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Abstract

Carbon Dioxide (COZ) shows certain advantages over water as a
displacement fluid in Enhanced 0il Recovery (EOR). Chief among these is the
significantly higher microscopic displacement efficiency by CO2 which is in
the liquified or dense-gas state. Such high efficiencies are observed in
laboratory experiments in which o0il is recovered from long, thin, sand-packed
tubes. The high efficiencies, approaching unity, are possible because of the
"developed miscibility” in front-stabilized displacements. The objective of
this project is to develop means by which the indicated possibility, of
recovering more oil from reservoirs, may be achieved in practice. The work
is guided by the following widely accepted principle, based on evidence
observed by many investigators over the last three decades: Development of
non-uniformities in a two— or three—-dimensional displacement in a permeable
medium, is severely aggravated by the frontal instability resulting from an
unfavorable mobility ratio. Such a ratio occurs when the displacing fluid is
less viscous than the displaced, as is the case in a C02 flood, unless
compensated by a uniform and opposite ratio of the relative permeabilities.
The goal of this project has been to develop methods to counteract the
harmful influence of the naturally unfavorable mobility ratio in C02 floods.
This goal is to be achieved by thickening the CO, while retaining those
properties and circumstances that lead to the high microscopic displacement
efficiency.

Our efforts have been directed towards the development of two distinct
methods for increasing the effective viscosity of dense CO,.  One of these
involves the use of water~CO, emulsions or "foams" as the displacement fluid.
The second type of mobility control additives being investigated are direct
thickeners—-solutions of certain polymers in the C0,. Significant progress
has been made in both these areas of development.

In conjunction with the development of weans of thickening the 002
displacement fluid, the need also exists to "‘assess the behavior and
effectiveness of the additives. The assessment 1is to be performed in a
standardized, repeatable core-flooding test which has been developed as a
third part of the project's laboratory work. As with the development of the
thickeners themselves, good progress has also been made here, and the
experimental and measuring system has been brought to operating condition.

This report describes significant results which have been obtained in
research directed towards each of the three goals enunciated above. Some of
these accomplishments are:

1) The coustruction and operation of a foam generator for
the laboratory production of liquid-liquid, foam-like
dispersions for injection into rock as mobility
controlled displacement fluids. The apparatus and
procedures have been designed for use with high-pressure
C0, as the non-aqueous phase, and successful operation
has already been achieved using isooctane in that role.

2) The development and use of equipment for measuring both-
the solubility of polymers in dense 002 and the viscosity



of such solutions. About a dozen soluble polymers have
been found, and some correlation guidelines obhserved for
polymers which might be effective as direct thickeners.

3) An instrumented core-flooding system has been designed
and brought to operational condition, to assess the field
usefulness of mobility control agents in high-pressure
COZ floods of tertiary oil. This system has already been
used for several preliminary flooding and fluid
distribution experiments.

History and Status of the Project

This project resulted from PRRC respouse to a request for proposal from
the Morgantown Energy Technology Center of the DOE. Award of contract
(designated DE-AC21-79MC10589) was made on October 1, 1979. A cost-sharing
research contract was also granted from the New Mexico Energy and Minerals
Department, by which the State paid approximately half the cost of the
project.

The first major task of the project was the production of a
comprehensive literature survey to explore published work applicable to 002
floods which concerned the problem of adverse mobility ratio, and proposed
remedies. This was completed in wid-1980 and published1 by the DOE Fossil
Energy Program. In conjunction with this, detailed plans were made for our
experimental program for development of mobility control agents for CO
floods. These plans were approved by the DOE in August 1980; early progress
on them was described in the First Annual Report.

Because it was not possible to pursue these laboratory plans as rapidly
as anticipated, and because some of the investigators' efforts were required
by a parallel field project® being discussed with the DOE, no-cost extensions
were negotiated for both this project, DE-AC21-79MC10689, and its New Mexico
EMD equivalent. Under these extensions the concluding dates of the project
were extended until September 1982, at no additional cost to the contracting
agencies. Thus, it is anticipated that a Final Report on the activities of
this project will be forthcoming next year. The current document, a Second
Annual Report, discusses the project as a whole and describes progress made
in concepts and in apparatus development, and experimental results available
at this time.

Introduction

This section is intended to provide background to one of the central
problems of o0il production, and to the efforts made in this research project

*This parallel project, DE-AC21-81MC16426, is for laboratory support to a
field project being operated by Pennzoil for the DOE, for use of Mobility
Control Agents in the Rock Creek field of Roane County, West Virginia.



to solve it. The lettered sections below give brief descriptions of each of
these topics. Thus the initial section discusses the efficiency with which
0il can be displaced from reservoir rock, and leads into the next three
topics, about factors which affect that efficiency - especially in CO
floods. Next are discussed three different possibilities for control of
non~uniform displacement. The latter two of these sections emphasize the
concepts underlying those means of wmobility control which are investigated in
the project. A further section discusses the laboratory flow tests designed
to assess the usefulness of the mobility control agents that are developed,
and the last topic of the Introduction is concerned with practical matter
involved in the use of such agents or procedures in the oilfield.

A. Displacement Efficiency

In any displacement program, many conditions and variables affect the
efficiency of o0il recovery. 1In considering these, it has been traditional in
Petroleum Engineering to recognize two major factors in the overall
efficiency of displacement, dealing with microscopic and macroscopic
phenomena. Microscopic flooding efficiency expresses the fraction of oil
recovered from a small region of the reservoir which is fully contacted or
swept by the flooding fluid. It may be measured in the laboratory by the use
of core samples so mounted that the flow is predominately linear. In the
case of displacement processes involving partial miscibility between
displaced and displacing fluid, and in which the_mass transport of components
can lead to a "developed miscibility =zone"~, the above view of the
microscopic efficiency needs to be extended. For such situations, laboratory
studies of the microscopic displacement efficiency demand rather long samples
in which the extraction and transport processes can fully develop. Such is
the case for (O, floods, in which laboratory tests are run in long thin
tubes” to find the microscopic flooding efficiency. The results are greatly
influenced by the phase behavior of mixtures of €O, with the reservoir crude,
at appropriate conditions of temperature and pressure.”?’ In any flooding
situation, though, the microscopic displacement efficiency can be regarded as
the upper limit of oill recovery from a formation.

B. Flow Non—uniformities

Macroscopic effects cause the actual oil recovery to be always less than
that indicated by the above limit. This is because such effects can prevent
the entire reservoir from being fully contacted or swept by the displacing
fluid. Such large-scale effects include those due to the heterogeneity of
the reservoir rock. In particular, such flow non—uniformity is due to the
stratification of the pay zone, but it is also caused by horizontal
variations of rock properties over the extent of the field. Another



"geometrical” macroscopic effect follows from the pattern of flow between
production and iunjection wells, which 1is necessarily non-uniform.

A major effect, however, which can cause flow heterogeneities throughout
a wide range of characteristic sizes, is due to unfavorable differences in
the properties between displaced and displacing fluid. Such differences in
either the mobilitg or the deusity can cause the growth of flow
non—uniformities.7!8"’10 These can originate either at existing, major
permeability or porosity heterogeneities, or can form and grow spontaneously
from practically infinitesimal ones. ™? Z

C. Gravitational Effects

In a predominately horizontal flood, the effect of a density difference
is to cause a "parasitic” modification of the flow, by which the displacing
fluid will either "over-ride™ or "tongue under” the displaced fluid,
depending on whether it is of the lower or higher density. 1In either case,
of course, the orientation in which the heavier fluid lies below the less
dense one is gravitationally stable. The rate at which such an orientation
is approached (and thus the seriousness of the situation) in a horizontal
flood, is approximately proportional to the fluid density difference, to an
average mobility of the fluids, and to the sine of the angle between the
concentration gradient vector and the vertical.

D. The Mobility Ratio Problem

A somewhat different "parasitic flow" results from a mobility difference
between the two fluids. When the displacing fluid has higher mobility (the
unstable case) the growth of flow non-uniformities is driven by the energy of
the displacement itself. After an initial period of more gradual elongation,
the flow rate of displacing fluid within a "finger" becomes greater than that
of the less mobile fluid surrounding it by a factor about equal to the
mobility ratio.

The details of growth of these flow non-uniformities are still the
subjects of research. They are dependent on the miscibility of the fluids,
on the diffusion rates of chemical components within the individual phases,
and on the interfacial tension and rates of transport of the components
across the interfaces between those phases. Despite the still-existing
uncertainties about many of these questions, the remedy for oil production is
fairly clear. 1If the mobility ratio is much greater than one in a flooding
project, displacement efficiency will be improved by "mobility control
techniques™ - by decreasing the mobility of the displacing fluid. This rule
of thumb applies strongly to C0, floods.

COZ is by now rather widely used for EOR, but because of the unfavorable



mobility ratio even against light crudes, early breakthrough of the injected
C02 is common and the sweep efficiency is poor. These difficulties are quite
evident in their effect on the fotremost economic indicator - the number of
thousand standard cubic feet of €O, which are injected per barrel of oil
recovered. In a one-for-one displacement® this number would be between 2 and
3 MSCF/Bbl (depending on reservoir temperature and pressure), and the cost of
the injected CO, would be an affordable fraction of the selling price of the
0il. But if the figure were to exceed 10 or 15 MSCF/Bbl, the flood project
could be too costly to operate. It is evident that a powerful incentive
exists to dmprove the sweep efficiency of CO2 floods.

E. Water Alternated with Gas

The only method which has up to now been used for mobility control in
CO, field projects is one which was first proposed and utilized for gas and
so%vent floods, called WAG (as an abbreviation for Water Alternated with
Gas).14’1 This method, by which water is injected either simultaneously or
alternately with the COZ’ has been used to decrease the average mobility of
the injected solvent or gas. The effect is to reduce the rate of formation
and growth of the flow non-uniformities. It results, of course, from the
reduced relative permeab%%}%% of the solvent consequent to the increase in
average water saturation. ~? But this same increase in water saturation, it
has been suggested; will decrease the microscopic displacement efficiency.
Thus while WAG can improve the macroscopic sweep pattern and delay
breakthrough of the injected C02, it may prevent effective extraction of oil
from trapped globules that are surrounded by water. In order to retain the
high microscopic displacement efficiency of a solvent or CO flood, it is
essential that all or most of the oil be accessible to the displacing fluid.
Otherwise zones which appear, in a macroscopic view to be contacted by the
solvent, will contain a significant fraction of trapped or un-mobilized oil
after passage of the front.

The mobility control methods which have been emphasized in this project
have, in contrast to WAG, attempted to maintain the COy content of the
displacing fluid as high as possible while simultaneously reducing ‘its
mobility. With high CO2 content, the advancing front of displacing fluid can
increase local CO, concentrations to a high level. Tt is expected that CO
can then reach and mobilize more of the isolated oil which would remain
trapped in a higher water content displacement. The goal is to retain the
high microscopic displacement efficiency observed in thin tube tests. If a
high enough C0, saturation is reached behind the front, this goal might be
attained even in tertiary floods in which water must be the initial fluid
displaced. Two approaches have been investigated in the development of
additives to decrease the mobility of predominately—C02 displacing fluids.

*Such a one-for-one displacement would be observed at the start of a
hypothetical primary recovery flood in which the same reservoir volume of oil
is produced as CO, is injected.



F. High-Pressure Dispersions of CO, in Water (or "Foams")

The first of these methods involves the use, as a displacing fluid, of
an emulsion or "foam" in which the COy is confined in bubbles or cellg
surrounded by water films chemically stabilized by a suitable surfactant.
The aqueous phase is continuous, although the major constituent of the
dispersion is dense CO, in accordance with the requirements stated above.
While it is much less compressible, this high—pressure dispersion is similar
to an ordinary foam formed at atmospheric pressure by gas and
foamant-containing liquid. In particular, the "high-pressure foam" also
shows a high apparent viscosity. Also like an ordinary foam, this dispersion
does not persist for long without a stabilizing agent to prevent rapid
coalescence of the non—aqueous cells. The required foamants should have
similar characteristics in the two cases as well. Firstly they should be
surface active so as to concentrate themselves at the surfaces of the aqueous

films, and secondly, for long foam life, they should retard flow in those
films.

As a foam decays, the films of the continuous phase become thinner as
fluid drains out of them. Certain foamants are much more effective than
others in impeding such flow by mechanisms which are not fully understood.
Some sort oflsurface viscosity effects, which could be quite non-linear, must
be involved.”” The latter stages of the thinning process can also be retarded
by electrical forces between those surfactant molecules which are congregated
at the opposite surfaces of the films. In a container that is large compared
to the cell size of the foam, fluid drained from each of the films is
collected in its boundary edges. These so-called Plateau boundaries form a
network of channels by which the drained fluid is conducted toward the walls,
or to a free fluid surface. 1In a porous medium one could expect, on the
other hand, that this latter process could not proceed far, because the film
boundaries would be continually changing as a result of the flow. In fact,
forward flow of countinuous phase through the pore system would be needed in
order to maintain the fluid supply for the films. Anything which slowed down
this process would then interfere with the propagation of a foam-like
dispersion through rock. ' The property of high bulk viscosity, which tends to
retard drainage through the Plateau network in a large container of air-water
foam, might actually be detrimental in a mobility control "foam". There is,
unfortunately, a lack of comprehensive or quantitative theory concerning both
the fundamental processes which occur during the transport of foam-like
dispersions through porous rock, and the detailed properties needed in such a
dispersion for optimum mobility control. Consequently the development work
being pursued in this project on mobility control "foams" is empirical,
though based on the qualitative views of the situation presented above.

G. Direct Thickening of CO, by Polymers

The second CO0y-thickening method being investigated in the project is
the direct solution of suitable polymers in the €O, . At the pressures
required for efficient displacement of oil, the specific gravity of C02 is in



the range from .75 to .9 - about the same as that of the oil itself. This
high density must be achieved to attain a high microscopic displacement
efficiency, whether the temperature is below C02's critical point of 88°F
(when the gas can be liquified) or above it (wvhen even high-density fluid
cannot be called a liquid, but is referred to as a "dense gas"). In both of
these states, the fluid is capable of dissolving certain chemicals. Our
efforts have consisted in searching for and testing polymers which are
soluble in CO2 and could increase its viscosity. Our goal is to synthesize
or to discover on the existing market one or more polymers which can produce
a viscosity increase by a factor of ten to twventy, in low enough
concentrations to be economically feasible.

H. Flow Tests

In conjunction with efforts towards the thickening of the C02
displacement fluid by the above two methods, a further need in this project
is to test the behavior and effectiveness of the additives. These further
tests utilize flood experiments in which oil is displaced from rock. The
range of variation of rock and fluid types with which such tests could be
conducted is so large as to preclude trials under all or most of these
conditions. But a repeatable, standardized flooding test has been designed
by which much of the needed information can be obtained. In this test, a
synthetic oil is displaced from a dolomite rock by a €0, displacement fluid
against a back pressure high enough to maintain CO0y density in a range
typical of field EOR projects. In addition to the usual measurements of
produced fluid, which enable the overall efficiency of displacement in the
rock sample to be calculated, the sample itself is highly instrumented. The
additional instrumentation provides the facility for two further indicatious
of displacement behavior. These are internal indicators, which reveal some
detail of the mobility and saturation conditions in the body of the rock.
One is of the pressure gradient along the core - which is measured by four
pairs of pressure taps connected to differential pressure transducers.
Divided into the Darcy velocity, these give a continuous and direct measure
of the mobility, at four locations along the rock sample. The second
indication is provided by a set of electrodes which allow the measurement of
a profile of conductivity along the rock, at any time when the saturation of
an electrically conducting fluid is not too low. The measurement of voltage
drops from each voltage electrode to its ad jacent neighbors, and across a
standard resistor in series with the supply and the current electrodes at
each end of the core, are made by a fast analog-to-digital converter (ADC)
operated by a small computer. The same computer performs the necessary
calculations to draw a "conductivity profile" of the rock.

I. Practical Considerations with Field Use
of Mobility Control Agents

Motivating the development of mobility control methods is the need to



increase the macroscopic efficiency of displacement. Decreasing the mobility
of the displacing fluid is the only known way to slow the growth of 'the
frontal instabilities that magnify displacement non—uniformities and lead to
early breakthrough and bypassed oil. The needed mobility decrease is to be
attained here by thickening the C0,. This goal seems achievable by either or
both of the two classes of additives being developed in this project. But it
is not too early to refer also to a potential difficulty with both of them -
and with any foreseeable mobility control method.

The difficulty results from a simple fact - that the rate of oil
production, in any constant-pressure flooding program, is proportional to the
rate of dnjection of the displacing fluid. The use of a mobility control
agent will require a greater injection pressure if a given rate is to be
maintained. 1In many cases — particularly ia CO, floods - the injection rate
is limited primarily by the supply of fluid to be injected, and is not
affected by thickening it or otherwise decreasing the mobility. Sometimes,
however, the limit is set by the maximum pressure which can safely be applied
at the input wells. In this latter situation the use of mobility control
necessitates a decrease in injection and production rates. An economic
compromise must then be struck between the rate of current production and the
promise of greater displacement efficiency, with oil production extending
further into the future.

The matter 1is raised here to emphasize an important secoundary
requirement in the application of mobility control. The degree of thickening
attained by the mobility control agents should not be excessive. It is in
fact highly desirable - and essential, in some cases - that the decrease in
mobility should be independently and predictably variable by some positive
control such as additive concentration. Then the reservoir engineer will
have the opportunity to specify the extent of wobility control, in order to
optimize a particular field project.

The objective of the above introductory remarks has been to present
brief descriptions of the basis and some oilfield ramifications of the
mobility control problem, and of the research tasks being performed in the
project. The succeeding parts of this report will expand on the latter,

paying special attention to the progress and problems experienced during the
last year.

Summary of Progress

A. TFoams

The objective of this section of the project has been to develop and
test dispersions of CO, in surfactant/brine solutions. We presume in this
work that the usefulness of the "high pressure foams” for mobility control
will be determined by several properties:

1. They should display a relatively high apparent viscosity.



In direct measurements of flow in rock samples, a low
mobility should be observed. This should be adjustable to
some extent, so that it should be possible to formulate a
"foam" with mobility in the range from 1/2 to 1/5 the
mobility of water. ‘

2. The aqueous phase should be continuous so that the €0, is
present in disconnected bubbles or cells.

3. The aqueous phase should be present in low volume fraction.

These requirements are of course related - the literature shows that, in
general, high apparent viscosities are characteristic of emulsions with low
fractional content of the continuous phase.

Such is the case, for instance, in common low-pressure foams which have
served as the model for the desired emulsion of dense CO2 in brine. But
these dispersions are not identical, and some differences are of significance
to our goal. One such point is that air and water differ greatly in density.
This affects the relative stability of the foam-like and the inverse

emulsions. The latter consist of isolated droplets of the
minor-volume-fraction phase suspended in the major constituent which is the
continuous phase. In an air-water system, the relatively large density

difference reduces the lifetimes of water droplets, and therefore of any
inverse emulsion which may be present. This limitation does not prevent the
stability of inverse emulsions in all situations, of course - water droplets
can stay effectively suspended in air if they are sufficiently small or if
the container* is large. But the density difference is not great between
water and the dense CO, needed for displacement of o0il, and consequently both
types of emulsion might be expected to be simultaneously present in the
mobility control "foam". It is of course possible that such a situation
might be of some assistance in the displacement process. While the isolated
droplets of surfactant-water, suspended in dense €05, would not be of much
use in increasing apparent viscosity, they could be useful in providing the
material to replace films broken or dangerously thinned during propagation of
the dispersion.

Another difference between the required high pressure dispersion and
common air or gas foams is a result of their relative compressibility in the
range of absolute pressure of use. Low pressure, air-water foams can be
expanded by a factor of more than ten by a pressure decrease of less than 200
psi. This can be of major significance both in the generation of the foam,
and in increasing the "quality" or volume fraction of the discontinuocus
component. A much smaller fractional expansion would take place as a result
of this pressure change in a CO,-water dispersion at reservoir pressures.
However, the difference might be of considerable importance in laboratory
simulation of the flow of mobility control foam in porous media.

With this background, the generation of "mobility control foams" in
laboratory or field can be discussed. The generation process involves more

*Such a large "container” might be a layer of the earth's atmosphere, in
which the persistance of clouds is also extended by upward convection
currents. ’



than simply the application of a suitable quantity of energy to a mixture of
dense CO, with the surfactant-water mixture. The energy required to produce
the interfacial surface per unit volume of foam is in fact relatively modest.
It is of the order of magnitude of five or ten times the interfacial tension
divided by the radius of the average bubbles or cells contained in it. Thus
the generation process does not seem to be limited by the energy available
except in quiescent situations, and the lowering of the interfacial tension
cannot be the only function of the surfactant.

It is the manner in which this energy is applied that determines its
effectiveness in producing the desired type of emulsion. High pressure
dispersions or "mobility control foams"™ may be produced by many of the same
methods which have been successfully applied at atmospheric pressure for
common gas=-liquid foams.* One way which has not been tried in this project,
but might be quite effective, is an analog of the Waring blender method, such
as has been used as a screening technique by Patton, et al. 1 Liquified or
dense-gas COZ would replace atmospheric—pressure air in the upper portion of
a high-pressure mixing chamber. The lower part of the chamber would contain
the aqueous phase which would cover a submerged high speed, rotating mixing
blade. A foam-like dispersion would then be produced as CO, was drawn down
into the water and broken up into bubbles. Relatively simple plumbing could
convert the dispersion production from a batch into a continuous process. Of
course some cut—and-try redesign of the propeller blade and other features
might be necessary to compensate for the decreased density difference between
the fluid components.

A method which has been used and reported in the literature is the in
situ process. In this method, the aqueous phase and the CO, are
simultaneogsly or alternately injected into a section of porous and permeable
material.1 This can be either the rock to be tested or a specially
constructed bead or sand pack.

In the New Mexico Tech Mobility Control project, foams have been
generated using a method somewhat similar to the separate-porous—pack version
of the above. 1In this case a fritted stainless steel disk, a simple
stainless—-steel screen, or a stack of two or three screens is used instead of
a bead pack. This method also is modelled after one which has been
successfully used for the production of atmospheric pressure foams. In this
high pressure system, surfactant solution is introduced above the screen, and
the CO2 below. The dense CO0, is formed into bubbles of fairly regular size
as it passes upward out of the screens or frit into the water. The method is
operated as a continuous process, with foam emerging from the top of the high
pressure generation chamber as the constituent fluids are pumped into their
separate entry ports below. This method was shown and discussed in the First
Annual Report, and it was evaluated in auxiliary experiments early in 1981,
in which its product was pumped through a short core, and thence through a

*One important and familiar exception springs to mind. A classic way of
generating gas—-water foams is by conducting to the atmosphere, from a
pressurized container, a stream of surfactant-laden liquid saturated with gas
at high pressure. The resulting expansion to atmospheric pressure of
(possibly pre-nucleated) gas bubbles produces a low liquid fraction foam.
This method can't be used in our case; no such large expansion ratio is
available.
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back-pressure regulator to the atmosphere. The system also contained a
high—-pressure capillary tube sight glass for visual examination of the
dispersion, upstream of the rock. These experiments utilized liquified CO2
at room temperature, and water solutions of the surfactant CD 128.

Although foams were produced at the higher rates, they were difficult to
control and the apparatus did not operate consistently at the low total rates

(of C0y plus surfactant - water) which were deemed necessary for the main
core test experiments. The operation of these auxiliary experiments also
exposed several other problems with the high-pressure flow system. These

difficulties centered around the contamination of the system and the plugging
of part of it by fine particles resulting both from corrosion and from
detachment of particles from the rock sample itself. Modification of the
apparatus to correct these problems made it temporarily unavailable for
further testing of the static foam generator.

The experiences also showed the need for some changes in the foam
generator. Because of its disappointing behavior at low flow rates, an
active energy source or mixer seemed necessary inside the chamber. At the
same time, it had been observed that the fritted disks gave rise to
intermittent operation that was difficult to control. Consequently, a new
foam generator was designed. The flow routes were similar to those in the
earlier model, but the new model was constructed of a non-magnetic stainless
steel, and contained a magnetic stir-bar which rested directly on the screen.
This could be turned by an external rotating field by mounting the chamber on
a commercial magnetic stirring table. A cross—sectional schematic is shown
in Figure 1.

During the preliminary foam generation experiments conducted previously,
we also learmed that operation at high pressure was quite expensive in terms
of time. It was therefore decided that a set of low pressure experiments
would be valuable to check out the new, "active foam generator". The purpose
of these would be to determine procedures of use, and the operating regions
of total rate and of rate ratio. The magnetic spin-bar would hopefully
fulfill its design function and make possible the production of foam at low
total rates. In these low-pressure experiments, isooctane was used to
simulate dense C0g9, in order to minimize artifacts from density and
compressibility differences. To examine the produced high—-density foam, a
high-pressure, flat-windowed observation cell had been constructed. This was
used in the low-pressure experiments also, with a low-power microscope to
observe and photograph the dispersion for uniformity, shape and size of
bubble-cells, and to verify the relative absence of inverse emulsion.

A schematic diagram of these foam generation tests is shown in Figure 2,
and a photomicrograph of a produced foam-like dispersion is shown in Figure
3. (Surfactant used here was ADFA, at 10% in distilled water. Relative
aqueous solution flow rate was 6.7%). The effects of changing screen size
(from tightly woven 80 x 700 to open square, 100 x 100 mesh), total fluid
rate, and rate fraction of the aqueous component were tested. The latter
number is also the volumetric fraction during times when the entire output of
the generator is foam. In all of the tests, the magnetic spin table was run
at its maximum rate, and rotation of the spin bar was verified by its sound.

A further advantage of low-pressure simulation, with isooctane used in
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place of high density COZ’ has been that the product emulsion is available
for examination and collection under .ambient counditions. This has proved
especially useful in observing the effect of screen size variation. Not
surprisingly, finer mesh screens produce smaller-cell emulsions. It is also
qualitatively evident from their behavior while emerging from a tube, that
the foam—like —emulsions composed of these smaller cells have a greater
apparent viscosity. ‘In consequence of this observation, and in accord with
the need to avoid excessive thickening, the foam generator will be operated
with the coarser screens.

Five surfactants, which are described as "good foamers” by McCutcheon,22
are referred to in Table 1. They have been tested in the low-pressure foam
generation experiments and are listed in order of the stability of the
produced dispersions. Also noted was some variation in the range of
fractional aqueous phase concentration over which the "foams"” camn be
produced. Experiments to explore this range more fully have mnot yet been
completed. Because it is strongly felt that microscopic recovery efficiency
would be strongly degraded by exessive water content, however, the lower end
of this range will be pursued even if surfactant concentration in the water
phase must be increased. The foams listed in the table were all produced
with 10% surfactant concentration in the water. A foam with 107 aqueous
phase in which surfactant concentration is 10% would cost about the same as a
5% foam in which surfactant concentration in the water is 20%. Yet the
latter would presumably be a more effective mobility control agent because,
with less aqueous phase content, it would allow the €0, to contact more of
the residual oil.

B. Direct Thickening

Two early publicatious by FranciSZ3’24 discuss liquid miscibilities, and
show many phase diagrams of liquid CO, with various organic liquids. Not a
great deal has been published, though,about the kind of high molecular weight
chemicals which might be soluble either in liquified or in dense,
supercritical C0y. No information is available about the viscosity of such
solutions. In fact, some doubt had been expressed as to whether it was
possible for any solid or liquid material at all to be dissolved in a gas, no
matter what its density. But molecular-scale mixtures of evaporated liquids
or sublimated solids with even low density gas are facts of common
experience. Recently the dissolving power of supercritical COZ and other

gases has been examined microanalytically by Stahl et al.” Knowing no
fundamental reason such mixtures could not exist at higher concentration and
at high pressure, a search was commenced - at first merely for polymers

likely to be soluble in COZ'

Preliminary experiments were performed at low pressure, in which carbon
disulfide (CSZ) was used to simulate dense COZ‘ It was reasoned that because
of the similarity of the molecules (both being isoelectronic), CS, would be a
reasonable screening or test solvent. It was rapidly found that the common
water—-soluble polymers, already known or in use in EOR operations, would not
dissolve in CSy. Different polymers were found, though, which were soluble,
although with no striking increase in the CSz's viscosity.
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An apparatus designed to enable the experimenter to measure the
solubilities of these and other polymers in high-pressure CO, (pictured and
briefly described in the First Annual Report) has been perfected and brought
into routine operation. The operating version of this device is shown in
Figures 4, 5, and 6. The latter two are detailed drawings of the sapphire
tube mixing chamber and of the assay chamber.

In operation, a polymer sample is placed in the mixing chamber. After
evacuation of air from the apparatus, it is pressurized with CO, from the
constant displacement pump, up to that required for the test. A mixing
assembly consisting of a commercial teflon-covered magnetic stir~bar,
together with a machined steel lower extension, is manipulated vertically by
use of an external permanent magnet. The lower part of the steel mixing
extension has protrusions which can fit into the annulus surrounding the
inlet tube at the lower end of the mixing chamber. The up—-and-down motion of
the mixing assembly is then able to stir the undissolved polymer which
settles into the annulus. After enough stirring to produce a saturated
solution at the given pressure and temperature, the external magnet is
clamped into a holding position, so the mixing assembly is held midway up the
tube. Any undissolved polymer is then allowed to settle into the annulus,
leaving only clear solution in the tube above it.

At this point the positive displacement pump is used again to force a
known amount (about 2.9 ml) of this solution out of the mixing chamber and
over into the lower end of the assay tube. (The entire assay chamber had
previously been pressurized with Nitrogen gas, at the same pressure as the
€O, in the mixing chamber. Thus the transfer of the small quantity of dense
COz/polymer solution is not accompanied by any decrease in pressure.) When
the transfer is complete, the valve from the mixing chamber is closed, and
the nitrogen gas slowly bled off to the atmosphere from around the test tube.
As the pressure decreases and CO0, evaporates, the polymer condenses out of
solution onto the glass beads in the lower part of the test tube. When
pressure in the assay chamber has decreased to atmospheric, it is
disassembled and the test tube weighed to determine how much polymer has been
dissolved in the transferred volume of COZ' Further verification is
available by extracting the glass beads in a conventional solvent for IR or
other analysis.

It has become apparent that CSZ was a good choice for a preliminary test
fluid. Many polymers which are soluble in CS, or in light hydrocarbons are
soluble in dense CO,. About two dozen polymers have been tested ~ of which
more than half showed solubility in the parts-per—thousand range or greater.
Although no final criteria have been established, it is apparent that in
addition to the density of the C02, several properties of the polymer are
important in determining its solubility. Among these are the structure, the
molecular weight and the tacticity. A list of various polymers together with
some of their properties, their solubilities in COZ’ and the temperatures and
pressures of the tests, are given in Table 2a, b and c.

With the successful measurement of polymer solubilities in dense CO,,
the determination of the viscosities of these solutions became of wvital
importance before consideration could be given to their use as direct
mobility control additives. Although there are no commercial instruments
known which could be used for the measurements of these viscosities at high
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pressure, two possibilities for the tests exist here at PRRC. Both are under
development.

One of these methods has been used by Dr. Dwain Diller and his
colleagues at the National Bureau of Standards in Boulder, Colorado, to
measure the viscosities of condensed pure gases. It uses a torsionally
oscillating, rod-shaped quartz crystal. Damping of the oscillation is
proportional to the square root of the product of viscosity and density.
Work is going on in the companion DOE project here at New Mexico's PRRC,
directed by Dr. F.M. Orr, Jr., to adapt the technique to a high-pressure, low
fluid volume, flow-through cell.

A second method is being pursued in this project, and consists of a
modification in the solubility-measuring apparatus described above. The
modification makes ‘it possible to measure the time of fall of a smooth
cylinder substituted for the teflon-covered stir bar in its sapphire mixing
chamber tube. A U section plastic insert, containing two light source-photo
diode pairs, can be fixed in place against the sapphire tube. Electronic
amplification of the photo-diode's signals provides start and stop pulses for
a commercial high speed counter, the Intersil 7226.  Schematic diagrams of
the electronics are shown in Figures 7 and 8.

The fall of a cylinder in a concentric tube has previously been used in
viscometry. There is a feature here, however, which renders the present
use unique. Because of the shortness of the available sample tube, and
because it is not feasible to iucrease the viscous drag by using a very
close~fitting cylinder (this in turn is because the single-crystal sapphire
tube is not precisely cylindrical) the fall velocity is not independent of
time. The falling cylinder does not (for all fluids) reach its terminal
velocity by the time it passes the first (or sometimes even the second)
observing station. In these cases the cylinder is accelerated during its
fall, and the measured time is not simply: proportional to the fluid
viscosity.

Consequently, there is no simple "viscometer constant” which can be
nultiplied by any fall time to give the viscosity of the fluid in the tube.
A mathematical analysis of the motion is presented in Appendix A. There, it
is shown that the fall of the cylinder is describable by two quantities. The
first of these is the terminal velocity U, and the second is the
characteristic time T, for the exponential decay of the acceleration. If the
tube is long enough, or the fluid viscous enough for the fall time to be
large compared to T, then the acceleration may be ignored. It is only then
that the use of a single "viscometer constant” becomes a good approximation.
Both U and T, are inversely proportional to the fluid viscosity. They also
depend on the fluid density, on the average density of the cylinder, and on
the radii of the cylinder and tube. These relationships make it possible to
compute a table of "acceleration correction times” to be subtracted from the
measured time of fall. The viscosity may then be calculated as the product
of the "corrected fall time"” by a constant C. For greater fall times, the
acceleration correction time becomes quite small, and the computation reduces
to the simple case. Unfortunately the wvalues of the "correction times" are
characteristic for the dimensions of a particular instrument. (They are
especially dependent on the ratio of tube-to-cylinder radii, and on the
locatinn of the observing stations below the release point of the cylinder.)
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Thus the correction table calculated for any given viscometer will not be
valid for a different instrument. Details on the computation of these tables
are also given in the appendix. ‘

Plans for the immediate future in this phase of the project are to
measure the viscosities of a number of different solutions of various
polymers in C0y, and also to continue the determination of solubilities of
new polymers. Most of the polymers we have found to be soluble in COZ’
dissolve also in light hydrocarbon solvents. We anticipate experimenting
with the joint solution (formed by mixing into the C02 a near-saturated
solution of polymer in such a solvent). This will require a slight further
modification in our apparatus, to enable introduction of liquid, high vapor
pressure samples. This modification, however, will enable us to look at more
materials of possible use in the oilfield.

A direct-thickening polymer could be applied simply in C02 floods by
injection from a separate metering pump directly into the well head or into a
mixing chamber connected to it, during C0y injection. If the pure polymer
were available only in solid form, it would be most economic to have made up
for injection a solution of the polymer in a light hydrocarbon solvent. As
in the laboratory situation, the use of such an auxiliary solvent would
hasten dispersion and the attainment of a homogeneous mixture of the polymer
into the C€O,. The hydrocarbon solvent itself would probably not have much
effect on the displacement efficiency, but (if anything) mnight improve total
recovery by decreasing the pressure required, and thus extending somewhat
further into the reservoir the region in which high microscopic efficiency is
attained.

C. General Description of Core Flooding Tests

The purpose of the laboratory work discussed here is to assess the EOR
utility of the mobility control additives and procedures developed elsewhere
in the project. This assessment is intended to test in the laboratory the
same characteristics which will determine the effectiveness of the agents in
the field. The core flooding tests are thus designed to give information not
only about the overall efficiency with which oil 1is displaced from a
relatively small test core, but also about the uniformity of the
displacement.

The "core sample” was cut from a slab of quarried dolomite.?’ 1t is
rectangular in cross section 1.93 x 2.01 inches (4.9 x 5.1 cm) and 29.88
inches long (75.8 cm). Despite the sample's rather uniform and featureless
appearance, like most limestounes it contains permeability and porosity
heterogeneities. The high mobility ratio of unprotected C02 displacements
can be expected to accentuate the flow rate non—uniformities which occur even
in ¥ = 1 floods in this rock. The resulting production curve, when C0, is
injected in a tertiary-type flood, will probably show early breakthrough and
very little oil recovery. This rock sample, then, should demonstrate the
ability of mobility control additives to improve the displacement pattern.
Both the amount of delay of €Oy breakthrough and the increase in oil recovery

4
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can be taken as measures of the usefulness of an additive, and of the
likelihood it can work a similar improvement in the reservoir's performance.

Nevertheless the rock sample is not in fact a complete oil reservoir-or
even part of one. The numerical results from the laboratory measurement of
displacement efficieancy are not really direct predictions of reservoir
behavior. After all, the reservoir is complicated by its own special
3-dimensional geometry, heterogeneities and well layout - to mention only a
few of its points of distiunction. Thus it would be useful to the reservoir
engineer to obtain some more general information, from a core flood, about
the influence of the additive on the laboratory displacement.

To provide such additional information, the project's core-flooding
tests were made somewhat more complex. To enable the direct and continuous
evaluation of mobility (the ratio of flow rate to pressure drop) during the
displacement, one of the zero—flow boundaries along the side of the core was
pierced for four pairs of pressure taps. With a differential pressure
transducer connected to each of the pairs, pressure gradients can be measured
at these locations along the core. These results can be interpreted directly
to give the mobility changes to be expected in a reservoir with the use of
the particular mobility control agent.

A second complicating addition to the more standard core flooding test
is a set of electrodes by which the changing electrical conductivity of the
core can be measured. These measurements are made rapidly and at many
locations along the flow direction. The local core conductivity is related
to the rock texture, and also to both the ionic concentration and the
gsaturation of the aqueous fluid present in the rock's pores. In the absence
of firm information on the ion concentration, the data cannot be directly
interpreted to give the saturation. The major purpose during the CO, floods,
though, is to show a qualitative picture of the variation due to
displacement, as an independent indication of the effect of the mobility
control agent.

Before starting the descriptions of progress in the various sub-tasks of
the core flooding tests, it may be valuable to mention a few operational
points, representing decisions which have been made about the conduct of the
tests. First, these tests will ovdinarily be of tertiary-type floods. The
general preparation of the core prior to each of them will be:

1) Cleaning, by light hydrocarbon and alcohol floods - using
enough fluid to dissolve all brine, oil and surfactant from
former tests.
2) Brine saturation, by miscible displacement of the alcohol.
This will also remove any excess salt left by the previous
brine and not dissolved by the alcohol.
3) 0il saturation, by displacement of the brine.
4) Resaturation with brine, by displacement of the oil.
This procedure will leave a residual oil saturation, probably in the

range of 25 to 40%, which will be the target for both unprotected and
mobility-controlled CO2 f1loods.
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The next questions concern the fluids to use - particularly the oil -
and the flow rates at which to operate the displacements. In order to be
able to have repetitive, comparable tests, it is necessary to return the core
to the same condition at the end of each test by flooding with a mild solvent
that has no effect on the epoxy side boundaries. This rules out the use of
crude oil, because its heavy components could not be cleaned from the rock
without more powerful solvents. Presumably though, the restriction will not
detract from the value of the mobility control tests. For these tests, crude
will be simulated by a synthetic oil mixture of 90% Soltrol 130* and 10%
Paraffin oil.** Tests of chemical compatibility of mobility control agents
with crude will in any case have to be run with the particular oils, at a
later stage of testing.

The choice of brines is not so critical, since it can be made anew for
each run. Test displacements so far have been made with 0.1%Z NaCl by weight
in distilled water. The influence of different ions, and of brine

concentration on particular foamants may also be best determined in separate
tests.

The auxiliary displacements during the different stages of core cleaning
described above can in general be performed as rapidly as possible consistent
with the needs:

1) To avoid too high a pressure drop.

2) In dimmiscible floods, to keep the capillary number below
the range at which isolated blobs of residual phase start
being displaced.

3) In miscible floods, to provide enough time for diffusion to
transfer material out of the more isolated or "dead end”
pores into channels where flow is at a higher rate.

The COZ floods themselves should be performed at near nominal reservoir rate

of one foot per day. Lower displacement efficiency may be expected at higher
rates, if the criterion #3 above is violated.

D. Specific Progress and Problems

1. Core Mounting

The work of cutting, coating and otherwise preparing the rock éﬁmple
was completed early in the year. The chief requirements were the need for
high pressure operation of the flow tests with COZ' The core mounting

*Soltrol is a proprietary core test fluid sold by Phillips Petroleum
Company.

**Anderson Laboratories "BANCO" standard paraffin oil, Saybolt viscosity
180-190 at 100°F. IC# 46980.
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procedure was also designed to be consistent with the decision to make both
electrical and pressure measurements at intermediate locations along the
core. The flow was confined and made to be macroscopically one dimensional
by a coat of epoxy resin® on the sides. Fluid access to the ends of the core
is through Lucite** end plates in which distribution channels were machined.
Also pressed against the ends are full cross-sectional-area current
electrodes made of squares of gold-plated, 100 mesh stainless steel screen.
The end plates and current electrodes were secured with fiberglass strips and
another coat of epoxy. Down one side of the core, at a spacing of 0.26
inches (.6604 cm) are embedded 115 gold-plated pins to serve as voltage
electrodes. These were each sealed into a hole drilled through the epoxy
into the core. Eleven more electrodes, called the asymmetry electrodes, are
located on two other sides of the rock sample. Along the fourth side of the
core are eight pressure taps — holes drilled through the epoxy into the rock,
in which were sealed 1/16 inch (.159 cm) stainless steel tubes. The
locations of all electrodes and pressure taps on the sides of the core are
shown in Figure 9. Also sealed onto the sides of the epoxy-coated core were
a number of brass "feet" to support the rock sample in its high-pressure
container during horizontal flow, and to make it easy to slide the rock into
the tube without damage.

2. The "Overburden” System

"Sleeve" or "overburden" pressurization is required to protect the epoxy
coating on the sides of the rock sample from the high pressure within it,
especially during C02 floods. The system is complete and operational. The
high-pressure container is a 5 inch outside diameter steel pipe with 4 inch
inside diameter. The annular region between the pipe and the epoxy-coated
core sample is filled with oil.*%*%* This oil is pressurized by an auxiliary
high~pressure pump*#**%* which is switched automatically by an electronic
circuit, to keep the "sleeve" or annular pressure above the input flowing
pressure by an adjustable "pressure margin". The analog circuit to
accomplish this, shown in Figure 10, takes its input from two pressure
transducers and operates a solid state switch to control the pump.

The high-pressure container is closed at one end with a threaded-on cap
through which passes the fluid input connection to the core. Two sleeve-oil
connections are also made through the end cap. The other end of the
high-pressure container is closed with an end plate bolted to a 7-1/4 inch OD
flange welded onto the pipe. A flange closure is used at this end to permit
eight connection tubes from the pressure taps, as well as the centrally
located fluid output connections, to pass through the pressure wall. In
addition, a large piece of printed circuit board with 128 radial connectors

*Emerson and Cuming Eccobond 285, with catalyst 9 at 3.4 wt. percent.

**Dupont trademark for polymerized methyl methacrylate resin.

#*%For this purpose, a (mechanical) vacuum pump oil is used, for its fairly
high viscosity and very low content of low boiling components.

*%%*Thig auxiliary pump is an Eldex series B-100-5 rated at a maximum flow
rate of 480 ml/hour at 5,000 psig. This is a single piston, positive
displacement pump commonly used in High-Pressure Liquid Chromatography.
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is held between O-rings in both the flange and the end-plate. The fuunction
of these printed conmnections is to carry out the electrical signals from the
voltage electrodes on the sides of the rock sample. These connectors lead to
the multiplex switching circuits mounted on the part of the circuit board
outside of the pressure vessel.

Several sudden sleeve-pressure-release accidents, resulting from failure
of one or another of the seals, have caused local breaks in the epoxy coating
of the rock sample during initial assembly and testing. These have all been
repaired, and procedures worked out to avoid the same kind of mishaps in the
future. The fluid pumping and sleeve pressure systems are both in operating
condition, although they have not yet been tested to the maximum pressure
desired (2,600 psi). Some accidental saturation of heavy vacuum pump oil
from the sleeve system has not yet been cleaned out .of the rock.

3. The Primary Fluid System

Three types of €O,y floods are planned under various input conditions.
The three are: :

1) "Unprotected €Oy Floods”, in which liquid or supercritical
C02 is injected directly into the core from a single Ruska
Pump with 1,000 ml cylinder capacity.

2) T"Mobility Comtrol by Foam" floods, in which 002 will be
punped from one Ruska pump, and surfactant/brine will be
discharged from a monel transfer cylinder into which oil is
pumped from a second Ruska pump. The two cylinders on the
Ruska pump cart are powered independently. A high-pressure
dispersion of €0y in surfactant/brine will be formed in a
foam generator through which the fluids pass on their way
to the core.

3) "Mobility Control by Direct Thickening" floods, in which a
batch of solution of an appropriate polymer in liquid C02
is made up in the cylinder of one Ruska pump, and
discharged directly into the core for the flood.

For the auxiliary displacements in which the core is cleaned and
prepared for later tests, an Eldex positive displacement pump is used for
fluid input to the core. Fluid intake to such pumps is through a fritted
stainless steel filter cylinder immersed in the input fluid. This auxiliary
pump has given some trouble with erratic operation, apparently because of
leaking piston seal and check valves. Consequently the pump rate has been
uncertain during many of the auxiliary displacements which have been
performed. New seals and valves have now been installed and more consistent
service is anticipated. Other elements of the flow system are an electronic
back pressure regulator* (BPR), a particle filter to protect it, and a hot

*The BPR is modelled after one developed at PRRC in an earlier DOE/New
Mexico EMD project, "Displacement of 0il by Carbon Dioxide.”
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water bath to keep it from freezing. Appropriate collectors for measuring
gas and liquid output are also required parts of the system.

4., Pressure Measurement

This system is complete and operational. Several different transducers
are used to monitor operating pressures, and Rourdon-type mechaunical gauges
are used as back-ups in several critical locatious. For standardization
purposes, most of the transducers are of a single type* except for two used
in special situations. Greater precision is needed for measurements of the
output pressure, since this signal is used also by the BPR. A
capacitance—-type gauge** of greater stability is therefore used to measure
the output pressure from the core. Because the sleeve pressure does not need
to be known to as high a precision, a less expensive, silicon strain gauge
- transducer**¥* yas used in this application.

The four differential pressure transducers connected to the pressure
tape in the side of the core are of the standard Validyne variable reluctance
type. Some difficulties have been experienced with them in this application
due to the larger—than—-expected "hydraulic capacitance.”  This quantity, a
direct analog of electrical capacitance, measures the volume of fluid which
must be forced into the transducer to cause its reading to increase hy one
unit of pressure. It can be denoted by CH and expressed in units of cc/psi.
Unfortunately, this characteristic of a pressure gauge is not generally
specified in the data furunished by the manufacturer. More unfortunately
still, the iuvestigator did not anticipate that C,; would be large enough to
cause trouble with the sensitive diaphragms*#*%* which had been selected. The
trouble experienced is in slow response. If the fluid path to the transducer
has a total "hydraulic resistance” (another electrical analogy) of R, in
units of psi sec/ecc, then a time constant of RyCy will be involved in the
response of the transducers to a changing pressure. Specifically, if an
instantaneous change of pressure were to occur in the core, the transducer
reading would approach its eventual value along an exponential curve. The
reading error would be decreased by the factor e (= 2.71...) in each
successive time interval of RyCy sec. Measurements of the rates of change of
the four transducer readings indicated the time coustants were in the range
of 30 to 90 sec. These are long enough to increase significantly the
uncertainty in dynamic measurements of mobility change with passage of
displacement fronts.

Stiffer diaphragms in the transducers would reduce Cy but would also
decrease the sensitivity and resolution in the same proportion. As a
compromise, a factor of four was judged to be reasonable, and =5 psi
diaphragms have now been installed.

*Validyne type DP-15 differential pressure transducer, which has a
replaceable diaphragum.

**Getra type 304.

**%*Foxboro type L-100.

*k%%+] .25 psi for full-scale reading.
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5. Computer Monitoring

Automatic data acquisition is achieved by use of a dedicated TERAK
microcomputer which operates under the PASCAL software system. A l6-channel
analog to digital converter (ADC) and a 16-bit digital input—output circuit
(DIO) have been installed in the computer to enable recognition of electrical
signals from the experimental apparatus. This system is also complete and in
operation. With appropriate programs, the computer monitors pressure signals
from the input and output, from the sleeve system and also from the four
differential pressure transducers. It is also able to control measuring
current flow and calculate conductivity from the voltages measured at the
electrodes. Appendix B lists several of these programs, and in Appendix C
are given some examples of data taken during some preliminary measurements
and displacements. As an example, Appendix B-1 is a listing of the
calibration program for the differential pressure transducers. For this, the
four gauges are connected to two common manifolds to which are connected
flexible transparent tubes. With the system filled with a test fluid, the
interface in one of the transparent tubes is raised in steps to different
heights above the interface level in the tube from the other manifold. For
each pressure step the ‘computer makes a number of readings, and at the
conclusion of the readings it calculates least-squares straight line
approximations for the pressure-voltage calibration of each gauge. Appendix
C-1 shows the output from this program - in this case, recent data after the
stiffer diaphragms referred to above were installed in the transducers.

A computer program used during operation of the auxiliary displacements
is listed in Appendix B-2. This program, of filename DEL2, displays input
and output pressures on the computer's monitor screen and also prints a
record of these (at less frequent intervals) along with the date and time.
When initiated, the program calls on the operator to enter the starting date
and time. Subsequently, it monitors the "pressure margin” between the
"sleeve"” pressure and the input pressure to the core, and sounds an alarm if
the value of the margin sinks below a preset limit.

6. Conductivity Measurement

This sub-system, which has been complete and operational since August
1981, makes possible the measurement of average conductivity in each of 114
"slices” of the rock. These volume regions are of the cross—sectional size
of the core, and a thickness of .26 inches. To gauge the conductivity,
current is passed from end to end of the rock, using the screen—-wire current
electrodes described above. During the passage of the current, the ohmic
potential drop between a selected, adjacent pair of voltage electrodes along
the side of the core is measured, using a high input impedance
instrumentation amplifier whose output is sent to the computer. Voltage drop
is also measured across a standard resistor in series with the rock, and then
the current is reversed and the measurements made again. A conductivity
ratio is calculated from
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CR = (SRA-SRB)/(CA-CB)

where SRA and SRB are the voltages measured across the standard resistor
during the two current directions, and CA and CB are the voltages across the
particular electrode pair. The average conductivity of the rock within the
boundaries of the "slice" defined by the electrodes is then

C = L- CR/A'Rstan

Here, L is the distance between the voltage electrodes measured, A is the
cross—sectional area, and Rstan is the value of the standard resistance in
ohms. If L and A respectively are expressed in meters and iun square meters,

C will be in siemens/meter.

The particular pair of voltage electrodes which is selected 1is
determined by an array of electronic switches, a multiplexor to which an
address is sent by the DIO circuit card of the computer. The analog
multiplexor, the instrumentation amplifier and the circuits controlling the
measuring current (the schematics of which are shown in Figures 11-15), are
wire—wrapped onto four small cards. These are mounted on the corner areas of
the large printed circuit board that is held between the flange and endplate
of the core-holding pressure vessel, and on which are printed 128 radial
electrical connections. In the controlling program each successive, adjacent
pair is selected in sequence for a conductivity measurement. The collection
of all of these is referred to as a "conductivity profile” of the core, and
can be displayed on the printed record as a small graph. A program by which
the computer performs all these steps is listed in Appendix B-3. In
operation, the measurements and calculations for a complete conductivity
profile are made in somewhat less than a second.

7. A Miscible Displacement

As a test of the operation and resolution of both the pressure
monitoring and conductivity measurement systems, a miscible displacement of
one brine by another was performed. During the displacement, periodic
conductivity profiles were taken in the manner discussed above. An initial
core saturation of 0.1% NaCl brine was displaced with 0.02% brine. A special
program combined the monitoring of pressures with the measurement of
conductivity profiles. Input from an auxiliary keyboard was also used to
make possible changes in program operation. By this means, during the early
phase of the experiment, before the fluid input was switched to the
displacing fluid, several conductivity profiles were taken and averaged.
When the lower conductivity brine was introduced, the mode of program
operation was changed. From this time, each new conductivity profile was
compared, point by point, with the average that had been made with the
original brine. The graph printed out presented these ratios of
conductivity, and effectively showed the distribution of concentrations
inside the core. Selected sections of the data print-out is reproduced in
Appendix C-2.
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Analysis of the successive concentration profiles gives data to
calculate an average dispersion coefficient for this displacement. Using the
well-known formula for the thickness of a front between the 10% to the 90%
iso—-concentration surfaces,

where Ax = front thickness in directign of flow, cm.
£ = dispersion coefficient, cm®/sec.
t time, sec.

a dispersion coefficient ,may be calculated as 0.0058 cmz/sec. The average
displacement velocity during this experiment was 0.044 cm/sec.

E. Project Plans

There 1s little doubt that a significant fraction of future project
effort will probably be spent on maintenance and unforeseen-but-necessary
modifications. It is anticipated, though, that this fraction will be small,
since all major apparatus and instrumentation is in place and operational.
The object of this section is to recapitulate in more detail plans for the
remainiug laboratory and other work of the project. The latter includes
those steps which must be taken to enable oilfield operators to make use of
the product of our research with the least delay.

Under the heading of "foams" for mobility control, we have made some
preliminary tests on several surfactants and are encouraged by the response
of four or five of them. After completion of several more low pressure,
rate-and-concentration—defining experiments in which isooctane is used to
simulate dense COZ’ we plan to return immediately to high-pressure tests. It
is anticipated that a minimum number of these COy tests will be required to
verify information gained in the simulation experiments. They will make it
possible to plan the details of a number of core~flooding tests in which
these "foamant"” additives are used in low water—countent, aqueous phase
continuous, mobility controlled displacements.

The other group of possible mobility control additives are the "direct
thickeners"” which are intended to be used in C0y floods without added water.
They are generally hydrocarbon-based polymers which are soluble in dense COZ
and which increase its viscosity directly. More than two dozen chemicals
have been tested for solubility in C0, at high pressure, with about half of
them showing a significant amount, in the parts—-per—thousand range or more.
These tests will continue as new candidate polymers are encountered.
However, it is also necessary to measure the viscosity of the high~pressure
solutions. This can be done in the same apparatus, using techniques which
have already been developed. Viscosity increases by a factor of ten to
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twenty are probably required. Unfortunately, some uncertainty about the
usefulness of particular polymer solutions will remain even after the
viscosity tests. This is because the increased viscosity generated by
polymer solution is frequently not Newtonian. This pessimistic view is of
course based only on industry experience with water-soluble polymers. The
increase observed in our viscometer may not be the same as that which will be
effective during flow of the solution through porous rock. Core flow tests
are thus also a necessity to determine the effectiveness of direct thickening
additives.

Both of the types of mobility control additives will be tested by
tertiary core floods in a dolomite rock sample. It is expected that the core
can be cleaned and returned to the same condition prior to each such test.
The sample is enclosed in a high-pressure container to make it possible to
run these floods at moderate reservoir conditions of temperature aund
pressure. It is also instrumented in ways described above so that
significant data can be gathered on the effect of the additives. In
particular, direct measurements of the mobility - the ratio of flow rate to
pressure drop - can be made at four locations along the rock. These
measurements, and the change in them as the flood progresses, should provide
direct and convincing evidence of the usefulness of the mobility control
additives being developed.
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APPENDIX A-1

VISCOSITY MEASUREMENT BY FALL TIME OF A CYLINDER IN A TUBE

Introduction

This note describes the use of a method of viscosity measurement which,
though not well ‘adapted to all situations, does have application in some
special cases. It is useful for the measurement of viscosities of compressed
or liquified gases —-- where the pressure is above ambient and where no
interface is available by which the flow of a standard volume can be
detected. Briefly, the measurement procedure is as follows. The fluid
sample is contained in a vertical, transparent tube. A cylindrical magnet
which fits more or less closely in the tube, is raised, by an external
magnetic field, to an upper stop in the tube and then released. The time of
fall between two observation stations is then measured. This fall time
depends not only oun the viscosity of the fluid filling the sample space, but
also on its density and on the demsity of the falling cylinder, on the ratio
of cylinder diameter to the tube's inner diameter and on the position of the
observing stations. For very viscous fluids, the latter dependence will be
simply on the vertical distance between the twe stations. But for low
viscosity fluids, the cylinder does not attain its terminal velocity by the
time it passes the first—-or perhaps even the second--station. In that event
the acceleration of the cylinder, during its fall, leads to a non—-linear
relation between the fall time and the viscosity.

The first two parts of the discussion below are mathematical and
computational. They are concerned with an idealization of the above
described viscometer with the goal of deriving the numerical relationship
between the fall time and the viscosity while making proper allowance for all
of the factors mentioned. The third part deals with a realization of the
device which can be used for viscosity measurements of solutions of wvarious
polymers which may be of possible use in Enhanced 0il Recovery, in liquid and
in supercritical COZ'

Mathematical Analysis

Definition of Idealized System

In this section, we comnsider the fall of a cylinder in a tube, asking
ourselves what is the influence on the cylinder's motion of a fluid which
fills all the space above and below the cylinder, as well as the annular
space between the cylinder and the tube. As the cylinder falls, the fluid
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below it must move through that annular space, into the space above the
cylinder. Motion need only occur in the fluid, in fact, within the annular
space itself in a direction parallel to the axis, and within very small
sections of the spaces above and below the cylinder. 1In these spaces, only
enough non-zero radial velocity components need exist to distribute fluid
into and out of the annulus from the larger diameter spaces.

For convenience, some major simplifications are made in describing the
flow, as follows:

1) That the cylinder and tubes are coaxial and concentric
throughout the motions.

2) a. That both the radial and axial velocities in the spaces
above and below the cylinder are small and can be
ignored.

b. That the vertical extent of the regions in which these
extra—annular motions take place are also negligible.

3) a. That the compressibility of the fluid is low enough
that its density above the cylinder is the same as
below it.

b. Thus, that the fluid velocity in the annulus is not
only parallel to the axis, but dependent only on the
radial distance ——- not at all on the vertical or on the
azimuthal coordinates.

The assumption of incompressibility could be relaxed —-- with minor
additional complications we could undertake to consider the increase of the
fluid velocities in the annulus with vertical distance. Thus, the slightly
lower density of the fluid above the cylinder than that of the fluid below it
could be accounted for. But it appears that little would be gained by this
extra complication, and it will be omitted in this treatment.

A diagram of the idealized situation is given as Figure Al. The radial
coordinate is denoted by r. By assumption 3b, we have no need to consider
the azimuthal or vertical distance coordinates. All of the interesting
activity in the fluid is assumed to take place in that portion of the annulus
(i.e., the radius range described by r.< r <’rt) which is at a given time
adjacent to the moving cylinder.

The mathematical analysis will be considered under two separate headings
- the radial velocity distribution in the fluid, and the dynamical problems
dealing with the changes in time of the velocities. These topics are of
course related and cannot really be discussed independently. It is
reasonable, though, to consider first the relations between the velocities of

the fluid in different parts of the annulus with the velocity of the
cylinder.
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The Fluid Velocity Distribution in the Annulus

In the constant cross—section channel contained between concentric
circular boundaries, the laminar of creeping flow of a viscous liquid is one
dimensional. 1In steady flow, the streamlines are parallel to each other and
to the axis of the annular channel. The velocity in the axial direction -
call it v, - is a function only of the radial coordinate, and is given as a
solution of the one dimensional Navier-Stokes equation, which itself takes
the form of an inhomogeneous second degree differential equation with
constant coefficients:

d
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o\sz(r) L - OLYf(r)
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where Vz(r) = velocity in axial direction

= radial coordinate

= viscosity R
pressure gradient in axial directiom

Gé/dz

On the right hand side is contained the pressure gradient along the axis, and
the viscosity of the fluid.

The general solution to this equation is

Ldp ¢t L B + Chnt 2)

Vapey =
) 4/10\2

where B and C are arbitrary constants

The presence of the term with coefficient € is due to the existence of an
inner boundary in flow, at the radial coordinate r., at which an independent
boundary condition must be specified. In the particular situation to be
considered here, the inner boundary for the fluid is the outer surface of the
cylinder, which is able to move relative to the tube in which the fluid is
contained.

The two independent boundary conditions can be taken up in order.
First, the outer boundary. The aforementioned tube containing the fluid
requires, by the usual no-slip condition, that at the radial coordinate r

t
the velocity must be zero. Thus, from equation (2) we obtain:
L de e LR o+ Clar
0.4/“dz t 4—3 C t
or 4
B = -0 - Clure (3)
Yp Az
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Putting this expression for B into the general solution gives us:

ey =~ B (e b Qe (e /me) w

4/1 c\%

Equation (3) expresses the fact that v z(r) 80es to zero at r = r.. The same
procedure allows the still arbitrary constant C to be fixed also, in such a
way that velocity at the inner boundary condition can be specified. Let V
designate the axial velocity of the cylinder and therefore of the fluid 1n
contact with it. Then equation (4) must give:

e RO + o

or

Ve + 558 (w-r)

(5)
Lo (e /re)

C =

Now, putting this expression for C into equation (4), we get an

expression which contains no arbitrary constants and satisfies both boundary
conditious.

(v /r i A, 2
= (Ve + L 38 (vé-r z)) (- L2P (mi-r?) (o
Ve = (Ve * i Do (refre)  Hp22
This expression for v refers to two independent variables, by which

an experimenter could influence the outcome. These independent variables are

the pressure drop along the annulus, dp/dz, and the velocity of the cylinder
Vo

For the viscometric purposes of the apparatus being considered here,
however, a particular relationship between these two variables is imposed by
the condltlons of the experiment. The top and bottom ends of the tube are
closed, so that there can be no net flow in any parts of the tube which at a
given moment do not surround the moving cylinder. In fact, it may be
supposed that fluid wotion occurs only in the annulus, where there is just

enough flow to clear space ahead of the cylinder, and to fill the space
behind it. This condition can be written

Yt

—netVe = 2T \k(f)r-ALr

Ye
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or simply ‘e

—"ff_\_l_c = [Vamrdr @)
<

Ye

In the equation above, the left hand side is the rate at which space is
displaced by the moving cylinder, and the right hand side is the integral of
flow over the radial interval r, to r., which represents the annulus. To
make use of equation (7), the expression (6) for the velocity must be
integrated. ©Putting that expression for Yo (r) into equation (7), there is
obtained:

it
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e

Substituting these into equation (8) and simplifying, the result is obtained
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that

Ul | “4H4 Vc (10)
_E = (v + ) I (Te /rt) + (v ~T3) ;

This is the relation between cylinder velocity V, and axial pressure gradient
dp/dz which is induced in the annulus under the condition stated —- that the
ends of the tube are closed. Now we are able to put this expression for
dp/dz into equation (6), so as to obtain a formula for the velocity of the
fluid in the annulus, in terms only of V. and the radial dimensions:

du(rire)
(re"-¢ ") - (rtl’rcl) " T (Cc(tr) + Q‘A (r/rt)

Crf14‘fat)lut(tt/f}) + (rfz‘fkl) lgL(W}:/?¥)

(11a)

v.z (‘-) = Vc

It may be noticed that this expression does not contain the viscosity of
the fluid. This is because the flow pattern is independent of the viscosity,
although of course, the force required to move the cylinder is not. The flow
pattern is also independent of the tube and cylinder sizes, although fairly
strongly influenced by the ratio of their diameters.

In fact, the radial distribution of fluid velocity in the annulus can
perhaps best be expressed in dimensionless terms.

If we define

lav!
It

T/re (11b)

B = rc/rt

Then we are interested in fluid velocities in the annular region_defined by
(B=P<=< 1). The fluid velocity as a function of P and B is then

Va(r) = Ve \/\I(P,B) = VE (7,8)

"P
(1-7*) - (1-3%) %:——B . L7
(1+B2) LuB + (1-B2) 2B

(11c)

Weee) =

Before going further, it is instructive to compute and display this
pattern of variation of fluid velocity with radius. Figure A2 shows this
variation of the dimensionless velocity function W for a fairly wide
annulus, B = 0.81. Note that the horizontal and’vertical scales are
different, and that the horizontal scale runs only from P = .81 on the left.
For larger B (that is for relatively narrower annuli), the inner portion of
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the annulus in which W is positive (that is, in which the fluid velocity is
in the same direction as the cylinder velocity) becomes an even smaller
fraction of the total annular distance.

Tt is to be noted that equations (1ll) give the axial velocity of the
fluid as everywhere proportional to V_ . This is only to be expected; the
proportionality is a general characteristic of "creeping flows" in which
inertial forces are small enough to be insignificant, and where the local
velocity at any particular place can be increased or decreased by varying the
driving force in the desired proportion.

Tt will be seen in the next section that this proportionality is
involved in one further assumption about the flow, which is made in addition
to those idealizations enumerated earlier. Briefly, the added assumption is
a dynamic one: that the aforementioned proportionality between v, and V.,
holds true at early times as well, while the cylinder is being accelerated
towards its terminal velocity but before it has reached it. 1In operation,
the viscometer will not usually be used with the cylinder moving through the
observation region at a constant velocity, except when rather viscous fluids
are being tested. It is thus necessary to consider the dynamical situation,
while acceleration is taking place just after release of the cylinder.

Dynamics of the Motion

After the cylinder's release, its downward velocity increases
monotonically, approaching a terminal velocity in an exponential manner.
This behavior is of course typical of any object falling in a gravitational
field and subject to viscous forces. But if the gravity field is considered
uniform over the fall distances involved (the “"flat earth" assumption), if
the viscous forces are Newtonian (that is, strictly proportional to
velocity), and if the velocity and cousequently the Reynolds Number are low
enough that inertial forces are insignificant and the flow is not turbulent,
then the motion can be simply described. This simple description involves a
linear differential equation with constant coefficients.

4% L, DVv. +A =0 (12)
at

Here, I is the system mass that is accelerated, D is the frictional
force per unit cylinder velocity, and A is the gravitationmal force on the
moving system. With the noted assumptions, the coefficients I, D, and A are
all positive constants.

Taking into account the condition that the initial downward velocity of
the cylinder is zero, one integration yields for the velocity at later times:
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A
Vege) = "5(‘“ & | (13)

It can be seen that the acceleration of the cylinder decays exponentially
towards zero from an initial value of (-A/I), as the velocity becomes more
negative and approaches the terminal velocity (-A/D).

One more integration, with the specification that the release point is
the origin of the vertical coordinate z, gives the position of the cylinder
as a function of time:

~Dt/1
Z(t)=-% (t + % e ~1) (14)

It may now be apparent why a detailed assumption is required of the
proportionality of the fluid velocities to the cylinder velocity.
Particularly, in order to calculate the effective mass coefficient in the
dynamic equation, it is to be assumed that the distribution of fluid
velocities described previously in equations (11) holds true during the
process of acceleration, as (=V.) increases up to the terminal velocity.
Thus, it 1is assumed that

AVI (?)B) 0\VQ ’ (15)
T = \/\/(?)B) 1t

While hft < -A/D, and where W is as defined in equation (1llc).
c (?,B)

The Inertial Effective Mass

The major consequence of this, for our purposes, is that the inertial
reaction of the cylinder's motion is not only that due to the mass and
changing velocity of the cylinder itself, but also that of the fluid in the
annulus.* The constant I consists not only of the mass of the cylinder, but
must also include terms proportional to the mass of fluid in the annulus,
modified by the ratio of fluid to cylinder velocity. Furthermore, account
must be taken of the fact that some fluid in the annulus moves in the
positive and some in the negative direction. Because of this change in the

*0f course, for many situations this might be a rather small correction. It
is possible though, to imagine a situation in which it would be large.
Consider using this viscometer with a low density cylinder which moves
upward, under the influence of its buoyancy, in a tube of mercury. In this
case the importance of the fluid's inertia would be paramount.
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direction of the velocity, an integral taken with the same sign over the
entire annulus would result in some of the effect being erroneously
subtracted from the rest.

The annular velocity distribution is described by the function W derived
above, which is positive in the region defined by (B< P < P ) and negative
in the outer region (Pc.<; P «< 1). This corresponds to the fact that the
fluid within a "sheath" of radial thicknessaA r moves in the same direction as
the cylinder. Here, ar = (rCrit - rc) = rt(PC - B). Outside of that sheath,
to the tube wall at r, (or to P = 1 in the dimensionless form), the fluid
motion is in the opposite direction to that of the cylinder. The critical
value, PC, is obtained by solving the equation

W(P,,B) = 0 | (16a)

This reduces to the implicit expression

l‘—Pcz — ¥5
-1 - = (16b)
\f -

which can be solved numerically to give PC(B). Figure A3 displays P.
graphically in terms of the annular descriptor B. Note that for narrower
annuli (i.e., as B=>1), PC exceeds B by ever smaller amounts.

The "effective mass"”, insofar as the inertial term of equation (12) is
concerned, will then consist of three parts. The first of these is the mass
of the cylinder itself, the second is the contribution due to the fluid
within the "sheath” referred to above, and the third is due to the fluid
outside Pc. The latter two are proportional to dintegrals of the fluid
velocity - integrals which have already been evaluated, although not between
these limits.

The inertial effective mass, following this prescription, is

P t
2
I = mrld (B P * 2/)_; Wy PdP - JW(?,&)PA?} (17)
B

Te

Evaluation of the integral over the full range, to obtain the net volume
moved in the annulus, led earlier to equation (10). Because the sheath of
fluid moving in the same direction as the cylinder is fairly thin, i.e.,
because P. is not much greater than B, the first integral is much less than
the second. The two of them together are of the same order of magnitude as
B /2 so that the ratio of the average density of the cylinder to that of the

fluid is most important in determining which contributes more to the inertial
effective mass.
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The Total Viscous Force

The dynamic proportionality expressed in equation (15) is also assumed
in calculating the forces, proportional to the velocity, which oppose the
motion. These viscous forces are calculable in two parts.

The first of these could be considered to be direct ~—- it is the skin
friction which is directly exerted at the outer surface of the cylinder. If
the fluid is Newtonian, this force is simply the negative product of the side

area of the cylinder, the viscosity and the radial derivative of the velocity
at the radius of the cylinder, T.-

a\Vc/
FU1 = —2MYc IZ/U« e e (18a)

But the derivative can be obtained from equation (llc);

O\V:(r) - !‘_-_ %&_/(ka)
S % dP

P-B

Thus

. | -
Fo, = —2m LB uVe -%B b (18b)

where Q == (1 + Bz) 1nB + (1 - B2) (18c)

There is also a second retarding force that is proportional to V_. This
force is due to the pressure difference between the fluid at the two ends of
the cylinder, the same pressure difference that forces net fluid upward
through the annulus to provide space into which the cylinder can wmove. It
may be calculated as the product of the area of end of the cylinder, its
length, and of the pressure gradient along it.

d
F\r?. = TT rcz/q_ I"g (19a)

The pressure gradient was given in equation (10) and is readily transformed
to use the dimensionless radius ratio B:
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using Q, the abbreviation introduced above. Thus

4Tffgzﬂ/u vc (19b)
R

Fo,= —

The sum of these gives the total viscous force to go into the
differential equation (12). )

DVc = Fvl + sz .

By strange good fortune, the second term cancels out part of the first
and we are left with:

2

= —-’2nQ - \j . —1—'* (20)
D a KR /I

{

The Gravitational Force and Coefficients of the Equation

The effective force of gravity is simply the weight of the cylinder
corrected for buoyancy, to allow for the equivalent volume of fluid which
moves upward to replace the falling cylinder:

A = mell (f)c. ‘/0;) % (21)

Here, g is the acceleration of gravity, fk is the average density of the
cylinder and/%kthe density of the fluid.

It is to be noted that the length { appears to the first power in each
of the three coefficients I, D, and A and thus cancels out of the
differential equation. Within the limits set by the assumptions made in the
derivation, then, it is to be expected that the motion will be independent of
the cylinder length. The initial value of cylinder acceleration is obtained
by combining equations (17) and (21):

AL 31(/’6/’#)25 | 22)
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It is expressed completely in terms of the dimensionless radius ratios B and
P. == in which the latter is a function of B. Thus, this parameter depends
only on this ratio, and is independent of the actual size of the apparatus.

On the other hand, the terminal velocity of the cylinder, obtained from
equations (17) and (20), is denoted by U:

A " q(pepe) fu B
Uz-3

(23)

-B2

Z/u(t- =

This is proportional to the square of the actual cylinder radius as well as
to dimensionless functions of the radius ratios, to gravity and the density
difference, and inversely to the viscosity. As is to be expected, only the
single difference of the densities is important by the time terminal velocity
is reached. (A more complicated dependence on the densities of fluid and
cylinder holds during the early acceleration period, as seen in equation

(22).)
Finally, it is of interest to examine the ratio (I/D), which represents

the characteristic time interval over which the acceleration decays to
(1/e)th of its starting value. This characteristic time is labelled Tc:

—PC t
L el e
c” D 2u (I = (-B/R )

(24)

This decay time is proportional to the square of the tube radius, as well as
to the densities and inversely to the viscosity.

Equation (14) for the position coordinate of the cylinder can now be
rewritten in terms of these newly defined quantities:

Z(ﬂ = U <t + Tc (Q‘t/Tc —-1)) (25)

This completes the mathematical analysis of the idealized system. One
task remaining is to develop a computational method by which the measurements
resulting from fall-time experiments can be combined with equation (25) and
the others to give viscosity values. This includes numerical evaluation of
the factors and the assessment of sensitivity to errors in the necessary
measurements., A further need is to discuss the design of an actual
apparatus, with particular emphasis on the extent to which it can be made to
conform with the idealizations which were so convenient mathematically.
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Viscosity Computations

There are several computational problems in applying the above results,
which are dealt with briefly in this section. They have to do with:

1. Computation of the dimensionless coefficients used in
equations (23) and (24), that are functions of the radius
ratio B.

2. 'The lack of an inverse form of equation (25). Fall times
cannot be computed directly from the viscosity and
positions of the observing stations. A similar difficulty
then occurs in the computation of the viscosity from the
fall parameters.

3. The presentation of results in a form convenient for use,
to obtain viscosity from the measured time of fall. As
noted previously, the results of the calculation are
presented as "correction times"” to be subtracted from the
measured times. A conventional viscometer constant is then
used with the "corrected fall time"” to calculate the
viscosity.

The Dimensionless Coefficients

In both the expressions for U in equation (23) and T, in (24), there
appears a combination which can be labelled as X(B):

X o = B
® = G- 0-39/a)

(26)

which may be computed directly. It may also be of use to repeat here the
definition of Q(B) from equation (18c):

Q= (\+3’).0~\B +(1-BY)

There also appears in equation (24) a dimensionless function of B that
involves two integrals of the (dimensionless) fluid velocity W (P,B). The

indefinite integral, defined as J(P B)» can be evaluated analytically, with
the result: d
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Jep = Jwrprdr
_ e (- () (R 148 )
AR

(27)

F In B

Then if Pe ]

' |
W' B)PdP - |W(P;B)PdT
‘B Pe

Y(B) =

Yey= 23 B -J@E) - J,8) o5)

The dimensionless function, Y(B), can be calculated directly from
equation (28), with J(P,B) specified as a function subroutine. Because Y(B)
~is a small difference between large aumbers, though, the accuracy of the
value computed in this way is badly eroded by roundoff error. Fortunately
Y(B) occurs only in the calculation of Tc’ and as the coefficient of the
smaller term in a sum. This inaccuracy is thereby reduced in importance. It
would assume greater import in two cases: if the fluid were of higher
density relative to that of the falling cylinder, and for very low viscosity
fluids where the acceleration becomes relatively more important.

It may be recalled that Pc, the dimensionless radius at which the fluid
velocity is zero, and which is needed in the evaluation of equation (28), is
obtained by numerical solution of equation (16b): .

X
- ‘1;?; =R (16b)
C

Because some of these functions vary rapidly with B, it may be of
interest to be able to refer to their dependence on this radius ratio. A
table of values over a reasonable range of B has thus been computed and is
given as Appendix A-2.

The two parameters of the fall, the terminal velocity U and the decay
time Tc’ are thus given by:

U = \’c"% (TPC/ZD;) Xg) (29)
| 2

T¢ = g—;—" X[B) (Bz/oc - 2Y(63/0_F> (30)
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Computing Fall Time between Stations, and Viscosity

Equation (25) gives the distance explicitly for time after release.
Inverting it to make possible the calculation of fall time as a function of
the fluid viscosity, the densities and the positions of the observing
stations is best done numerically. The computation, coutained in a function
subroutine labelled TFALM, uses the Newton root-finding method to obtain the
fall time to distance S from the release point. The direct evaluation of
equation (25) is done in function ESM in one of three ways depending on the
value of T/Tc, the negative of the argument of the exponential.

A similar use of the Newton method is required to calculate the
viscosity itself, given the fall time between observing stations and the
other relevant parameters. This is performed in function MUFT.

Presentation of Results

A minimum fall time would be measured between the two observing stations
if the tube contained a fluid of zero viscosity (such as a high vacuum). At
low viscosities greater than zero, the rate of increase in the fall time with
increasing viscosity is low, and increases gradually at larger times. This
non-linearity is of course the result of the acceleration of the cylinder
towards its terminal velocity. For fall times which are long compared to the
minimum time, the rate of increase of fall time with viscosity approaches a
maximum. This occurs when the terminal velocity has been nearly reached over
most of the fall distance.

Rather than listing the calculated viscosities themselves for each fall
time, the table of results lists "correction times” CT. The correction time
is to be subtracted from the measured time, and the difference multiplied by
a conventional "viscometer constant” C to give the viscosity.

M= C(Tpoas = CT) (31)

At large enough values of Tmeas the correction time is very small and is
negligible in comparison with measurement errors. This is the limit

described above, of course, when terminal velocity has been reached by the
cylinder.

The PASCAL program VISFAL, listed as Appendix A-2, calculates tables
such as those given in A-3. These tables are divided into six columns, for
six chosen fluid deunsity values. For each density the viscometer constant C
is given at the top of the table. Below it are listed values of the
correction time, for increasing values of the measured time of fall. The use
of these tables in data reduction involves selection of the proper f£fluid
density, interpolation to find the appropriate correction time for a given
measured fall time, subtraction to obtain a "corrected fall time"” and
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multiplication by C. If the measured time is in seconds, the viscosity
obtained in this way will be in centipoise.

Experimental Realization

The viscometer constructed according to the above principles uses a
sapphire tube in which to contain the sample to be measured.* The falling
cylinder is made of steel so that it may be lifted to its release point by an
external magnet. The two observation stations each consist of a
light—emitting diode and a photo diode detector. These are built into a
plexiglas block which has a channel milled out of it, to fit around the
sapphire tube. The stations are separated by a distance of 9.42 cm., and
when the block is installed around the tube, the upper observing station lies
1.24 cm. below the lower end of the steel cylinder before the latter's
release.

Because the sapphire tube is grown as a single crystal,** its inner
diameter is not precisely cylindrical. Thus it does not conforam exactly with
the idealization which had been assumed for mathematical convenience in the
derivation. The numerical value which should be used for the "radius ratio”
B, which is a very sensitive variable in the calculations, is therefore in
some doubt. In this situation it has seemed most reasonable to construct
several tables using different assumed values of B. From these, one table is
selected that gives viscosities nearest to the handbook values of several
known fluids. This particular table will then be used for all further tests,
since it will presumably contain a value of B which most closely describes
the real, non-cylindrical geometry of the tube and cylinder.

*The viscometer is a modification of the device originally designed to
measure solubilities in condensed C0y, and the two versions are convertible
into each other. The sapphire tube serves as a mixing chamber in the
solubility apparatus. Though thin walled enough for manipulation of a magnet
within it, it is able to contain an internal pressure of 4000 psi or greater.

**The sapphire tube is manufactured by the Tyco Corporation, Saphikon
Division, 51 Powers Street, Milford, New Hampshire 03055.
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‘ e l M = cylinder mass (gm)
r S 2 = cylinder length (cm)
r = cylinder radius (cm)
r.= tube inner radius (cm)

pe= fluid density (gm/cm?)
p.= M/ (mr_*2)

= average cylinder density

Figure Al Cylinder-in-Tube Viscometer
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APPENDIX C-1

Calibration of Differential Pressure Gauges

CALIRRATION OF FOUR DIFFERENTIAL FPRESSURE TRANSDUCERS 11/19/81 14:59
RHO= ©0.7530

(10 READINGS MADE AT EACH FPRESSURE)

TRANSIUCER VOLTAGES

RBING H2-H1 Pirsi) npPi nE2 nF3 P 4
1 0.00 00,0000 0,000 0,000 -0.005 ~0,005
2 23.30 00,2512 0.488 0.498 0.479 0.488
3 40.80 0.4362 0.830 0.869 0.840 0,850
4 64,30 0.68%46 1,333 1,362 1.338 1,357
o 91.10 0.9740 1.895 1.899 1.885 1.924
) 109.50 1.1707 2,280 2,305 2,285 2.314
7 128.50 1.3738 2.666 2,686 2,681 2,715
8 114.75 1.2248 2,383 2,407 2,373 2.412
? 28,00 1.0477 2.046 2,061 2,036 2,061
10 81.30 0.84692 1.704 1.694 1.685 1.714
11 96.30 0.6024 1,167 1.182 1,172 1,191
12 32,395 0.3480 0.669 0.674 0,879 0,698
13 14,65 0.1566 0.308 0,303 0.288 0.308
14 0.00 0.0000 0.005 0,000 -0.,005 0,000

Least Square Fitting Parazmeterss 140 readings of each transducer
Arrsisvolt Byrsi SIGCHArrsi
IFl 0.9314706 0.,00029% 0.,004544
nr2 0.511074 0,001297 0.003927

nF3 0.311998 -0.,003983 0.003547
IF4 0,3505900 ~0.001324 0,003525

(DP - 36, + 5 psi diaphragms)



APPENDIX C-2
A Miscible Displacement
(Selected Data Sheets)

LESCLK= 3375600 sLSINR= 15468421 »LTAB= 1807179
NSNT = 10y NUPB= &y NRP= 38
LINELIMIT = 130
HIFIN= 300.0 » LOPIN= 200.0
FOFFL1..71=1 -0.0146sy -0.001, 0.005, 0:006s 1,172 4,102y 0.0
DATE TIHE Fi Fo il Fmardgn  FSLV Pi np2 nF3 IIF4
11/9/781 15 37 52 198.2 170.6 27.56 191.0 3953.5 0,004 0.001 0.004 0,001
11/9/81 15 40 52 222.9 185.8 37.12 171.6 372.6 0,009 0,002 0.006 0,001

0.0048 0,001

0,007 0,001
0.007 0,001

04,2 186.1 38.14 167.4  391.1 0,010 g,ggg
BiFB 6B BREE fdF M 8 orcos

.. — Conductivity = CMAX

11/9/81 15 41 52
Nz TR

e e L -~ e .
o R A

CONDUCTIVITY PROFILE

-~ Conductivity = 0

INFUT END OF CORE aT LEFT OF CONDUCTIVITY PROFILE.
ChaX= 1.30832E-2 mhos/meter AT 29

CHIN= -3.02399E-2 mhos/meter AT 12

Erroneous negative values for

conductivity, obtained at

ASYHMHETRY VOLTAGE= 1.79131E-1 electrodes #12 and #51, results
10 24 28 from open circuits there.
INPUT LEFT OK -27
~4 & -10
DATE TIHE Fi Fo op Pmardgn  PSLV 1 nra LpP3 DF 4

11/9/81 15 44 52 226,33 186.2 40.146 157.9 383.8 0,011 0,002 0,007 0,001

11/9/781 15 45 52 226.6 185.9 40.49 155.2 380.92 0.011 0.002 0,006 0.001

11/9/81 15 46 52 226.9 185.6 41.30 152.0 377.9 0,011 0,002 0,006 0.001

11/9/781 15 47 552 226.0 184.2 41.82 150.5 375.,0 0,010 0,002 0,007 0,001

11/9/781 15 48 92 226.6 184.1 42,54 149.1 373.5 0.011 0,002 0.007 0,001

sveradge of MHA CHAX s is  0,01491 mhos/meler

DATE TIME Fi Fa I Fmarsn FSLY oP1 LrE2 nF3 LiF 4

1179781 15 49 52 225.3 182.3 43.03 149.0 37%.0 0,010 0,002 0,008 0,001

1179781 15 S50 52 227.0 183.9 43.06 148.7 F7%:0 0,011 0,002 0,006 0,001

11/9/81 15 51 52 226.7 183.8 42,90 148,46 A76.,3 0,011 0,002 0.006 0,001

1179781 15 52 52 228.2 184.5 43.65 148.5 376.5 0,011 0,002 0.006 0,001

11/79/81 15 53 52 228.1 184.7 43.42 148.3 3779 0,011 0,002 0,007 0,001

. S b ——— 0 = 1.0 Horizontal Scale Marks on
Minigraph are at 10 electrode
intervals, or 6.604 cm apart
on core.

— C = 0.0
0 20 40 60 80 100
INFUT ENI OF CORE AT LEFT OF CONDUCTIVITY PROFILE.
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CHAX= 1.30557E-2 mhos/meter AT 99
CHIN= —-9,34300E-2 mhos/meter AT 12
ASYMHETRY VOLTAGE= 1,.77950FE~1

10 23 27 . .
INPUT LEFT OK -2g _ - Differential pressure transducers
-51 -13 remained zeroed during this run.
LATE TIKE Pi Fo iy Fmardgn FPSLY Pl ng2 nF3 LF4

11/9/81 15 54 52 181.5 178.9 2.62 187.4 3646.2 0.010 0.001 0,006 0.001
11/9/81 15 85 52 172.2 170.7 1.486 192.3 361.8 0,008 0.001 0,007 0,001
11/9/81 15 56 82 163.,9 162.3 1.59 194.9 356,00 0,007 0.001 0.003 0,001
11/9/781 10 57 52 155.9 154.3 1.64 197.1 330.1 0.005 0,001 0.008 0.001
11/79/81 15 58 52 148.4 146.46 1.8B1 200.2 345.7 0.004 0,001 0,003 0,000

Concentration
Profile

INFUT ENI OF CORE AT LEFT OF CONDUCTIVITY PROFILE.
CHAX= 1.28516E-2 mhos/meter AT 99

CHIN= -1.,30599E~1 mhos/meter AT 12

ASYHHETRY VOLTAGE= 1.86675E-1

10 25 33
INFUT LEFT OK ~29
-49 ~14
DATE  TIHE Fi  Fo  IF  Pmsrsn  PSLY  DP1 DP2  DP3  DP4

11/9/81 15 59
1179781 16 ©

146.4 141.9 4.48 198.1 348.6 0,003 0,001 0.002 0,000
215.1 182.9 32.24 149,46 366,22 0,008 0,002 0,005 0,001

g Lnd
SR LG I G R

11/9/81 16 1 219.7 183.4 346.30 147.3 369.,1 0,010 0,002 0,004 0,001
11/9/81 16 2 220.2 182.4 37.84 147.7 370.6 0.011 0.002 0,006 0,001
11/9/81 16 3 221.1 182.5 38,59 148.3 372.,1 0.011 0,002 0,006 0.001

INFUT END OF CORE AT LEFT OF CONDUCTIVITY PROFILE.
CHAX= 1.29285E-2 mhos/meter AT 99
CHIN= -8.,41199E-2 mhos/meter AT 12

ASYHMHETRY VOLTAGE= 1.84358E-1

12 23 31
INFUT LEFT OK -47
-47 -15
IATE TIME Fi Fo P Fmarsgn FSLY oPi1 IF2 nP3 I~ 4
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INFUT END OF CORE AT LEFT OF CONDUCTIVITY PROFILE.
1.25401E~2 mhos/meter AT 7

CHAX=

CHIN= —1.61230E-2 mhos/meter AT 12

ASYHHETRY VOLTAGE=

.

INPUT LEFT OK

DATE
11/9/81
11/9/81
11/9/81
11/9/81
11/9/81

INFUT END OF CORE AT LEFT OF CONDWUCTIVITY
G+72322E-2 mhos/meter AT 0

CHAX=

44

TIKE

i9
20
21
22

23

e e en ot
BB PRI PRI

1.87256E-1

np
90.67
51,65
9l.92
52.48

B3.52

CHIN= ~1.24544E~-2 mhos/meter AT 12

ASYHMHETRY VOLTAGE=

4

INFUT LEFT OK

[ATE
11/9/81
11/9/81
11/9/81
11/9/81
1179781

INFUT END OF CORE AT LEFT OF CONIDUCTIVITY
1:.65763E~2 mhos/meter AT 0

CHAX=

-47

onen g
R BRI PRI BRI

2+41522E~-1

nF
O4.15
o4.97
95.12
93.91

D6.24

CHIN= —-1.15190E-2 mhos/meter AT 12

ASYHMHETRY VOLTAGE=

9

INFUT LEFT OK

2.74498E~1

FROFILE.

PROFILE.,

nFi
0.010
0.009
0,009
0.009

0,009

nF1
0,009
0.009
0.009
0.009
0.009

np2
0.002
0,002
0.002
0.002
0.002

P2
0.002
0.002
0.002
0,002
0.002

LiF3

0.007
0.004
0.006
0.005
0,005

[iF3
0.00%
0.005
0,006
0.006
0.005

IF4

“'0 + 007
"0 * 007
~0.007
“"Q s 007
“0 + 007

IiF 4
~0,006
""'0 +006
"‘0;00&
-0.006
’“00006



CHAX=  2.45777E-2 mhos/meler AT 13
CHIN= —4,61986E-3 mhos/meter AT 12
ASYMMETRY VOLTAGE= 7.01457E-1

-8 79 107
INFUT LEFT OK -63
-8 g8
IIATE TIHE FPi Fo I Fmardgn PSLV

L1/9/81 17 54 52 215,3 182.9 32.35 224,9 439.5
L1/9/81 17 55 52 202.4 185.2 17,21 234.8 443.8
L1/9/81 17 56 202,9 181.5 21.41 234.8 443.8
L1/9/81 17 &7 234.,6 183.3 S1.26 209.5 445.3
L1/9/81 17 S8 241.,9 183.8 58.07 203.7 448,.2

e en
bR B2

INFFUT END OF CORE AT LEFT OF CONDUCTIVITY PROFILE,
MAX=  2,52005E-2 mhos/meter AT 13

MIN= —4,53729E-3 mhos/meter AT 12

ASYHMMETRY VOLTAGE= 7.,08897E-1

-1 79 111
INFUT LEFT OK -78
~41 91

DATE TIKE Pi Fo il Pmarsdgn PSLY
L1/9/81 17 59 32 264.1 1B4.6 81.52 184,3 448,2
L1/9/81 18 0 52 280,9 184.5 96.42 171.2 452.,6
L1/9/81 18 1 52 274,00 183.5 90.47 177.2 452.6
L1/9781 18 2 52 267.,2 1B3.4 83.80 184.,0 454 ,1
L1/9/81 18 3 52 261.6 183.9 77.70 189.3 452.6

o~

- ‘“‘-

s et ront e
>

INFUT END OF CORE AT LEFT OF CONDUCTIVITY PROFILE.
MHAX= 4,31114E-2 mhos/meter AT 13

HIN= —-1.56450E~-1 mhos/meter AT 0

ASYMMETRY VOLTAGE= 7.546100E-1

15 74 128
(NFUT LEFT OK -75
7 71
DATE  TIME Pi Po  DP  Pmarsn PSLV

65

DP1
0.010
0.010
0.010
0.011
0.011

{1251
0,011
0.011
0.011
0.011
0.011

(121

P2
0.002
0.002
0.002
0.002
0.002

Pz

0,002
0,002
0,002
0,002
0,002

bp2

DP3
0.007
0.005
0.006
0.004
0.006

DFP3
0.006
0.005
0,005
0.005
0.005

IF3

P 4
-0.003
-0 9003
-0.003
-0.003
-0.003

P 4

-0,003
~0.,003
-0.003
-0, 003
~-0.003

P4



11/9/81
11/9/81
11/9/81
11/9/81
11/9/81

17
17
17
17
17

s B B O L B

goananonon
MR BRI RS

233.3 183.3
245.3 184.5
211.1 181.7
199.7 182.6
214.3 183.2

90,02
60 .84
29.44
17413
31.02

184, 1
175.1
204, 1
214, 4

202.2

INFUT END OF CORE AT LEFT OF CONDUCTIVITY

CHAX =

1.80179E-2 mhos/meter AT 13

CHIN= -5.87444E~-3 mhos/meter AT 12

ASYHMHETRY VOLTAGE=

i

INFUT LEFT OK
~bé

LIATE
11/9/81
11/9/81
11/9/81
11/9/81
11/9/81

17
i7
17
17
17

12

-14

-15

Fi Fo
i99.8 181.8
219.5 181.8
194.1 182.3
236.4 184.9
233.6 183.4

S.02246E~

1

TP

17.98
37,69
11.80
51,49
50,14

154

Fmardgn
214.5
198.3
220.9
184.8
ig7.8

INFUT ENB OF CORE AT LEFT OF CONDUCTIVITY

CHAX=

1.66745E-2 mhos/meter AT 13

CHIN= ~7.484256E-3 mhos/meter AT 12

ASYMHETRY VOLTAGE=

-2

INFUT LEFT OK
-7 4

LATE
11/9/81
i1/9/81
11/9/81
11/9/81
11/9/81

TIHE

14
15
16
17
i8

ul

8l

[t

g
Py b3 K

-13

-15

Fi Fo

244.6 183.9
224,7 183.0
222.5 184.90
219.0 183.4
214,3 182.7

4, 99024E~

i

o

60.72
41.69
328.52
35.60
31 .60

146

Fmargn
179.2
195.7
197 .9
201.7
206.1

417 .5
420, 4
414.5
417 .5
4146.0

FROFILE.

PBLY
420 .4
420.4
4146.0
421.,9
420.4

FROFILE.

FSLV
418.9
418.9
420.4
420. 4
421 .9

0.009
0.009
0.009
0,009
0.009

nFl
0.009
0,009
0.009
0.010
0,010

DFEi
0.010
0.010
0,010
0.009
0,009

0.002
0,002
0.002
0,002
0.002

np2
0.002
0.002
0.002
0.002
0,002

P2
0.002
0,002
0.002
0.002
0.002

0.004
0,005
0.008
0.004
0,003

1]
0,004
0.007
0.005
0.005
0,005

nF3
0.004
0.004
0,005
0.007
0.004

"'O 1] OG-S
-0.003
-0,004
-0, 004
-0, 004

DF4
-0.004
"'O +003
-0,004
=0,.003
"“()4-{303

nF4
~-Q,003
0,003
""0 '»003
~0,. 003
“"09003



Table 1

"Foam'" Generation

Surfactant” Mfr.** Concentration Range***
Monateric
ADFA 1 3.3% - 12.47 (produced longest
lasting foams)
Alipal
CD-128 2 4.1% - 267
Deriphat
160 3 12.4% - 19.3%
Deriphat
BAW 3 3.3Z - 14.1%
Monateric
ADA 1 3.3% - 14.1%
* concentration of surfactant in water was 10% in all above cases.

*% 1 is Mona Industries, Patterson, NJ
2 " GAF Corporation, New York, NY
3 " Henkel Corporation, Hawthorne, CA

%%% fractional flow rate of aqueous phase over which water-continuous
foam—~like emulsion with iso-octane could be produced.
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FIGURE 3

Foam-1ike Dispersion of Iso-octane
in Aqueous Solution, 10% ADFA*

*Mona Industries, Patterson, New Jersey
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