 refs., 73 figs., 23 tabs., (ERA citation 11:042772)
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Foams in Porous Media
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In 1273 3 literature search on selective blocking of fluid flow in porous
wdia was done by Professor 5.9, Marsden and two of his graduate students,
“arn Elzon and Kern Huppy. This was presented as SUPRI Report No. TR-3
Lstitled Z7Literature Preview of the Selected Blockage of Fluids in Thermal
tecguery  Projects.’” Since then a lot of research on foam in porous media
@3 be=n done on the SUPRI project and a great deal of new information has
ippeared  in the literature. Therefore we bglieved that a new, up-to-date
=arch should be done on foam alone, one which would be helpful to our
:tudents  and perhaps of interest to others., This is a chronological survey
ihowing  the development of foam flow, blocksge and use in porous media,
:rtarring with laberatory  studies and eventually getting into field tests
:nd  demonstraticns. It is arbitrarily divided inte five-year .time periods.
L rers. (ERA cltation 11:033675) . ’
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Apparent Viscoszity Mesasurements of Surfactant Fcam in Porous Media
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The szpparesnt viscosity of surfactant foam 1in & sand pack model was
nmeasured @t reservoir flow wvelocities., The effects of foam quality,
szurfactant concentration, and flow rate were investigated. Ottawa sand, 120
to 140-mesh, was  ~ packed: inte a 1 by 24 inch tube. Porosity was 33%, and
rermeability ranged from 3 to 8 darcies. Foam ¢f a known quality and flow
~ate was continuously injected into the sand pack until 3 steady stats
condition was reached. Pressure drop was measured across three different
z=gments of the sand pack. A system back pressure of 50 psig was applied to
alnimize changing foam quality caused by gas expansion. The surfactant used
in this =study was Suntech V. All measurements were made at room
tempsrature. Results show that the apparent viscosity of surfactant foam
ranges from S0 to 70 centipoise at reservoir flow wvelocities. Increasing
rhe  foam Qquality corresponded to small increase in the apparent viscosity
:f foam. Changes in surfactant concentration from 0.005 to 0.05 wt % caused
3 vrapid increase I1n apparent viscosity. Changes in concentration sbove 0.0S
it % bad litrle effect on apparent viscosity. Incressing the rflow rarte
3yl ted in a reducticn of the apparent wviscosity of foam. This
sseudo-plastice flow behavior has been widely reported in the literature.
The apparent wiscosity of foam in porous media was significantly effacted
sy flow rate history, 21 refs., 15 figs., 2 tabs, (ERA citation 11:008234)
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This study focuses on the pore level behavior of foam in porous media.
~Alr was injected inteo porous micromodels which had previously been filled
.with .an .aguecus soclution.  of surfactant, The micromodels comszist of an
atched silicon wafer anodically bonded t¢ 3 9glass plate. The model
simulates 2 monolayer of porous matrix. Three homogencus models of
different pore dimenesions and one heterogenecus model were used. Vizusal
cbservations were made to determine the flow characteristics of foam under
varying air injection rates, pore dimensions and surfactant comcentrgtion,
Fecam flow mechanisms, as observed in the micromedels, were recordsd on
video tapes. These tapes are available at the Stanford University Petroleum
. Research . Institute, Stanford, California. The vbssrved mechanisms can be
Broadly claseified into two: membrane and foam bubble propagation,
Propagation of membranes, air-liquid interfaces, occurred in the
Ffomogeneous porous media a3t both low and high surfactant congentrations,
and in the heterogereous model at low surfactant concentration. Foam bubble
propagation occurred only in the heterogeneous model at high surfactant
concentrations, In the homogeneous micromodels, the wetting phase
(surfactant solution) formed a continuous liquid network around the matrix.
The air was found to propagate as tubular bubbles moving and extending over
several pores., The Tlow mechaniem was only slightly affected when different
air 1injection rates, pore dimensions and surfactant concentrations were
uced, Foam was found to be generated in the hetereogenegus model. Alr and
liquid were propaqgated by a combination of <channel flow (wWith ligquid
confined to small pores) and a bubble break and reform process. The breab
and reform process was caused by snap-off actions at pore constrictions. A
considerable reduction of effective moebility was observed in the presence
of foam, compared to air-water systems without syurfactant. 44 references,
43 figures, T tables. (ERA citation 039:025299)
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The objective is to identify commercially available additives which are
effeective in reducing the mobility of carbon dioxide, 0 sub 2 , thereby
improving its efficiency in the recovery of tertiary oil, and which are low
enough in  cost to be economically attractive. During the past year
significant progress has been made in developing a commercial method of
reducing the mobility of carbon dioxide in enhanced oil recovery processes.
Interest in the industry 1is high and several companies have agreed to
underwrite a portion of funding necessary teo continue the research over the
nExt two vears. Experiments on gas mobility control, conducted in linear
sarnd-pack models, show only a general correlation with the static foam
tezt., In general, all surfactants that produce reasonable quantities of
‘Foam in the blender test zlso impart some degres of mobility control to gas
Juring  two-phase flow. The best mobility control additives however, are
anly modest foam wvolume producers. In addition, the best additives
spontan=ously produce a wviscous foam under flow gonditions present in 3
petroleum yeservoir, Three basic chemical structures listed below appear to
“2how oSt promise  for gas mobility control: (1) ethoxylated adducts of C
& 8 -C sub 14 linesar alcohols, (2) sulfate ezters of ethoxylated C sub 9

ub 15 linear alcohols, (3) low molecular weight co-polymers of ethylene

= and propvlene oxide. (ERA citation 08:033444)
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The obiective of this project is to i1dentify commercially available
adgditives wWhich are effective in reducing the moebility of carbon dioxide,
CO sub 2 , thereby improving its efficiency in the recovery of tertiary
il, and which are low enocugh 1i1n cost to be ecenomically attractive.
~Experiments on gas mobility control, conducted in linear sand-pack models,
show only =3 general corvelation with the static foam test. The static test,
mhich wtilizes a blender 1o generate foam from anm aqueous surfactant
sglution, ig .z=zfyl mzinly far studying the =ffects of pH, temperature,
salinity and crude o0il orn the relative foamability of any given surfactant.
In gensrval, all surfactants which produce reasonable quantities of foam in
the blender test also impart some degree of mobility control to g9as during
‘two-phase flow. The best mobility control additives; however, are only
modest foam wolume producere: They all spontaneously produce a viscous fogam
under flow econditioms presssnt in & petroleum vreservwoir. Three basic
chemiczl structures appear to show moset promise for gas mobility control:
f1.) Ethoxylated adducts of C sub 8 - C sub 14 linear alcohols; (2.)
Zulfate erthers of ethoxylated C sub 9 - C sub 16 linear alcoholsy and (3.)
Low molecular weight co-polymers of ethylene oxide and propylene oxide. A
zignificant portion of the research effort centered oan the rheology of
“oams. These studies were conducted 1n small capillaries of varying length
and diametsr., Mobility control increased recovery by 40% over a CO sub 2
znhancsed waterflood and 23% owver a3 conventional waterflood plus primary
production. Ne adverse effects, such as emulsion formation, due to mobility
zarmtrol  additives were noted. Mass transfer of CO sub 2 from the foam to
the @il did not appear to be impeded. (ERA citation 07:052662)
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The objective 1is to identify commercially available additives which are
effective in reducing the mobility of carbon dioxide, CO sub 2 , thereby
improving its efficiency in the recovery of tertiary oil, and which are low
snsugh in ecost to be economically arttracrive, During 1980 significant
nragress has been accomplicshed on each major contract objective. The
apparatus, design and construction phase of this project is essentially
camplete. Correlation work on  dynamic foam stability, in two-phases flouw
sxperiments in a linear sandpack, has shown that the most active foaming
agents, &3 identified 1in static tests, may not necessarily be the besst
choices for mobility control in the field. The Alipal CD128-Monamid 130~D
zystem, the leading foam generator in the static test, is slightly inferiaor
to an 2thoxylated alcohal, MNeodol 23-5.5, that produces only 3 modest
amount  of foam in the <ctatic test. In the dvnamie test, Neodol 23-:.5
lower=sd 3azz mobility by about a factor of 2 greater than the Alipal systam,
Soth  syzrtems are outstanding in their performance, and further comparative
tezts  2re  zscheduled. A third structure whieh looks promising bazed on the
thterpretation of the above test is a3 Plurenic surfactant whose hydrophobea
Zonsists ¢f polvupropylene oxide rather than a linear alcohol as used in the
Meodol surfactants, Additional tests on the hydrolysis rate of Alipal-type
surfactants indicate that molecular breakdown may not be as vapid as at

first suzpected. Under neutral condirions the half-life of sthoxylated
alcehol :zulfstes appears to be two to three years at a reservoir
temperasture of 132 exp 0 F. The MNeodcl and Pluronic structures should be
Sven more stable. (ZRA citation 06:010242)
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