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CHAPTER I

INTRODUCTION

Background and Importance

Groundwater is an essential natural resource and is one of the
most widely diétributed natural resources of the Earth. It constitutes
more than ninety-five percent of all the fresh water available at any
instant in the world (Lvovitch, 1970). The wuse aof groundwater has
escalated significantly worldwide since 1960. About fifty percent of
the United States population relies on groundvater as its primary
source of water {Carter, 1984), and ninety-five percent of the drink-
ing water in the rural areas comes from the groundwater (Sclley et
al., 1984). In addition, groundwater supplies about twenty-fi?e per-
cent of the nation’s domestic, agricultural, and industrial water

(Driscoll, 1986).

Demand for groundwater has increased greatly over the past 35
years because of population shifts to areas vhere surface water
resources are limited. In the recent past, the public has become more
avare of the importance of groundwater, and is now taking action to

protect the groundwater.



In Massachusetts, about one-third of the 6 million people obtain
their water supply from wells. In 1980, on an average, 320 million
gallons per day of fresh groundwater was withdrawn for public, rural,
industrial, and irrigation supplies. Of this, about sixty percent was
for public supply, thirty percent for industrial use, and ten percent
for rural domestic supply. Although major urban areas in Massachusetts
use surface-water supplies, .groundwafer is the primary source for
about 165 public supplies and secondary source for another 33 public

supplies (U.S.G.S., 1984).

There is ample evidence to show that the contamination (as well
as droughts) have affected the groundwater resources significantly in
the last decade. Degradatiﬁn of groundwater quality by wastes and
chemicals has caused water shortages in Massachusetts. Between 1978
and 1981, about 25 public-supply wells with a combined capacity of 23
million gallons per day were closed because of groundwater contamina-

tion (U.S.G.S., 1984).

Both at the State level as well as at the National level,
groundvater has become the much needed valuable resource of the fu-
ture, and therefore, groundwater guality protection measures should be

strongly encouraged and supported by the State and Federal programs.

Problem Overview




Groundwvater is a very valuable resource and the vulnerability of
groundvater to overuse and the consequent water-quality degradation
vas not widely understood until recently. Significant advances have
been made in almost all phases of groundvater technology in recent
years. The focus on groundwater quality in the United States has taken
an expected shift from problem recognition to problem prevention. This
had led to an emphasis in the water resource management profession on
taking the necessary preventive measures today to protect the nation’s

aquifers before they become contaminated in the future.

Protection of an aquifer is environmentally and economically more
desirable than cleaning up an already existing groundwater contamina-
tion 'problem. However, such preventive measures need a significant
investment of funds, effort, and coordination. In addition, 1local,
state, and federal support is generally easier to obtain to resolve an
existing problem than to develop a program that prevents the con-

tamination of groundwater.

Once a portion of an aquifer has been contaminated, groundwater
quality management efforts shiff from prevention, to either removal,
or isolation of the contaminated groundwater. In either case, it is
important to be able to understand the effect of changes of certain
parameters on the movement of contaminated groundwater in the aquifer.
Some of the remedial technologies that can be used for controlling the

groundwvater contamination problems include: (1) groundwater pumping



techniques involving injection and withdrawal wells to capture a plume
or change the direction of groundwater movement; (2) subsurface drains
consisting of gravity collection systems designed to intercept
groundvater; (3)_impermeab1e subsurface barriers to minimize the plume
movement or to divert groundwater flow; and (4) in-situ biological or
chemical treatment methods to remeove or attenuate the contaminants in

the groundwater (U.S.E.P.A., 19B83a).

The purpose of this research is to investigate a new technique
using polymers capable of increasing the viscosity of water, to assist
in the removal of contaminated groundwater. The 0il industry has been
using a series of such polymers in Enhanced 0il Recovery (hereafter
referred to as EOR) operations. These same polymers have significant
potential for use in the cleanup of localized groundwater contamina-

tion problems.

Eggineeriqg Relevance

Groundwater moves slowly, usually about a few feet per year to a
few feet per day, and therefore residence times are usually very
large. This suggests that once an aquifer is contaminated, it remainé
so for many years. This makes it imperative that groundwater be
protected from contaminants, and the long term needs of groundwater
usage be taken into consideration. If groundwater is to-play an impor-

tant role in developing the world’s water resource potential, then it



needs to be protected from the increasing threat of subsurface con-

tamination.

Control of groundwater contamination involves one or more of the
following options: (1) containment of a plume; (2) removal of a plume
after measures have been taken to halt the source of contamination;
and (3) diversion of groundvater to prevent clean vater from flowing

through contaminated areas.

The cleanup of groundwater is véry different from the cleanup of
surface water. The most obvious difference is that the body of water
is actually being cleaned in groundwater cleanups, while in surface
vater cleanups, we control and treat the wastewater that is entering a
body of water. The body of surface water (a lake or river), can become
clean once the inflow of pollutants is controlled, whereas the
groundwater is not able to clean itself at a rapid rate. Therefore, in
a groundwvater cleanup, one must clean up the source of pollutants and

also clean up the contaminated aquifer itself.

The o0il recovery technology cannot be directly applied to the
groundvater cleanup operations, as there are some very significant
differences betwveen these two applications. 0il recovery applications
typically involve very deep and highly confined sandstone aquifers
with high salt concentrations. The confined nature of these aquifers

makes it possible to use high operating pressures at the injection



vells. In contrast, groundwater contamination incidents are more
likely to involve unconfined (phreatic) aquifers of unconsolidated
materials where high operating pressure gradients can not be achieved.
It is very important to be able to understand the effect of changes of
certain parameters on the movement of contaminated groundwater and/or
polymer solution during the cleanup operation. Therefore, the research
" presented here is aimed at understanding the polymer flow behavior as

applied to groundwater contamination cleanup operations.

The pattern of water and polymer velocities which control the
gross movement of the polymer front depends on the properties of the
porous media, the location of injection and withdrawal points, the
rate of inﬁection and withdrawval, the viscosities (or mobilities) of
the two fluids, i.e., polymer and water, as well as the thickness and
position of the polymer front. Thus, it is to be expected that only a
procedure which includes an adequate description of the above men-
tioned factors can be successful in completely understanding the

‘polymer flow behavior in the porous media.

Polymer Injection

The o0il industry uses several polymers such as polyacrylamides,
xanthan gums, and surfactants in their Enhanced 0il Recovery (EOR)
operations. Synthetically produced polyacrylamides are among the most

commonly used polymers in the o0il recovery operations. Polyacrylamide



polymers are produced by the combination of carbon, hydrogen,
nitrogen, and oxygen into basic acrylamide monomer units. These
monomers are then polymerized to form a long chain polymer molecule
called polyacrylamide, which can be represented as —(CHZCH—CONﬂz)E.
These polymers, when used!in concentrations of 100 ppm, can increase
the viscosity of water by approximately 25 times. {The actual increase

depends on the specific polymer formulation used).

In EOR operations, the process of injeéting polymer-wvater (often
called polymer flooding) involves the addition of polymers to the
injection vater to increase the viscosity, resulting in a more effi-
cient recovery of residual o¢il. When water (without polymer) is
injected into an oil reservoir, in an effort to maintain the pressure
and facilitate the removal of the remaining oil, the injected water
often "short circuits" through the porous medium by finding the path
of least resistance from the injection well to the withdrawal
(productiﬁn) wvell. Figure 1 illustrates this short-circuiting effect.
This can be controlled by the use of polymers, which, due to their
viscous nature, build a plug of low mobility water (both due to in-
creased viscosity and decreased apparent permeability). This is
illustrated in Figure 2. When water is injected behind the polymer
plug, the entire front advances more or less uniformly, thereby
providing a better sweep efficiency. The polymer plug moves gradually

towards the withdrawal (production) well, driven by the pressure
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Figure 1. Short Circuiting Effect in 0il Recovery Operations
Vithout the Use of Polymers.



INJECTION WITHDRAWAL 1

R

.........

.........

q Rk

.......................................................

------------------------------

----------------------------------------------------------------

----------------------------------------------------------------
.......................................................

------------------------------

oIL ‘¢
OIL

Figure 2. Controlling Short Circuiting Effect in 0il Recovery
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maintained behind it, and providing a better sweep of the residual oil

in the porous media.

Scope and Objective

The use of water-soluble polymers in secondary and tertiary oil
recovery operations was studied extensively by many researchers during
the 1970s. However, no published literature has been found on the
performance of these polymers in phreatic conditions, or on their use
in dealing with groundvater contamination problems. Therefore, the
purpose of this research is to develop an understanding of the flow
behavior of polyacrylamide polymers in the porous media, and to
discuss the suitability of using these polymers in the management of
groundvater contamination incidents. The research is designed as a
laboratory scale experimental study aimed at investigating the pos-
sibility of using polyacrylamide polymers in dealing with groundwater
contamination cleanup operations. The primary focus of this research
is to obtain as much information as possible from the experimental

studies.
Thus, the overall objectives of this research are:
1. to develop a relationship between polymer concentration and

vigcosity, and to.  study the effect of polymer concentration

and/or viscosity on the injection of polymer solutions.
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2. to study the effect of shear rate on the viscosity of polymer
solutions and its relation to the groundwater cleanup applica-

tions.

3. to investigate the effect of polymer concentration and polymer
slug size (thickness of slug) on the flow properties of

pelymer solutions in porous media.

4. to study the effect of polymer concentration and slug size on
the stability of the slug as it moves away from the injection

port to the withdrawal port.

5. to develop a mathematical model that would incorporate the
effects of polymer concentration and slug size to predict the

position of the polymer front as a function of time.

The first objective is aimed at developing a viscosity relation-
ship as a function of polymer concentration so that the viscosity
relationship can ther be incorporated into a mathematical model of
groundvater/polymer flow. The éecond objective is meant to give an
understanding of the effect of shear rate on the polymer solution
viscosity, and it’'s relation to groundwater applications. The third
objective, i.e., the effect of concentration and thickness of the slug
on the flow field, will investigate the changes induced in the

hydraulic head distribution, and its subsequent effect on groundwater
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velocity. The fourth objective addresses the integrity of the slug at
various concentrations and polymer slug thickness as the polymer
solution flows through the porous matrix. Thus, the third and fourth
objectives are qualitative, and are meant to yield an understanding of
the behavior of polymer slug using the data from various experiments.
And, the final objective looks at the modeling aspects of polymer

flow, which could then be tested using the experimental data.



CHAPTER II

LITERATURE REVIEW

Cleanup Methodologies

Methods which prevent groundwater contamination are undoubtedly
the most effective techniques for aquifer protection. However, con-
tamination has occurred and continues to occur in many locations due
to leaching from waste disposal ‘areas, waste spills, and illegal
dumping. Once contamination occurs, there are various techniques that
may be used to either contain the polluted groundwater, or treat the
groundwater and clean up the aquifer, at least partially. These tech-
niques range from removal of the polluted water with subsequent
physical, chemical, or biological treatment, to physical containment

and in-situ treatment with chemicals or microorganisms.

This section presents a review of the current literature per-
tinent to the groundwater cleanup and related methodologies.
Specifically, this section will review the literature available on the
different types of groundwater cleanup technologies such as, (1)
groundvater cleanup techniques, (2) impermeable subsurface barrier
methods including grout curtains and slurry walls, and (3) in-situ

biological treatment methods.

13
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Groundwater Pumping Methods

Various groundwater pumping techniques can be used to abate

aquifer pollutipn problems. Groundwater pumping involves the active
manipulation and management of groundvater in order to contain or
remove the contaminated water. This approach has traditionally been
used in dealing with salt or brackish water intrusion problems. The
pumping methods are most effective in aquifers with high permeability

(or hydraulic conductivity).

Withdrawval wells alone or é combination of injection and
withdraval wells can be used to either contain or remove a con-
taminated plume. A 1line of withdrawal wells can be used to halt the
advance of the leading edge of a contaminant plume, for instance, to
pfevent the contamination of drinking water supply (U.S.E.P.A.,
1985b). Use of withdrawal wells alone is best suited where the
hydraulic gradient is steep and hydraulic conductivity high, and where
quick removal of contaminated groundwater is not necessary. Neely, et
al. (1981) reported some applications of withdrawal wells in aquifer

cleanup, including the subsequent treatment and/or disposal.

In cases where the hydraulic gradient is relatively flat and
hydraulic conductivity is moderate, a combination of injection and
vithdrawval wells can be used. The injection wells act to direct the

contaminants to the withdrawal wells. This method has been _used with
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some success for contaminants not miscible with water (U.S.E.P.A.,

1985b).

Groundwater pressure ridges, another form of groundvater pumping
technique, can be created using a se}ies of injection wells around a
contaminant plume or site,.thereby restricting the movement of con-
taminated water or changing the rate of groundwater movement. By
creating an area with a higher hydraulic head, the plume can be forced
to change direction. "Barrier wells" which continucusly pump water to
prevent spreading of spent solvents and acid sludge have been in-
stalled at Woodbury Village, Minnesota surface impoundment (Neely et
al. 1981). This method (of pressure ridges) has found wide application

in coastal areas to prevent salt water intrusion.

Subsurface Barrier Methods

The subsurface barrier methods consist of a variety of tech-
niques. In these methods, low permeability cut-off walls are installed
below the ground to contain, capture, or redirect groundwater flow
near a contaminated site. The most commonly used subsurface barrier
methods include (a) Grout curtains, and (b) Slurry walls. These two

subsurface barrier methods are presented in the following sections.

(a) Grout Curtains: Grouting is a process of injecting a liquid,

or slurry into the porous matrix, whereby the injected fluid will move
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away from the point of injection to occupy the available pore space.
The injected fluid, in due course of time, will solidify or form a gel
resulting in a decrease in the permeability of the so0il. There are
basically two types of grouts, namely; Particulate grouts, and

Chemical grouts.

Particulate grouts consist of water and particulate material
which will solidify in the porous matrix, while chemical grouts
usually consist of two or more liquids which will form a gel. Some of
the commonly used grout materials are listed in Table 1. Cement grouts
have been very widely used in the construction industry (especially in
building tunnels) and the properties of cement grout additives are

presented in Table 2.

At present there are no policy measures aimed at grouting tech-
nologies. Many industries associated with the grouting technologies
are not taking a "lead" primarily because of the possible toxicity
considerations associated with the chemicals. The use of cﬁemical
grouts might need to be analyzed for compliance with the Underground
Injection Control Program by the United States Environmental

Protection Agency (U.S.E.P.A.).

One of the major considerations in the design of the grouting
system is the composition of the grout. In general, chemical grouts

are used in fine-grained soils, while particulate grouts are used in
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Table 1. Commonly Used Grout Materials.

Cement, Water

Cement, Rock Flour, Water
Cement, Clay, Water
Cement, Clay, Sand, Watef
Clay, Water

Various Chemicals

Asphalt
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Table 2. Properties of Cement Grout Additives (Source: Knox, 1983).

Additive Property

Clay Reduces Cost of Grout
Ground Shale Reduces Strength of Grout
Rock Flour

Finely Ground Bentonite Increases Plasticity

Reduces Grout Shrinkage

———— o —— T T —— T . T T o Tt . T S D B el ko . o e e A S e Sk e e e . T i e i i e e e

Calcium Chloride Accelerates Setting Time
Sodium Hydroxide

Sodium Silicate

Gypsum Retards Setting Time
Lime Sugar

Sodium Tannate
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coarse or gravel soils. The composition of a grout will depend wupon
several factors, such as; type of porous media, the nature and con-
centration of pollutant, the time since contamination started, etc.
Jones (1963) reports that the amount of cement or bentonite in a
particulate groui varies widely and depends on the '“workability" of
the mixture: increased bentonite concentrations increase the stiffness
of the slurry; adding bentonite to cement slurries decreases their
compressive strength; increased bentonite concentrations decrease the
specific gravity of slurries (showing a reduced tendency to migrate
through the =soil after injection). A general guide for the selection
of grouts is presented in Figure 3. Given the soil type, one can
determine the applicablé types of grouts. The range of soil types to
which a particular grout is applicable is.represented in the figure by

the white horizontal bar.

Another major consideration in the design of a grout system is
the pressure at which the grout is to be injected. As mentioned ear-
lier, much of the design basis for grouts is adapted from the
construction industry. Morgenstern and Vaughan (1963) report that the
grouting pressure must be determined by conducting hydraulic fracture
tests in the field. This may be true for construction industry grout-
ing practice, but, for the groundwater applications, the pressure in
general, should be kept sufficiently high to ensure injection of grout
and decrease the time required for grouting. Bowen (1981) discussed

the several problems that might arise during the grouting operation.
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(b) Slurry Walls: Slurry walls are the most commonly used  sub-

surface barriers to reduce the groundwater flow. Slurry walls
represent a technology for encapsuléting an area to either prevent
groundvater contamination or restrict the movement of previously
contaminated groundwater. Basically, the technology involves digging a
trench around . an area and backfilling with an impermeable material.
Slurry walls can be placed upgradient, downgradient, or completely

surrounding the contaminated area.

Upgradient‘placemént of a slurry'wall could be used to divert
clean groundwater around a contaminated area. Downgradient placement,
although not common, can be employed as a partially penetrating bar-
rier to contain and capture floating contaminants and methane. Since
the contaminants come in direct contact with the slurry wall, exten-
sive compatibility testing is required. Circumferential installations
are by far fhe most common and offer several advantages. This type of
installation greatly reduces the amount of uncontaminated groundwater
entering the site from upgradient, thus reducing the volume of con-

taminated groundwater.

Slurry wall types are differentiated by on the materials used to
backfill the slurry trench. Most commonly, a scil mixture is blended
with bentonite slurry and placed in the trench. This is called a Soil-
Bentonite (S8B) slurry wall. In some cases the slurry trench is

hardened by incorporating cement in the original slurry, and this is



22

called a Cement-Bentonite (CB) slurry wall. Some of the characteristic
features of cement-bentonite and soil-bentonite slurry walls are

summarized in Table 3 {Ryan, 1980).

The advantages of Soil-Bentonite slurry walls are their low
installation costs, wide range of chemical compatibilities, and low
permeabilities. However, the disadvantage is that the soil-bentonite

slurry walls require a large work area.

A major concern in the application of soil-bentonite walls is the
compatibility of the backfill material with the contaminants present
in the groundwater. D’Appolonia (1980) reported that soil-bentonite
backfills are not able to withstand attack by strong acids, bases, and
salt solutions. Exposure of a soil-bentonite slurry wall to certain‘
contaminants can lead to increased permeability through (a) pore fluid
substitution or (b) the increased solubility of barrier minerals in

the contaminant fluid.

Although the scil-bentonite slurry walls offer the lowest cost
technology, the lack of long-term performance data is a limiting
faétor in the use of this technology for pollution migration control.
The ability of these slurry walls to withstand long-term permeation by

many contaminants is in question.
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Characteristics of Cement-Bentonite and Soil-Bentonite

Slurry Valls (Source: Ryan, 1980).

Cement-Bentonite

Soil-Bentonite

More suitable for limited
access areas.

Independent of backfilling
soil quality or availibility.

Cement-bentonite walls set
quickly. Can cut trenches

or allow traffic over slurry
walls in just a few days.

Can be constructed in sections.

Lover material costs.

Can achieve lower permeability
than cement-bentonite walls.

Requires continuous trenching
in cne direction.
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Cement-Bentonite slurry walls have many characteristics in common
with soil-bentonite slurry walls. Therefore, to avoid duplication, the
following discussion will highlight the factors that distinguish
cement-bentonite slurry walls from soil-bentonite slurry walls. The
principal difference between the two 1is the backfill, and this

4

produces the differences in application and compatibilities.

The design and construction of a cement-bentonite slurry wall is
very similar to that of a soil-bentonite slurry wall, Typical composi-
tion of cement-bentonite slurry is presented in Table 4 (Jefferis,
1981). Accglerators, retardants, and various other additives may also

be used but are not common practice.

Cement-bentonite slurry wails are limited in their use by their
‘higher costs, somewhat higher permeability, and their narrower range
of chemical compatibilities. The permeability of cement-bentonite
slurry wall is normally around 1 X 10-6cm/sec, vhile that of a soil-
bentonite wvall is around 1 X 10 Scm/sec (Spooner et al., 1984a).
Cement-bentonite backfills are more susceptible to chemical attack
than most soil-bentonite mixtures (Spooner et al., 1984b). Cement-
bentonite is susceptible to attack by sulfates, strong acids and basés

(pH <4 and >»7), and other highly ionic substances.

Like soil-bentonite slurry walls, cement-bentonite slurry walls

can be effective and are a relatively inexpensive means of controlling
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Table 4. Typical Composition of Cement-Bentonite Slurry Mixture
(Source: Jefferis, 1981).

Constituent Percent in Slurry
Bentonite 4-7
Vater 68-88
Cement
without replacements 8-25
wvhen blast furnace slag added, minimums 1-3
wvhen fly ash added, minimums 2-7

Blast furnace slag, maximums, if used 7-22

Fly ash, maximums, if used 6-18
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groundvater flow. As with any barrier installation, thorough com-

patibility testing is essential.

There has been very little information provided on the perfor-
mance of slurry walls as applied to groundwater pollution controll
problems. However, this does not mean that the technology has not been
applied. Slurry walls are common components of recommended remedial
action plans at Superfund sites. Very 1little post construction

monitoring information is available to date.

In-Situ Treatment Methods

The emphasis of this section is to present an overview of the
state of knowledge . of in-situ biological treatment (Biorestoration)
which can be used in groundwater c¢leanup operations. In-situ biores-
toration is a relatively new technology that is receiving increased
attention as a cleanup method. Recent research has shown that a wide
variety of organic contaminants c¢an be degraded by subsurface
microbial populations. In-situ biorestoration techniques are not well
developed, and the current research is seeking to better define the

environmental conditions that control the biodegradation.

Recent studies by Ghiorse and Balkwill (1983} indicated that the

deeper subsurface environment is not sterile. Bacterial densities of
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around 1 X 106 organisms/gram of dry soil were found in several non-
contaminated aquifers. Although not clearly defined at this time,
several environmental factors such as dissolved oxygen, pH, tempera-
ture, nutrients, salinity, and concentration of pollutant are known to

influence the capacity of microorganisms to degrade contaminants.

Vater-table aquifers contain oxygen, and a wide. variety of or-
ganic compounds have been shown to biodegrade aerobically. Wilson et
al. (1986), and Lee et al. (1984) have reported the biodegradation of
certain chemicals found in gasoline spills, and the biodegradability
of organic compounds found in diesel spills were reported by Wilson et
al. (1985). Several other researchers (Kuhn et al. (1985), Sulfita and
Miller (1985), Lokke (1984), aﬁd Novak et al. {1984) also reported the
biodegradation of other organic compounds including synthetic organic

compounds.

¥hen the concentration of organic contaminants 1is high, the
dissolved oxygen in groundwater will be depleted and further
biodegradation is possible due to anaerobic bacteria. Anaerobes that
metabolize certain organic compounds and produce methane are called

methanogens.

Recently, Wilson and Rees (1985) have demonstrated the anaerobic
biodegradation of benzene, toluene, and xylenes in methanogenic river

alluvium that has been contaminated with landfill leachate. Other
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related works in this area include Sulfita and Miller (1985), Vood et

al. (1985), and Parsons et al. (1984).

Another approach that is of interest is the addition of microor-
ganisms that have been especially acclimated to biodegrade a
particular pollutant. Such microorganisms can be selected by enrich-
ment culturing or genetic engineering techniques. Although there is
some evidence of case histories of the use of acclimatéd microrganisms
in the reduction of contaminants, if is notewerthy to point out that

such case studies have not been managed under controlled conditions.

EOR Polymer Technology

The petroleum industry recognized the problem of inefficient oil
recovery by conventional (primary and secondary) recovery methods in
the early 1900’s. Since then, extensive research has been done on
methods of improving the displacement and sweep efficiency in
petroleum recovery. Polymer flooding is one of the many methods

developed to improve sweep efficiency by improving the mobility ratio.

This section presents a review of the current literature pertain-
ing to the use of polymers in Enhanced 0il Recovery (EQR) operations.
The primary focus is on the wuse of synthetically produced
polyacrylamide polymers, but, wherever  applicable, biologically

produced =xanthan gum biopolymers are also addressed briefly. A review
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of modeling aspects of polymer flow through porous media, as applied
to (confined) petroleum reservoirs 1is presented. Finally, and most
important of all - to eventual application of this technique, the

stability aspects and toxicity aspects are also discussed.

Enhanced 0il Recovery

Polymer flooding is an enhanced ¢il recovery (EOR) process that
uses polymeric additives in injected water. Polymer solutions improve
the water-oil mobility ratio, which results in the reservoir being
svept more uniformly and completely than if flooded with water not
containing polymeric additives. Currently, two types.of polymers are
used: (1) a synthetic polymer called polyacrylamide; and (2) a

biologically produced polymer known as Xanthan gum (Jeanes, 1961).

Muskat (1949) was the first to point out that fluid mobilities
would affect waterflood performance. Dykstra and Parsons (1950) showed
" the effect of permeability wvariation and mobility ratio on the
recovery of oil. Aronofsky (1952) discussed the mobility ratio and its
influence on flood patterns during water encrocachment, while Aronofsky
and Ramey (1956) reported the effect of mobility ratio on injection
and production histories in a five-spot waterflood experiment. Later,
Caudle and VWitte (1959), also, by using a five-spot pattern,
demonstrated that waterflood sweep efficiency can be improved by

increasing water viscosity.
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It was only in ;964 that Pye (1964) and Sandiford (1964) were
able to establish that the mobility of water used in waterflooding can
be reduced efficiently by adding small amounts of a water soluble
polymer. Since then, many laboratory studies have been conducted to
further research the use of polymeric materials to improve the sweep
efficiency of the oil reservoir, thereby increasing the amount of oil
recovered. Although this is by no means a complete 1list of such
studies, some of the important £findings on various aspects of
polymeric materials were reported by Mungan (1966), Gogarty (19%967),
Dauben and Menzie (1967), Jennings et al., (1971), Knight (1973),
Knight and Rhudy (1975), Szabo (1975), Sandiford (1976), Dominguez
(1977), and Seright (1983). 1In addition, some of the detailed sum-
maries of field test results can be found in Jewett and Schurtz

(1970), Agnew (1972), and Herbeck et al., (1976).

Polymer Flow

As described earlier, petroleum reservoirs are usually several
thousands of feet below the surface, and are wunder highly confined
conditions. The polymer flow models described below, although not
stated explicitly, were developed for the ideally confined conditions

that exist in the petroleum reservoirs.

Different types of models are used to describe different oil-

recovery mechanisms. The most widely used types are black oil,
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compositional, thermal, and chemical flood models. The four basic
recovery mechanisms are: (1) fluid expansion, (2) displacement, (3)
gravity drainage, and (4) capillary imbibition. The use of chemical
flooding, and recovering o0il by the displacement mechanism are most
relevant to this research. Chemical flood models include polymer,
micellar (surfactant), and alkaline (caustic) floods. Polymer
vaterflooding improves o0il recovery by lowering the cil-water mobility
ratio (by increasing the viscosity of water, and/or by reducing the
effective permeability of the porous media to the fluids under

consideration).

Patton et al., (1971) conducted an experimental and numerical
study to estimate the incremental oil recovery by polymer floocding.
The numerical model described simulates linear or five-spot polymer
floods in a single-sand reservoir, or in a stratified reservoir. They
assumed that there was no dispersion at the leading edge of polymer
slug, and complete displacement of connate water by the injected
polymer water. The model basically utilizes the "stream tube" approach
‘given by Higgins and Leighton (1962). Each sand layer is divided into
a number of tubes connecting the injection well to the production
well. The equations of conservation of mass of water, and of polymer
are solved numerically for each tube. The results indicated that a 42
percent increase in o0il recovery was obfained vhen 1.0 pore volume

(PV) of 270 ppm Kelzan polymer was injected.
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Yanosik and McCracken (1979) developed and tested a nine-point
finite difference simulation model. They compared the nine-spot pat-
tern results with five-spot pattern results for adverse mobility ratio
displacements. They reported that the nine-spot model predicted better
results and wére also able to show that the results obtained with
nine-spot simulator are less sensitive to grid orientation (such as
parallel grid or diagonal grid). Such adverse mobility ratio condi-
tions are unlikely in phreatic aquifer contamination problems, so the

grid orientation effects will not be addressed further.

A mathematical model for simulating chemical transport in porous
media, taking into consideration dispersion and adsorption was
presented by Satter et al., (1980). Chemical transport equations
charactefizing dispersion and adsorption of a chemical soclution flow-
ing through porous media were derived using mass balance. The accuracy
of the numerical results was verified by comparison vith the calcu-
lated results obtained by analytical seclutions. Effects of
dimensionless dispersion, adsorptive capacity, flow rate and kinetic

groups were investigated.

Kazemi and MacMillan (1982) presented a numerical simulation
comparison of five-spot versus line-drive wusing micellar/polymer
flooding in a field scale operation. The patterns studied were five-
spot and 4x1 line-drive. They used the simulator developed by Marathon

0il Co., which can simulate up to nine components in two phases. The
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partial differential equations were discretized using a standard
finite difference scheme, and the resulting equations were solved by
an iterative sequence scheme. Their results indicate that the line-
drive produced slightly more oil than the five-spot pattern under
identical conditions. Line-drive may not be practical in the removal
of localized groundwater contamination, due to the fact that the
curtain type polymer ring does not form around the contaminated water

in a line-drive.

In addition to these, various aspects of modeling and simulation
of polymer floods have been presented by Chaudhari (1971), Harvey and
Menzie (1970), Todd et al., (1972), and Kazemi et al., (1978). Coats
(1982) described the current level of development in the simulation of

petroleum reservoirs.

Stability of Polymer Solutions

Polyacrylamide polymers control mobility both by increasing the
viscosity of injected water as well as by reducing the permeability of
the porous medium. Often, due to slov groundwater movement, residence
times for polymer solutions in the porous media are long, and there-
fore polymer solution stability under various conditions becomes a
very. important consideration in using a polymer flood to clean up any

localized groundvater contamination. Specifically, conditions that may
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degrade polymer solutions injected into a porous matrix must be deter-

mined and evaluated.

Polymer solutions may be degraded by mechanical, chemical, and
microbial processes, but degradation can be prevented or at least
minimized by wusing special equipment and techniques. A comprehensive
study on the chemical stability of polyacrylamide polymers was con-
ducted by Shupe (1981), using Dow PusherTM 500 (polyacrylamide polymer
manufactured by Dow Chemical USA, and presently marketed as Dowell
J333). This study presents data which show the effect of metals,
ferrous and ferrie salts, pH, oxygen, and other chemical additives on

the chemical stability of polyacrylamide polymers.

Mechanical degradation of polyacrylamides presents practical
problems in field operations. Maerker (1975 and 1976) conducted a
comprehensive study on shear degradation of polyacrylamide solutions
at low concentrations (300-600 ppm). These experiments were carried
out in unconsolidated sand packs. The results indicate that shear
degradation has a moderate effect on reduction of-viscosity {less than
5 percent loss in most cases), with a slightly higher viscosity reduc-
tion at higher fluxes. Furthermore, shear degradation is more severe
in low permeability porous media and at high salinities. Some of the
similar works done in this area include Mungan (1969 and 1972), Hill

et al., (1974), and Tinker and Bowman (1976).
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Viscosity building properties of 34 polymers, representing 12
chemically different molecular structures or functional groups, and a
large variation in molecular weights have been evaluated by Szabo
{1979). Using wide ranges of salinity (NaCl), polymer concentration,
and shear rate, he compared the degree of shear degradation of in-
dividual polymers. Typical results obtained with 0.1 percent NaCl at
12.5/s and 70.0/s shear rates are presented in Table 5. In general, it
can be said that the viscosity decreased slightly at higher shear

rates.

The presence of dissolved oxygen may reduce the viscosity of a
polymer solution. The dissolved oxygen in polymer solution is believed
to serve as some type of initiator for a free radical reaction between
oxygen-derived radicals and traces of various reducing agents which

are present in solution.

The effect of oxygen on polymer solution stability was reported
by Knight (1973). Viscosity, screen factor, and pH were measured at
various times in both oxygen-free and ordinary air environments. He
found that the viscosity and pH of the solution were not materially
affected by dissolved oxygen. It was also reported that only oxygen
dissolved in the makeup water (used to make polymer solutions) appears
to affect the stability of polymer solutions, and that the atmospheric
oxygen that dissolves into aquepus polymer solutions does not appear

to do so at a rapid enough rate to warrant any concern.



36

Table 5. Viscosities of Various Polymers in 0.1 % NaCl Brine
Solution (Source: Szabo, 1979).

n at 300 8Em h at 600 ppm
Polymer Type Supplier 12.5/570.0/s 12.5/s 70.0/s
Cyn 960 Copolymer1 Am. Cyan. 7.90 5.80 25.0 14.30
Q-41-F HPAM Nalco 7.00 4.80 16.0 9.20
Cyn 950 Copolymer1 Am. Cyan. 6.5¢ 5.30 16.3 10.80
825 HPAM Calgon 6.20 4.21 14.1 8.60
835 HPAM Calgon 5.25 3.88 14.0 8.60
340,10% hydr. AM AMPS Calgon - 6.60 3.80 14.1 7.62
259 HPAM Am. Cyan. 4.50 3.70 10.5 7.70
XF-4084.2 HPAM Dow 4,72 3.30 10.2 7.02
815 HPAM Calgon 4.85 3.50 10.8 7.20
Cyn. 940 Copolymer? Am. Cyan.  5.50 4.50  12.3  8.80
700 HPAM Dow 4,55 3.20 10.0 6.80
340,20% hydr. AM/AMPS Calgon 6.00 3.30 11.6 6.80
226 HBPAM Am. Cyan. 4,50 3.15 9.50 6.40
Homopolymer AMPS Lubrizol 5.40 2.65 12.2 5.80
Cyn. 930 Copolymer Am. Cyan. 4,00 3.38 10.0 7.57
500 HPAM Dow 3.95 3.00 8.10 6.09
3060 HPAM® ICI.Am. 4.00 2.91  8.30 5.95
CMC 9H4 CMC Hercules - - 5.21 3.65
Experimental Bioplolymer Lubrizol 5.00 3.31  13.9 7.62
454 (71) HPAM Calgon 3.38  2.71 6.00 4.61
454 (74) HPAM Calgon 3.00 2.40 5.10 3.90
Kelzan MF Biopolymer Xanco 3.15 2.27 8.60 5.20
340 AM/AMPS Calgon 2.89 2.41 4.90 4.00
106 Copolymer Amoco 2,53 1.95 4,70 3.55
104 Biopolymer Amoco 3.70 2.40 7.40  4.65
SPX 5338 CMHEC Hercules 2.03 1.91 3.06 2.80
Natr 250 HHR HEC Hercules - - 2.75 2.60
VX 92 Cationic Nalco 2.10 1.65 3.40  2.75
Klucel HF Hyd.Prop.Cell. Hercules 1.75  1.59 2.62 2.27
470 PAM Calgon 1.43 1.25 1.86 1.62
Klucel MF Hyd.Prop.Cell. Hercules 1.34  1.29 1.67 1.58

1 Copolymer of acrylic

acid

similar to HPAM.

2 Discontinued.

and acrylamide,

molecule structure 1is
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A recent study by Shupe (1981) showed that polyacrylamide
polymers wvere affected by metals and ferrous iron salts (>5.0 ppm), in
the presence of oxygen (see Table 6). As can be seen, ferrous iron
salts caused severe degradation in solutions that contained oxygen.
Although the exact mechanism is not completely known, Shupe points out
that an oxygen-anion radical (02') is formed when a metal or metal ion
is oxidized. The highly reactive oxygen-anion radical may then attack
the polymer chain, which would result in a scission of the polymer
chain. Shupe also reportedAZDD—AOO ppm of formaldehyde to be an op-
timum level to stabilize polyacrylamide polymer solutions containing

oxygen.

Loss of polymer solution viscosity in water of increasing ionic
strength is a concern, especially when partially hydrolyzed
polyacrylamide polymers are used. Adding salts (cations) to polymer
solutions primarily results in alteration of the molecule, changing
from a somevhat distended to a more nearly spherical shape. This in
turn may reduce the viscosity. Jennings et al., (1971), showed that a
reduction in viscositf occured when 3.0 percent NaCl was added to the
solution. The viscosity reduction in xanthan gums was not that ad-
verse. Divalent cations (such as calcium) have a more pronounced
effect than do monovalent cations (such as sodium). Smith (1970) also
reported similar findings. Ward and Martin (1981) showed the frac-

tional loss in viscosity to be a function of the fraction of
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Table 6. Effect of Metals on Polyacrylamide Stability
(Source: Shupe, 1981).

Viscosity Loss, X%

Solution A1 Solution 32
Metal 2 Days 2 Days 2 Veeks
None 4 5 4
Brass 57 4 8
Copper 41 - -
Carbon steel 76 23 54
Stainless steel 10 4 6
Monel steel 16 - -
Fe**(1 ppm)° 26 7 9
Fe**(5 ppm) - 20 23
Fe**(10 ppm) 67 36 38

1 No biocide; 1,000 ppm P-500; pH 8.0; 115°F (46°C).

2 No biocide; 2,000 ppm P-500; pH 9.0; 115°F (46°C).
3 Ferrous iron wvas added to polymer solution from a

100 ppm stock solution of Fe** (from FeC12.4H20)

in Sundance brine.
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Nl
multivalent cations, and independent of total ionic strength. Calcium

iong caused greater viscosity reduction than magnesium ions.

Mungan (1972) has  shown that the viscosities of two
polyacrylamide ﬁolymers Pusher 500TM and Pusher 700TH (manufactured by
Dow Chemical USA) were practically unaffected by pH in the range of
" 7.0 to 9.8. Decreasing the pH below 7.0 produced a drastic reduction
in wviscosity. This suggests that for groundwater applications, more
polymer may have to be used to get an equivalent increase in the

viscosity (since the groundwater pH is around 5.0).

Shupe t1981) studied the long term effect of pH on polyacrylamide
polymer solutions at 46°C (115°F). Two solutions adjusted to pH 8.07
and 12.0 were studied for 21 months in the presence of oxygen.
Viscogity losses of 27.0 percent and 51.0 percent respectively were
reported. In addition, the pH of the solutions decreased to 7.7 and

10.2 respectively.

Toxicity of Polymers

The purpose of this section is to present the toxicity and health
effects associated with compounds like polyacrylamides and polysac-
charides that are used to improve the sweep efficiency in an aquifer.
It should be noted that the toxicological effects can be drastically

altered by the presence of other compounds, physical conditions such
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as temperature, pressure, and oxygen concentration, and the suscep-
tibility of exposed individuals. Therefore, data obtained in
laboratory experiments are sometimes difficult to apply to field
conditions. This 1is especially true when long term effects have not

been studied in great detail.

Both polyacrylamide and polysaccharide polymers used as mobility
control agents can be considered to be essentially non-toxic (Enhanced
Recovery of Residual and Heavy 0ils, 1980). Some health effects,
however, are reported éo occur due to the physical nature (broth or
powder) of the compounds used. Therefore, contact with polymer broths

and exposure to polymer powders should be avoided.

Silvestro and Crocker (1980) reported that, in general these
chemicals are of low toxicity. Several of these chemicals are used as
food additives (e.g. =xanthan gum), and others are permitted by Food
and Drug Administration (FDA) to be used as constituents of fdod
packaging or pharmaceutical drug coatings.‘ﬂowever, the group’s poten-
tial as a health hazard to personnel working with these chemicals,

cannot be discounted.

Polyacrylamide polymer is synthesized from its acrylamide monomer
units. It should be noted that, while the polyacrylamide polymer is
considered non toxic the acrylamide monomer is highly toxic.

Acrylamide monomer is considered to be a neurotoxin, and therefore the
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potential presence of the monomer represents the main toxicological
concern. The Environmental Protection Agency (EPA) also lists the
acrylamide monomer as a toxic compound. In general, because of the
cross linked nature of polyacrylamide polymer, it is very unlikely
that acrylamide monomer will leach from polymer. Degradation is not a
major concern toxicologically since the evidence suggests that the
polvacrylamide polymer breaks up intoc small polymer chains{ and not
into the monomer units. Therefore, polyacrylamide polymer may be
considered to be reasonably safe enougﬁ to be injected into an aquifer

to remove the more dangerous contaminants.

Polyacrylamide is non-irritating to skin under most conditions,
but is irritating to eyes and mucous membranes. Technical
polyacrylamide should contain no more than 0.05% acrylamide monomer by
weight. Although these polymers are suspected to have local car-
cinogenic ability when implanted in the skin of laboratory animals,
there is no evidence that polyacrylamide is a carcinogenic hazard in
man. The American Conference of Governmental and Industrial Hygienists
(ACGIH) recommended a maximum of oﬁe ppm of monomer by weight in

potable water.

Xanthan gum (polysaccharide polymer), derived from the micro-

organism Xanthomonas campestris by bacterial fermentation, was

approved by FDA as a food additive in 1969. Woodward et al., (1973),

reported that in their laboratory studies, xanthan gum has been shown
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to have no systemic toxic effects (see Appendix for definition) on
rats or dogs which received xanthan gum in their diet. In addition,
xanthan gum does not appear to be a dermal contact hazard in man. In
another study by McNeely and Kovacs (1975), the following acute
toxicity (see Appendix for definition) data have been reported for

xanthan gum:

Oral LD50 for rats —---—- 5,000 mg/kg
Oral LD50 for dogs ----- 20,000 mg/kg
Qral LDSO for mice —-——-- 1,000 mg/kg

Degradation products of polyacrylamide and polysaccharide
polymers are generally smaller fragments of the respective polymer.
Polyacrylamides tend to hydrolyze at the amide linkage and form a low
viscosity polymer {not monomer) with reduced mobility control
properties, while polysacchérides. degrade wultimately into monomer
units (simple sugars). It is unlikelf that toxic hazards should be
expected from any of these degradation broducts.

In addition to the general toxicity information of this group of
polymers, companies that are involved in manufacturing and/or market-
ing the polymers have reported some toxicity data with respect to
those specific polymers. American Cyanamid reports that the single
oral LDSO of CYANATROL polymers for young male albino rats is greater

than 5.0 ml/kg, and the LD50 by 24 hour contact with the clipped skin
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of male 4&lbino rats is greater than 10.0 ml/kg (American Cyanamid
Company, 1981). Dow Chemical USA, reports a low acute oral toxicity
for Dowell J333 polymer (previously known as Dow Pusher 500): a LD50
of greater than 4,000 mg/kg (Dow Chemical USA, No Date). Custom 0il
Recovery Technology (CORT) reported the toxicity of their N-Hance

polymers to be "very low" (CORT Technical Data, No Date).

A recent comprehensive study by King and Noss (1987} has sum-
‘marized the general physical characteristics and the possible toxic
nature of polyacrylamide polymers. The authors have also included a
discussion of properties and toxicity of acrylamide mOnomer . Thisg
extensive study was conducted to explore the potential use of

polyacrylamide polymers in the cleanup of groundwater contamination.



CHAPTER I1II

EXPERTIMENTAL INVESTIGATION

This research, as mentioned in the earlier sections, is primarily
designed as a laboratory scale experimentallstudy aimed at investigat-
ing the possibility of wusing viscous polyacrylamide polymers in
dealing with the groundvater contamination cleanup operations. The
various experimental aspects of this research are broadly discussed
under three sections: (1) General Considerations; (2) Experimental

Design; and (3) Experimental Methods.

General Considerations

Presented in this section are the general.concepts of polymer
molecules, their orientation, and their contribution to the viscosity
property of polymer solutions. Alse included are the general
properties of Dowell J333 polyacrylamide polymer. Finally, with par-
ticular reference to this research, the effects of the viscosity ratio

on the efficiency of displacement process are also presented.

Polymer Molecules and Viscosity

b
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The polymer molecule dissolves in water by means of hydrogen
bonding, but retains some of its own structural identity while in
solution. These polymers are generally considered to have a random
coiling configuration. This type of polymer molecule has the ability
to hold a large volume of solvent (water) within its coils in a manner
similar to that of sponge. Under an applied stress, the random coil is
easily deformed, and changes from its generally spherical orientation
to elongated ellipsoids. The coils are extensively entangled with each

other, and when a coil moves it must drag along other coils too.

The presence of such extensively entangled polymer molecules in a
particular solvent can give rise to a dramatic increase in viscosity
which is very much greater than that found for equivalent concentra-
tions of low molar-mass solutes. This is because of the enormous
difference in dimensions between the polymer molecules and solvent
molecules, and in good solvents the polymer coils are expanded even
further. In general the increase in viscosity depends upon a number of
 factors (Young, 1981):‘(i) the type of polymer; (ii) the concentration
of polymer; (iii) the molar mass of polymer; and (iv) the nature of

solvent.

Dowvell J333 Polyacrylamide Polymer

Developed from the pioneering research initiated in the early

19605, Dow (Dowell) polymers have beeﬁ used widely in major oil
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recovery projects since that time. Dowell polymers are available as
dry, free-flowing powders, or in liquid emulsion forms. The choice of
a specific product will depend upon the properties of the porous media

including permeability, pore size, and lithology.

The Dowell mobility control polymers, both dry and liquid emul-
sion forms, are polyacrylamide polymers modified by substitution of
carboxyl groups for a portion of the amide groups. The degree of
substitution, sometimes called "hydrolysis lével," is controlled to
optimize the solubility characteristics and to minimize the adsorption
of polymer on the solid surfaces. A typical chemical structure of
Dowell polyacrylamide polymer is shown in Figure 4, with the major
differences between the Dowell products being the molecular weight
specifications. These polymers have extremely low content of insoluble

materials.

Displacement Efficiency

One of the variables that affects the efficiency of a displace-
ment process is the viscosity ratio of the displaced fluid (in this
case, it would be contaminated water) and the displacing fluid
(polymer-vater, folloved by water). The effect of viscosity can be
best understood by reference to a single capillary, wherein, by the
principles of viscous flow it is well known that the fluid velocity is

maximum at the center of the capillary and zero at the wall. Thus,



~CHz —CH—  — CH— CH —
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Figure 4. Typical Chemical Structure of the Dowell

Polyacrylamide Polymer.
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when attempting to displace a viscous fluid by one that is less vis-
cous, the tendency is for tﬁe displacing fluid to take the path of
least resistance and penetrate through the central portion of the
capillary. The greater the viscosity difference between the displaced

and displacing fluids, the more pronounced this effect would be.

On the other hand, if one considers the situation where the
viscosity of the displaced fluid is less than that of the displacing
fluid (for example, viscosity of contaminated water being less than
the viscosity of injected polymer-water), the displaced fluid is more
mobile and therefo;e does not permit the center penetration of dis-
placing fluid. This will be the case at the 1leading edge of the
polymer front. As the viscosity ratio jncreases, the trailing edge of
the polymer front may experience some "fingering effect." Therefore,
the determination of the integrity of the polymer slug is a part of

this research study.

Experimental Design

The main experimental apparatus used in this study consisted of
(1) Sand Column, and (2) Wedge Apparatus. The sand column vas designed
to simulate the linear flow, while the wedge apparatus was designed to
simulate the radial flow. The sand column and wedge apparatus were

connected to the analog to digital computer interface system via a set
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of pressure transducers. An engineering design of both the apparatus,

as wvell as a brjef description of the apparatus are presented below.

Sand Column Apparatus

A schematic illustration of the sand column used in this research
study is shown in Figure 5. The sand column is of circular cross
section with an inside diameter of 3.81 cm (1.5 in) and a total length
of 100.0 ecm (39.5 in). The acFual diameter of the sand column was
determined experimentally by the volumetric method, and is described
in detail in Chapter IV, Methodology and Procedures as well as in
Appendix. The experimentally determined diameter of the sand column

was 3.72 cm (1.47 in).

The sand column apparatus was constructed using polyvinyl
chloride (PVC) material, and was used to determine parameters such as
poraesity, hydraulic conductivity (and subsequently permeability),
polymer adsorption, and dispersion. The £flow in this ,column is
governed by a constant head tank at the inlet end (or a constant flow
rate pump), and another constant head tank at the outlet end. The
discharge through the column was measured with a graduated volumetric

cylinder.

Ten taps were spaced uniformly at every 10.0 cm (4.0 inch) inter-

val along the Jlength of the column to allow the measurement of the
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Figure 5. Design of Linear Flow Sand Column Apparatus.
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pressure distribution. The taps were made of polystyrene material and
had an internal diameter of 3.175 mm (0.125 inch). Fine plastic
screens were used at all the ten pressure measurement ports to prevent
the sand particles from entering into the pressure measurement ports.
Screens made of non-corrosive polyvinyl chloride materials were used

to separate the entrance and exit chambers from the sand.

Radial Flow Wedge Apparatus

A schematic illustration of the design of the radial flow wedge
apparatus is presented in Figure 6. This apparatus was used to simu-
late radial flow, by taking into consideration only a small segment of
the whole radial flow field. The flow in the radial flow wedge ap-
paratus is governed by a constant head tank (or a constant flow rate
pump) at the inlet end and another constant head tank -at the outlet

‘end; the distance between these tvo points being the radius, r.

The wedge apparatus was made of one-half inch thick clear
polyvinyl chloride (PVC) sheets. The apparatus was 51 cm (20 in) in
height with a radial distance of 117 cm (46 in) including the injec-
tion well and withdrawal well. The actual portion occupied by sand was
about 100 cm (40 in). Several ports were installed on the front PVC
plate of the wedge apparatus, at predetermined radial distances, to

facilitate the measurement of the pressure distribution. This  is
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schematically illustrated in the Front-View of the design of the

radial flow wedge apparatus.

The injection well and the withdrawal well are separated from the
sand portion by porous PVC plates. A fine plastic screen was also
placed on the porous plates te hold the sand in the sand compartment.
Taps were installed at every two inches along the height of both the
injection well and withdrawal well. These taps would serve to maintain
a constant head in the respective wells, and thus create the required
head differential. The height of the sand in the wedge apparatus was

about 46 cm (18 in).

Sampling of the flowing liquids from the wedge apparatus was made
possible by means of a small diameter (Cole-Parmer) reinforced teflon
tubing. A schematic diagram of the design of a sampling device is
shovn in Figure 7. In all, 14 such sampling devices were installed in
the wedge apparatus, of which nine were installed about two inches
from the bottom of the apparatus along the radial distance, coinciding
with the location of pressure ports. The design of both horizontal as
well as vertical placement of sampling port devices in the wedge
apparatus is 1illustrated in Figure 8. The remaining five sampling
points were leocated between_the elghth and ninth ports (about 6 inches
from the withdrawal well), along the circumferential arc of the Vedge
apparatus. These are placed at two inch vertical intervals to sample

the vertical distribution.
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Figure 7. Design of a Typical Sampling Port Device for the
Radial Flow Wedge Apparatus (Not to Scale).
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Experimental Methods

The 1laboratory analytical methods to determine the polymer con-
centration and polymer viscosity are described in this section. The
experimental methods to do the grain-size analysis, and to determine
the parameters such as porosity, and hydraulic conductivity (and

subsequently permeability) are also presented below.

Polymer Concentration

Polymer solutions were prepared according to the instructions
provided by the manufacturer. A detailed procedure for the preparation
of Dowell J333 polyacrylamide polymer solutions is given in the

Appendix.

Foshee et al., (1976), have developed a general purpose analyti-
cal method for the determination of po;yacrylamide polymer
concentrations. In this method, polyacrylamide reacts in an acid
solution with sodium hypochlorite (bleach) to produce an insoluble
chloramide, which forms a colloidal suspension. The turbidity produced
by this reaction can be measured by a spectrophotometer or a tur-
bidimeter. The procedure described for 0-500 ppm concentration range

was used in the experiments.

Viscosity Measurement
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Most poiyacrylamide solutions used for mobility reduction are
highly viscous fluids and it is not easy to obtain meaningful vis-
cosity measurements. Foshee et al., (1976), reported that a Brookfield
LVT viscometer 1is satisfactory in obtaining reliable viscosity

measurements.

The Brookfield viscometer is based on the principle of measure-
ment of the drag produced upon a spindle rotating at a definite
constant speed while immersed in the fluid (material) under test. This
drag is indicated on a rotating dial by a pointer, and the dial read-
ing can then be converted to viscosity units in centipoise (mPa.s).
The' UL adapter (an additional attachment to the Brookfield
Viscometer), in addition to using small samples of about 18.0 ml, aids
in increasing the accuracy and precision of viscosity measurements in

the range of 0-100 cp (centipoise).

Grain-Size Analysis

Permeability is a property of the porous media, and varies not
only with the porosity but also with the size, distribution, and
continuity of pores. The degree of uniformity of a mixture of fine to
coarse material has an important effeet on permeability. From an
engineering point of view, vhen a sample contains similar size par-

ticles, the material is said to be wuniformly graded. Grain-size
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distribution is determined by passing the sand sample through a series

of sieves.

Grain-size analysis is a process in wvhich the proportion of
material of each grain size present in a given soil (grain-size
distribution) is determined. The grain-size distribution of coarse-
grained soils is determined directly by sieve analysis, while that of
fine-grained soils is determined indirectly by hydrometer analysis. A
detailed procedure for determining the grain-size distribution by

sieve analysis method (U. S. Department of Army, 1980) is given below.

Sieve analysis consists of passing a sample through a set of
sieves and weighing the amount of material retained on each sieve. The
sieve analysis is performed on material retained on a U.S. Standard
No. 200 sieve, i.e., with a sieve opening of of 0.074 mm (0.0029

inch).

The Ottawa sand was cleaned first with tap water, and then with
distilled water, to remove any fines, and also to give a repre-
sentative grain-size distribution of the sand that was used in the
experimental setup. The sand sample was air-dried and then oven-dried
at 110°C + 5°C. The sample was allowed to cool and the weight re-
corded. The Sample vas then placed on the top sieve of a nest of
sieves, and the shaking machine was operated for about 10 minutes (or

until additional shaking does not produce appreciable changes in the
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amounts of material on each sieve). The nest of sieves was then
removed from the machanical shaker and the contents retained on each
sieve were transferred into weighing pans. The weights of the respec-
tive portions of sand retained on each sieve were recorded. The
percentage of material by weight retained on the varioué sieves was

computed as follows;

Weight of sand retained on a given sieve
Total wieght of oven-dry sand

_Percent Retained = X 100

Porosity Determination

Porosity, n, 1is the ratio (usually expressed as a percentage or
fraction) of the volume of voids of a given soil mass to the total
volume of the s0il mass. Porosity of the Ottawa sand was determined
using the Volumetrie method described in Engineer Manual (U. S.
Department of the Army, 1980). The fundamental relations of the
veights and volumes of the various components of a soil mass are
presented in .thelabove reference. The basic quantities which must be
known to compute the void ratio and thus the porosity are, the weight
and volume of the wet specimen, the weight of same specimen after
oven-drying (110°C + 5°c for a minimum of 4 hours), and the specific

gravity of solids.

Void ratio, e, is the ratio of the volume of voids to the volume

of solid particles in a given soil mass, and is given by;
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e = ——> (Eq. 3.1)

where;
Vf = total volume of the wet specimen (sand + water),
L3
VS = volume of solids, L3

The volume of solids, VS, is given by ;

vV o= =2 (Eq. 3.2)

vhere;
US = weight of dry soil, M
GS = gspecific gravity of solids

Porosity, n, can then be computed using the equation;
n=-——o {Eq. 3.3)
wvhich can be simplified and rewritten as,

ne—— (Eq. 3.4)

Hydraulic Conductivity

¢
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Hydraulic conductivity, K, was determined experimentally by using
a constant head permeameter (Klute, 1965), in which a constant
volumetric flow rate (Q), is mainfained through porous media of length
80X, and cross sectional area A. This results in a constant head dif-
ferential AH across the sample. The hydraulic conductivity, K, can be

determined by applying Darcy’s law;

K = (Eq. 3.5)

The permeability of the porous media can then be computed by
using the relationship;
Kn

k = —-p—é-— . (Eq. 3-6)

vhere; n = dynamic viscosity, M/LT
p = density of fluid, H/L3
g = acceleration due to gravity, L/T2

The sand column apparatus was used as a constant head permeameter
to determine the hydraulic conductivity, and subsequently to compute

the permeability of the Ottawa silica sand.



CHAPTER IV

METHODOLOGY AND PROCEDURES

This section presents the methodology and detailed' procedures of
the experimental studies, and describes the conditions under which
such experiments were carried out. The purpose of each of these ex-.
periments as well as the use of information obtained from such

experiments to understand the flow behavior of polymers is outlined.

Experimental Procedures

The experimental procedures section consists of the following
sub-sections, namely: (1) Viscosity experiments, (2) Shear Rate ex-
periments, (3) Adsorption exéeriments, {4) Sand column experiments,
and (5) Radial flow experiments. A brief background of each of the
‘experimental processes, the importance of such experiments to this
research study, as well as a brief description of the procedures for
each of the above mentioned experiments is presented in the following

paragraphs.

Viscosity Experiments

62
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The presence of polymer molecules in a particular solvent can
give rise to a dramatic increase in viscosity which is very much
greater than that found for equivalent concentrations of low molar-
mass solutes. With particular reference to this research study,
viscosity is the most important property of polymers that would be
investigated. Viscous fluids offer more resistance to flow, and-when
theée viscous fluids are introduced into the porous matrix, they are
bound to induce some changes in the existing hydraulic gradient as

well as the flow rate.

The purpose of the viscosity experiments was to establish a
relationship between polymer concentration and viscosity. It should
hovever be noted that the viscosity of different lots of the same
polymer may vary slightly. Several batches of polymer scolutions were
prepared at several times during the course of this research study.
Polymer solutions in the concentration range of O ppm to 500 ppm were
made following the procedures described by the manufacturer (see
Appendix for the detailed procedure). Viscosity ﬁeasurements of all
the polymer solutions were made using the Brookfield Synchro Lectric
Viscometer at 6 rpm and room temperature (usually around 20°C). Thé
Brookfield Viscometer measures the viscosity in centipoise (0.01
poise) units, (one poise equals 1.0 dyne-second/cm). Viscosity of

vater at 20%C is 1.0 centipoise.
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From the data obtained in these viscosity experiments, a valid
relationship between polymer coﬁcentration and viscosity can be estab-
lished. This relationship can be useful in understanding the polymer
flow through porous media. Viscosity relationships were developed
individually fof each batch of polymer solution, and then an overall
viscosity relationship was developed.using the experimental data of

all the viscosity experiments.

Shear Rate Experiments

Viscosity is the property of a fluid or semifluid that enables it
to develop and maintain an amount of shearing stress dependent upon
the velocity of flow. Viscosity characterizes the resistance of a
system to shear or internal friction. Depending upon the nature of
substances and the temperature, the viscosity: of polymers varies

signifi&antly.

At constant temperature and constant pressure, the viscosity
(i.e., the ratio of shear stress to shear rate) may not depend on
deformation conditions. Such fluids are referred to as Newtonian
fluids, and exhibit 3ideal flow behavior. At ordinary shear stresses

and shear rates, they do not undergo any structural change.

However, some deviations from Newtonian flow are commonly ob-

served in polymer solutions and melts (Bauer, 1967). One such
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deviation is "Shear Thinning," which is a reversible decrease in
viscosity with increasing shear rate. The opposite effect "Shear
Thickening," an increase in viscosity with increasing shear rate, is

rarely observed in polymer solutions.

Several experimental studies were conducted to study the effect
of shear rate on viscosity of Dowell J333 polymer solutions. The
spindle Aspeed (rpm) of the Brookfield viscometer was used as the
" pseudo-shear rate, and the viscosity of polymer solutions of various
concentrations was measured at four spindle speeds (6, 12, 30, and 60

rpm).

Adsorption Experiments

Adsorption studies are an essential part of the laboratory
evaluation process involving the use of adsorbable materials.
Primarily, the concerns regarding the polymer adsorption on the Ottawa

sand particles are two fold. First, the magnitude of adsorption will
defermine the amount of polymer to be added to injection water.
Therefore, this will have a direct effect on the overall economics of
polymer use in groundvater contamination cleanups. Secondly, as
polymer is adsorbed, the injected polymer solution is depleted of its
polymer and moves ahead as ordinary water, or-as a solution with far
less polymer concentration than that of the injected solution. This

would in turn affect the flow of polymer in porous media.
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Adsorption of polymer on sand particles could be an'important
aspect in understanding the polymer movement through the porous media.
Vhile propagating through the porous matrix, the leading edge of a
polymer slug gradually gets depleted of polymer by retention in the
soil matrix (Patton et al., 1971). Polymer retention takes the form of
adsorption, entrapment, and plugging in a porous media. It is
generally believed that all three forms are operative to some degree:
however, their relative importance depends on a number of factors such
as type, concentration, molecular weight, flow rate, temperature, pH,

solid matrix properties, etec.

High losses of polymer by adsorption would obviously be un-
desirable in contaminant cleanup oriented polymer injection. At the
same time, it is important to note that the polymers with good adsorp-
tion characteristics could be used as a barrier technology to contain
contaminated groundwater. It should be pointed out that results ob-
tained from controlled experiments in laboratories cannot always be
used to predict polymer adsorption in field situations. In many cases,
the variation in the nature of soil properties and the presence of
certain salts in the field may alter the surface properties of soils

to either increase or decrease the adsorption.

The effect of adsorption of polymer is illustrated in Figure 9.
By this process, adsorptioﬁ would reduce the thickness of polymer

slug, and increase the travel time required for the polymer front to
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arrive at a given point. It is also possible that adsorption would
decrease the concentration of polymer throughout the slug. This would
reduce the viscosity of the polymer slug, and consequently the travel
time would be decreased; Thus it is very important to charactgrize the

nature and extent of polymer adsorption on sand.

In our efforts to quantify the effects of adsorption of polymer,
two types of adsorption experiments were conducted, namely Batch
adsorption experiments, and Once-flow-through adsorption experiments.
Iﬁ batch studies, preweighéd Ottava sand samples were allowed to
equilibrate for at least 48 hours in Dowell J333 polyacrylamide
polymer solutions ranging from O ppm to 500 ppm concentration. Polymer
solutions were analyzed for concentration both before adsorption and
after adsorption. Then, by ﬁsing conservation of mass of polymer, the

adsorbed polymer can be computed using the following equation:

X - —2_¢ (Eq. 4.1)

where; Xe = the Vequilibrium solid phase loading of polymer per unit
mass of sand (mg polymer/g sand), M/M
Co = the initial polymer concentration'in solution,
(ng/1), M/L3
Ce = the equilibrium liqﬁid phase concentration of polymer,

(mgs1y, M/L3

W = the mass of sand in polymer solution, (g/l), M/L3
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In the second set of experiments, 1i.e., Once-flow-through
studies, a known volume of polymer of known concentration was pumped
through fhe sand column apﬁaratus. Water as well as polymer samples
vere then collected at the outlet end of sand column and, once again,
the mass of polymer adsorbed was computed wusing the mass balance
aﬁproach. Once-flow-through adsorption experiments, although not so
common in adsorption studiés, represent the system of polymer injec-
tﬁon more closely than the batch adsorption experiments. This was one
of ‘the main reasons for including the Once-flow-through experiments in

this research study.

Sand Column Experiments

The sand column was designed to study the flow of polymer solu-
tions through the porous media. In addition, the same sand column was
also wused to conduct the porosity, permeability, adsorption, and

dispersion experiments.

The clear PVC pipe used to construct the sand column was supposed
to have a uniform inside diaﬁeter of 3.81‘cm (1.5 in). The preliminary
experiments yielded erroneous results, and accurate diameter measure-
ments were taken at both ends of the sand column. These two values
differed By about 1.5 mm. Therefore, to get a more representative
diameter of the sand column, the volumetric method was used. The

column was filled with water and the volume of water was measured
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using a graduated cylinder; The details of this method as well as the
calculations are presented in Appendix, The average diameter of the
sand column according to the volumetric method was found to be 3.72 cm
(1.47 in). This diameter was used in all the calculations. Some of the
useful parameters and data pertaining to the sand column experimental

study are presented in Table 7.

A typical polymer injection procedure for the sand column experi-
ment consisted of achie;ing a sSteady state flow rate using the flow
regulated pump. Polymer solution was then injected by switching the
"T-connector™ to the polymer reservoir. After a predetermined volume
of polymer solution had been injected, the "T-connector" was svitched

back to water reservoir, and the injection of fresh water continued.

As the polymer slug moved along the length of the sand column,
hydraulic head readings were taken at known intervals of time, fluid
samples were collected at the outlet end, the movement of polymer slug
was observed visually, and the times recorded. At the end of each
experimental run, several pore volumes of water were pumped through

the sand column until the permeability was back to the coriginal value.

Two sets of experiments were conducted using the sand column. The
first set of experiments were of constant slug size (constant volume
of polymer) with.varying polymer concentration, and the second set was

of constant concentration with varying slug size.
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Table 7. Particulars of the Sand Column Apparatus.

Cross sectional area = 10.87 cm2 {1.685 inz)

Inner diameter = 3.72 cm (1.47 in) based on volume.
Outer diameter = 5.08 cm (2.0 in)

Inner radius = 1.86 cm (0.73 in) based on volume.

Volume of column (excluding volume of end caps, i.e. 1=96.5 cm)
= 1049.0 ml

Porosity = 0.35 (Ottawa sand specific gravity = 2.65)

Pore volume = 367.0 ml

Distance between each port = 10.2 cm (4.0 in)

Distance between the two extreme end ports = 91.5 cm (36.0 in)
1 cm pore volume = 3.80 ml; or 10.0 ml = 2.63 cm thick slug.

1 in pore volume = 9.66 ml; or 10.0 ml = 1.04 in thick slug.
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Radial Flow Wedge Experiments

The experimental study involved injection wells and withdrawal

vells. Therefore, it is convenient to look at the flow using radial

flow apparatus. Since it would be very difficult to build an ex-

perimental apparatus with large radius, efforts were made to simulate
the radial flow by using only a small segment of. the otherwise com-
plete radial flow field. This small segment is referred to as the

"Wedge Apparatus” (see Figure 6).

A tjpical polymer injection procedure can be described as fol-
lows. To start with, a steady state flow in the wedge apparatus was
achieved by maintaining a constant head, both at the injection well

and at the outlet end; the difference between these two free water

_ surfaces being the driving force for the water and/or polymer move-

ment. Hydraulic head readings were recorded at various ports located
along the radial distance of the wedge apparatus from time to time.
Then a certain known volume of polymer solution was injected through
the injection well (by replacing the water with polymer solution).
After the required amount of polymer had been injected, injection of

fresh water was resumed.

As the polymer slug moved along the radial distance of the wedge
apparatus, hydraulic head, visual movement of the polymer slug, con-

centration of the polymer solution, and distribution of the polymer
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slug (both vertical and radial) were monitored beoth in space and time.
At the end of each experimental run, several pore volumes of water
vere allowed to flow through the wedge apparatus to clean out any

traces of polymer that may have been left inside.

Two sets of experiments were conducted using the radial flow
vedge apparatus. The firstlof these used a constant polymer slug size,
i.e., a constant.volume of polymer injection in each run, with varying
polymer concentration, in the range of O ppm to 200 ppm. These ex-
perimental runs were conducted to give an understanding of the effect
of polymer concentration and viscosity on polymer flow. The second set
of experiments looked into the effect of polymer slug size (thickness)
by varying the volume of the polymer injected while keeping the

polymer concentration constant.



CHAPTER V

DATA AQUISITION AND MANAGEMENT

The data aquisition and data management were an integral part of
the experimentation, primarily designed to record the pressure read-
ings. The data aquisition and data management system consisted of (a)
hardware parts such as pressure transducers and PCDAX interface, and
(b) a menu driven softwvare program developed specifically for the
single ended pressure transducers to aquire the pressure data as well
as to manage such data incorporating the many operational-variables.

Pressure Measurement/Analog to Digital System

The pressure measurement/analog to digital system consisted of
basically two parts; (1) the pressure transducers to measure the
physical quantity pressure,'énd {2) the PCDAX Data Translation analog
to digital output computer interface system. The particulars of these
two systems a; well as the connections required to connect the system

to the computer are described in the foregoing paragraphs.

Pressure Transducers

74
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OmegaR PX140 series pressure transducers marketed by Omega
Engineering, Inc., were used as the pressure sensing devices. These
transducers are solid state piezoresistive devices that convert the
physical quantity pressure into a proportionate analog (voltage)
output. Specifically, the guage type transducers used in this ex-
perimental study (Model # PX 142-005G 5V) had the capability to record
pressure readings in the range of 0 to 5 psi, with a sensitivity of
-1.0 volt/psi. A screv terminal style Omega power supply unit (Model #
PST-8, 8 Volt, 300 mA) provided the power supply to all the pressure

transducers through the three pin push connector terminals.

Analog to Digital Output System

The PCDAX analog to digital interface system supplied by Data
Translation, Inc., provided multifunction data aquisition and control
capabilities. The complete analog to digital input/output data aquisi-

tion system was made up of the follewing components:

(a) DT 311:PCDAX enclosure with interface to Digital’s Rainbow
100 personal computer.
(b) LDT 2801 series analog to digital output board.

(c) DT 707 companion screv terminal panel.

The LDT 2801 series boards are high performance analog and digi-

tal input/output boards which are compatible with the Digital
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Equipment Corporation’s Rainbow 100 personal computers. The
capabilities of LDT 2801 series analog to digital board include analog
inputs with programmable gain and digital outputs for 16 single ended
or 8 differential input/output channels. A schematic representation of

the pressure measurement analog to digital conversion data system is

shown in Figure 10.

The LDT 2801 series board was connected to the Rainbow 100 per-
sonal computer input/output bus by means of a DT 311 backplane board
through a 25 pin D-Shell connector (J2) and 9 pin D-Shell connector
(J4). The DT 707 screw terminal panel provided the connection between
the pressure transducers and the analog to digital conversion system.
The screw terminal panel was connected to the LDT 2801 series board
through a 50 pin ribbon cable connector (J1). The DT 707 consists of
circuit board with barrier screw terminals, and an integral cable

assembly and connector.

Overall Experimental System

The overall experimental system consisted of connecting the main
experimental apparatus, i.e., sand column or wedge apparatus, to the
various other systems like pressure sensing transducers, analog to
digital data aquisition system, and other necessary experimental
systems. A schematic representation of the overall experimental setup

with particular reference to the pressure measurement as well as the
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data aquisition system is shown in Figure 11. A detail description of

the working of the system is described below.

The intake of the flow-regulated pump is separately connected to
two different reservoirs containing distilled water and polymer solu-
tion, via a ™"l-connector." VWith the help of this regulated "T-
connector," only polymer solution or only water can be pumped into the
experimental apparatus. The pressure taps of the apparatus (sand
column or wedge) are connected to the pressure transducers via pres-
sure tight plastic tubing. The pressure transducers obtain the

required power from the power supply unit via the connectors.

The pressure transducers accept the physical quantity pressure as
input and convert it into a proportionate analog (voltage) output. The
analog output is then transmitted to the Analog to digital conversion
board via the Screw terminal panel. The Analog to digital board con-
verts the analog input to digital output, in conjunction with the
Interface board. This final digital output is transmitted to the host

computer (Digital Rainbow 100) for display and data storage.
As the liquid exits at the outlet end of the experimental ap-
paratus, fixed volumes of samples were collected at known intervels of

time. The samples were then analysed for polymer concentration.

Data Aquisition/Daté Management




79

Digttal Display
and Storage

Digital Output

Interface Board for
Digital Rainbow PC

Data Transtation
A/D Board

Analog Output

bT 787
Screy Terminal
Pane1

Pressure
E Transduirs Analog Qutput

. Power Supply
Distilied P12] -~~~ ~|PT10 Systen
Polymer 8Y 300ma

| Vater M

LI

P1ast1c
Tubing

Sand Column

T-Connector
Switch

Qutiet

Yartiable Flow or

Vedge

Sample Collection

Parameters:
Sample Yol,
Polymer Conc,

Figure 11. Schematic Representation of the Overall Experimental
Setup and Data Aquisition System.



80

The data aquisition and data management involved the development
of the menu-driven software programs written in MBASIC (Microsoft
Basic) language. The LDT 2801 series board is controlled by various
commands using the command language supplied by the Data Translation,
Inc. These commands specify the board operation, and cause the board
to perform a §ariety of functions. Extensive ménu-driven programs were
developed to take into consideratioﬁ the various operational vari-
ables. The overall schematic representation of the working of the data
aquisition and management system is presented in Figure 12. The com-
plete MBASIC program developed for the data aquisition, as well as the

other data management programs can be found in the Appendix.

The data aquisition and management software system consisted of
the Main Menu with four options: (1) Test, (2) Reset, (3) A/D
Conversion, and (4) Print Data Filé. Selecting the "(1) Test" option
performs testing of the Data Translation board and returns to the Main
Menu. Selection of "(2) Reset" option resets the system (and clears
any of the previous settings) and returns to the Main ﬁenu. Selection
of "(3) A/D‘Conversion" displays the Sub-Menu of A/D Conversion with
three Sub-Menu options: (1) Single Conversion, (2) HMultiple
Conversions, and (3) Calibrétion Conversion. Under each of these
options, the user will be prompted for the selection of gain, chan-
nels, clock frequency or period, number of conversions, etc., and the
data would be recorded according to the specific selections made.

After recording the data, the control is returned to the Operation



MAIN MENU

1. Test

2. Reset

3. A/D Conversion
4. Print Data File

4

r

3

1. Test

Performs Test
and Returns
to Main Menu

2. Reset A/D SUB MENU

Resets Values 1. Single Conversion
and Returns 2. Multiple Conv.

to Hain Menu 3. Calibration Conv.

4, Print Data File

Prints File on
Printer and Returns
to Main Nenu

Figure 12,

+

Gain Selection (Gain Value)

Number of Conversions (Number)

Channel Selection {(Start-End Channel)
Clock Selection (Frequency, Period)

-«

Returns to Operation Menu

1. Run Program Again
2. Return to Sub Menu
3. Return to Main Menu
4, End

Schematic Representation of the Working of Data
Aquisition and Data Management System.

81



82

Menu. The Operation Menu has the following options of going back to
repeat the same operation again, or transfer the control to A/D Sub-
Menu, or Main Menu, or to end the data agquisition and exit the
program. Finally, selection of "(4) Print Data File" option prompts
for the name of the data file to be printed, prints the data file on

the attached printer, and returns the control to the Operation Menu.

Transducer/Channel Calibration

Ali the .(ten) Omega guage pressure transducers were calibrated
for their respective analog (voltage) output against known free water
surface elevations using a long column of wvater. The calibration data
for the transducers is presented in Table 8, Separate calibration
equations that would give the hydraulic head in terms of inches of
vater vere developed for each pressure transducer. The linear regres-
sion equations thus developed were of the form "ax + b", with the
slope "a" and intercept "b". A summary of the linear regressidn coef-

ficients for the calibration equatiohs are presented in Table 9.

A typical calibration curve for pressure transducer # 5 is shown

in Figure 13. The corresponding calibration equation isj;
e, = 1.0+ (3.3214 X 107°) (h)  (Eq. 5.1)

vhere; et = output from the pressure transducer, volt



Table A8, Transducer Output/Channel Calibration Experimental Data Using

Sand Column Apparatus (Output Values at Gain = 2.0)

Head Volt Qutput From Transducer/Channel#
inch 0 1 2 3 4 S - 6 7 8 9
0 0.98633 1.04126 1.01196 1.00464 1.00586 1.00220 0.99731 1.00952 1.00586 0.98511
0 0.98389 1.04126 1.01440 1.00586 1.00586 1.00464 0©.99976 1.00952 1.00586 1.00342
10 1.34644 1.39282 1.36963 1.39771 1.38428 1.36108 1.34643 1.238428 1.38184 1.3635}
20 1.69312 1.75171 1.71021 1.79077 1.75415 1.69556 1.65894 1.73950 1.71753 1.6894S
30 2.01782 2.09839 2.04102 2.16797 2.11914 2.02148 1.98364 2.09351 2.05933 2.02148
40 2.34009 2.41577 2.37671 2.48535 2.48535 2.34741 2.31445 2.43164 2.39624 2.34375
50 2.66724 2.74536 2.71240 2.83447 2.84665‘ 2.67212 2.66235 2.75367 2.74292 2.617700
60 2.99927 3.07495 3.05298 3.17505 3.19%46 2.996831 3.01758 3.05204 3.08594 13.00049
10 3.33496 3.40332 3.38989 3.51196 3.54858 3.32520 3.37524 3.41797 3.43016 3.32764
0.98389 1.04370 1.01318 1.00586 1.00464 0.99976 0.99854 1.01074 1.00708 1.0058¢%

£8
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Table 9. Linear Regression Coefficients for the Transducer/
Channel Calibration Equations using Sand Column

Apparatus.
Channel # Slope Intercept
0 29.83690 -29.73350
1 29.55420 -31.12370
2 29.47690 -30.03710
3 27.74920 -28.54180
4 27.40230 -27.76460
5 30.13610 -30.53320
6 29.70620 -29.48550
7 28.89700 -29.64640
8 28.92270 -29.35180
9 30.04230 -30.32520
The linear regression equations are of the form "y = ax + b" with

"a® the slope and "b" the intercept. In terms of pressure and volt
output, the equations can be written as,

Pressure(inch HZO) = {Slope) (Volt Output) - Intercept
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h = pressure (free wvater surface elevation), inches of

vater, L

At zero free water surface elevation, the transducer output
corresponds to one volt. This output is commonly referred as "null"
output. The sensitivity of the transducers was close to 1.0 volt/psi

as claimed by Omega Engineering, Inc.



CHAPTER VI

MATHEMATICAL MODEL

The main emphasis of this research study was experimental
oriented, and thus to obtain experimental data that would give an
understanding of the flow of polymer sclutions in porous media, and
the possibility of using polymers in grounmdwater cleanup operations.
Therefore, simple mathematical formulations were developed and easy to
use analytical solutions were derived for the polymer flow through

porous media.

The basic approach used in developing the mathematical model and
deriving the analytical solution to predict the movement of the
polymer slug through the porous media is presented in this section.
Various assumptions were made to make the analytical model simple and
easy to use. The governing ‘equations were derived based on the
principles of conservation of mass and conservation of momentum.- The
analytical models wvere tested and calibrated using the data obtained
in the experimental studies, and then the model was used to predict.

the polymer movement in the porous media.

Hydraulic Model

87
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Assumptions

Some of the basic assumptions used in formulating the mathemati-
cal model and deriving the analytical solution for polymer flov in one

dimensional horizontal flow are presented below.

. The porous media is homogeneous (in perméability and porosity)
and isotropic.

. The flov is saturated and at steady state.

. Vertical flow component is negligible.

. Darcy’s law applies, with linear head loss across the polymer
slug in the porous media.

. The density of polymer is same as that of water.

Model Development

A schematic representation of the linear flow modeling system and
the various parameters used in developing the mathematical model are
illustrated in Figure 14. The illustrated system represents the sand

column apparatus that was used in most of the experimental studies.

Conservation of mass for the general one dimensional horizontal
flow with a volumetric flow rate, Q, through a cross sectional area,

A, and specific discharge, V, can be written as;



Sand Column

Figure 14. Schematic Re
System.

presentation of Linear Flow Modeling
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Q=A.YV = Constant (Eq. 6.1)

(Eq. 6.2)

o

or, V=

Conservation of momentum yields the well known Darcy’'s equation

for horizontal flow;

kg dh
V= - 35 T (Eq. 6.3)

wvhere; k = permeability of porous media, L2

gravitational acceleration, L/T2

g:

U = kinematic viscosity, L2/T

h = hydraulic head, L

1 = distance in the direction of flow, L

The above equation can be written in terms of pressure, p, as

follows;

dp (Eq. 6.4)

V=-34d

IS~

vhere; n = dyanamic viscosity, M/LT

Combining conservation of mass (Eq. 6.2) and conservation of

momentum (Darcy’s equation, Eq. 6.4);
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SIE
Rlg

(Eq. 6.5)

Separating the variables, the above equation can be rewritten as;
@ n = -
A'k‘Jdl* _[ap (Eq. 6.6)

Equation 6.6 is the general form of horizontal flow equation for

the sand column and can be integrated using the appropriate boundary

conditions to give the pressure loss equations applicable to the

. respective (water and polymer) portions of the 1linear flow sand

column apparatus.

For the inner (water) portion with viscosity of water, nw’ Eq.

6.6 can be written using the appropriate boundary conditions;

oy J_‘l a1 = - rl dp’ (Eq. 6.7)
1 P,

>0

vhere; 1i = linear distance upto first pressure tap, L
11 = linear distance upto the interface separating the inner
portion and polymer, L
Pi = pressure at length li, M/LT2
P1.= pressure at length 11, H/LT2
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Integration of the above equation yields the following equation

for the inner water portion;

(Eq. 6.8)

&
K

o JVe)

For polymer portion, with viscosity of polymer solutien, np’

Equation 6.6 becomes;

le a1’ - - JPZ dp’ (Eq. 6.9)
1 P

vhere; 12 = linear distance upto the interface separating the polymer

and outer portion, L
2

o
1l

pressure at length 12, M/LT

and the solution to Equation 6.9 gives the pressure equation for the

polymer portion;

o
F‘]_U:'

(1, - 1;) = P~ P, (Eq. 6.10)

Corresponding equation (Eq. 6.6) for the outer portion with water

can be written as;

o

1, Py

22 Jle a1’ - - JPe dp  (Eq. 6.11)
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vhere; 1
‘ e

linear distance upto the last pressure tap, L

p 2
e

it

pressure at length 1e’ M/LT

and integration of the above equation yields;

i
k

o

(1_-1,) =P,-'P

. (Eq. 6.12)

Thus we have Equations 6.8, 6.10 and 6.12 respectively describing
the pressure relationships in the inner (water) portion, polymer

‘portion, and outer (water) portion of the sand column apparatus.

These three equations can be further simplified to give the total
pressure change (Pi - Pe) in the sand column system. The two equations
representing the inner portion (Eg. 6.8) and outer portion (Eq. 6.12)

can be combined to get an expression for (P1 - P2) as follows;

v

(B -~ B)) + (P, - P) = % e 1, -1 4 Q- 1)1 (Eq. 6.13)

Rewriting the above equation in terms of Pl - P2 yields the

relationship describing the pressure in the water portion;

"

P, - By = (B; - B) - 3.2 [ -1 + (4, - 1] (Eq. 6.14)

Substituting Eq. 6.14 for P, - P, in Eq. 6.10;

1 2
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"
. k._ [(11 - li) + (le —‘ 12)]

o

n
P - - -
B (I - 1) = (B - P

o

(Eq. 6.15)

Rearranging the terms, the final expression for the total pres-

sure in the system (Pi - Pe) can be obtained as follows;

I [ o, -1 s Nt - 1) e Q- 12)}] (Bq. 6.16)

The above equation can be rewritten for the Darcy velocity

(specific discharge);

(P, - P ) k
g -V - 1 e

(Eq. 6.17)
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Polymer Transport Model

This section presents the development of polymer transpﬁrt model
that incorporates the advective transport, dispersive transport, and a
"pseudo-adsorptive" retardation factor. While the batch equilibrium
adsorption experimental studies clearly demonstrated that the adsorp-
tion of polymer was negligible, the polymer concentration peaks in the
sand column experiments showed a "retardation" effect. Therefore, the
effect of retardation factor, Rd’ has been incorporated in the model-

ing of polymer transport.

Assumptions

The basic assumptions used in the formulation of the one dimen-
sional horizontal flow hydraulic model remain valid for the polymer
transport model. Under the Darcy assumption, the flow is described by
thg average linear velocity, V/n, vhich carries the dissolved sub-

stances by advection.

Model Development

Conservation of the flow of a non-reactive constituent with the
mass balance of storage, advection, dispersion and "pseudo-adsorptive”

retardation gives the following differential equation;.
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v
ac vV ac *Y a°c
3t *nR.'3% " mR 2 ~° (Eq- 6.18)
d d ax

where;

[¥S)

C = concentration of polymer solution, M/L
V = Darcy velocity = specific discharge = g, L/T
x = length of sand column, L

n = porosity

Rd= retardation factor

t = time, T

= longitudinal dispersivity (a1 = g), L

"The retardation, Rd, in the above equation simply retards the
effectiveness of advective transport and dispersive transport by a
constant factor. It 1is required that the retardation factor be a

constant for a given experiment.

A schematic representation of the influent polymer concentration
and the appropriate boundary conditions are presented in Figure 15. A
constant strength polymer solution of C = Co is injected at t = 0, and
continued upto t = tp (i.e. C =0 for t 2 tp). Once the polymer

injection is completed, water injection is resumed.

Ogata and Banks (1961) presented the analytical solution to
Equation 6.18 for a continuous influent concentration of C0 (see

below, Case 1 for t < tp). The influent polymer concentration
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C
T C=Co, t=0
c=0, t=t
P
Cd—b
’ —p -t
t=0 t=t

Figure 15. Schematic Representation of Polymer Injection for the.
Polymer Concentration Model.
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described in Figure 15 can be viewed as a problem in which a con-
tinuous source of Co is applied at t = 0 plus another continuous
source of -Co is applied at t = tp. Therefore, the principle of
superposition {or time shift) can be used to determine the polymer
concentration anywhere 1in the column (see below, Case 2 for t > tp).

The analytical solution thus developed is presented below.

Case 1: For t ¢ tp

x - Vt_ X+ Vt_
R n R
c 1 n Ry } X { d H
= =737 | erfe - + exp (—) erfc -
% 2[ {z[al Vt ]0'5 il 2[ vt ]0'5
' n R : 1 n R
d d
(Eq. 6.19)
Case 2: For t > tp
x - Vt_ x + Vt_
n R n R
g =3 [ erfe { d 575 } + exp (§—) erfc { d 57 } l
0 2[a1Vt] 2[a1Vt]
nRk n R
d d
x_V(t—t)
n R
- % l erfe { - d 0.5 }
9 V(t-t )
! n R




9%

X + V(t-t )

R g
+ exp (—)} erfc - (Eq. 6.20)
“ 2[ V(t-t )]0'5
“ ___P

n R

d

vhere;

Co= influent polymer concentration, HS
L

tp= time polymer injection completed, T

erfc = complementary error function



CEAPTER VII

RESULTS AND DISCUSSION

Characterization of Dowell J333 Polymer

This section describes the physical and chemical characteristics
of the Dowell J333 polyacrylamide polymer, and their relation to this
research study. The development of absorbance versus polymer con-
centration relationship as a preliminary step to the development of
polymer viscosity relationship is alsc discussed in the foregoing

paragraphs.

Characteristics of Polymer

The physical and chemical characteristics of Dowell J333
pélyacrylamide polymer are summarized in Table 10. The J333 polymer
was a white granular polymer with an average molecular weight of about
7 million. Polyacrylamide polymers of this molecular weight are
generally considered to be high molecular weight polymers. They are
anionic polymers and are rapidly soluble in water. The anionic nature

of these polmers is believed to provide better sweep efficiency in the

. porous media. The density of the free flowing white granular polymer

was about 737 kg/m> (46 1b/Et>).

100



Table 10.

Physical and Chemical Characteristics of Dowell

J333 Polyacrylamide Polymers.

101

Physical Form

Ionic Character
Molecular Weight

Density

Solubility in water

Molecular Formula

Vhite, granular

Anijonic

High (= 7 X 10%)

737 kg/m>

46 1b/ft>

Rapid
—(CHZ—CH-CONﬂz)E




102

Absorbance versus Polymer Concentration

The first step in the development of a polymer concentration
viscosity relationship was to develop a standard curve for Absorbance
versus Polymer concentration. Details of the analytical method are
described by Foshee et al., (1976). Presented herein is the discussion

of a typical polymer concentration standard curve.

Absorbance data of Batch 5 polymer solutions ranging from O ppm
to 500 ppm concentrations is summarized in Table 11. A typical stan-
dard curve for Absorbance versus Polymer Concentration 1is shown in
Figure 17. Absorbance data and standard curve plets for other batches
of polymer solutions can be found in Appendix. Linear Regression
analysis was used to best fit the experimental data. A typical linear
regression equation developed specifically for Batch 5 polymer solu-

tion can be written as;
C = (768.64) (Ab) (Eq. 7.1)

where; C = polymer concentration, ppm

Ab = absorbance at 470 nm

As can be seen from Figure 17, the experimental data and the
polymer concentration values predicted by the equation are in close

agreement with each other. The graphs presented in the Appendix would
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Table 11. Absorbance Data for Polymer Concentration Analysis

(Batch 5).
Polymer Concentration Absorbance1
ppm
0.0 0.0
0.0 0.0
100.0 0.106
100.0 0.107
200.0 0.232
200.0 0.232
300.0 0.380
300.0 0.381
400.0 ‘ 0.534
400.0 : 0.534
500.0 0.661
500.0 0.662

Absorbance at 470 nm measured on Perkin-Elmer UV/VIS Spectro-

photometer, Lambda-3B
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POLYMER CONCENTRATION AND ABSORBANCE (BATCH 5)
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Figure 17. Standard Curve for Polymer Concentration (Batch 5)
Absorbance at 470 nm; C = (768.64) (ab).
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also lead to the same conclusion of an excellent agreement with the

experimental data.

Characterization of Ottawa Silica Sand

Presented in this section are the physical characteristics of the
Ottawa silica sand, followed by a discussion of the results obtained

in the grain-size distribution analysis experiments.

Physical Characteristics

The physical characteristics of Ottawa silica sand are presented
in Table 12. The sand was basically a clean flint shot sand, white in
color with spherical grain particles. The specific gravity of the sand
was 2.65 with a Hardness of 7.0 (Moh’s scale). Even from the visual
observations, the sand appeared to be uniform. The porosity of the

sand determined from the experiments was found to be 0.35.

Grain-Size Distribution

Experimental data obtained for the sieve analysis of the Ottawa
sand, including the cumulative percent retained on each sieve is
summarized in Table 13. The cumulative percent retained on each test
sieve 1is plotted against the sieve opening (or grain size), and the

curve thus obtained is known as Grain-Size-Distribution curve. The



Table 12. Physical Properties of Ottawa Silica Sand.

Appearance

Grain shape

Mode millimeter size
Specific Gravity
Hardness (Moh’s scale)
Sand Type

Porosity

Vhite, Granular
Rounded

0.371 to 0.346

2.65

7.0

Flint shot sand

0.35
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Table 13. Experimental Data of Sieve Analysié of Ottawva Sand.

r SIEVE ANALYSIS
. Jan 22' 87
. .
Ottawa Sand Sieve Analysis (Washed and Dried}"
Project ——
Boring No. Sample ¥o. 05-1
Total vt in grems of ssmple, W+ 366.1 Wt {n grams of material > Mo. b ateve o
A velght Percent
Sieve Openings s?::d;i.:e Ret Jm‘ Parcent Matained Piner
Inches’ Millimeters | or Mumber in grame Partial Total by Height
0.132 1.3 No. £
0.0%k - N, B
0.97% 2.00 No. lu
0.0k 3.10 M. A 0.0 0.0 - 0.0 100.0
0.033 G No. v 10,1 2,76 2.76 97.24
0.0¢1 0.58 Mo, 30 24.3 6.64 9.5V 90,60 _]
©-0165 0.kp No. ko 262.9 - 71.81 81,21 18.79
0.U117 0.297 No. SO 55.2 15.08 96.29 3.72
0.0081 0.210 No. 70
0,005 0.149 No. 100
0.00h1’ 0.105 Ko, 140
0. U029 .07 Moy, 20U
' tan 13.6 3.71 100.00 0.0
Totsl welght irr xrams
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grain-size distribution of Ottawa sand is illustrated in Figure 18.
This is a classic grain-size distribution curve for medium sand. The
grain-gize distribution curve shows at a glance how much of the sample
material is smaller or larger than a given particle size, There are
basically three elements essential to a complete description of this
grain-size distribution curve: (1) particle size (fineness or coars-
eness); (2) slope of the curve; and (3) shape of the curve. Any of

these elements can change independently of others.

The particle size of the Ottawa sand ranged from 0.2 mm to 1.0 mm
(0.008 to 0.040 inch). Often, a specific point on a grain-size dis-
tribution curve is used as a general index of fineness. The ferm
"Effective Size" defined as the particle size where 10 percent of the
sand is finer and 90 percent is coarser, is one such often used index.
The effective size of the Ottawa sand was found to be 0.360 mm (0.0142
inch). Another index of fineness is the 50 percent size, which is also
referred to as the mean particle size or the average particle size.
The mean particle ‘size is a good index especially when the grain-size
distribution is in a narrowv range. The mean ;article size of the
Ottawa sand was 0.408 mm (0.0192 inch). And finally, the slope of a

major portion of the grain-size distribution curve can be best

described by a term called "Uniformity Coefficient™ (UC).

y - _20-percent retained size
¢ 90-percent retained size

(Eq. 7.2)
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The closer the value of Uniformity Coefficient to unity, the more
uniform is the grading of the sample between these limits. The unifor-
mity coefficient of the Ottawa sand used in the experimental study was
found to be 1.389. Therefore, this Ottawa sand can be considered to be
a uniformly graded sample. It should be noted that the uniformity
coefficient is limited in practical applications to materials that are
rather uniformly graded, and therefore serves as a meaningful

parameter only when its value is less than 5.
It is also quite clear from the grain-size distribution curve
that the grain size of more than 75 percent of -the Ottawa sand is

between 0.40 mm and 0.60 mm.

Polymer Concentration and Viscosity

Batch Viscosity Relationships

Experimental data of polymer concentration and viscosity for five
batches of polymer solutions is summarized in Table 14. Duplicate
samples were analyzed for viscosity for the first two batches. Since
the duplicate sample viscosity values were not significantly dif-
ferent, only one sample per analysis was used in the later
experiMents. Experimental data for each individual batch of polymer

solutions can be found in Appendix.
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Table 14. Polymer Concentration and Viscosity Experimental
Data (Batch ]1-5).

Polymer Concentration, ppm Viscosity, cp
100.0 35.0
100.0 33.0
200.0 65.0
200.0 63.0
300.0 91.0
300.0 94.0
400.0 125.0
400.0 127.0
500.0 . 160.0
500.0 158.0
100.0 41.0
100.0 40.0
200.0 70.0
200.0 72.0
300.0 104.0
300.0 104.0
400.0 141.0
400.0 140.0
500.0 179.0
500.0 181.0
100.0 1 40.0
200.0 71.0
300.0 103.0
400.0 . 140.0
500.0 180.0
100.0 45.0
200.0 75.0
300.0 105.0
400.0 143.0
500.0 180.
100.0 43.0
200.0 74.0
300.0 105.0
400.0 141.0

500.0 178.0
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Viscosity relationships were developed independently for each
batch of polymer solution using Linear Regression analysis. The
regression coefficients as well as the related statistical parameters
for each individual batch of polymer solutions are presented in Table
15, and the graphical illuétration of the respective equations can be
found in Appendix. In general, the viscosity data obtained was consis-
tent, and yielded excellent ©polymer concentration-viscosity
relationships. The viscosity was found to wvary 1linearly with the
polymer concentration, within the range of O ppm to 500 ppm concentra-
tions investigated in this research study. The individual viscosity
equations thus developed for each batch of polymer solutions were able
to predict the viscosities that agreed very well with the experimental
viscosity data. This is evident from the respective viscosity graphs |
as well as their "R-squared" regression coefficient statistical

parameters presented in Table 15.

An analysis of the regression coefficients (see Table 15) as well
as the polymef concentration versus viscosity graphs (see Appendix)
clearly demonstrates that the viscosity of Batch 1 polymer solution
wvas slightly 1lower compared to the viscosity of other batches of
polymer solutions. This Shows that the viscosities of the same polymér

prepared at different times could vary slightly.

Overall Viscosity Relationship
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Table 15. Linear Regression Analysis of the Polymer Concentration

‘and Viscosity Data (for Graphs).

Slope F-Value Sig. Level R2 Std.Dev. Regr.
Batch 1 0.3134 28630 0.0001 0.9997 1.9594
Batch 2 0.3530 . 16460 0.0001 0.9995 2.9078
Batch 3 0.3542 7921 0.0001 0.9995 2.9741
Batch 4 0.3544 3066 0.0001 0.9987 4.7835
Batch 5 0.3536 5014 0.0001 0.9992 3.7325
All Five 0.3423 9795 0.0001 0.9965 6.8404

Note: Forced intercept for all Batches is 1.0 (i.e., at 0.0 ppm,

the viscosity is 1.0 cp).
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An overall relationship was developed for polyher concenfration
versus viscosity using the data obtained from five batches of vis-
cosity experiments. The overall polymer concentration versus viscosity
relationship is illustrated in Figure 19. Once again, the overall
concentration-viscosity relationship was found to vary‘linearly vith
the polymer concentration. At 200 ppm polymer concentration, the
viscosity was found to be about 70.0 cp, and at 500 ppm it was about
172.0 cp. It should however be noted that at very high concentrations,

the polymer concentration-viscosity relationship may be non-linear.

Although the viscosities of polymer solutions prepared at dif-
ferent times varied slightly, the polymer concentration-viscosity
relationship developed using the experimental data seems to predict
viscosity values that are in close agreement with the experimental
values, The overall viscosity relationship equation thus developed can

be written as follows;

n (ep) = 1.0 + (0.3423) (C) (Eq. 7.3)

wvhere; n = viscosity of pelymer solution, cp

@]
n

concentration of polymer solution, ppm

The polymer concentrations used in this research study are con-

gsidered to be "dilute" solutions. For such dilute solutions, the
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polymer molecules are an an average so far apart that they have negli-
gible influence on each other. Alternatively, it leads to the
conclusion that in dilute polymer solutions, the viscosity contribu-
tions of the individual polymer molecules are additive, and therefore
it is this property that results in the linear relationship between
polymer concentration and viscosity:. For highly concentrated polymer
solutions, on the other hand, the dependence of viscosity on con-
centration may be nonlinear. The range of concentrations that are used
for groundwater applications fall in the category of "dilute" solu-
tions, and therefore, the non-linear dependence of polymer viscosity

on polymer concentration has not been a part of this research study.
The overall polymer concentration-viscosity relationship thus
developed (Eq. 7.3) can be used to predict the viscosity of polymer

solutions, given the polymer concentration.

Polymer Adsorption on Qttawa Sand

Summary of the polymer adsorption data obtained from Batch equi-
librium experimental studies is presented in Table 16. Further details
of this data can be found in Appendix. The equilibrium liquid phase
concentration refers to the polymer mass remaining in the liquid, and
the equilibrium solid phase concentration refers to the polymer mass
adsorbed on the OQttava sand. The equilibrium data thus obtained is’

graphically illustrated in Figure 20, as liquid phase concentration
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Table 16. Polymer Adsorption on Ottawa Silica Sand
(Equilibrium Experiment) Data.

Equilibrium Liquid Equilibrium Solid
Phase Conc., mg/l Phase Conc., mg/kg
86.5 67.5
85.7 35.8
8l1.6 30.7
75.9 30.1
196.7 16.5
195.9 10.3
195.9 6.8
187.8 15.3
293.9 30.5
298.0 5.0
293.9 10.2
286.5 16.9
395.9 20.5
397.5 6.3
396.7 _ 4.1

394.3 7.1
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(Batch Experiments).
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versus solid phase concentration to yield what is known as "Adsorption

Isotherm."

A typical adsorption isotherm is illustratéd in Figure 21. In a
typical adsorption process, the equilibrium solid phase concentration
increases with increasing liquid phase concentration. The adsorption
of Dowell J333 polymer on Ottawa silica sand does not appear to follow
the typical adsorption process. The equilibrium solid phase concentra-
tion of Dowell J333 polymer decreased with increasing liquid phase
concentration. While the mass of polymer adsorbed seems to be negli-
gible, the phenomenon of decreasing polymer adsorption could be

explained as follows.

These polymers are generally considered to have a random c¢oiling
configuration. The coils are extensively entangled with each other,
and there are more number of entanglements per unit volume of solution
at higher concentrations than at lower concentrations. Therefore, at
low ﬁolymer concentrations, a single polymer coil behaves more or less
as an independent coil, and perhaps adsorbs easily on a sand particle.
Whereas at higher concentrations, when a single polymer coil adsorbs
on a sand particle, it is not able to drag along all the other coils
that are entangled with it, thereby reducing the mass of polymer

. adsorption at higher concentrations.
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The polymer adsorption results obtained in the Batch adsorption
experiments clearly demonstrate that there was very little (or no)
polymer adsorption on Ottawa silica sand. At equilibrium liquid phase
concentrations in the range of 200 to 300 mg/l, the mass of polymer
adsorption was found to be about 14 milligrams of polymer/kilogram of
sand (or 14 micrograms of polymer/gram of sand). Mungan (1968)
reported typical laboratory adsorption values for polymers in the
range of thirty to several hundred micrograms of polymer/gram of
adsorbent. Therefore, based on the adsorption values reported in the
literature, the adsorption of Dowell J333 polymer on Ottawa silica
sand can be considered to be negligible. For groundwater applications,
this translates into the complete removal of polymer solutions from

the porous media after the intended purpose has been served.

It has‘;een widely reported in the literature that the laboratory
results often cannot be extrapolated to predict polymer adsorption in
the field scale operations. Therefore, caution should be exercised
wvhen using the laboratory adsorption data directly to field scale
operations, as the conditions in the field are so different from the
enclosed environmental conditions observed in the laboratory scale
experiments. This 1s especially true in the case of groundwater ap-

plications.

Viscosity and Shear Rate
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Effect of Shear Rate on Viscosity

Several experimental studies were conducted to study the effect
of shear rate on viscosity of Dowell J333 polymer solutions. The
spindle speed (rpm) of the Brookfield viscometer was used as the
pseudo-sheax rate, and the viscosity of polymer solutions of various
concentrations was measured at four spindle sbeeds {6, 12, 30, and 60
rpm). The experimental data obtained in the Shear rate experiments is
summarized in Table 17. This data is plotted in Figure 22 as pseudo-
shear rate versus viscosity, illustrating the effect of shear rate on

viscosity for five polymer solution concentrations.

The viscosity decreased with increasing shear rate, for all the
five polymer solutions (100, 200, 300, 400, and 500 ppm). Although the
trend is similar for all the five polymer concentrations studied, the
decrease 1in viscosity was greater at higher concentrations, and rela-
tively smaller at lower concentrations. The viscosity of a 500 ppm
polymer solution decreased by 132 cp (from 178 ¢p at 6 rpm to 46 cp at
60 rpm), while that of a 100 ppm solution decreased by 31 cp (from 43
cp at 6 rpm to 12 cp at 60 rpm). One can also notice that thé vig-
cosity decreased much more rapidly at lower shear rates than at highef
shear rates, and this was consistent for all the five polymer con-
centrations. Overall, there was about 70 to 75 percent reduction in

viscosity over the entire range of shear rates experimented, and about
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Table 17. Shear Rate and Viscosity Experimental Data (Batch 5).

hY

Pseudo Shear Viscosity? cp

Rate} rpm 100 ppm 200 ppm 300 ppm 400 ppm 500 ppm

6.0 43.0 74.0 105.0 141.0 178.0
12.0 28.0 49.0 70.0 92.5 114.5
30.0 . 16.6 28.4 40.2 50.4 61.4
60.0 12.0 19.8 27.5 36.5 46.0

1 Pseudc-Shear Rate = Spindle speed of Brookfield Viscometer (in
revolutions per minute) .

2 Viscosity measurements were taken at room temperature, 20o C
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50 percent of this change was observed between 6 rpm and 12 rpm shear

rates.

The effect of the decrease in viscosity with increasing shear
rate was reversible, i.,e., as the shear rate increased the viscosity
decreased, and while still maintaining the same experimental condi-
tions, as the shear rate decreased the viscosity increased to its
original values. This effect of reversible decrease in viscosity with
increasing shear rate is called "shear thinning," and the Dowell J333
polyacrylamide polymers that exhibited this reversible shear thinning
property are considered to be pseudo-plastic fluids. The decrease in
viscosity is believed to be caused by shear induced changes in the
networks of entanglement chains of polymers. Thus, the shear thinning
results from the tendency of the applied force to disturb the long

polymer chains from their favored equilibrium conformations, causing

elongation in the direction of shear.

Shear Rate/Concentration Dependence

Based upon the results obtained in the pseudo-shear rate and
viscosity experiments at five different polymer concentrations, it can
be concluded that the dependence of polymer viscosity on pseudo-shear
rate increased with the polymer concentration. If the polymer

molecules were compact, non-interacting spheres, the viscosity of
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polymer solution of a given molecular weight would be almost independ-
ent of its concentration. The polyacrylamide polymer molecules
however, tend to expand in good solvents and offer more resistance to
flow. This effect becomes greater as the polymer concentration in-
creases, thus showing a larger decrease in viscosity at higher polymer
concentrations (see Figure 22). Al;ernativgiy, it can also be reported
that the shear sensitivity is less obvious at low polymer concentra-
tions, 1i.e., smaller decrease in viscosity at lower polymer
concentrations. This can be attributed to the fact that the molecular

interactions are much less in dilute solupions.

Relevance to Groundwater Applications

The shear thinning properties of Dowell J333 polyacrylamide
polymers were quantified in the laboratory using Brookfield
Viscometer. However, the determination of viscometric behavior of
polymer solutions in the porous matrix is much more complex, and
the;efore, the shear rates are not well defined in the subsurface
environment. In terms of groundwater cleanup operations, the pseudo-
shear rate used in the shear rate experiments corresponds to the
groundvater flow velocity. The decreasing viscosity with increasing
shear rate observed in the laboratory experiments can be correlated to
the decrease in viscosity with an increase in the grouhdwater flow
velocity. Alternatively, the "apparent viscosity"” may be low at high

injection rates.
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Polymer Slug Size and Stability

Experimental studies vere conducted to study fhe effect of
polymef slug size (the thickness of polymer slug) on the integrity of
the slug and itslflow through the porous media. In these experiments,
the polymer concentration was kept constant at 100 ppm and the thick-
ness of polymer slug was varied from 5 em (2 inch) wupto 20 em (8
inch), by varying the volumetric injection of polymer into the sand

column apparatus.

The polymer concentration profiles observed at the outlet end of
the sand column, for a constant polymer concentration of 100 ppm and
slug sizes of 5 em, 15 cm, and 20 c¢m (2 inch, & inch, and 8 inch) are

presented in Figure 23, Figure 24, and Figure 23 respectively. In

general, the shape of the polymer concentration curves of different
slug sizes was consistent. As can be seen from the shape of the
curves, it is not a "true dispersion" phenomenon, since the leading
edge of the polymer front is sharp, leaving a relatively long trailing

edge.

In terms of the specifiec behavior of each of the three slugs, the
normalized polymer concentration peak, C/Co, of the 5 em (2 inch) slug
reached a maximum of 0.08, and the concentration peaks increased
slightly with increasing slug size (see Figure 24 and Figure 25). In

all the three cases, the concentration peaks were observed at about 42
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minutes after the start of polymer injection. This time was ap-
proximately equal to the time of 1 pore volume injection. As the slug
size increased, the leading edge of the polymer front was relatively
sharp. However, contrary to the expected behavior, it appears that the
polymer slug did not maintain its integrity. This is apparent from the
sharp peaks of all the three curves, as well as the long trailing edge

of the polymer slug.

As the polymer slug advanced through the porous media, the more
viscous polymer solution displaced the less viscous water. The polymer
solution, by virtue of its viscosity, is less mobile than that of the

vater; therefore this resulted in the sharp leading edge.

At the trailing edge of the polymer front, the less viscous water
is displacing the more viscous polymer solution. The water, because of
its high mobility, perhaps creates small "finger effects," thereby
dispersing the otherwise sharp trailing edge of the polymer front.
This may be the reason for the long trailing edge of the polymer
front. In all the three cases, at the end of 120 minutes, i.e. 3 pore
volumes of injection, the normalized concentration, C/Co, of the
trailing edge of the polymer front was about 0.018. Several pore
volumes of vater wvas injected beyond the 120 minutes time shown on the

graphs to remove any traces of polymer from the sand column.

Polymer Concentration
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This set of experimental studies were condﬁcted to study the
effect of polymer concentration on the stability and integrity of the
polymer slug. The thickness of polymer slug (or the volume of polymer
injection) was kept constant at 15 cm (6 inches) and the concentration

of polymer was varied from 100 ppm to 400 ppm.

Effect of Concentration on Polymer Slug

The concentration profiles of polymer solutions of 200 ppm and
400 ppm for a constant polymer slug size of 15 em (6 inches) are
illustrated in Figure 26 and Figure 27 respectively. (Also see Figure

gﬁ for the concentration profile of 100 ppm polymer solution).

In general, the normalized polymer concentration peaks were
observed at about 42 minutes from the time of start of polymer injec-
tion. Once again, it is quite clearrfrom the concentration profile
graphs that as the polymer concentration increased, the leading edge
of the polymer front was sharp. The peak concentration of 400 ppm
curve vas slightly lower compared to the 100 ppm and 200 ppm curves.
An analysis of the mass balance of the polymer that entered and exited
tha sand column shoved that the mass balance values of the 1lower
concentrations matched better with the experimental values, than that
of higher concentrations. While 90 percent of the polymer mass was
accounted at 100 ppm concentration, .only about 50 percent of the

polymer mass was accounted for at 400 ppm concentration.
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In the case of 400 ppm experiment, the viscosity was about 140
cp. Because of this large viscosity contrast between water and
polymer, it appears that the polymer slug was not able to maintain its
effectiveness, thus leading to some "fingering effect." Alternatively,
significant portions of the polymer mass did not exit the column
within thé twvo-hour (3 pore volume) time of the experimental duration.
This particular expériment required more pore volumes of water injec-
tion to return the hydraulics of the system to its original level, and
this could be attributed to the instability of the polymer slug at

such high polymer concentrations.

Relevance to Groundwater Applications

From the results obtained in this experimental study, it can be
reported that the polymer slug was relatively more stable at lower
concentrations than at higher concentrations. Because of the in-
stability of the polymer slug that is associated with high polymer
‘concentrations, it is very unlikely thét‘such high concentrations of
polymer solutions will be used for groundwater applications. The use
of high polymer concentrations may prove beneficial when the existing

fluid (or contaminant in the groundwater) is more viscous.

Polymer Transport Model Prediction
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The analytical model developed for the polymer transport included
basically the convective transport, the dispersive transport, and a
"pseudo-adsorptive" retardation factor. While the dispersivity term,
o (shown as DL in the figures) takes into consideration the spread of
the concentration curve, the peak of the concentration curve as well
as a time-shift of the curve are appropriately considered by the

retardation factor, Rd'

The initial analysis of the data took into consideration only the
advective transport and the dispersive transport. As stated in the
earlier sections of this chapter, since it is not a "true dispersion"
phenomenon, the polymer concentration values predicted by the advec-
tive, dispersive model did not agree well with the experimental data.
Therefore, the retardation factor, Rd’ was included in the polymer

transport model.

The dispersivity parameter, o and the retardation factor, Rd’
were evaluated by using the "Least Squares Hethod:" In this method,
the sum of squared differences between the experimental data and the
theoretically predicted values is minimized to find the optimum dis-
persivity, o, and retardation factor, Rd' Computer program wvas

written to predict the theoretical polymer concentration values using

Equation 6.20.
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The polymer concentration experimental data as well as the model
predictions for_ 100 ppm polymer solution of Secm thick slug and 15 cm
thick slug are shown in Figure 28 and Figure 29 respectively. The data
for 400 ppm and 15 cm thick slug is presented in Figure 30. The dis-
persivity, retardation factor, and the dispersion coefficient wvalues

evaluated using the model are summarized in Table 18.

As can be seen from Figure 28 and Figure 29, the polymer
transport model predicted the concentration for 5 em and 15 cm thick
slugs of 100 ppm polymer solution, that agreed well with the ex-
perimental data. This is especially significant, considering the fact
that this is not a "true dispersion" phenomenon. In the case of 400
ppm polymer solution of 15 cm thick slug, the model predictions did
not agree well with the experimental data; especially, the concentra-
tion peak predipted by the model was about half (0.050) of the

experimental value (0.090).

An analysis ‘of the dispersion _and retardation parameters
presented in Table 18 clearly reveals that the 1longitudinal disper-
sivity, oy as well as the retardation factor, Rd’ increased both with
the increase in polymer slug thickness as well as polymer concentra-
tion. This suggests that as the polymer concentration or polymer slug
size increases, the polymer flow in the porous media deviates from the

ideally-dispersive flow.
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POLYMER FLOW — SAND COLUMN C100T15; DL=0,1, RD=1.663
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Table 18. Dispersion Parameters and Retardation Factor Values
Evaluated Using the Polymer Transport Model.

ID/Parameter Dispersivity Retardation Dispersion

@, m Ry Coeff., me/s
C100T05 0.04 1.250 6.12 X 1070
C100T15020 0.10 1.663 3.07 X 10™°

C400T15 0.25 2.291 3.83 X 10-5
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Hydraulic Model Results

The hydraulic model described in the earlier sections was
developed for the purpose of analyzing the pressure/hydraulic head in
the system. The final equation (Eq. 6.16) was derived for the total

pressure/hydraulic head in the system (Pi - Pe)’ vhich 1includes the

pressure contribution due to both water as well as polymer portions.

The computer program was written to compute total pressure (Pi - Pe),

as well as the individual pressure contributions due to water portion
(Eq. 6.8) and (Eq. 6.12), and polymer portion (Eq. 6.10). The pressure

equations thus developed did not include the effects of dispersion.

The experimental pressure data and the model predicted pressure
values for 100 ppm and 15 cm polymer slug (with a volumetric flow rate
of 20.0 ml/min) are shown in Figure 31. It is quite clear from these
graphs that the model results did not match well with the experimental
pressure data. This is because of the fact that the viscosity measured
by wusing the Brookfield viscometer (in centipoise) is not a true
representative viscosity as far as flow through porous media is
concerned. The resistance to viscous fluid flow in porous media is
quite different from the resistance that is observed on the spindle of
the Brookfield viscometer. Therefore, the viscosity values were
adjusted, and alternatively, another parameter called "mobility" (X =

k/n) was evaluated using the experimental data and the equations

developed in the hydraulic model.
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The pressure data and model results for 5 cm and 15 cm slugs of

100 ppm polymer concentration are presented in Figure 32 and Figure 33

respectively. The model results in these two cases were obtained after

adjusting the mobility, A, to match the initial portion of the
experimental data. The adjusted viscosity values were 20 cp for 5 cm
slug and 19 cp for 15 cm slug sizes, and their respective mobility

parameters were found to be 1.915 X 10-11 mzlcp and 2.016 X 10*11

mzlcp.

The experimental data and the model curves have three regions.
The first part is the increasing pressure due to the entry of viscous
polymer into the sand column. During the time the polymer is entering
into the sand column, a steady increase in pressure was observed in
the experimental system, but the increase in the experimental data was

not as sharp as the model predicted.

The second part of the graph has a steady flat region during the
time vhen the polymer slug remains in the sand column. The third part
of the curve is a steady decline in the pressure during the time the
polymer slug is exiting the column. The model predicted a steady f£flat
region and a sudden decline in the pressure while the experiméntal
data showed a slow decrease of pressure. This discrepancy in the
pressure data 1is because of the dispersion that is caused due to the
"fingering effect". Due to this effect; it is apparent that the

polymer slug was not moving through the column as a "plug". This is
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also substantiated by the long trail of polymer concentration data
obtained in the experiments. The pressure data obtained in these
experiments more or less followed the trend of the polymer
concentration data, i.e. a slow Qecrease of the pressure in the column

with time.

An analysis of the pressure data suggests that, as the slug size
or polymer concentration decreased the model predictions agreed better
vith the experimental data. Once adjusted for the mobility parameter,
the model was able to give a better representation of the immediate
pressure changes in the system due to the entry of polymer solution
into the sand column. However, the model did not give good predictions

for the trailing edge of the polymer front.



CHAPTER VITII

SUMMARY AND CONCLUSIONS

Summary

The purpose of this research study was to develop an understand-
ing of the flow of polyacrylamide polymer solutions in the porous
media, and to evaluate the suitability of using such polymers in the
management of groundwater contamination incidents. Presented below is

a 5ummary of the overall findings of this research study.

Based on the results of this study, it can be reported that the
polymers can be selectively used for certain groundwater cleanup
applications. It should however be noted that high concentrations of
polymer solutions tend to be less mobile than the water that flows
behind the polymer slug. This results in the "fingering effect,"
thereby reducing the integrity of the polymer slug. Therefore, the use
of polymér solutions of high concentrations may not be applicable to

most groundwater applications.
In certain situations, the contaminated groundvater may be

several times more viscous than that of water (e.g. sanitary landfill

leachate is more viscous than that of water). The use of polymer

142
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solutions of high concentrations may provide better sweep efficiency
in such cases, thereby providing better cleanup of groundwater con-

tamination.

The polyacrylamide polymer by itself may not be toxic; however,
the acrylamide monomer is considered to be toxic. Because of the
increasing toxicity concerns associated with such chemicals, the

. regulatory agencies may not approve the use of polymers in the
groundwater cleanup applications. In addition, because of the increas-
ing post-cleanup liability on the groundwater cleanup industry, the
real world application of this technology seems to be too far from

becoming reality.
Conclusions

Based on the experimental data and the results obtained in this

A

. research study, the following conclusions can be made:

1. The viscosity data was consistent and yielded an excellent
polymer concentration-viscosity relationship. The polymer
‘solution viscosity was found to vary linearly with con-
centration, within the range of O ppm to 500 ppm
concentrations investigated. The viscosity relationship was
able to predict the viscosity values that .were in close

agreement with the experimental data. It should hovever be
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noted that the viscosities of different batches of polymer

solutions varied slightly.

The adsorption of polymer on Ottawa sand was negligible. 1In
terms of groundwater applications, this translates into the
complete removal of polymer solutions from the porous media

after the intended purpose has been served.

The viscosity of polymer solutions decreased with increasing
shear rate. The decrease in viscosity was greater at higher
concentrations and, relatively smaller at lower concentra-
tions. It can also be concluded that the viscosity decreased
much more rapidly at lower shear rates than at higher shear
rates. In terms of groundwater applications, the decrease in
viscosity with increasing shear rate corresponds to lower

viscosities at higher volumetric polymer injection rates.

The effect-of polymer slug size (thickness of polymer slug)
wvas not quite apparent. It appears that as the polymer slug
size was increased from 5 cm to 20 cm, the leading edge of
the polymer front was relatively sharp, but, contrary to the
expected behavior, the polymer slug did not maintain its

integrity at larger slug sizes.



145

The effect of polymer concentration,- and therefore the
effect of viscosity was more obvious than the effect of slug
size. The polymer slug wvas relatively more stable at 100 ppm
concentration than at 400 ppm concentration. The mass
balance of polymer at the lower concentrations matched well
with the experimental values than at the higher concentra-
tions. It can also be said that at 400 ppm concentration the

polymer slug was unstable due to the fingering effect.

The advective, dispersive, "pseudo-adsorptive" retardation
mathematical model predicted the polymer concentration
profiles well at the 100 ppm polymer concentra&ions for both
5 em (2 inch) slug and 15 ecm (6 inch) slug. However, the
model did not give good prediction values for 400 ppm con-
centration experiment. An analysis of the dispersivity
parameters and the retardation parameters clearly indicates
that the dispersion and the retardation increased with
increasing either the slug size or the polymer éoncentra-

tion.



NOMENCLATURE

cross sectional area of flow,

2

L

absorbance at a given wave length

concentration of a constituent,

equilibrium liquid phase concentration

of polymer, M/L3

M/L3

initial polymer concentration in solution,

influent polymer concentration,

M/L3

void ratio (volume of voids/volume of solid

particles)

complementary error function

analog output from pressure transducer, volt

specific gravity of solids

gravitational acceleration, 9.81 m/s",

free water surface elevation,

differential head, L

L

hydraulic conductivity, K<=kpg/n,

permeability of porous media,

L

2

2

L/T

distance in the direction of flow, L

L/T

linear distance upto the last pressure tap,

linear distance upto first pressure tap,

L

2

M/L

L

linear distance upto the interface separating

the inner portion and polymer,
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L

3

Eq.
3.5.
7.1

(W5 )
(= TR ¥ B )

6.7

6.7



linear distance up to the interface separating

the polymer and outer portion, L
mass of polymer injected, M

porosity of the porous media, fraction

pressure {p = pgh), -M/LT2

pressure at length lé, M/LT2
pressure at length 1i’ H/LT2
pressure at length 1 M/LT2

1?
pressure at length 12, H/LT2
volumetric flow rate, L3/T
retardation factor

time, T

time of polymer injection, T
uniformity coefficient,
Darcy velocity (seepage velocity), Q/A, L/T
volume of solids, L3

total volume of the wet specimen

(sand+water), L3

mass of sand in polymer solution, H/L3
veight of dry soil, M

distance in the X-direction, L

length of the sand sample, L
equilibrium solid phase loading of polymer

per unit mass of sand (mass of polymer/

mass of sand), M/M
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6.9

3.3
6.4
6.11
6.7
6.7
6.9
3.5
6.18

6.20
7.2
6.1
3.1

3.1
4.1
3.2
6.18
3.5

4.1



= d:'cj = ©

Greek Letters

longitudinal dispersitivity (o = D/V), L

density of fluid, H/L3

dynamic viscosity, M/LT

dynamic viscosity of polymer, M/LT
dynamic viscosity of water, M/LT
viscosity using Brookfield viscometer,

centipoise
3

mobility (A = k/n), L T/M

kinematic viscosity (v = n/p), L2/T

.18

148



APPENDICES

EXPERIMENTAL DATA
FIGURES AND TABLES
GLOSS5ARY OF TERMS
POLYMER SOLUTION PREPARATION

COMPUTER PROGRAM LISTINGS

149



APPENDIZX-A

EXPERIMENTAL DATA

150



151

Table Al. Absorbance and Viscosity Data for Standard Curve
{(Batch 1).
Polymer Concentration, ppm Absorbancel! Viscosity, cp

0 0.01 1.0

0 0.01 1.0
100 0.095 35.0
100 0.10 33.0
200 0.24 65.0
200 0.26 63.0
300 0.332 91.0
300 0.35 94.0
400 0.48 125.0
400 0.50 127.0
50C 0.62 160.0
500 0.61 158.0

Absorbance at 470 nm (Foshee et al., 1976)
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Table A2. Absorbance and Viscosity Data for Standard Curve

{(Batch 3).
Polymef Concentration1 Absorbance2 ’ Viscosity3
ppm cp
0 0 1.0
100 0.112 40.0
200 0.24 71.0
300 0.39 103.0
400 0.511 140.0
500 0.64 180.0

Polymer solutions prepared ip deionized distilled water.
Absorbance measured at 470 nm with Bausch & Lomb Spectronic 20.

Viscosity measurements by Brookfield Synchro-Lectric
Viscometer, at 6 rpm and 21° c. (Room Temperature).
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VISCOS

TY TEST REPORT

PBR

TEST INFORMATION:

Viscosity of Polymer Solutions (Batch 1),

pH=7.0, Temperature=19 degrees C.

SAMPLE MODEL | SPINOLE | R.P.M. DiAL READING FACTOR wsggng
100 ppm LVT 1 6 3.5 10 35.0
100 ppm 1 6 3.3 10 33.0
200 ppm 1 6 6.5 10 65.0
200 npr 1 6.3 10 63.0
300 pom i & 9,1 iQ 1.0
300 -~pm 1 £ .4 10 24,0
400 prona 1 & 12,5 10 | 123,06
450 por 1 6 12.7 10 | 127.0
500 npr 1 f 16,0 10 160.0
5090 pnnm i b 15.8 19 1548,C

CONCLUSIONS:
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VISCOS

TY TEST REPORT

av- PBR

TEST INFORMATION:

Viscosity of Polymer Solutions (Batch 2)

pH=6.9, Temperature=l8.5 degrees C.

SAMPLE MODEL | SPINDLE | A.P.M. DIAL READING eacTon| VISEOSITY
100 ppm LVT 1 6 4.1 10 41.0
100 ppm 1 4.0 10 40.0
200 ppm 1 7.0 10 70,0
200 ppm 1 f 1.2 10 2.0
300 ppm 1 6 10.4 10 104.0
300 ppm 1 ) 10,4 10 104.0
400 ppm 1 14,1 10 141.0
400 ppm 1 14.0 10 140.0
500 ppm 1 17.9 10 179.0
500 ppm 1 18.1 10 181.0

CONCLUSIONS:
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VISCOS

TY TEST REPORT

BY:

PER

TEST INFORMATION:

Viscosity of Polymer Solutions (Batch 3)

PH=7.0, Temperature=21 degrees C.

SAMPLE MODEL | SPINDLE | R.P.M. DIAL READING FacTon| VISEOSITY
100 ppm LVT 1 6 4.0 10 40.0
12 5.5 S 27,5
30 8.5 2 17.0
60 12.0 1 12,0
200 ppm 1 6 7.1 10 71.0
12 9.8 5 49.0
30 14.4 2 28.8
60 19.5 1 19,5
300 ppm 1 6 10.3 10 103.0
12 13.9 5 69,5
30 20.3 2 40,6
60 27.5 1 27.5
400 ppm 1 6 14,0 10 140.0
12 18.9 5 94.5
30 25.0 2 50.0
60 37.0 1 37.0
500 ppm 1 6 18.0 10 | 180.0
12° 23.0 115.0
30 32.5 2 65.0
60 52.5 42.5

CONCLUSIONS:




156

VISCOSITY TEST REPORT g
TEST INFORMATION:
Viscosity of Polymer Solutions (Batch 4)
pH=7,0, Temperature=20 degrees C.
SAMPLE MODEL | SPINDLE | R.A.M. DIAL READING FacTOR| VISCOSITY

100 ppm LVT 1 6 4.5 10 | 45.0 |
12 5.6 28.0
30 8.7 2 17 .4
60 12.2 1 12,2

200 pom 1 6 7.5 10 75.0
12 9.8 5 49,0
30 14,5 2 29.0
60 20.0 1 20.0

300 ppm 1 6 10.5 10 105.0
12 14,2 5 71.0
30 20.3 2 40.6
60 27.5 1 27.5

400 ppm 1 6 14.3 10 143.0
12 19.1 95.5 .
30 25.7 51.4
60 37.0 1 37.0

500 ppm 1 6 18.0 10 180.0
12 23.0 115.0
30 31.1 62.2
60 46,2 46,2

CONCLUSIONS:
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VISCOSITY TEST REPORT T
TEST INFORMATION:
Viscosity of Polymer Solutions (Batch 5}
pH=7,0, Temperature=20 degrees C.
SAMPLE MODEL | SPINDLE | R.P.M DIAL READING FacTon| VISEOSITY

100 ppm LVT 1 6 4.3 10 43.0
12 5.6 28.0
30 8.3 16.6
60 12.0 1 12.0

200 ppm 1 6 7.4 10 74.0
12 9.8 5 49.0
30 14,2 2 28.4
60 19.8 1 19.8

300 ppm 1 6 10.5 10 | 105.0
12 14.0 5 70.0
30 20.1 2 40,2
60 27.5 1 27.5

400 ppm 1 6 14.1 10 141.0
12 18.5 5 92.5
30 25.2 50.4
60 36.5 1 36.5

500 ppm 1 6 17.8 10 178.0
12 22.9 114.5
30 30.7 2 6l.4
60 46,0 1 | 46.0

CONCLUSIONS:
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Table A8. - Experimental Data of Polymer Concentration

and Viscosity {Batch 5).

Polymer Concentration Viscosity1
ppm cp
0.0 ' 1.0
0.0 1.0

100.0 43.0
100.0 42.0
200.0 74.0
200.0 74.0
300.0 105.0
300.0 104.0
400.0 141.0
400.0 140.0
500.0 - 178.0
500.0 178.0

Brookfield Viscometer at 6 rpm and 20° ¢.
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Table 49. Diameter of Sand Column - Volumetric Experiment.

The diameter measurements taken at both the ends of the sand
column (without ports) were different by about 1.5 mm. Therefore to
get a more representative diameter of the sand column, the column was
filled with water, and the volume of water was measured. The average

diameter of the sand column was then computed as follows:

%y - 982 ml.

—

4

Volume, V = nrzh =

Length of the column = 90.2 cm.

Therefore, D° = 4V or, D =(4v/m)!’/? = 3.723
h

The diameter of the column = 3.723 cm.
= 1.4658 in.
Use this diameter in all calculations.

1.86 cm.
0.73 in.

Inside radius

non

Use this radius in all caleulations.
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Table A10. Porosity Determination - Experimental Data.

Weight of empty sand column = 1134.7 g.

Weight of sand column with dry sand = 2763.8 g.
Weight of sand column with water = 3085.4 g.
Volume of water pumped into column = 327 ml.
{Experimentally measured)

Weight of empty pan (used for sand drying) = 1068.0 g.

Veight of pan with dried sand (110 + SOC, 4 hrs) = 2714.0 g

Specific gravity of sand (HZO = 1.0) = 2.65.

Length of sand column (excluding portion with the rubber stoppers)
= 87.4 cm (34.4 in).
Inside diameter of column (based on volumetric measurements of water)
= 3.72 cm (1.47 in).
(Note: Use this diameter in all calculations. The diameter varied; =o
a representative diameter was obtained based on the volume of
vater.)

Inside radius 1.86 cm.

0.73 in.

Volume qf vet specimen (column) = 950.0 cm3
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Table All. Ottawa Sand Porosity Computations.

3 3

Volume of wet specimen, Vt = 949.92 cm” = 950 cm

Weight of dry soil, WS .= 1646.0 g

Specific gravity of solids, GS (H,0 = 1.0) = 2.65*

3

Volume of solids, Vs = 621.13 em™= 621.0 cm3

Void ratio, e = 0.5298 = 0.53

Porosity, n = 0.3462 = 0.35

Based on the porosity of 0.35, the volume of water occupying the pore
space would be (0.35)(950)=332.5 ml. Experimental measurements yielded

327 ml, which is in close agreement with the calculations.

*
Specific gravity from the Ottawa Silica product data brochure
supplied by the Ottawa Industrial Sand Co., a subsidiary of Ottawa

Silica Company, Ottawa, Illinois.
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Bolymer Adsorption Equilibrium Experimental Data
{Dowell J333).

ﬁ, g/l

Flask Mass of C, Absorb- Ce Xe Xe
ID Sand, g mg/li ance1 " mg/l mg/g mg/kg
110 10 100 0.106 86.5 200 0.0675 67.5
120 20 100 0.105 85.7 400 0.0358 35.8
130 30 100 0.1 81.6 600 0.0307 30.7
140 40 100 0.093 75.9 800 0.0301 30.1
210 10 200 0.241 196.7 200 0.0165 16.5
220 20 200 0.24 195.9 400 0.0103 10.3
230 30 200 0.24 195.9 600 0.0068 6.8
240 40 200 0.23 187.8 800 0.0153 15.3
310 10 300 0.36 293.9 200 0.0305  30.5
320 20 300 0.365 298.0 400 0.0050 5.0
330 30 300 0.36 293.9 600 0.0102 10.2
340 40 300 0.351 286.5 800 0.0169 16.9
410 10 400 0.485 395.9 200 0.0205 20.5
420 20 400 0.487 397.5 400 0.0063 6.3
430 30 400 0.486 396.7 600 0.0041 4.1
440 40 400 0.483 394.3 800 0.0071 7.1

Notes continued on next page.




163

Table Al2. Polymer Adsorption Equilibrium Experimental Data
(Continued).

pH of the polymer solution = 7.0

Co= initial liquid phase concentration, mg/l.

Ce= equilibrium liqiud phase concentration, mg/l.
From standard curve Ce = 816.3 X Absorbance.

W = mass of sand in the solution, g/l1.

b Absorbance at 470 nm, Bausch & Lomb Spectronic 20,
(Foshee et al., 1976)
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POLYMER CONCENTRATION AND VISCOSITY (BATCH 1)
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POLYMER CONCENTRAT!ON, PPM

Figure Bl. Polymer Concentration and Viscosity Relationship
(Batch 1); n (cp) = 1.0 + (0.3134) (C).
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POLYMER CONCENTRATION AND VISCOSITY (BATCH 2)
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Figure B2. Polymer Concentration and Viscosity Relationship

(Batch 2);

n (cp) = 1.0 + (0.3530) (C).
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POLYMER CONCENTRATION AND VISCOSITY (BATCH 3)
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POLYMER CONCENTRATION AND VISCOSITY (BATCH 4)
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POLYMER CONCENTRATION AND VISCOSITY (BATCH 5)
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Figure B5. Polymer Concentration and Viscosity Relationship

(Batch 5); n (cp) = 1.0 + (0.3536) (C).
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POLYMER FLOW; C120T15
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Figure B 6. Polymer Concentration Profile at the Outlet End of
the Sand Column (C = 100 ppn, Slug Size = 15 cm,
Q = 20 mi/min).



APPENDIX-C

GLOSSARY OF TERMS

171



Acute Toxicity:

Centipoise (cp):

Effective Size:

Enhanced 0il Recovery
(EOR) Process:

LDSO:

Mobility (M\):
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GLOSSARY OF TERMS

Héalth effects that manifest after a single
oﬂ short exposure to a compound. These ef-
fécts are usually of rapid onset, and are of
short duration.

Aunit of viscosity equal to 0.01 poise. A
poise equals 1.0 dyne-second/cmz. Viscosity
of vater at 20°C is 1.0 cp.

The 90 percent retained size of sand as
determined from grain-size analysis; there-
fore 10 percent of the sand is finer and 90

percent is coarser.

& technique for recovering additional oil
from petroleum reservoir beyond that economi-
ca@ly recoverable by conventional primary and

secondary recovery.

Lethal Dose for 50 percent kill, is the
single dose that whén administered to test
animals results in the death of 50 percent of
the population. The LD, is expressed in
mi}ligrams of compound per kilogram of body
weight, mg/kg.

A measure of the ease with which a fuid moves
through the porous media, expressed as the
ra%io of media permeability to fluid vis-
coéity, A= k/n.



Polyacrylamide:

Polymer:

Systemic Toxicity:

Uniformity Coefficient:
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Chemical formula —(CHZCH—CONHZ)I-1

Aftype of organic compound characterized by a
long chain molecule formed by thousands of
repeating units called monomers; it is added
to water in polymer flooding.

Health effects that manifest in the body
after a substance has been absorbed into the
blood stream. Absorption may take place
through the skin, gastro-intestinal tract or
lungs.

A numerical expression of the variety in
particle sizes, defined as the ratio of the
sieve on which 40 percent (by weight) of the
material is retained, to the sievesize on

which 90 percent of the material is retained.
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POLYMER SOLUTION PREPARATION

Laboratory Techniqhe for Making Solutions of Dowell

Mobility Control Polymers (J332, J333, J334).

Solutions of Dowell polymers wusually are prepared as a con-
centrate (approximately 0.5 percent) and diluted to test
concentrations as required.iFiltration of the polymer solution is

recommended as a routine laboratory procedure.

Vigorous agitation is necessary for initial dispersion of the dry
polymer. A magnetic stirfer should be adjusted so the bottom of the
water vortex is 30 to 50 percent of the diameter of the beaker. To
prevent the formation of "slubs" or "fish eyes", drop the polymer just
below the upper curve or sh?ulder of the vortex, as shown in Figure

D1. The addition rate should be adjusted so that it is dispersed over

a period of 50 to 60 seconds. As soon as all of the polymer has been
added, adjust the stirrer to a low speed that just keeps the solid

particles from settling to the bottom. The Jlowest possible speed

should be used.

Stir the solution gently for approximately 3 hours. If the solu-
tion contains calcium or magnesium adjust the pH to approximately 7.0

using acetic acid and stir for an additional 20 minutes. Solutions are
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then ready for dilution and filtration as needed. Concentrated solu-
tions of Dowell polymer may be stored at laboratory temperature in

brown bottles for two to three weeks without loss of effectiveness.
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DROP POLYMER
) (e

| 4 ORIGINAL FLUID
’ / LEVEL

VORTEX
J/[‘_ MAGNETIC STIRRER

Figure D1. Mixing Apparatus for Polyacrylamide Polymer
Solutions.
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100
110
120
130
135
140
150
160
170
180
19¢
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
50
360
iro
3sn
4in

b LDTZA01,BAS

" VERSION 4.5

'* _ REVISION DATE OCTOBER 18, 1985
DEFINT C

OPTION BASE 1

BA = &4H20 ‘'BASE ADDRESS

CR = BA+] °'COMMAND REGISTER

SR = BA+1 'STATUS REGISTER

DR = BA  "DATA REGISTER

CW = &H& 'COMAND WAIT

WW = §H2 'WRITE WAIT

RW = §HS 'READ WAIT

CRESET e &HO

CCLEAR = &H1

CERROR - §H2

CCLOCK - &H3

CDAOUT = &HA

CSDA = &HY

CHDA = &HA

CTEST - &HB

CADIN =  §HC

CSAD = &HD

CRAD = &HE

CSTOP = &HF

CCONT - &H20

FS5(1,1) = 0 : F5(1,2) = 10!
FS{2,1) = 0 :+ Fs(2,2) = 5!
FS5(3,1) = 0 s FS(3,2) = 2.5
FS{(4,1) =« 0 : F${(4,2) = 1.25

FACTNR#® = 4096 : RANGE = 20 : OFFSET = 10

DIM MENUS(4,5)

BIM GAIN(G)

‘""sasssssssassusssvesSCREEN CONTROLeasnssesssssssassesnasssssasgas
AS= CHRS$(27)+"["

PSSe AS + “0I"

PS = AS+"2J"+AS+"H"

PRS = AS+"7m"

PAS = AS+"0m™

PINS = AS+71m

PES = AS+"0OR™

DEF FNATS(X,Y)= CHRS(27)+~["+MIDS{STRS(X).2)+"; "+MIDS(STRS{Y),2)+"f"

DEF PRSCS(X,Y) = CHRS(27)+"["+MIDS(STR$(X),2}+"; "+MIDS(STRS${Y},2)+ "

''esssasenssssssnswas ] AND LOW BYTE m=weaassusscsesussscssssnmumssssy

DEF FNHBYTE(X) = INT(X/256)
DEF PNLBYTE(X,Y) = INT(X-(2562Y))

''"esasssssvarnsanans MAIN MENU sscsssessswsusccasswses

MENU.CONT=1 t MENU.ITEM=4
PROG.CORT=0
HEADERS=*® MAIN MENU "

MENUS(1,1)="TEST"

MENUS(},2)="RESET"

MENUS(1,3)="ANALDG TO DIGITAL CONVERSION"
MENUS(),4)="PRINT DATA FILE"

IF X=0 THEN GOTO 900 * INITIAL RESET
X=1: GOSUB 770 '' CET USER CHOICE

ON PROG.CONT GOTO 1020,900,6R0,3330

t'assaussvsssrannns A/D MEN| ssscscanseensssensewramans
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690
700
710
720
730
740
7150
760
770
780
790

810
R20
8an
R40
850
RGO
AT
RRD
R90D
90N
910
920
930
940
950
960
970
980
990
1000
1010
106020
10230
1040
1050
1060
1070
10RN
1090
.Lino
1110
1120
1130
1140
1150
1160
1170
1180
1190
ia2nn
1210
1220
1230
1240
1250
1260
1276
1280
1290
1300
1310
1320
1330
1340

HENU,CONT=2 : MENU.ITEM=3

PROG.CONT=0

HEADERS=" ANALOG TO DIGITAL CONVERSION
MENUS(2,1)="SINGLE CONVERSION -
MENUS{2,2)="HULTIPLE CONVERSION "

MERUS(2,3)="CALIBRATION CONVERSION"
GOSYUB 770 '' GET USERS CHIOQCE
ON PROG.CONT GOTO 1440,1720,2210

' 'uaawmssnnasnunnwewes PRINT MENU & GET CHOICE ewemsnenmwas
PRINT PS§
PRINT FNATS(3,16);PRS;PINS;HEADERS;PAS:PRINT

FOR L = | TO MENU.ITEM
PRINT TAB(20);
PRINT USING "##";L;

PRINT" -~ “MENUS(MENU.CONT,L)
NEXT L
PRINT FKATS$(14,27);"ENTER NUMBER OF SELECTION":PES;:INPUT PROG.CONT

IF(PROG.CONT>=} AND PROG.CONT <= MENU.ITEM) THEN RETURN

PRINT FNATS(18,30);PINSI "TLLEGAL SELECTION";PAS
PRINT TAB(27);"LEGAL VALUES ARE 1 TO";MENU.ITEM
GOTO A50

'y ssssnsssnsssvannasnsn RESETomeosssmesesenassvawsusaas

GOSUB 330

GOTO 660

STAT= INP(SR)

IF NOT ((STAT AND &H70)=0) THEN &360
oUT CR,CSTOP

TEMP=INP(DR)

WAIT SR, CW

oUT CR, CRESET

WAIT SR, RW

TEMP=EINP(DR)
RETURN

foueesscsenasvnnnwzan TEST DT280] seeussensssoenwannsznew
GOSUB 3780 ' CHECK FOR LEGAL STATUS REGISTER & STOP DT 280)
ER.CNT =0

WAIT SR, CW
OUT CR, CTEST

*' Read the first 256 test bytes from the Data Out Register.
'' Check easch test byte to see if it has the expected value.

PRINT P$;FNATS(11,32); "PERFORMING TEST"

FOR L = | TO 255

WAIT SR, RW

DATA.VAL = INP(DR)

STAT = INP{SR)

IF (STAT AND 4HARO) THEN GOTO 4360

IF NOT (DATA.VAL = L) THEN GOSUB 1380

NEXT L

Le=20

WAIT SR, RW

DATA.VAL = INF(DR)

STAT = INP(SR)

IF STAT ARD &HBO THEN GOTO 4360

IF NOT (DATA.VAL = L) THEN GOSUB 1380

'Y Cheek for Command (Overwrite Error.
GS=1 : GOSUB 4360 : GSenD :STAT = INP(SR)

IF (STAT AND &K80) = 0 THEN GOTO 1330

IF NOT (ER1 = 2) THEN GOTO 1330

IF NOT (ER2 = 0) THEN GOTD 1330

IF NOT (ER.CNT = 0) THMEN CGOTO 1300

GOTO 660

PRINT : PRINT "TEST Operation Completed with ";ER.CNT;

PRINT “ Dsta Errors™ : PRINT
PRINT CHRS(7) : PRIKT CHRS{?) : GOTO 3580

PRINT : PRINT “"Error, incorrect board state after stop.”

PRINT “Status Register. bit 7 should be set.”:
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1350
1360
1370
138N
1390
1400
1arn
1420
1430
1440
1450
1460
1470
1475
1480
1490
1500
1510
1520
1530
1540
1550
1560
1565
1570
1600
1610
1620
1630
1640
1650
1655
1660
1670
1680
1690
1700
1710
1720
1730
1740
1750
1760
1761
1762
1763
1770
1790
I800
IRIN
1820
1R25
1830
1R4&0
184S
1846
1850
1860
1A70
1880
1890
1900
1910
1920
1930
194N

PRINT “Error Register, Byte | should equal 2 hexidecimal.”
PRINT "Error Register, Byte 2 should equal 0 hexidecimal.”
GOTO 4360
** If wrong test value, print sctusl value and expected value.
'* Increment the error count by one for each bad test value.
ER.CNT = ER.CNT + |
PRINT ER.CNT:" ERRORS, VALUE READ IS ";HEXS(DATA.VAL);
PRINT ® HEXIDECIMAL, SHOULD BE ";HEXS(L)
PRINT CHRS$(7) : PRINT CHRS${(7) : RETURN
‘'"ounessansscsvassws READND A/D IMMEDIATE ssscacsscasscassssse
GOSUB 3070
GOSUB 280D ' Get A/D gain,
GOSUB 2930 ' GET A/D CHANNEL.
DIM ADH{1,1),ADL(1,1)
CYCLES = I : NCHAN = |
‘' Write READ A/D IMMEDIATE command.
WAIT SR, CW
OUT CR, CADIN
'" Write A/D gain byte.
WAIT SR, WW, WW
ouUT DR, GAIN.CODE
*' Write A/D channel byte.
WAIT SR, WW, WW
GOSUB 2441 ''ANYKEY
OUT DR, CHAN(1)
WAIT SR, RW
ADL(1,1)=INP{DR)
WAIT SR, RW
ADH(1,1)}= INP(DR)
GOSUB 3730 ' ' wWait for READY, Chech for ERROR
GOSUB 2470 ' CALCULATE AND PRINT A/D READING 1N VOLTS
ERASE ADH,ADL
PRINT FNATS5(19,25); "Do You Want Another Conversion”;PES;:INPUT YS§
IF Y§="Y™ OR YS="y™ THEN GOTO 1460
IF YS » "N” OR Y§ = "n" THEN GOTO 1700
GOSUB 1870 : GOTO 1660
PRINT FNATS{D,0)};PSS;FNATS(5,20);"SINGLE CONVERSION A/D Operatien
GOTO 3580
"' sasevnessssmssasssREAD MULT. A/D wasspscasssassses
GOSUB 3070 ' A/D HEADER
GOSUB 2800 ' GET GAIN
GOSUB 2930 ' Get A/D chennel.-
GOSUB 3900 ' GET CLOCK RATE
MAX1#=INT(5000/NCHAN)
MAX2#=INT(655351/(PERIOD#*NCHAN))
IF MAX]I#CHAX24 THEN MAX|=MAX]Ff ELSE MAX!=MAX2#
PRINT PSS;FNATS(8,29);PSS;PINS; "NUMBER OF CONVERSIONS™;PAS

PRINT FNATS{(10,1!5); "Legal values for number of conversion cycles are :

PRINT PNAT$(11,33);~1 through ";:PRINT USING “##4/";HAX!
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Complete”

PRINT PNATS(13,22);:PES; "Number of conversion cycles value = ";: INPUT CYCLES

IF (CYCLES >= 1 AND CYCLES =<¢3) THEN CYCLES=3

IF (CYCLES »= 3 AND CYCLES =<¢MAX!) THEN GOTO 184S

PRINT FNATS$(16,20)"PLEASE USE LEGAL NUMBER OF CONVERSIONS VALUE."
GOTO 1810

DIM ADM(CYCLES,NCHAN)

DIM ADL{CYCLES ,NCHAN)

'* Do a SET A/D PARAMETERS command to set up the A/D converter.
*' Write SET A/D PARAMETERS command.

NUM.CONV = CYCLES*NCHAN*IGNORE

WAIT SR, CW

OUT CR, CSAD

"' Wrice A/D gain byte.

WAIT SR, WW, WW

OUT DR, GAIN.CORE

** Write A/D start channel byte.

WAIT SR, WW. WW
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1950 ouT DR, START.CHAN

1960 "' Write A/D end channel byte.

1970 WAIT SR, WW, WW

1980 ouT DR, END.CHAN

1990 ** Write high and low bytes of NCONVERSIONS/.

2000 NUMBERH = INT(NUM.CONV/256)

2010 NUMBERL = NUM.CONV - NUMBERH * 256

2020 WAIT SR, WW, WW

2030 oUT DR, NUMBERL

2040 WAIT SR, WW, WW

2050 OUT DR, NUMBERH

2060 ' Write READ A/D command.

2061 GOSUB 2441 ' ANY KEY

2070 PRINT FNATS(6&,0);PSS;FNATS{14,30); "CONVERSION UNDERWAY"

207% IF TIMEFLAG=) THEN 2161

2076 IF NCHAN=} THEN 2151

2080 WAIT SR, CW

2090 OUT CR, CRAD

2100 FOR 1 = 1 TO CYCLES

2110 FOR K = | TO IGNGRE

2120 FOR J= 1 TO NCHAN

2130 WAIT SR, RW : ADL{(1,J) INP(DR)

2140 WAIT SR, RW : ADH(1,J) = INP(DR)

2145 NEXT J :NEXT K: NEXT 1

2150 GOTO 2176 . -

-215f WAIT SR, CW

2152 OUT CR, CRAD ‘

2153 FOR I = 1 TO CYCLES

2154 FOR X =« ] TO IGNORE

2135 WAIT SR, RW : ADL(I,1)

2156 WAIT SR, RW :

2157 NEXT K: NEXT I

2160 GOTO 2176

216] IF NCHAN=1 THEN GOTO 2170

2162 WAIT SR, CW

2163 OUT CR, CRAD

2164 FOR I = 1 TO CYCLES

2165 FOR J= | TO NCHAN

ZI66 WAIT SR, RW : ADL(I,J)

2167 WAIT SR, RW : ADH(I,J)

2168 NEXT J: NEXT 1

2169 GOTO 2176

2170 WAIT SR, CW

2171 QUT CR, CRAD

2172 FOR 1 = | TO CYCLES

2173 WAIT SR, RW ADL(I,1) = IKP(DR)

2174 WAIT SR, RW ADH{T,}) = INP(DR)

2175 NEXT 1

2176 GOSUB 3730 * ' Wait for READY,Check for ERROR

2177 GOSUB 2470 ' Calculacte and print the A/D readings 4in volts.

ZIRD GOSUB 3130 ' SAVE DATA

21R1 ERASE ADH,ADL

2182 PRINT PNATS(6,0);PSS5;FNATS(12,20); Do You Want Another Conversionrn Run”:
PES ;:INPUT YS§

21R3 IF Y$="Y" OR Y$="y" THEN GOTO 1730

2184 IF YS="N" OR ¥Y$5="n" THEN GOTO 2190

21RS GOSUB 3R8BO:GOTO 21R2

2190 PRINT FRATS(0,0);PSS;FNATS(5,25); "]MULTIPLE A/D Operation Complete”

2200 GOTO 35RO

22]0) "'snsssswssrnsasssnsxsass CALIBRATION A/D wsansssesszussssmasmns

2220 GOSUBR 3070

2230 GOSUB 2800

2240 GOsUB 2930

2250 PRINT FNATS{(6,0);PS5;FNATS(20,25);PINS; "PRESS ANY KEY TO STOP";PAS

2260 YS=INKEYS .

2270 *' Write READ A/D IMMEDIATE command.

INP(DR)
ADH{I,1) « INP(DR)

INP(DR)
INP(DR)
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2280 WAIT SR, CW

2290 OUT CR, CADIN

2300 ** Write A/D gain byte.
2310 WAIT SR, WW, WW

2320 OUT DR, GAIN.CODE

2330 ' Write A/D channel byte.
2340 WAIT SR, WW, WW

2350 OUT DR, CHAN(1!)
23A0 WAIT SR, BRW : LOW = INP(DR)
2370 WAIT SR, RW : HIGH = INP(DR)

23R0 VOLTS= HIGH*256+LOW

2390 IF VOLTS > 32767 THEN VOLTS = VOLTS =65536!

2400 VOLTS = VOLTS*((FS(GC,2)-FS5(GC,1))/4096)+FS(GC,1)

2410 PRINT FNATS(13,30);~VOLTS = “;PES;:PRINT USING "##F.F##80#7;VOLTS

2420 IF ¥Y$5="" THEN GOTOD 2260

2421 PRINT FNATS(6,0):PSS;FNATS(12,20){"Do You Want To Calibrate Another Channel”;
tINPUT Y§

2422 IF ¥S="Y" OR Y$="y" THEN GOTO 2230

2423 IF ¥Y$="N" OR Y§="n" THEN GOTO 2430

2430 PRINT PS;FNATS(5,20); "CALIBRATION A/D Operation Complete”

2440 GOTO 3580

244] ''meccnsesssssssssssswsr ANY KEY ssussswwsscsssssssssssssnanrans

2442 PRIKT FNATS(6,0);PSS;FNATS$(12,25); "PRESS ANY KEY TO TAKE READING";

2443 YS=IRKEYS:1IF YSe™  THEN 2443

2444 RETURN

2450 "' essssssssssassswsEsusw A’D VOLTAGE OUTPUTemasssscasssssssssnns

2460 '*' Calculate and print the A/D reading in volts.

2470 IF PROG.CONT = 1 THEN GOTO 2520

2480 FOR I = I TO NCHAN

2490 CHAN(I) = START.CHAN+I=-|]

2500 IF CHAN(1) => 16 THEN CHAN(I) = CHAN(I)-1&

2510 NEXT I

2515 M=]

2520 FOR J = 1 TO CYCLES

2530 FOR L = } TO NCHAN

2540 ADH(J,L) = ADH({J,L}*256 + ADL{J,L}

2550 IF ADH{J,L) > 32767 THEN ADH(J,L) = ADH(J.L) =-65536!

2560 ADH(J,L) = ADH(J,L)*((FS(GC,2)~FS5(CGC,1))/4096)}+F5(GC,1)

256! ADL(J,L)}= M*PERIOD/#

2562 M=H+1

2570 NEXT L: NEXT 3

2590 1F PROG.CONT = 1 THEN GOTO 2750

2600 PRINT FNATS(6,0);PS55; “CYCLE"™;

2610 FOR 1 = | TO NCHAN: COLUMN! = 1#20=7: PRINT FRATS(6,COLUMN!);
“TIME CHAN “;; PRINT USING “##";CHAN{1l); :NEXT 1

2620 ROW = 6 : PRINT PNATS(7,1);PS5S;

2630 FOR J= ] TO CYCLES

2640 ROWN!=ROW!=+]

250 PRINT PSS;: PRINT USING “##F#7;J;:PRINT ~ "3

2655 FOR K = 1 TO NCHAN

2660 PRINT USING "##24. #8087 ADL(J K);

2680 PRINT USING “##4 . #8948 480" ;ADH(J,K);: NEXT X

26R5 PRINT

2690 IF J= CYCLES THEN ROW!=2]

2700 IF ROW!= 2] THEN PRINT FNATS$(23,5);PINS;
"PLEASE PRESS ANY KEY TO CONTINUE E TO EXIT®; PAS;

2710 IF ROWi= 21 THEN YS$=INKEYS$ : IF YS§ ="" THEN 2710

2715 IF YS$=TE™ OR YSa"e" THEN 2740

2720 IF ROW!= 2] THEN ROW!=7:PRINT FNATS(ROW!,!);PSS§;

2730 NEXT J

2740 RETURN

2750 PRINT FNATS(12,15);PS5; “INPUT VALUE ON CHANNEL ~;

2751 PRINT USING “#4#2";CHAN(]);

2752 PRIRT FRATS{12,43);"1s8";

2760 PRIKT USING “F#48,. 080880, ADH{1,1);

2770 PRINT * VYOLTS™ : PRINT
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27R0 RETURN

2790 '"‘mossasssansasnsngaussssss GAIN SELECTION wensacssscsssssnssasssasss

2R00 GAIN(1)=1 : GAIN(2)=2 : GAIN{(3)=4 : GAIN{(4)=B

2810 CODE(1)=0 :CODE(2)=1:CODE(3)=2:CODE{4)=3

2820 PRINT FNATS{8,30);PSS$:PINS;" GAIN SELECTION";PAS;PES

2830 PRINT FNATS(10,31);"Legal values are ;"

2840 PRINT FRATS(12,27):"GAIN";FNATS(12,43); "VOLTAGE RANGE"™

2R50 PRINT FNATS(14,26);GAIN(C4);FNATS(14,40):"0 to 1.25 Volts °

2860 PRINT FNATS(15,26);CAIN(3);FRATS(15,40);70 to 2.50 Volts -

2870 PRINT FNATS{16,26);GAIN(2);FNATS(16,40);"0 to 5.00 Velts "

2880 PRINT FNATS(17,26);GAINCI);PNATS{17,40);:70 to 10.0 Volts"™

2890 PRINT FNATS(19,34);"Cain value = ";PES$;: INPUT Y

2900 POR I = | TO 4 : IF GAIN{I) = Y THEN GAIN.CODE=CODE(I) :GC=I: RETURK

2910 NEXT 1

2920 PRINT FNATS(21,26)"PLEASE USE LEGAL GAIN VALUE.™ : GOTO 2830

2930 '"'muswswasaswsnewcsannesssse CHANNEL SELECTION sassasnscassssussssesw

2940 '' Get A/D channel.

2950 PRINT FNATS(B,31);P55;PINS; "CHANNEL SELECTION";PAS '

2960 PRINT FNATS(10,18); “Legal values for A/D channels are O through 15.7

2970 IF PROG.CONT = 2 THEN 3020

2980 PRINT FNATS(12,30); "A/D Channel wvalue = ";PES;:INPUT CHAN(I)

2990 IF CHAN{1) < O OR CMAN(!) > 15 THEN PRINT FNATS$(15,25);

' “PLEASE USE LEGAL CHANNEL VALUE™ : GOTO 29R0 .

3000 NCHAN = ] !

3010 RETURN

3020 PRINT FNATS(12,27);"A/D Start Channe]l value = “;PES$;: INPUT START.CHAN

3030 PRINT FNATS(13,27):"A/D End Channel value = ";PES;: INPUT END.CHAN

3040 IF START.CHAN < 0 OR START.CHAN > )5 OR END.CHAN < 0 OR END.CHAN > 15
THEN PRINT FNATS(15,25); "PLEASE USE LEGAL CHANNEL VALUE™ : GOTO 3020

3050 1F { END.CHAN~-START.CHAN+] )=<0 THEN NCHAN = END.CHAN-START.CHAN+]6 ELSE
NCHAN = END.CHAN = START.CHAN+1

3060 RETURN

IN70 '"'esnwsnsassssnsenwssasmas A/D SCREEN CONTROL sessssssasassssuxss

3080 PRINT FNSCS({(6,24);P5;PINS

3090 PRINT PRS;TAB{80)

3100 PRIKT TAB(3O);MENUS{MENU.CONT,PROC.CONT);" b

3110 PRINT TAB{77);PAS

3120 RETURN

3130 ''ewsnssenscanssaessssnss DATA FILE QUTPUT smusssasswcscccssamsusaa

3140 PRINT FNATS(6,0);PS5S:PRINT FNATS(B,15);
“Do You Wish To Save This Set Of Data (Y Or N)";PES$;:INPUT ¥$

3150 IF YS="Y" OR Y§S="y™ THEN GOTO 31R0D

3160 IF Y$S="N" OR Y$="n" THEN RETURN

3170 GOSUB 3IRA0 : GOTO 3140

3180 PRINT FNATS{10,15); "What Ias The Name Of The Data File™;PES;:INPUT ¥$§

3190 I1F LEN(YS$)>9 THEN PRINT FNATS(12,25); "ILLEGAL FILE NAHE":GOTO 3180

3200 FOR I= 1 TO LEN(YS)

3210 T=ASC{(MIDS{(YS§,I,1))

3220 1F {(T<hS OR T>90) AND (T<4B OR T>57) THEN PRINT FNATS(12,25);
"ILLEGAL FILE RAME: MUST RBE CAPITALS OR NUMBERS™:G0TO 3180

3230 NEXT I

3240 YS=YS$S+ T .DAT”

3250 OPEN "0™,#1,Y$S

3260 WRITE #1,NCHAN,CYCLES,PERIOD#,CAIN(GC)

3270 POR 1=] TO NCHAN :WRITE #)]1,CHAN(L):NEXT I

3280 POR Jwl TO CYCLES: POR K=l TO NCHAN: WRITE #) ,ADL{J,K)

3290 WRITE #},ADH{J,K}

33nN0 NEXT K:NEXT J

3310 CLOSE #1

3320 RETURN

3330 '"'esssewszsseuscsenscsensssswew READ A FILE AND PRINT IT scassssswwewsswsrss

3340 PRINT PS:FNATS(8,12); "What Is The Name Of The File To Be Printed”;

3350 INPUT YS$

3360 IF LEN(YS)>9 THEN PRINT FNATS(10,20); "Pleane Use Legal File Name” : GOTO 3340

3370 YSaY§+"  DAT"

3380 OPEN "1™ ,#1.Y$



3390
3392
31395
3400
3410
a5
3420
3430
3440
3442
3445
3450
34560
3470
3480
3490
3500
1510
i511
3512
3520
3530
3535
3540
3550
3555
3557
35460
3570
1580
3590
3600
3610
3620
3630
3640
3650
3660

3670
36RO
3690
1700
3rio
irzon
3730
3740
3750
3760
3770
3780
37%0
3800
g0
jean
38130
3840
3850
JR60
JATH
380
1890
3900
3910
i920
3930

INPUT
NUM.CO

#1,NCHAN,CYCLES,PER,RISE
NV=CYCLES*NCHAN

DIM ADH{CYCLES,NCHAN),ADL(CYCLES,NCHAN)

“ i NCHAN
“: CYCLES

FREQUENCY = *“;1/PER

"

TIME CHAN ";I1;:NEXT I

VOLTS

"+ :NEXT L:WRITE #1{

FOR Je 1 TO CYCLES:WRITE #1, USING "####";3;:WRITE #1, "

FOR Iw] TO KCHAN :INPUT #1,CHAN{I) :NEXT I
FOR J=} TO CYCLES :FOR K=} TO NCHAN
INPUT #1,ADL(J,K)

INPUT #1,ADH(J,K)

BEXT K : NEXT J

CLOSE #1

OPEN “0",#1,YS$

WRITE #1, "NAME OF FILE = “;YS§

WRITE #1, “NUMBER OF CHANNELS

WRITE #1, "NUMBER QF CYCLES

WRITE #1, "PERIOD = “;PER,"

WRITE #1, “GAIN = “;RISE

"'WRITE #1, :WRITE #1, "CYCLE

*'FOR I= ] TO NCHAN :WRITE #1,

*'WRITE #1, = ~

'"'WRITE #1, = "

*'FOR L=1 TO NCHAN : WRITE #1, " SECONDS
FOR K=1 TO NCHAN

WRITE #1, USING “###F.888F"ADL(J, X))

WRITE
WRITE
ERASE
CLOSE
PRINT
GOTO 3

'"‘asssnpasssssssx RN PROCRAM AGAIN ssscswspeapssassssnasssssansen

PRINT

PRINT

PRINT
PRIK
PRIN
PRIN

GOTO

#1, USING “#R4.84FFFIPTADH(J,K); :NEXT K

#l: NEXT J
ADL,ADH
L]

P5;FNATS{(6,20); "File Printing Coamplete”

580

FNSC$(0,0)
FNATS(8,25);PRS;PINS; "

OPERATION MENU

FNATS$(11,28);"1. RUN PROGRAM AGIANT
T FNATS5(12,28);:"2. RETURN TO SUB-MENU™

T FNATS(13,28);73. RETURN TO MAIN MENU"
T FNATS(14,28); " 4. END
PRINT FNATS{17,24); "ENTER THE NUMBER OF YOUR SELECTION";PES;:INPUT SEL
IF SEL < 1 OR SEL >4 THEN PRINT FNATS(20,24);
"PLEASE USE VALUE BETWEEN 1 AND 4

3650

ON SEL GOTOD 3690,3720,580,4710

ON M
ON P

ENV.CONT GOTO 3700,3710
ROG.CONT GOTO 1020,900

ON PROG.CONT GOTO 1440,1720,2210

ON M
A TTY)
WAIT
STAT=

ENU.CONT GOTO 580,680

msew Wait for READY, Check for ERRORsesessuvasssssasssmmaen

SR, CW
INP(SR)

[N

IF (STAT AND &HBO) THEN GOTO 4360

RETUR

'""saunsssunansn CHECK FOR LEGAL STATUS REGISTER =wnessssncammsas

STAT=]
1F NOT

N

NP(SR)
((STAT AND &H70)=0) TH

EN

"fageswneasessascas STOP THE DT2801

OUT CR
TEMP=]
WAIT S
OUT CR
RETURN

' esensassenessssessas YES OR N sewasssssssssscssscsesacscsssnmans

Please teapond with ¥ or N,":RETURN

'"sssusswsasssssesssssewsa CLOCK SUB=ROUTINE waunnuswasassrcsnanen

PRIN

PRINT
PRINT
PRINT
PRINT

» CSTOP
NP(DR)
R, CW

» CCLEAR

T : PRINT ©

GOTO 4360

MRS SN ES S

FNATS(B8,32);PSS;PINS; "CLOCK SELECTIONT";PAS
FNATS(10,31): "Legal Values Are :™

FNATS$(11,26); "Frequency
FNATS(12,21); "Period

Less Than 100 Hz

Greater Than

.01

" ELSE GOTO 3680

-

seconds”
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3940
3950
3960
1970
3980
3990
4000
4010
4020
40130
4040
4050
4060
4070
4080
4090
4100
4110
4120
4130
4140
4150
4160
4170
4180
4150
4200
4201
4205
4210
4220
4230
4240
4250
4260
4270
4280
4290
4300
4310
4320
4330
4340
41350
4360
4370
4380
4390
4400
4410
4420
4430
4440
4450
4470
4480
4490
4500
4510
4520
4530
4540
4550
4560
4570
4580
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PRINT FHATS(16;17)E'D0 you wish to set pacer claock frequency (F) Or"

PRINT FNATS{15,29); " "pacer clock peried (P)";PES;:INPUT Y$
IF Y$ = "F" OR ¥Y§ = "f" THEN GOTO 40!0

IF ¥Y$§ = "P" OR YS @« "p™ THEN GODTOD 4060

PRINT FNATS$(17,27);"Please tvespond with F Or P"

GOTO 1950

'Y Get input in Hercez.

PRINT FNATS()17,21); Desired pacer clock frequency in Herce™;PE$;: INPUT FREQS

IF FREQ# > 100 THEN GOSUB 40590: GOTO 4010
PERIOD#= 1/FREQ#

GOTO 4100

'' Get input in seconds.

PRINT FNATS$(17,21); "Desired pacer clock period in seconds™;PES;:

I¥ PERIODF < .01 THEN GOSUB 4D90: GOTO 4060

GOTO 4100

PRINT FNATS{19,29);"PLEASE USE LEGAL VALUE": RETURN
FREQ#I=}/PERIODS

PRINT FNAT$(19,25); "Frequency = =3

PRINT USING “#F2#. 8440847 ;FREQ#;

PRINT * Hertz”

PRINT FNATS5(20,25); Period -

PRINT USING “"##80.##F87 ;PERIOD/;

PRINT “ Seconds”

PRINT FNATS(22,25); "Are these values correct (Y/N)“;:INPUT ¥$

IF Y$ = “Y™ OR Y§ = "y" THEN GOTO 4201
IF Y$ = "N" OR ¥§ = "n™ THEN GOTO 3%00
GOSUB 3740 : GOTO 4170

TIMEFLAG=0

IF PERIOD#C.1638 THEN TICKS#=PERIOD# : TIMEFLAG = ] :IGNORE =

ICNORE = INT(PERIOD#/.1)

TICKS? = PERIOD#/IGNORE

IF TICKS# > .163875 THEN IGNORE = ICNORE+!:GOTOQ 4220
TICKS#? = TICKS#/.0000025

** Wreie SET CLOCK RATE command.

WAIT SR, CW

OUT CR, CCLOCK

HIGH = INT( PNHBYTE(TICKS#))

‘LOW = INT(FNLBYTE(TICKS#,HIGH))

WAIT SR, WW, WW

OUT DR, LOwW

WAIT SR, WW, WW

OuUT DR, HIGH

GOSUBR 3730 ' ' Walt for READY, Check for ERROR
RETURN

"teunnannenaansns ERROR HANDLIKG sessccunsasssssswssss
** Read the Error Register.

OUT. CR, CSTOP : TEMP = INP(DR)

WAIT SR, CW

OUT CR, CERROR

WAIT SR, RW

ER1l = INF(DR)

WAIT SR, RW

ERZ=INP(DR)

IF {(GSw=i) THEN RETURN

PRINT PS;FNATS(3,25); "S5tatus Register Error bit set”
PRINT

** Print names of any set error bics,

FERSS = “ ERROR "

IF ER] AND 1 THEN PRINT ERS$;70, Reserved”

IF EZRI AND 2

IF ER]1 AND 4 THEN PRINT ERSS;"2, Clock Set Error”

IF ER] AND B8

1F ER} AND 16 THEN PRINT ERSS;"4, Digital Port Set Errotr”
IF ER]1 AND 32 THEN PRINT ERS$;"5, DAC Select Error”

IF ER) AND 64 THEN PRINT ERSS;76, DAC Clock Error™

IF FR1 AND 128 THEN PRINT ERSS$:."7. DAC #Conversions Error”

THEN PRINT ERS5S;"), Command Overwrite Error”

THEN PRINT ERSS;"), Digital Port Select Error”

INPUT PERIOD

GOTO 4240



4590
4600
4610
4620
4630
4640
4650
L6660
4670
4680
4681
4682
4H6R3
4h90
4700
4710

IF ER2
IF ER2
IF ER2
IF ER2
IF ER2
IF ER2
IF ER2
IF ER2
IF ER2

AND
AND
AND
AND
AND
AND
AND
AND
AND

GOSUB 930
PRINT FNATS$(20,27); “PRESS
YS=INREYS:IF Y§=""
ERASE ADH,ADL
PRINT P$:FNATS(S5,20); "READ ERROR REGISTER Operatfon Complete”
GOTO 3580 :

END

THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN

PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
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ERS$5; "8, A/D Channel Error”

ERS$; "9, A/D Gain Error”

ERSS: ™10, A/D Clock Error”™
ERSS;"11, A/D Multiplexer Error”
ERSS$;"12, A/D #Conversions Error”
ERSS$;"13, Data where Conmand”;

" Expected Error”

ERSS;"14, Reserved™

ERS$; 15, Reservegd”

ANY KEY TO CONTINUE"

THEN 4682 .

Note: Any line in this program without a line number is a continuation
line of the previous line. It is printed on two lines just for
printing purposes only.



0100
0110
0120
0530
0135
0140
0150
0160
0170
0180
niso
0zn0
n210
0220
n230
0240
0250
0260
0270
0280
0290
0300
0310
0320
0330
0340
0350
N3en
0370
N3R0
0390
n&ago
0410
0420
0430
0440
0450
0460
0470
04R0
0490
0300
0510
0520
0530
0540
0550
0560
0570
0580
N590
0600
0610
0620
n630
0640
0650

o,

' THIS PROGRAM READS THE DATA FROM DIFFERENT FILES AND

' WRITES ALL THE DATA TO ONE FILE. IT ALSO COMPUTES THE

b PRESSURE IN INCHES OF WATER AND PRINTS IT ON PRINTER.

' FILENAME: DATADD.BAS

L] S i o ——— .

DIM ADL{160D,10), ADH(160,10), SLOPE(10), CONST(10)
NDATA = D .

PRINT P$; "What Is The Name Of The File To Be Read™; : INPUT YS§

IF LEN(YS$)>9 THEN PRINT ; "Please Use Legal File Name™ : GOTO 0160
Y$§ = YS+".DAT"

NDATA = NDATA + 3

OPEN "1", #1, ¥S

INPUT #1, NCHAN, CYCLES, PER, RISE

TF KDATA > 3 THEN GOTD 02710

OPEN “0", £2, "COPY"

PRINT #2, NCHAN, CYCLES, PER, RISE

FOR I=] TO NCHAN : INPUT #1, CHAN{I) : PRINT #2, CHAN{I) : NEXT 1
GOTO 0280

FOR I « | TO NCHAN : INPUT #!, CHAN(I} : NEXT 1

FOR J=1 TO CYCLES : FOR K=1 TO NCHAN

INPUT #1, ADL (J,K) : INPUT #1, ADR (J,K)

PRINT #2, ADL {J,K) : PRINT #2, ADH (J,X)

HEXT ¥ : NEXT J

CLOSE #1

PRINT PS: "Do You Want To Read Another File (Y/N)"; : INPUT YS$§

IF ¥$«"Y™ OR Y§="y" THEN GOTO.DIGO

PRINT #2, NDATA

CLOSE #2

PRINT PS; "Do You Want To Save This Data (Y/N)"; : INPUT YS$

IF Y$="N" OR Y5="n" THEN GOTO 0%00

FPRINT PS; ~“What Is The Name Of The File™; : INPUT YF$

IF LEN(YF$)>9 THEN PRINT ; "“Please Use Legal File Name™ : GOTO 0390

YFS = YF§S+".DAT™

NAME “COPY" AS YFS

PRINT P$; "Po You Want To Print This File (Y/N)"; : INPUT Y$
IF Y$="N" OR Y$="n" THEN GOTO 0900

PRINT PS; "What Is The Name Of The File With Slope And Intercept Data™;

INPUT YYS

IF LEN(YYS) > 9 THEN PRINT; “Please Use Legal File Name™ : GOTO 045(C

YYS = YYS + “.DAT"

OPES "I=, #3, YY¥§

FOR T = ] TO NCHAN : INPUT #3, SLCPE{1), CONST(1) : NWNEXT I
CLOSE #3

OPEN “1%, #), YP$

INPUT #1, NCHAN, CYCLES, PER, RISE

FOR I = ] TO RCHAN : IKPUT #1, CHAN(I) : NWEXT 1

FOR J = | TO NDATA : FOR X = ] TO NCHAN

INPUT #1, ADL{(J,K) : INPUT #1, ADH{(J,K)

NEXT K : NEXT J

INPUT #1, NDATA

CLOSE /11

PRINT P$; "Date of Experiment™; : INPUT YiS$

PRINT PS; “Any Special Remarks About This Experiment™; : INPUT Y2$§

LPRINT : LPRINT : LPRINT

LPRINT = NAME OF PILE = "; YFS$
LPRINT - DATE OF EXPERIMENT = *; Y1§
LPRINT ™

REMARKS = "; Y2§

- ma e alsmmm A s srerme - [ TR
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ubby
0670
0680
0690
0700
0710
0720
0730
0740
0750
0760
0770
0780
0790
0800
0810
0820
0900

LFKINI NUMBEK UFr LHANNELD = 5 NLHAN

LPRINT - NUMBER OF CYCLES = "; NDATA/3

LPRINT * PERIOD = "; PER, ~ FREQUENCY = ~; 1/PER
LPRINT ~ GAIN = ™; RISE

LPRINT : LPRINT ~ CYCLE "

FOR T = 1 TO NCHAN : LPRINT ~ CHAR"; I; : NEXT 1

LPRINT

LPRINT ~ "3

FOR L &« | TO NCHAN : LPRINT ~ INCH “; + NEXT L

LPRINT : LPRINT

FOR J=3 TO NDATA STEP 3:LPRINT USING "

FOR K = | TO NCHAK

ADH(J,K) = ADH(J,K) * SLOPE(K) + CONST(K)
LPRINT USING ~“###F.#484#¢"; ADH(J,X); : NEXT
LPRINT : NEXT J

ERASE ADL, ADH

PRINT "File Printing Complete”

END

K

#FER7;J/3; :LPRINT ~



100
110
120
130
135
140
150
160
170
180
1%0
200
210
220
230
240
250
260
270
280
290
oo
310
320
330
340
350
360
1o
380
390
400
410
420
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
600
900
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' THIS PROGRAM READS THE TRANSDUCER OUTPUT DATA IN VOLTS
v (PROM THE DATA FILE SAVED USING "DATADD.BAS™ PROGRAM),
' COMPUTES THE HEAD IN INCHES OF WATER AND PRINTS 1IT.

v FILENAME: DATPRINT.BAS

DIM ADL(60,10), ADH(60,10), SLOPE(10), CONST(10)

PRINT PS;"What Is The Name Of The File To Be Printed”; : INPUT Y$
IF LER(YS$)>9 THEN PRINT ; “Please Use Legal File Name™ : GOTO 150
T$ = Y§+".DAT™

PRINT PS; "Number Of Data Readings Per Channel”™; : INPUT NDATA
OPEN 17, #1, Y$§

INPUT #1, NCHAN, NCYCLES, PER, RISE

POR I = )] TO NCHAN : INPUT #1, CHAN(I) : NEXT I

FOR J = 1 TO NDATA ¢ FOR K = 1 TO NCHAN

INPUT #1, ADL(J,K) : INPUT #1, ADH{J,K)

NEXT X : NEXT J

INPUT #1, NDATA

*'FOR I = 1 TO NCHAN : INPUT #1, SLOPE(I), CONST(I) : NEXT I

CLOSE #1

PRINT P$; “What Is The Name Of The File With Slope And Intercept Datas™;
INPUT YYS

IF LEN(YYS) > 9 THEN PRINT; "Please Use Legal Pile Name™ : GOTO 280
YIS = YTS§ + ".DAT"

OPER “1°, #1, YYS$

FOR 1 = | TO NCHAN : INPUT #1, SLOPE{I), CONST(I) : NEXT I

CLOSE 41

PRINT PS5; "Date of Experiment™; : INPUT Y1$

PRINT PS$; "Any Special Remarks About This Experiment”; : INPUT Y2§

LPRINT : LPRINT : LPRINT

LPRINT * NAME OF FILE = ~; ¥§

LPRINT " DATE OF EXPERIMENT = "; Y1§

LPRINT ~ REMARKS = ~; ¥25

LPRINT " NUMBER OF CHANNELS = "; NCHAN

LPRINT © NUMBER OF CYCLES = ~; NDATA/3

LPRINT “ PERIOD = ~; PER, - FREQUENCY = *; 1/PER
LPRINT - GAIN = "; RISE

LPRINT : LPRINT " CYCLE ~;

FOR I = 1 TO NCHAN : LPRINT - CHAN™; I; : NEXT I

LPRINT

LPRINT * _ - .

FOR L = I TO NCHAN : LPRINT - INCH “; : NEXT L

LPRINT : LPRINT

FOR J=3 TO NDATA STEP 3:LPRINT USING ~ #4487,3/3; :LPRINT ~ -

FOR X = 1 TO NCHAN

ADR(J,K)} = ADH(J,K) * SLOPE(K) + CONST(K)

LPRINT USING “####.#8F44#"; ADH(J,K); : NEXT K

‘'LPRIRT ADH{(J,K), SLOPE(K), CONST(K) : NEXT K

LPRINT : NEXT J

ERASE ADL, ADH, SLOPE, CONST

PRINT "Pile Printing Complete”

PRINT P§; "Do You Want To Print Another File (Y/N)"; : INPUT Y$
IF Y$ = “Y" OR ¥Y$ = "y~ THEN GOTO 140

ERD



0100
0110
0120
01130
0i40
0150
0160
0170
o200
0210
0220
0230
0240
0250
0260
n271o
02R0
0290
0300
0310
0320
0330
0340
0350
0360
0370
0380

0390

0400
0410
0420
0430
0440
0450
0460

' ' THIS PROGRAM READS THE TRANSDUCER OUTPUT DATA 1IN
" VOLTS, FROM THE DATAFILE SAVED USING "DATADD.BAS”
v PROGRAM, AND COMPUTFES THE LINEAR REGRESSION

v COEFFICIENTS. THE COEFFICIENTS ARE ALSC WRITTEN
' TO A DATAFILE. PLEASE NOTE THAT HEAD VALUES ARE

' ADDED AT THE END OF DATAFILE SAVED IN "DATADD.BAS"

v FILENAME: LINREG.BAS

L }

DIM ADL(60,10), ADH(60,10), HEAD{(60), SLOPE(I0), CONST(10)
PRINT P$; "Input Number of Data Points™; : INPUT NDATA
OPEN "1", #1, "CALWED].DAT"

INPUT #1, NCHAN, NCYCLES, PER, RISE

FOR I = 1 TO NCHAN : INPUT #1, CHAN(I) : NEXT I

FOR J = | TO NDATA : FOR K = 1 TO NCHAN

INPUT #1, ADL{J,K) : INPUT #1, ADH(J,K)

NEXT K : NEXT I

INPUT #1, NDATA

FOR I = ) TO NDATA : INPUT #1, HEAD{I) : NEXT 1

CLOSE #1

FOR K = 1 TO NCHAN

SUMX = 0.0 : SUMY = 0,0 : SUMXY = 0.0 : SUMX2 = 0.0

FOR J = ] TO NDATA '

SUMX = SUMX + ADH(J,X)

SUMY = SUMY + HEAD({J)

SUMXY = SUMXY + ADH(J,K) * HEAD{(J)}

SUMX2 = SUMX2 + ADH(J,K) * ADH(J,K)

NEXT J

SLOPE(K) = (NDATA*SUMXY=-SUMX*SUMY)/(NDATA*SUMXZ-SUMX®*SUMX)
CONST(K) ® (SUMY*SUMX2-SUMX*SUMXY)}/(NDATA%SUMX2Z-SUMXESUMX)
PRINT USING ~ #R#¥.###8# ~; SLOPE(K), CONST(K)

NEXT K

OPEN "0", #1, "LINREGW].DAT"

FOR I = | TO 10 : PRINT #1, SLOPE(I), CONST(I) : NEXT I
CLOSE #) :

END
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192

100 *° PRINTS A TABLE OF VOLT VALUES USING THE BEST FIT EQUATIONS.

11g *° SLOPE AND INTERCEPT DATA 1S SOUPPLIED BY THE USER IN DATA

120 ** STATEMENTS., NUMBER OF ITERATIONS AND INCREMENT OF INCH

130 *° SHOULD ALSO BE ADJUSTED IN THE PROGRAM AS PER USER'S NEED.

149 ** FILENAME: WOLTABL.BAS

145 "' —mmemmcmmaa e [ ——————— ———————

150 PRINT P$; "What Is The Name Of The Table To Be Printed”;
160 INPUT Y$

170 PRINT PS; Date of Experiment”; : INPUT Y1$

180 ''PRINT P§; " Time of Experiment”™; : INPUT Y2§
190 LPRINT : LPRINT : LPRINT

200 LPRINT ~© NAME OF TABLE = ":;Y$§

210 LPRINT " DATE OF EXPERIMENT = ~:-Y1§
220 *'LPRINT " TIME OF EXPERIMENT = ";Y2$
230 LPRINT ~ NUMBER OF CHANNELS = 10"

240 LPRINT :LPRINT *© INCH T3

250 FOR I= ] TO 10 :LPRINT ~ CHANR™ ;1::NEXT I

260 LPRINT

270 LPRINT "3

Z80 FOR L=! TO 10 : LPRINT * VOLT "3 :NEXT L: LPRINT : LPRINT

285 RESTORE

290 FOR 1= 1 TO 10 : READ SLOPE(I), CONST(I) : NEXT I

300 DATA 27.5070,-27.4419,29.3281,-30.8534,27.3731,-27.7965,26.5793,-26.6590
310 DATA 26.7741,-26.8620,28.0226,-28.1700,28.9032,-28.9865,27.4463,-27.9157
320 DATA 27.5951,=-27.9037,29.7444,-29.8672

330 HEAD = -.5

340 FOR J= 1 TO 33:HEAD=HEAD+.50:LPRINT USING ~ ##.4847;BEAD;

345 LPRINT "~ "3

350 FOR K=} TO 10

360 YOLT{X) = (HEAD - CONST(K))} / SLOPE(K)

370 LPRINT USING “###7.80F#4"; VOLT(K);:NEXT X

380 LPRINT : NEXT J

390 LPRINT : LPRINT

400 LPRINT ~ CHAN SLOPE INTERCEPT - : LPRINT
410 FOR I = } T0 10 : LPRINT USING ~ 1HEET; I
420 LPRINT USING ~ PO PR00F°; SLOPE(L1); CONST(I) : NEXT I

430 PRINT "File Printing Complete”

440 PRINT "Do You Want To Print Another File (Y/N)";:INPUT YS$
450 IF Y$="Y" OR Y§="y~ THER GOTO 150

900 ERD ’




100
110

120,'"

130
140
145
150
160
170
180
190
200
210
220
230
240
250
260
270
280
285
290
oo
310
320
330
340
345
350
360
370
3ac
iso
400
410
420
&30
440
450
900

v PRINTS A TABLE OF HEAD VALUES USING THE BEST FIT EQUATIONS.
A SLOPE AND INTERCEPT DATA IS SUPPLIED BY THE USER IN DATA
STATEMENTS. NUMBER OF ITERATIONS AND INCREMEINT OF VOLTS

v SHOULD ALSO BE ADJUSTED IN THE PROGRAM AS PER USER'S NEED.
vy PILENAME: INCHTABL.BAS

PRINT rs. What Is The Name Of The Table To ne Printed”™;

INPUT Y$

PRINT PS$; "Date of Experiment™; : INPUT Y1§

YY'PRINT PS;"Time of Experiment™; : INPUT Y2§$

LPRINT LPRINT : LPRINT

LPRINT NAME OF TABLE = ~=;:T§

LPRINT DATE OF EXPERIMERT = ";Y1$§

*'LPRINT " TIME OF EXPERIMENT = “;Y2§

LPRINT ~ NUMBER OF CHANNELS = 07

LPRINT :LPRINT ~ VOLTS ]

FOR I= |} TO 10 :LPRINT ~ CHAN" ;I;:NEXT I

LPRINT

LPRINT - "

FOR L«}! TO I0 : LPRINT " INCH "+ :NEXT L: LPRINT : LPRINT
RESTORE

FOR I= ] TO 10 : READ SLOPE(l)}, CONST{I) : NEXT 1

DATA 27.5070,-27.4419,29.3281,-30.8534,27.3731,~-27.7965,26.5793,-26.6590
DATA 26.7741,-26.8620,28.0226,-28.1700,28.9032,~-28.9865,27.4463,-27.9157
DATA 27.5951,-27.9037,29.7444,~29.8672

VOLT = 1!

FOR J= 1 TO 30 VOLT=VOLT+.02:LPRINT USING ~ #4.4047;VOLT;
LPRINT ~

FOR K=]1 TO 10

PRESS(K) = VOLT * SLOPE(K) + CONST(K)

LPRINT USING “##79) . ##4#9";PRESS{X);:NEXT K

LPRINT : NEXT J

LPRINT : LPRINT

LPRINT * CHAN SLOPE INTERCEPT * : LPRINT
FOR I = ] T0 10 : LPRINT USING ™ tiee; 1;

LPRINT USING " FHE. 0084, SLOPE(I); CONST(I) : NEXT 1
PRIKT “File Printing Compiete”

PRINT “Do You Want To Print Another File (Y/N)";:1INPUT Y$

IP Y$«"Y" OR Y$="y" THEN GOTO 150

END

T e
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