U ol b

LETC/TPR-80-1761

TAR SAND EXTRACTION BY STEAM STIMULATION AND
STEAM DRIVE-MEASUREMENT OF PHYSICAL PROPERTIES

William R. Lindberg -

September 10, 1980 (revised)
Date Published

Worrk Performed Under Contract No. AS20-79LC01761

Laramie Energy Technology Center
Laramie, Wyoming

E#um el ) 1

X o
< NG S



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



DISCLAIMER

““This book was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agenéy thereof, nor any
of their employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights, Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its
endussentenl, reconmnendation, or favoring by the United States Government or any agency
thereof. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.”

This report has been reproduced directly from the best available copy.

Available from the National Technical Information Service, U. S. Department of
Commerce, Springfield, Virginia 22161,

Price: Paper Copy $9.00
Microfiche $3.50

Printed in the United States of Americo
USDOE Technical Information Cenrer, Oak Ridge, Tenneisee




LETC/TPR-80-1761
Distribution Category UC-91

Annual Report
to
Laramie Energy .Technology .Center

Tar Sand Extraction by Steam Stimulation
and Steam Drive - Measurement of
Physical Properties

Task Order 028

For the period 10/1/78 to 11/1/79

William R. Lindberg
Principal Investigator
Dept. of Mechanical Engineering/RMIEE
University of Wyoming
January 15, 1980

- BVSTRIBUTION OF THIS DOCUMENT 1S u-wumw-s;;s(.ﬂ




TABLE OF CONTENTS

Page
List of Figures . . . . . . . . ¢ ¢ v ¢ v v v v v o v v o o o 1ii

Absﬁract e e e e e e e e e 1
Introduction. and Progress Summary . « « « « « « ¢ ¢ o o o .i
.Technical Discussions « . + . . .‘. e e e e e e e e e e 11
Standard core analysis and zone identification - - ~‘~.' .11
Viscosity . . « . . . .o o ... oo oo o . 13
Specific heat . . . . . . . . e e e e e e e e e e 14
Relative permeability . . « . . « ... . o . oo .. 20

Thermal conductivity 22

.
.
.
.
.
.
.
.
.
.
.
.
.
.
)
.

Goals for FY l979—8b e e e e e e e e e e e e e e e e e e e 52
Personnel for FY 1978-=79 =« ¢ « ¢ o o o o o o s o o o .6 o o 54
'References e e e e e e e s e e s e e e e e e e e e e e e 55
AppendIxes .+ ¢ 4 4+ 4 4 4 e 4 e s e 4 e C e e e e e e .. 57
I. "Computer program of routine data analysis . . . . 57

IT. Specific heat measurement . ... . . . . .>. e .. 67

I1I. Thermal conductivity measurement . . . . . . . . . 80

IV. Relative permeability measurement . . . . . . . . 95

ii




Figure 1.
Figure 2.
Figure 3.

Figure 4.

LIST OF FIGURES

Specific heat as a function of temperature

for three zones (zones 3, 8, and 9).. . . .

Measured viscosities of various tar sand

bitumen products . . + ¢ « ¢ ¢ .+ o e o . .

Thermal conductivity as a function of
temperature for two tar sand samples.. . . .

Relative permeabiiity curves for four

. regions, as predicted from capillary"

Figure 5.

Figure 6.

Figures 7.

(a) (b) (c)

Figure 8.

Figﬁre 9.

Figure 10.
(a)-(y)

' Figure A-1,

. Figure A-2.

Figure A-3

pPressure measurementS. . . . . o e o o o o

Percent oil saturation for Well -3T3.
Identified zones are indicated in Table II.
The layers between zones are predominately

~low o0il, shale layers. . . . . « « &« o « « o

Laramie EnergyATechnology Center Tar Sands
Field Site, Vernal, Utah.. . . . . . . « . .

Test of Newtonian behavior of bitumen
(toluene extracted, primary sample) with

- 1.4% toluene present (a) 100°F, (b) 1l40°F,

(€) 275°F. v v« o o o s e e e e e e e e e
Specific heat test apparatus. . . . . . . .
Thermal conductivity test apparatus, . - - -

Results of standard tests on wells 3Tl,
3T2, 3T3, and 3T4, (similar to Figure 5) . .

Notation for infinite slab subjected .

to uniform heat flux on one face and
insulated on the other face. . . . . © e e

Transient temperature,distribution,for
slab of Figure A-2. . . . . « « « ¢ « « o« .

Experimental temperature-time histories at
the core centerline in specific heat
apparatus. Region 9. Trials 1-3 are at.
tliree heater voltages: 100, 95, 90,
respectively . . . o o 4 0 s e e e e e e e e

10

12 -

15
19

23

27

70

71

75 -



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

A-10

A-11

A-12

A-13

A-14

A-15

A-16

Normalized .temperature-time histories
using the data of Figure A-4, T*=(T-Ti)/q

-Test of the sensitivity of predicted specific

heat values from various orders of poly-
nomial curve-fits of experimental data, for
Region 8. . . « . ¢« ¢ v v v v ¢ v o o o o .

Summary of applicable ranges of thermal
conductivity which is appropriate for each
measurement method (from Tye, 1977).. . . . .

Guarded hot plate method for .determining
.thermal conductivity of low conductivity
materials. « ¢ « « o o ¢ o 6 e e e e e e e e

. Axial rod method of measuring thermal

conductivity of high conductivity samples. . -

Comparative method for determining thermal
conductivity, showing the two comparison
standard configurations.. . . . . . . . . .

Thermal conductivity of Pyrex 7740, for
use as a ‘comparative standard.. . . . . . .

Detailed view of thermal conductivity
and one side of guard, showing dimensions
and .thermocouple (TC) locations.. . . . . . .

.Temperature profiles within the thermal
conductivity stack for Sample Number 361. ...

Effective saturation ys. capillary
pressure for Sw = 0.0 (from Brooks

o
and Corey, 1964). . . . . ¢ ¢« v ¢ ¢« « ¢ o o

Effective saturation vs. capillary

‘pressure for S, = .166 (from Brooks

o
and Corey, 1964). . . . . . ¢« ¢ ¢ v « o o 4 &

Effective saturationvs. capillary
pressure for Sy, = 0.0 (measured in

Region 1).. . .« o v v v v v 4 4 b e e e e

Effective saturation vs. capillary
pressure for Sy, = .001 (measured in

Region 3). . « « .« ¢« 4 4 i e e e e e e e e .

iv

77

81

82

84

86

88

89

92

103

104

105

106




Figure A-17 Effective saturation vs. capillary
pressure for Swo = .007 (measured in
Region 6). . S X1/

Figure A-18 Effective saturation vs. capillary
pressure for Swo = 0.0 (measured for
Region 7). . . . . . i . . i . e e v e v v v . .. 108




ABSTRACT

~ The .measurement of the following thermophysical properties of
Utah tar sands is in progress: thermal conductivity, specific heat
relative permeability, and‘viséosity (of the recovered 5itumen).
During ﬁhe report period (10/1/78 - 11/1/79), experimental procedures
have been developed and a basic data set ‘has Eeen‘measured.

Additionally, standard core analysis has been performed for four

drill sites in .the Asphalt Ridge, Utah area.

INTRODUCTION )

The presence of large quantities of tar—sand'deposits in the
United States has encouraged,re§earch.in the area of techniques for-
recovery of this resource. Recovery techniques (especially in-situ)
must .be ﬁodelled and evaluated on the basis of known properties of
the tar-sand field. This evaluation procedure applies to field teéts,
laboratory teéts aﬁd numerical modelling efforts;

Recovery techniques in western tar-sands depend on combustion
and thermal/chemical techniques to either gaesify the bitumen or increase
the mobility of the bitumen so it may be brought to the well-head. In
all these cases, the thermophysical properties of thermal conductivity,
specific heat, and bitumen viscosity are seen to .be important properties
which strongly effect the recovery process. These properties are not
routinely measured in any core analysis, so the present research was
"initiated to provide a data base of site-specific measurements of

.these properties. This data base will also .be used to investigate




the predictability of these properties from standard core analysis

results. The predictability of these properties will prove useful

in both numerical modelling efforts and in the evaluation of future.

potential recovery sites.

Techniques for the measurement of these properties are not

standardized and depend on the range of the property value. Even

then, the .technique chosen will also depend on economics, required

accuracy, time required for the measurement, available sample size,

anticipated degree of anisotropy and equipment .currently on hand.

Each measurement system will be discussed -in the individual measurement

sections, but a brief summary of the measurement technique used to

-

measure each property is shown‘iﬁ“Table 1 below.

Property Expected Range

Experimental
Technique

Principal Reference

for Technique

Specific Heat .2-.6 j/kg-°K

.1—105 poise

Viscosity

Thermal .5-2, W/m2—°K
Conductivity

Relative 0-1
Permeability

Table 1 - Measurement Technique Summary

Controlled Transient Krischer (1954)

Capillary Tube

Comparitor Method

Capillary Pressure

Measurement

(Via mecury
injection)

ASTM D 2171-6

Tye (1969)

Burdine (1953)




A summary of the progress to date of the individual measurements
is as follows:

Standard Core Analysis and Zone Identification

The standard coré analysis for four Utah tar Sand Qrilling sites
has been performed during this périod. All data from this analysié
is included in this report (or is referenced). The data from these
studies include: density, bitumen-sand-water content, and porosity
and permeability (for bbth the saturated and extracted core samples).

Core samples were analysed at one foot intervals for each of the four

" wells. Examination of this data enabled an identification of zones

where properties did not vary significantly within each zone. An
example of this zone identification is shown in Figure 5, where the

0il saturation is plotted against depth for well 3T3. The zdnes of

this well are identified on this figure as well.

For the non-standard .tests, representative samples from each of
the zones discussed above are studies to determine the variability'of
each property as a function of .composition. The corregponding zone
for'each sample will be identified. The initial measutements are
concentrated on samples from each zone, more detailed studies may be

required after the initial studies are completed.

4Specific Heat:

Seven regions of core have been measured for specific heat as a
function of temperature (Regions 1, 3, 4, 5, 7, 8, 9;‘see Table II)..
A polYﬁomial curve-fit of the data has been done for each region. As
an example, Region 8, of well 3T3 at a depth of 556 feet yields a

specific heat of: C.= 772.2 + 3.991T ~1.0109(10"2)1?



Region Well Depth

1 3T4 418 to 443
2 3T4 476 to 495
3 - 3T4 500 to 541
4 3T4 543 to END

5 313 410 to 452
6 373 465 to 483
7 3T3 488 to 535

8. 373 539 to END
9 312 445 to 475

10 3T2 486 to 512

11 3T2 522 to 564

12 3T2 565 to 609

Table 2 - Identified Regions of Wells
3T2, 3T3, 3T4




where C is in joules/kg-°C and T is in °C. The specific heat of a low-
tar and high-tar region as a function of temperature is shown in Figure
1.

Viscosity:

A quantity of bitumen recovered from Asphalt -Ride, Utah outcrops
has been prepared for testing. A curve of the Qisocity of 1.4% toluene
bitumen is shown in Figuré 2. It is seen that the viscosityvchangeé
from 4.8'104 poise at 20 °C to o0.67 poise at 148.8 °C. A systematic
study of the effect of solvent, asphaltene and maltene on the viscosity
of the bitumen is in progress.

Thermal Conductivity

Five regions have been tested for the thermal conduétivity of tar
sand as a funption4of4temperature._ The results of two tests are shown
in FigurgéA. The average thermal conductivities for the two samples
are 1.51 and 1.65 W/m2—°K. To date, very little temperature dependence
on thermal conductivity has been found. ;The effect of water saturation
and axial loading haé not been evaluated to date.

Relative Permeability

Various samples of extracted core have been tested for capillary
pressure as a function of saturation. From this data, relative
permeaBility is predicted using Burdine's (1953) theory. An example.

of the results is shown in Figure 4, where the four curves correspond

to quite different core samples.
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TECHNICAL DISCUSSIONS

Standard Core Analysis and Zone Identification

Standard core analysis has been .performed for the well cores 3T1,
3T2, 3T3, and 3T4. A map showing the locafion of these cores is shown
in Figure 6. These tests were .performed at the Laramie Energy
Teghnology.Center using that fécility's equipment. The .density, oil-
water-sand content,.permeability_of saturated ahd'extracted cores and
porosity of the saﬁurated and extracted céres ﬁere found using standard
core analysis techniques.

The results of these studies are summarized in Figure 10. >The
numericalAresﬁlts are on file at the Départment of Mechanical Engineefing,
University. of W&oming, the Rocky Mountain Institute of Energy and
Environment, University of Wyoming and'the Laramie Energy Techno1ogy
.Center.

The computer program used for feducing the laboratory data is
-included in .this report as Appendix I. This progiam was written for
a,Hewletf PackardA2100.series mini-computer.

An examination of Figures 10a, 10b, and 10c, (oil content fo?
wells 3T2, 3T3 and 3T4) sﬁbws distinct zones of high oil content and
layered beds -of shale-like material. ‘These natural divisions enabled
four zones for éach well to be identified and,thesé zones are labeled
on Figure 10. These regions are.also summaried in Table II as a
function of depth. The idén;ified region numbers are included in
each property .test. .The average value of selected properties are

tabulated for each zone in Table III. It is.seen that .the variability
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is quite significant and that the zone identification is too coarse
for anything except "first look" purposeé.

It should .be noted that a.few porosity calculations may .be
incorrect. Since the .mercury pyncnometer could noﬁ.be calibrated after

each core and a variablg degree of sand would accumulate in the,cylinder,

‘negative porosities resulted on occasion. The graphs indicate these

points as being zero.
Viscosity

Viscosity .measurements are continuing on bitumen extracted from
Utah open pit sites.. The past-few months héve.been used tq extract a
quantify of bitumen By roto-evaporation and filtering. The quantity
extracted is 1400 ml.

.The Qiscosity.fegions of study.are to inéludé the following:
(1) non-Newtonian effects at selected .temperatures rangihg from 20°C
to 204°C, (2) Arfhenius plots for'varyiﬁg.degrees of aéphaltené
content and toluene dilution content.

Cannon-Manning cépillarf—tuﬁé viscosity equiﬁmeﬁt is being qged

since both non-Newtonian and high,temperature.measurements are .desired.

Additionally, the large range of dynamic viscosity which.the bitumen

exhibits as a . function of temperature may be accommodated with this

equipment.-

To date, .the tests which have been performed are on bitumen from

- (a) sample TSC-74-44, (a toluene extracted sample), (b) University

of Wyoming extraction.tests using nitrogen at 450°F and 450 psi., and
(c) toluene—exiracted samples from Asphalt Ridge, Utah outcrops (this

is .the material to'be used in the subsequent detailed testing program).
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The results of these tests are.shown iq Figure 2., The Arrhenius plots
show a marked deviation from linearity above<200°F, but below that
temperaﬁure, a first éstimate for the viscosity-temperature dependence
is of .the form:

W= (3.26'1017) exp(2.85-10%/1)
where p is in poise and.T is in °R. This curve-fit is forrthé 1.47
toluene-diluted sample.

The rheological behavior of -the .tested bitumen indicated that the
material ié;veryAneaply.Newtonian and onl& the slightest tendency toward
Bingham—type.behavior has been observed. $hese observations are well-
borne out in Figures 7a, 5, and c. A least-squares . best-fit to the
shear—strain rate curves has been applied and the slope-intercept
values'areishown on the figures. .The calculated slopes of the lines
- are in excellent agreement Qifh the measurgd viscosity valués of"
Figure 2.

Since the experimental procedures used for the viscosity tests
'are standafd ASTM procedures, the details may be obtained by refe;ring
to ASTM Standard D 2171-66. |

Specific Heat

The "specific heat of tar sand éamples is being measured with an
in-house designed and constructed apparatus which is patterned after
a syétem sﬁggested by Krischer (1954). This.fechnique was .seen to be
suitable after a review of conventional.fechniﬁués indicated problems
with each appréach.- The advantages of the approach presentlyAbéing
used are: (1) inhomogenietiés in the core;.require'a fairly large

sample to adequately represent .the "bulk" specific heat, (2) a wide
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range of temperatures was desired to examine .the sample's .dependence
on temperature, (3) a lack of detailed information on related
properties dictaﬁed a .technique which did not require.this corrolary
ihformation.

A detailed summary of .the .theory and procedure of .the .technique
is included in Appendix II. Since the approach is soﬁewhat unconven-
tional, calibration .tests and repeatability.tesfs have been made‘in
some detail for the inifial sample tests. The results (as summarized
in Appendix II) indicate the technique is viable and applicable to the
range of specific heats being measured.

As the discussion in Appendix II indicateé, the apparatus is
arranged as shown in Figure 8. The two.éentral heaters provide a
constant heat flux;‘q, to the four adjacent samples, which in turn
transiently heat up with time. The other heaters are used fo guard
.fhe ﬁoundaries fromAheat losses. After approximately 30 minutes, the
system has evolved into a quasi-steady étaﬁe‘wherein the temperature

distribution within the samples is as follows:

2 2
Tex,t) = 4L +-9L (3x -1

. > )
CplL k 61.2

If this equation is differentiated with respect to time at a fixed

.measurement, x, one obtains:

dt

__ q _
Cp = G- (1)

P p L

The experiment thus involves monitoring an interior .temperature of the’

sample as a function of time, curve-fitting the resulting temperature-

time curve and differentiating.the smoothed curve. Equation (1) is

18
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then applied to determine the specific heat as a function of average
temperature of .the sample. When this procedure is applied to samples
from Region 3 and 8, the specific heat may be written as:

()3 = 8.24(107°)T% + 1.295T + 954.2

‘(cp)s ~1.011(2073)T% + 3.99T + 772.2

where Cp is in J/kg-°C and-T is in °C. The range of validity of

these equations is from room temperature up to 26050. These equations
are plotted in Figure 1. 1t ShouldAbé noted that Region 3 is a high
bitumen content area while Region 8 is quite low in bitumen content.

A rough estimate of the constituent properties may be obtéined from

the specific heat properties of the two regions:

(C)H, = (C (c )

pi p,bitumen) xbitumen,i pP,sand xsand,i
were the subscript refers - to-the éample number and x is the constituent
mass fraction. For the two regions (3 and 8) the constituent properties
are of the order of 940. j/kg-°C for the sand and 1790 j/kg-°C for the
bitumen spécific.heat. This is a very rough estimate as water content
has not been included and the mass fractions are only estimates, how—
ever, these values are cdnéistent with published values for sands and
asphalts.

It is expected .that the initial examination of the eight .regions
will be completed by 1 January, 1980.- This data should provide an
adeqﬁate data base for examining both tar sand and constituent specific

.heats as a function of temperature.

Relative Permeability

Relative permeability measurements for tar sand samples have been

generated through a multi-step procedure based on theoretical and

20
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empirical results. The theoreﬁical and experimental ‘basis for this
procedure is reviewed in Appéndix III. The curves were calculated
from capillary pressure measurements which were obtained from a memory
injection abparatus. This particular technique was selected because
of the speéd, ease and availability of.the.mercury injection apparatus,
as compared to .measuring relatiVe.pérmeability directly. The,aécuracy
of this technique is subject to question, and it appears wqrthwhile to
perform some independent measurements of relative permeability. This
independent check is scheduled for the 1979-80 period.

As is indicated in Appendix III, the basic equations (from
Burdine, 1954) for calculating the .relative permeability for the wetting

and non-wetting fluids are:

2 + 3\
k= (S) X
2 + A
W —a-sHia-s oy,
mw : . e e

where'Se is the effective saturation and X is a number which
.characterizes the-pore—size distribution of the medium (and is determined
from capillary pressure.measureméﬁts).

The resulfs of tests in four regions for relative permeability
are shown in Figure 4. The four_reéions cover the range of consistency
from .very looée sandétone to consolidated shale, and it is surprising
that tﬁe relative permeability curves show such sfriking similarity.
At least three fossibilities exist for accounting for this similarity:
(1) the pore-size distribution, as reflected in similar values of A, is

.the same order in all four samples, (2) the experimental and numerical
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procedure for determining A and Se is inadequate to resolve the material

differences, or (3) Burdine's theory is an inadequate representation of

the relevant processes.

Thermal Conductivity

~Thermal conductivity:measurements are being made using .the
"comparative method". As is indicated in Appendix III, this method was
selected to.best suit the requirements of nonhomogeniety and expected
range of .thermal conductivity. The apparatﬁs is schematically shown in
Figure 9.

AThe'main elements of .the apparatus are: lf‘The stack, which is
composed of 1.9 cm diameter elements each 2.86 cn long. .The center
element is the test sample and the adjacent elements are Pyrex glass of
known thermal conductivity. .Temperatures at two points along .the axis of
each.eiement are measured. 2) .The heater and heat sink elements provide
the required.températuxe gradient for the system. 3) .The guard'sistem,
which provides a.témperature profile around .the stack very close to the
stack's .temperature profile,Athus,reducing radial heat losses.

Thermal conductivity of the test sample is thus measured through

Fourier's ‘law of conduction:
e - Lo
AAT

where k is thermal conductiviﬁy,_L the axial distance between the tem-
perature probes in the sample, A is the cross-sectional area of the
sample, Q is.the averaged, measured heat flux through the comparator
elements adjacent to.thé sample, and AT is the .temperature difference

.between the two measuring points in the sample.
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.Results of two tests are .shown in Figure 3. Both data sets have a
variability around the mean of less than + 5%. The basic properties of

the two samples of Figure 4 are tabulated in Table IV.

TABLE IV

Basic properties of samples 33N and 361 which correspond to thermal
conductivity data of Figure 4.

Sample No.

:33N 361
Region No. : 5 3
Well No. ) 373 | 3T4
Depth (ft.) 43 506
Permeability Saturated (md) 10.6 0%
Porosity, Saturated (% pore volume) 444 4.3
Percent o0il (weight) 12.88 13.14
Percent oii (saturation) : 82.7 87.6
Percent water (saturation) 6.04 2.03
4Density_(gm/cm3) o ' 2.065 2.086
Average conductivity (watts/m°K) ‘ 1.65 1.51

*permeability.léss than .05 md

The variation in thermal conductivity between the rather similar §amples
appears to .be due to .the difference in water content. :The apparent in-
crease in thermal conductivity with . .temperature seems to be attributable
to an experimental problem rather than any real trend. This problem,
associated with a .change in operating mode at higher.températures, is

.being addressed at the present.
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No attempt has yet .been made as to .the predictability‘of.thermal
conductivity using standard core analysis data. .This program is in
the beginning stages of a literature search. The methods suggested by
Cfane aﬁd Vachon (1977) Krupiczka.(1967), Somerton, Keese and Chu (1971),
and Arrand, Somerton and Jomaa (1973), are, however, encouraging. The
4ne§t‘few-months are also scheduled for .testing of the effect on thermal
conductiﬁity of water saturation, orientation and applied overburden

pressure.




Region Well Depth Densit§ Permeability Permeability  Porosity Porosity ZWeight 7ZWeight 7%Saturation %Saturation
(Ft) (1bm/£ft”~) Saturated Extracted Saturated Extracted Bitumen Water Bitumen Water
: (Millidarcy) (Millidarcy) = (% Pore) (% Pore)

1 3T4 428 128.09 12.8 . - 57.4 © 5.25 34.55 ©9.81 .19 57.73 7.37

2 3T4 488 136.57 6.1 187.4 3.11 29.04 8.27 .07 61.91 4.24
3 3T4 521 129.43 4.9 727.0 5723 31.36 | 11.55 .08 76.97 : 3.31
4 3T4 554 118.04 16.0 191.8 - 16.32 25.28 1.92 .09 16.29 1.02
5 3T3 421 129.99 4.5 413.7 - 2.23 30.38 11.60 .08 79.77 7.81
6 3T3 468 | 135.01 - 5.5 | 2.2 | 13.66 17.95 .87 2.99 10.15 56.95
7 3T3 '501 127.61 '26.6 503.2 5.65 28.39 10.60 .40 76.31 14.40

‘ 8 313 556 119.39 445.8 508.0 23.72 29.53 3.24° .38 20.67 30.42

T :

‘ 9 3T2 447 129.56 27.9 692.2 10.77 . 31.51 11.18 .31 71.66 5.74
10 3T2 507 136.80. 4.1 . 6.2 14.96 22.84 .21 .63 1.87 9.36
11 3T2 535 128.01 4.6 535.7 5.13 28.13 11.32 .09 84.29° . - 3.57
12 | 3T2 587 118.79 395.5 437.4 - 24.10 . 29.02 2.94 .02 19.77 .14

TABLE III

97
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Figure 10 (a)-(y) Results of standard tests on wells 3T1,3T2,
3T3, and 3T4 (similar to Figure 5).
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GOALS FOR FY 1979-80

‘An experimental program to measure .relevant thermophysical-
- properties of tar sand and bitumen properties has been initiated in
this repor§ing.period (10/1/78-11/1/79).

The program goals for FY 1979;80 are to complete .the measurements
of these properfies and to report theAfindings in the open 1itera;ure.
Specifically, the scope of these measurements are as follows:

Viscosity:

The viscosity of bitumen already extracted from Utah open pit tar
sand sites as a function of temperature, toluene content, and asphaltene/
maltene content will Be studied. In addition, .the rheological (stress/‘
strain-rate) behavior of .selected bitumen/solventcombinations will .be

examined. .This work is scheduled for completion in March, 1980.

Thermal Condﬁctivity

Selected samplés from the twelve identified‘regions are being
tested for thermal conductivify as a function of temperature. This
preliminary work is 50% complete. The effects of applied pressuré,
orientation and water séturation‘will be initiated in March, 1980,
following the completion of the regional study. Parallel theoretical
work in predicting the .thermal cénductivity is also in progress.

Specific Heat

.Measurements of specific:heat of samples from the twelve regions
will be completed by Febfuary, 1980. Data analysis and repeatability
studies will then .be initiated to .verify the .results. From these
measurements, specific heat values of the ﬁar éand constituents will be

predicted. These constituent values will be useful in predicting
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specific heats of other tar sand samples. Since the specific .heat
values areAtemperature—dependent,.this may lead to a more sophisticated
model of bitumen specific heat values.

Relative .Permeability

Comparisog.measurements are45eing arranged for with~an oﬁtside
agency. Thi;:ié.nécessary dug to the aéparently ipsensitive.results
which have.beenAmeaéuréd to date. Any further.deéisions.relating to .the
Arélative:permeability.measurement progfam-will.be«deferred until the
comparative .results have.ﬁeen received. It may be4ﬁeceséary to in-
4vestigate‘other.méthods of measuringA;elétive4permeabi1ity than have

been used in .this study to date.
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PERSONNEL FOR FY 78-79

W. R. Lindberg - Principal Investigator

I. K. Kim - Ph.D. Candidate, participated in design. phases of thermal
conduct1v1ty and spec1f1c heat apparatus.

T. Foster - .Ph.D. Candidate, routine core analysis measurements, .re-
wrote core analysis program and prepared data analysis routines
for storing and presenting data, principal investigator of
relative permeability study.

R. Christensen - M. S. Candidate, principal investigator for viscosity
and specific heat studies, routine core analysis.

J.

Winkel - undergraduate, senior
Tyrrell - Undergraduate, senior

Wall ~ undergraduate; senior

. Lee - undergraduate, junior

Thomas - undergraduate, junior
Gilmer - undergraduate, junior

Ownbey - computer specialist
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PROCRAM COIX'S

WRITTEN DY M.W.TIORNTON  APRIL 24, 1978. .

PEWRITVEN BY T.E.FOSTER . ocronEn 30, 1978.

¥ USE THIS PRCGHAM TO ENTER CORE DATA IRTO FILE 'CORDAT’. °THE DATA

S USED TO CALCULATE FURTTHER DATA WHICH IS ALSO STORED IN *COMDAT®
THE DATA IN THIS PILE CAN Bt ll“ll'.D O CROSS (.OI ROLA'I ED IN AN‘(
MAHRER. . : :

LOCICAL EDIT . A

mAaL L. , .

DINEFSION IPRAKS), IDCBC(144,2), DATA(G6%), NAHEI(3), NAME2(3)
DILERSIOH CX HICLY ) BUF(20) © TATIN 20) 5 ' E

(DATA(S) PFCT)
(DATACD) V 15C8)
C(DATA(11), DEPTID
-(DATAC14) , Yus)
(DATACI?), Vi5)
(DATAC ')0) P2
(DATAC23 Vie )
CDATAC "6) W’I'A'; (HY
(DATAC29), i)

(DATA(4) , BFCT)
CDATA(Y) ,PATILS)
(DATAC10) ,V13CL
(DATAC13), DIARD
(DATAC16), PS8
(DATAC19), WIS)
(DNPA(22), " PE )
(DATA(23) ,  WIL)
“(DATAC 23) » WX

EQUIVALINCE(DATA(B) y AFCT)
_ JIDATACG) , OILO)
L (DATAC9) |, PATHE)
JADATACI2), L )
L (DATAC15), PYCS)
LODATACLB), TS )
, (DATAC21), PYCE)
JADATA(2Y),  TE )
, CDATAC27) , WiSAT)
, (DATACB0Y,  DIID S
" GCDATACS3), RUS3) , (DATACS1), RO , (DATACIS) , RHO:O)
S CDATACSS), PUIS) , (DATACO7?), PIME) , (DATACBE), A'2h
W CDATACB9),  AKE) , (DATAC4D), YO ), (DATAGID, 0 )
L (DATA(42), SW ) ‘ S
DATA NAﬁbl/O;,o, 211, 2:AT/
DATA NAWKN2/20(1C0, 2iRD, 2ili2/

* ® w w w e w e e
. * » 9 e e e e @

-

QN—QO&NG\GJAQN-‘

CALL RGPARCIPRAN

LU = IPILA?I

CALL OPENC IDSB(1, 1), IERR, HAHEL, 0,0, 15)
CALL OPENC IDCB(1,2), IER2, NAil2,0,0, 15)
CALL READFCIDCBC1, 1), TEIQ, DATA, 123, LEN, 1)
NUI3 = DATAC1D) =1

NUIX = HUii+1

<230 WIti''E(LU, 109) WU, NUMK
160

FOLIAT(2X, I3, * SAUPLES HAVE BEEN ENTERED. ®,/
1,3, "I'YPE O 70 ENTER SAMPLE NO. ", 18,/
2,5 w10 EDIT A SNZLE, ENILR TIE SARLE KO.*)
RiAD(LU, %) IAK .
FCRHATIA2)
I¥ (IAUS .FQ. 0) GO TO 450
1200 = TANG : E
17( ISAH.GT. 0. AND. 1SAH.LE.900) GD TO 5C20
WRLTECLY, 350)

350 FORHAT(2X, "BAD SANPLE NO. *)

€0 TO0 259

INPUTTING Tif DATA

18AH = RUIE

NUML{ = NUMX + 1

ViLTE (LU, 151) (DATACD ,1 = 3,6)

101 FORHAT (2X, 230 YOU VISH TO KLl THESE SAME FOUR CALIBRATION"

1 ,° CORACTANTS ?°/2X, "A FACTOR = ",F7.83,/72X"B FACYOR = °,Fé.1/2X,
2 tPYCUHOHTER FAC'IDR = ", F8.4/2X, "OIL GRAV]'I'Y = Y, I5.2)
IAD (LU,280) JANS : ’ :
I CIANS (EQ. 2liYE) GO TO 450
Wit (LU, 10

102 FOIUIAT(2X, "LIFR THE A FACTOR,B FACTOR, PYCI{O‘H‘ TER FACTOR, AND "

1 "OIL CRAVITY™)
MEAD (LU, (BUF(D,T = 1,4)
GO TO 451 ’

450 DO 251 I = 1,4

TBURCIY = DATACI+2)

451 CONTIRNUE
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GO TO 460
485 Vire (1LY, 19

1 . * VISEOSITIES ?27)

~ READ (LU, 200) IAI"‘

. EDIT = .FALGI.
) I CIANIS NE. "HNO) GO 1O 470
4560 vUil're (LU, 1C41) :

108 FORIAT(2X, L0 YOU WISH TO CARRY THE ATHOSPHERIC PRESSURES AND AiR* -

lOw FOIGIAT(2X, "LHTER THE ATHOSPHERIC PR.ESSU‘\E AI\D VlSCOSlTY FOR THB "

1 - /2, "SATURATED AND UKSATURED LASIB. ')
" REEAD (LU ) (purcn, l = 5,8 . - - '

: EDI'Y = .FALSE. e

470 Wlll'lE (LU, 113)

115 FORMATC®  WHAT IS 'I'HE ORIENTATION 0"‘ THE CO'IB? - N Oll W '..."I)
READ (LY, ()0) con - .
-DIR = 0,

Ry (ICOR~.EQ. 2N ) DIR = 1.
- IF (1CoRt .EQ. 2IIW ) DIR = 4.
_.ll' (EDI'tY GO TO 1150 )
' WRiTE (LU, 103 .- -
103 FOIUIAT(2X, "Ll l‘HLR TIE Il..'\“UllED DATA FROM THE SATUI{ATED AND EXTRAC*
) 1 CUTED ORI, "/2X, *SEPARNTED BY COIMGIAS, AND .IN THL ORDER THFY A"
-2 SORE WRIGTEN DOWN,. "/"X. “STARTING \'ll'l‘ll DLI’TH. ") -
R \D (LU, *) (BUl'(l).l = 9 23) ‘

COHIT VIITE (LU, 188) . -

Cc
c
Cc

‘c

c

106 rCaAT (2X, "lS TIERE DATA TO DE RECOR.DBD FLOM T}IL CHH’S ?")
RiZAD (LU,200) IANS ,
IF (IANS .NE. 21l{0) GO TO 429

‘COHMIT GO 10 1159

2080 WRILE (LU, 107)
107 FORIAT(2X, "L TER THE MEASURLED Cn”’ DATA IN T"E O"LDLR THEY ARE WRI1*®
l S PR BOWH —-"/2)\. YSTARTING ‘"'H[ - 'lu”ml['. “’LI(JHT -*)
UAD (LU,x) (BUF(D,I = 24,27)
Nesgt LO\D BLITLER INTO DATA ARRAY
11C0 DO 1200 J=1,27 :
IF (BUF(J) .HE. ~1.) DATACJI+2) = BUFRCI)
1250 Ir (BUl"(J) LEQ. —-10) BURWGD) = D.’\TA(J.+2)
DATA(Z). ISATL '
Wit (LU 116)
110 FOIUIAT (2X, "BO YOU VART TO CHLCK YOUP» TYPING ACCUR.\CY 2"
- READ (LU,260) IANS
1F* (IARS .NE. 2HYE) GO TO 14CO

%3t DOULLE CHECKING FOR DRPO".S

1199 ICOR = 2]k

' IFf (DIR .EQ. 1.) ICOR = l"

O IF (DIR .EQ. 4.) TICOR = 2HW - -
VRITE (LU, 111) (BUF¥(J),J = 1,8), ICOR, (BUF(J),J = 9,27)
111 FOIIIAVE(® A FACTOR =%,¥7.3," B FACTOR "".F\).z. '. PYLNOMI' TER FACTOR
@ =R P74, OIL CRAV]IY =" 4277 : .
15X, """[UHA']L.D" SO0X, "EXTRACTED "/ 10X, "PATH",5X, "VISCOSITY", 21X,
PPN, 5X, "VISCESITY /10X, 5. +BX,F?7.5,22X,F5.1,5X,¥F?2.5/77 -
" Oi'lLl”‘ DiF i LENGTH Dl_AIILan"/AG.Fa. 1,5X,F5.2,5X,F5.277

22K, "SATURATED DATA"/12X, "P2°,6X, "PYCY,6X, "P",7X, "V",6X, *T"

, X, "Wt'rr 154, F6.1,3%X,Y6.3,3%,¥5.2,3X ,F4.0,3X ,F5.1,3¥ ,F3.4/
/732K, "EXTRACTED DATAY/ 18X, "P2*,6X, "PYC*,6X ,*P*,?7X ,*V",6X ,"T" .
8,7, *wr*,15¥ ,¥6.1,3X ,¥56.3,3X ,¥5.2,3X ,F4.0,3X ,F5.1,3X ,F8.4/
9/35X, "CIIIP DATA“/12X, "CIIIMBLE WrY,3%, "THIMDLE + SAT wWr+,3X, )
O "THILBLE + EXTI WI  -VATER"/7143,1'7.3,8%,F38.3,11X,FB8.3,7X,F4.2//

1 = PD YOU VAN TO CUHANCE ANYTIHING ?°)
READ (LU,200) IANS -
IF (IANS LkQ. 2iR0) GO TO 14060
1198 Wil (LU, 112) :
112 FCAUINVEC® HOW HANY VALUES DO YOU VANT TO CIU\NCL ?"/" (TYPE ‘99 n
1, .0 il ALL Ilh” DATAY %)
READ (LU,::) HUM )
Il (NUH .LE. 0) GO TO 1400
Il (NUH .EQ. ©9) CO '10 450 )
YIRIUTE CLU,113) ’ . . ’
113 FORIIAT(* INrUi THE COLUMN NUMOBER OF THE VALUE YOU WISl TO CHANGE®
1," = CGIZIA =°/7" AND THI REW VALUE. "7" BO THAT AS NAIY TINFS AR"
2, NECULSARY®) . . ’
ng Ab (LU %) C(TARRCD), bUF(l“m(J)), J =" 1. NOUMD

0 r(a

RO OIS




01123

0144
€145

L0146

C147
0148

"0149-.

" 0150

0151

‘0152
0153
0154
0135
© 0156
6157
0158

0159 .

cA

oo

01G0 -

G161
6162
G163
- G164
- 01069

0166

£1067
0168
0169

0170
YS!

o17¢2
0173

. 0174

0165
0175
C17¢¢
0IvS
ot7Y
0130
01t
‘0132
0il3
Ohu'
o‘ud
Ol\l

o167
0143
0189
0190
0191
o102
0iy3
G194
01¢5
0196
0t97

o146

0199
(13081

" 0201
G2
G203
G4
G206
0", 6
(6344
GZCE
Cii9

¢210 .

6211
G212
RCATE

caa

Cc
1309 N3G

‘ ' 60
CEDITE ALeR. T

=% DOLS TIE ORIEWTATION NZiD TO BE CIANGED -

DO 1230. 1 = 1 ,. NUH
IF (IANRCT) (EQ. 23) EDIT = . TRUE.

1250 CONTINUE

- I¥ (EDITY GO TO 470
- GO '1'0 1150

* EQUATIOIL: I‘OR SA’['URATED SAI“!PLES

1599 W = VI“..;AT - WIEXT - H20

IF (WW .LT. 0.) W¥ = 0. .
WO = 100. %X WW / (WPSAT - WFFmm' . :
I¥ (P2S .LE. 0, .AND. PYCS .LE. 0. .AND. PS .LE. 0. .AND, . -
1 VS .LE. 0. .AND. 1S .LE. 0. .AND. WIS .LE. 0. ) CO TO 1960
~. VBS'= PYCS * PFCT S Ce e
7 VS8 = AFCT - LFCT ¥ P2S 7 (1520. - P23)
"RHCS = WIS / VDS - v - ‘
PHIS = 130. @ (VRS - VES) / VB3
_IF (PHIS .LT. 0.) PHIS = 0. - R
CAL = 2546.479 % VISCS % L % Va ’ (DIAH?DXAM * TS)
PA = PAIES ~ 760.
AE = AL % (PA / ((PS+PM)® (P.s+PA) - (PA\‘PA)))

% E“U'\’l‘loﬂo b Ime FX]‘R..‘\(..TED COXLE DATA

IF (P2E .LE. 0. .AND. PYCE .LEa O. .AHD. PE LE 0. . AND.
1 VE -LE. o. . AND. ’lfl'.‘. JLE. 0. .AND. WIE .LEJ 0. ) GO TO "OOO

VIil = PYCE # PFCT - S
VEBE = ANFQY -~ BICT % PZE 7/ (1520. - P2R)
RIDE = WK 7 VBE T
RIOZG = WTH 7 VSE .

PHIE = 1€0. = (VBE - VEE) 7 VER

I (PUIE (LY. 0.) PHIE = 0.
I (PiIE .GT. 1G0.) IMIIE = lCO '

A2 = 2546.479 % VISCE % L = VE / (DIAM#DIAM % TE)

ARE = A2 =(PATHE/?60.) 7 ((PL + PATILL/260.) 522 —= (PATME/760.)*%2)

8V = 100.:2=10~.’). # H20 = RUOS 7/ ((WISAT - WITILD x PHIE)
80 = 160.% WO % RIOS 7 (OILC * PHI1E) ' :
1((80+5%) . LL.. 160.0) GO '10 2100

862 = 50 )

8D = 8CD = 1CO. /. (._»00 + SW
SU = 8W % 1C0. 7 (SQ0 + SW)
GO T0 2iG) . -

¥ DEFAULTS CIL MISSINC DATA

= 0.
- PMIS = 0,
AKS = 0,
2660 RUGE = 0.0
. PnlL = 0.0
AKE = 0.0
S0 = 0.0
Ri{92C = 0.0
SW = 0.0 .
C %% VWRITE THE DATA TO THE FILE.

21€0 DATA(GY = ¢7.7?7

CALL WRITFCIDCB( 1, ISAM/G01+1), IERR, DATA, 123, NOD( ISAM-~1, 000)4-1)
Witi'TE(LY, 22C0) I5AM

2200 FOLIAT(2X, "DATA AND CALCULATIONS FO'I SAILE ®,13,* IN FILE.")

.C

* CONWTIHUE
WRITECLY, 2450) NUIY . _ N
2499 FOINI(2X, "IYPE O ‘TO ENTER NEXT SAITPLE (SAMPLE # °,I3,° )"/
1,7X, "HEV SAiwLE NHO. TO EDIT ANOTiliRl SAMPLE. ",/
2.7X, "AilY NECATIVE NUIiLER TO STOP. ") :
READ(LU, %) JARS
I (JALS .LT. 0) GO TO 9¢00
IF (JANS .EQ. 0) CO T0 2401
IF (JAHS .CT. 900) WRITE (LU,350)
UAN = JAKS - .




h- IV
L. e

0:
G
O°16
G217
G2ie
0219
0220
6221
0222
0223
0224

6223 -

G326
027

6228 -
0229 .

0239
6231
0232

6233

02234
0235

0235

0&37
G230
02239
G210
G241

242
0:213
G214

0245

6216
G247
018

G239 .

6250

0:51.

6252

. 02538

6254
0253

2491
C 3%
2501

61

€O TO G0CO -

% CONTIHUL ‘7O REXT SANPLE

ISATL = RUMK

NURL = HUMC + 1 o
ENSE THE EXIRACTED COILE DATA
b0 2501 JJ = 9, 23

BUF(JJ) = 0. '

ICOR = 21X

GO 10 455

* EDITING

CALL READF(IDCB(1, ISAMN/5©1+1), IERR,DATA, 128 LEN, MOD( ISAM-I 500)+1)
WMIUTE(LU, 114).

FOGXIAT (* DO YOU meT “TO_ SEE THE DATA ?. "
- AFCT = 10.82% o
BICT = 64.6 ‘
CPFCT = 1.2897
COILG = 1.

. 5095

- 5009
Cc
9000

9010
9520

21¢0

JAQN—

DO 5005 J=3,30
BUF(J-2) = DATA(J):
READ(LU,2C0) IARS -
IFCIANS EQ. 20YE) €O TO 1199
GO TO 1198 = "
* COMPLETION
DO 9910 K=1,900
CALL READF( 1DCBC1,K/501+1), IERR, DATA,I°8 LEN, MOD(KHI 500)+1)
IF(DATAC64) . NE.72.77) €O TD 0020 ..
CCiil {HUE
KK = K-1
CALL READFCIDCDC(1, 1), IERR, DATA, 128, LEN, 1
DATACD) = KiG#1.0
CALL VRITFC1DCB(1,1), IERR.DATA, 123, 1
-CALL -CLGSE( IDER( 1, 1), IERI)
CALL CLGSEC IRCBC1,2) , IERR)
WRITE(LY,9180) - : ,
FORIATC 10X, "t END OF CORES =#t"/lusx, "TO RUN AGAIN --°/10X,

s U, CORES"/10X, *10 PRINT OUI THE DATA --*/10X,
" :RU.*, 1i{*, "CKOUT"/ 10X, "BEFORE YOU SIGN OFF THE °
;"COHPUTCR"/IO& "LOAD 'LINDBERG #2° DISC -- AND*/10X.
» . :qy, ®, 1", "CREND") :
END
EHD3
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BCROUT T=0¢904 IS ON CRO8015 USING 00010 BLKS R=0069

€001

cos2

c303
GO+
C305
G306
Co0?
CoCa
GCO9
€010

T 0ottt

6012

013
R 108 )

€oI1d
- 0016
core
6019
6O19
8G20
‘0021
692

€023 -

Co24
€025
€026
Go27
6528
¢529
Co30
S oG8t

- GuUL2

G233
" CoUE
T GO33
()
Cos?
€038
C33
cO-10
" CO1

codz
0013

GG
UCO45
00146
co?
Ot
RRED)
0050

- GUGtL-

B Teh ]
CLH3
G354
G356
“CGHO0
. [Heiry'd
c )"‘fl
COL9
G060

FTN$,L

Briziziziz

PROCRAM CROUT .
_WRITIEN BY T.E.FOSTER ~ NOV 10,1978
*¥% USE TOIS PROCRAM TO LIST DATA IN CORDAT %+

. DIMENSIOR IDCB(144,2) ,DAT(64) , IPRATI(S) , NAME(S) DAT2(64), DAT3(64)
DINENS IGN NA""°(3). l\v')'..LL( 2), PRI(300), SEC(500). IO‘\D(SOO)
LOCGICAL DONE
DATA NALT/211C0, 21IND, 2HAT/, N’\MF"/"IACO.2IIRD 2nT2/

= INITIALIZATION OF VARIABLES :
- CALL REPARC (PRAID
LU = IPRAMCL)

-LST = LU
ICOLY = 11
1COL2 = 20

- DNCIDE GN A PRINT-OUT FOPJIAT
WRITE (LU, 1G3) -
100 FO;LL\T (* TYPE 1 FOR PB.INT OUT oF RIISULTS

1. "?X, "2 FOR PllINT ouUT OF ALL DATA IN‘A SAMPLE FILE. it B

RF\D (LU,%) NUCH
WILI'TEC(LY, 101)

(101 FOIIAT(" DO YOU WAHT A IIARD COPY OF THIS? ":-_')

READ (LU,99) IANS
99 FOGRMAT (2A2) ] -
‘ IF' (IANS .NE. 2HNO) LST 12

< WRITE (LU, 102) . :
192 FOIGIAT(Y  TYPE IN THE NAI!L OF TH.L WELL YOU WANT TO LABEL THE' ",
1 "oUTiUr. ") _

READ (LV,99) (IWELL(D), .1 = l 2) i

I (MuCil L EQ. ") Go 'l'O 3660 .

WiLI'TE (LU.ZOO)
200 FORUAT(” EUTER FINST SAMPLE, LAST SAIPLE TO BE LISTED. *)
" READ (LU,#) 181, IS2, I3, 1S4
CALL CPiH (IBLB(I 1), IERR, -NAME, 0,0, 15)
- CALL OPEN (IPCB(1,2), IERR, NAUE2,0,0,13)
- Tk ORBER OF DATA PRINT-OUT .
N= 182 - IS1 + 1
Ni = I34 - 1683 + 1
IF (IG4 .EQ. 0) Nt = O
WRlTE (LU, 103) -

103 IFORMAT(" ‘TilE DEFAULT SEQUENCE OF LISTINC 'I'HE IL.SULTS IS BY INCR®

S CBOL.

Co562
03563
Coox
G350
€256
CCuL7
(191934

U3y

1, "EASING DEPWVHS"/®" WITH A SECONDARY ORDER OF ORIENTATION. e
2 " DO YOU VANT TO CHAN(JJ THAT 2 ="
READ (LU, 99) IANS
I CIARS JNE. 2HYE) GO TO 10
sk CHANGING THE DEFAULT ORLER
VRI'TE (LU, 104)

- 164 FORUIAT( Y LN’ILR 'I'llE COLUMN NUMBERS (FPOPI THE DATA SHEET) OF PRIM“ '

"1, "ARY, AND SECONDAHRY®/"  VARIADLES THAT YOU WANT THE RESULTS LIS
2, "TED BY. ") o .
READ (LU,*) ICOL1, ICOL2
1ICCL1 = JCOL1 + 2 :
1COL2 = 1CO1L.2 + 2
Rk LOADING UP Tilld AIRRAYS FOR SORTIRG PURPOSES
16000 15 I = 1, KN , :
ISAM = ISt + 1 -~ 1
CALL READFCIDCB(1, ISAI‘I/oOl+l) IERB. DAT, 123, LEN MOD( IQMI-I 500)+1)
o PRICI) = D'\'](ILOLI) Coa
SECCI) = DATCICCL2)
108DC1) = 1

.19 COUTINUG

IF (154 .EQ. 0) CO TO 16 .
DO 16 1 = 1, NI .~ .
SIBANL = 183 + L= 1

CALL READI(IDLB(I ISAIV/501+1), 1ERR, DAT 128, LEN mon(stM—i,soO)frxf

PRICH+I)- D‘\'l'( l(.OLl)




CO70

671

GOv2

6G?3
Gu?4
0075
0976
Cu7?
Co786
GO7To

16200

GCO1

. CoL2

ccos
55:

0605

0Co

. G087

cel

‘CGEo

€600

. G321

0093

G923
C 50
CGYS

- CO26

GoN7
(2¢D 21
G399
G100

0101
o102 -

0108
C1l104
01IG5
01Co
G107

01386

0109

0110

c1t11

012

0113
0114
0115

0116

0117
0tis
0119
0120
0121
o2z
0123

"0124

G125
0125

YRS

(VR pie
Oty
0o
013t
o2
0133
013s
0135
G130
Gi1u7
0100
0159

010

63 "

CSEC(HED) =‘DAT(ICQL2)

16
C ks

20

JCRD(N+I) = -N+1

COIl'T'INUE

REAWGANGING IORD FOR THE PROPLR PRINT—OUT ORDER
DO 39 I = 1, N+N1i-1

DOHLE = .TRUE.

DO 25 J = 1, N+Ni-I . : '
IF (PRICIORR(J)) .LT. PRICIORD(J+1))) GO TO 25
IF (PRICIORD(J)) .EQ. PRICICRD(J+1))) GO TO 20
DONE = .FALSE. '
I'TEHP = ICRD(J)

TI0£D(J) = IOID(J+1)

C10RDCI+1) = ITEMP )

GO 19 26 B

IF (SECCIORD(J)) .LT. SECC(IORD(J+1))) GO TO 25

DOE = ,FALSL.

ITEHP = IORD(D)

CUICRDCIY = IQEDCI+ 1)

30
G e

- 108DCJI+1) = LTEMP -

COHTINUE

IF (DONE) GO TO 31

CONTIHNUL :
NOW LIST OUT THE DATA IN TIIIS DE’I’ERMIH“D ORDER

DO 1C00 K = 1, N+Iil '
_K¥ = IORDCIO + IS1 - 1 ‘
IFCIOUD(IO .CF. M) KK = TORD(IO - N + IS8 - 1
TPAGE = (K-1) 7 26 + 1

-,CI\IL READF( 1DCBC 1, KKsot+1), IFRR DAT 128.LEN.,MOD(I(K—I.500)+1)

500

5900
. 1000

3200
3160

3160

3200
3309

3650
3150

JSAM = DAT(2)

IDIR = DAT(EO)

ICOR = 2k

IF (IDIR .EQ. 1) ICOR = 2HR

IF (IDIR .E@. 4) ICOR = 2HW ‘

IF (MOD(K-1,208) .EQ. ©) VRITE (LST,SOO) (IVELL(D),I = 1,2), IPAGE
FOIIIAT("1"*,5/7,46K,5"%x", " CORE ANALYSES ", 5% “/ :

1 S1X, “NAME OF VELL: “.2:\.2.42}(. YPACE: ", 127/
2 11X, "RO. ORIENT DEPTU,5X, "RHC-S  RIO-E MIO-SCY,5X, "PHI-S8 *
3 , "PllI-E*,6¥, "K(S) - KE) *,?X, *vo",5X, "so0"*,5X, “Sv", 7X. "IHO. "/7/)
WRITECLST,5C0) JSAM, ICOR, DAT(11), (DATCIY, 1 = 33,42), JSAN
FOITIANT (9X, 14,5X,A2,X,F3.1,5X,3(15.3,2X),3X,2(r5.2,2X, 3X

1 2(1r6.1,23% ,3%,3(r5.2,2¥),3%, 14
CONTINUE
CALL CLOGSE (IBCB(1!, l) IERR)
CALL CLOSE (1BCB( 1,2) | § 0 EV)
GO TO 9C&0

WRITE (LU,31G0) C )

FOMIAT (" E#IER FIRST, LAST SAMPLES TO BE LISTED.™
READ (L.U %) JSAM, KSAl '

Kb = (KGAM - JSANF1) - 3. o

IF ((ID:3) LHNE. (KSAM - JSAMN+1)) ICD KD + 1

CALL OPLN (ILCB, IERR, NAME, 0, O, 2)

DO 3150 JJ = 1, KD -~

I1 = JSAIL + JJ % 3 - 3
N2 = IRt + 1 !
IR = IR1 + 2

CALL READF (1DCB, IERR, DAT , 128, LEN, IRD

CALL READF C(IDC3, IEMR, DAT2, 128, LEN, IR2)

CALL READF CIBCB, IERR, DAT3, 128, LEN, IR3)

VRITE (LG7T,3150) 1IN, HL. 1IR3 '

FOLHAT (2X,3(7K, "SAMI‘L!" ", 13,8X777)

DO 3569 K= 1, 43 :

L =K

IF (K .EQ, 43) L = 64 .
WRI'TE (LST,3263) L, DAT( L) L, DAT2(L), L, DAT3(L) -
FORHAT (2X,30° DATAC( ".13 = ",F10.4,2X)) .
CORTINUE .

VItITE UL, B6C)

FOLAAT (1" ')

LOLHINUL
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Ot CalL cLe E (IDCB. IERR)

ot:2 C

0123 9300 ‘llll'i‘b(LU 601)

o144 3601 FORMAT(IOX, "zt END OF CROUT -8*?"/101( "TO RUN ACAIN --"/lOX

0143 1 “ .. *RU,CROUT*/10X, *TO INPUT OR EDIT DATA --°/10X.
0146 2 © RO, IHC, "CORES "/ 10X,

0147 3 *TO SIGN OFF THE COMPUTER, LOAD ' LINDBERG #2° DISC AND -—"/IOX
0145 4 .- %, #MU, ", 1", "CREND")

6149 - EID N

0150 LHiEs




GGOo1

0Co2

CSa3

RLITHE 3
.0GCS
R 1e1H )
- C0L7
. 606G

CCo9
G010
GO11

~Go12
" 6013

GOl14%
0015

L0016

¢C17

. G018 -

€019
0020

~ 02t

GG22
G013
CO2
Guls
CC2o
Go27
Co28H
¢G2o
6Cl9
$031
cou2
CCu3

€0U4

Colo
0080
(o3
L eve
(VA VRS
(O
€040

CO:1 .

o2
0043
CO-L
00'5
S0
001?
GCi8
G219
¢330
G051
cLa2
{26141
GO0 4%
CuUUs
G556
[+ 6Ny
C338
GL59
CL30
Cost
Ccoo2
CHG!
CUL4
L2535
CliG
CooY
Co08
(e ]

65.

) 'OCRPLT T='00004 IS ON CROOOlo US!NG 000190 BLKS R—0069

FTH‘{- L

\

N vYeloXo)~]

PLOCRAH CRPLT
wnxTTEN BY TOM FOS R JUN 14, 1979

*S’!* us E THIS PPGGRAM TO PL(YI‘ DATA lN 'CORDAT #*%x

DINENSION IDCB( 144,2) ,DAT(64) , TPRAI(S) , NMKJ(‘a) lXL(S) , IYL(10)

©.  DINENSION NAM!."(S). Dhl"lﬂ(aOO) ’- QUQNT(JOO) ’ QUAN"(500). IWELL(2)
© . CCIMON ICOM(179) ‘

. 200

103
16¢ I

- 99
C ulok

. 18

LOCICAL PONE

DATA NAM/231C0, 2HRD, 2HAT/. NAME2/2HCO, 2HRD, 211'1'2/
DATA. IXL/2HDE, 21PT,2HH /

ll‘ll'l‘[ALl?A’l'ION or VARIABLES :

CALL REHPARCIPRAMD '

'HALU = IPRAHCD)

ST = LU
ILOL! =

" WRITE (LU, 200)

FOIGIAT(®  ENiER FIRST SAHPLE. LAST SAHPLE TO BE PLOTTED. ")
READ (LU,%®) IS1,1S2 ,183,154 .
CALL OPEN' (IDCB(1,1), IERR, NANE, 0,0, 15)
CALL OPEN (IDCB(1,2), IERR, NAMEZ2,0,0,15)
IHE ORDER OF DATA PRINT-QUT
N = IS2 - [S1 + 1
Nt = ISt - [33 + 1
IF (IS¢ .EQ. 0) N1 =.0
WRITE (LU, 163) :
FORIAT(* WMAT ARE THE COLUMN NUMBERS OF THL QUANTITIES YOU WANT*
1 . * PLOTYED"/®  VERSUS DEPTH? ")
READ (LU,*) ICOL2, ICOL3 : :
WhlrL (LU, 16%) -
CRIATC®  WIAT LABEL DO YOU WANT ON THOSE QUANTITIES?")
READ (LU,99) (iYL(D,I = 1,10) . :
FCAHAT( 10A2)
LOADING UP THE ARRAYS FOR SORTINGC AND PLOTTING, PURPO
BO I35 1 =1, N . .
ISAM = 1S1 + [ - 1
CALL READFC IDEB(1, ISAM/501+1) , IERR, DAT, 128, LEN, MOD(ISAM—I 500) +1)
DEFINCT) = DATCICOLD)
QUANT(I) = DATCICOL2)
II' (ICOL3 .KE. @) QUAN2(I) = DAT( ICOL3)
COIVE (HUE : o
IF (1S4 .EQ. 0) .CO TO 16
PO 16 1'= 1, K1
ISAIL = 183 + I - 1

- CALL READFCIDCB(I, ISAH/501+1) IERR,  DAT, 123, LEN, I‘AOD( IQAJ‘I—I.JOO)'O-U

DEFTH(R+I) = DAT( ICOLI)
UAWT(H+1) = DATC(ICOL2) .
IF (1ICOL3 .NE. 0) QUAN2(N+I) = DAT( ICOL3) .
COR'T'{1IUE
REARZRANCING * DEPTH AND 'QUANT' S FOR I’ROI’ER PLOTTING
‘DO 30 I = 1, N+Ni-1
DOLE = .TRUL.
DO 25 J = 1, N+Ni-1
IF (BEPTIH(J) .LE. BEPTH(J+1)) GO TO 25

- BONE = .FALSE.

25

TEHP = DEPTH(J)
DEPTH(J) = BEPTH(I+1)
DitPTH(J+1) = TEHP
TP = OUANT(S)
QUANT(J) = QUANT(JI+1)
QUAHT(JI+1) = TEMP

Ii (ICOL3 .EQ. 9) GO Tu 25
AEN = GUAN2(D)
QUAHZ(J) = QUAN2(J+1)
QUAHZ(J+1) = TEHP
CENT I
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It' (RO GO TO0 31
CORTLINUE - : ’ o

CALL CLOSE (lDCB(l l) IERR) -

CALL CLGSE ( IBCB( 1.2) IERR) - - o
NOV PLOY THE CORRECTLY ORDFRED Q.U’\NT!TIES
CALIL, MOLE(O,1.,1.,1.)

1 (1C0L3 .l’ll 0) CALL SCAN(DEPTH QUANZ2,N+N1,441)

CALL SCAN(DLPTH, QUANT,~(N+N1) ,44 l)
CALL FODE(~8, XMIN, DX, XORG) - -

WRI'TE (LYU,333). XlllN DX, I{ORG

FOIMAT (3rr12.3) ‘

CALL HEDE(-9, YMIN, DY, YORC) ]

WRiTE (LU,333) YHIN,DY,YORC

CALL DRAV(DLLTI, QUAN'i’. NEN1,441) ’ . )

IF (ICOL3 .NE. 0) CALL DRAV(DEPTH,QUAN2,KN+N1,441)

CALL AXES(S.1,1XL,20.2,1YL) . .

CALL DR:W(0.,0.,1,9G60)

.CALL DRAV(0,0,0, 9999)

stoer

)

EHD3
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INTRODUCTION

Knowledge of the‘sbecific,heat of tar.sands is .needed to .help
accurately model the thermal.behévior of most tar sand bitumen recovery
.techniques. )

Several difficulties arise when attempting to measure the specific
‘heat of materials such as tar sand. First, tar sand is a.very non-
homogeneous material. ' To overcome .this difficulty, large samples must
be used. 4The,éecond drawback .deals with the lack of related infofmation,
suchlas thermal cqn&uctivity or thermal diffusivity, since most calori-
meters .require .that information. Another difficulty lies with the need
to measure specific heat over a wide range of temperatures. The
necessary .temperature range is from room temperature to recovery- tem-
peraturel(approximately 250°C).

Thé overall goal of this project is to predict the heat capacity
of a tar sand sample when the bitumen-water-sand concentrations are
known. This generalization frém site specific measurements is important
for future site identification field studies when detailed measurements may
not be possible. Speéific heat measurements of the constituents of tar
sand are also important to the numerical models also being employed.

The topics of discussion within this section include: 1) description
of apparatus, 2) supporting theory, 3) experimental procedure, 4) depth

specific data, 5) apparatus accuracy, 6) discussion and conclusion.




Apparatus

.Several conventional colorimeters .were considered for .the present
application. Common drop colorimeters and dewar experiments.wére dis—
cardea when .the knowledge of thermal conductivity or the use of samples
were .required. Instead, an aéparatus.developed by Krischer (1954), and
discussed in Eckert and Goldstein (1976); was.decided updn.A The
present experimental apparatus, based on this concept,: is shown in
Figure 8.

The machine operates by séndwiching foil heaters between a stack
of equally thick layers of saﬁple. After an initial period of time a
quasi-stationary condition sets up which can be .described by parabolic
.temperature profiles. Once.thé time—teﬁperature'history has been
lestablished,Athe'specifiéAheat can be determined as a function of
temperature.

Heat losses. from the stack to the surroundings proved to .be the
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~ greatest experimental difficulty. To reduce .the heat loss, guard .heaters

were placed directly on .the ends of the sample, as well as a couple of

inches away from.the circular sides.

The sample .thickness.seemed -to play an important role in the success

of the experiment. The thinner the sample the lower the heat loss and
- smaller the temperature difference across theé sample. Samples one inch
thick provided an easily controllable heat 1§ss together with an
adéquate.témperature difference.
.Theory

<‘Modellinguthe transient temperature history has been described by

Carslow and Jaeger (1959). - Although cylindrical samples are used, the




large diameter and insulated sides allows the model to .represent an

infinite slab bounded by two parallel planes. . The model to .be repre-
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sented assumes a constant heat flux into a solid at L, where the thick- .

ness extends from zero to L (Figure A-1). All surfaces not exposed

to the direct heat flux are considered adiabatic.

—>

(1>0)

W

Uniform heat flux

—>

Figure A-1.

One-dimensional model of transient heating of

O

<

slab with uniform heat flux at one boundary and
' an adiabatic wall at the other boundary.

The .temperature distribution within the

follows.

T(x,t) = gt + gL ( 3X2_L2)— 2,I(-1) exp (
k T n=ln

pCpL 6L

Where

T = temperature excess.(T(g,O)=0)

q = heat flux per surface area -
t = time

p = density

Cc

’p = specific heat

X e R

sample can be described és.

—anznr ) cosnmx
L L

(A-1)

= sample .thickness
thermal conductivity
thermal diffusivity
dist from heater
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Equation (1) consists of two parts. .The first part .describes.the
parabolic steady .temperature profile .while the second part describes
the transient initial .temperature distribution. The transient :term

is plotted in Figure A-2.

[ o}
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X 0.1 . /i o 01
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.—_——/
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—
/
—

- Figure A-2. Transient temperature distribution for

slab of Figure A-1 (from Carslaw and Jaeger
1959), as a functlon of Fourier modulus.

Notice from Figure A-2‘that.the:temperature profile becomes para-

bolic when the Fourier time constant (at1) approaches infinity. Note
L

also .that for values of .the Fourier time constant greatér than -3 the '

transient .term has all but diééppeared. Therefore, given enough initial
time, a parabolic temperature profile will set up within .the slab.

Assuming now that the Fourier time constant is infinity, equation (A-1)

‘wiil.reduce to equation (A~2) as shown,Below,

T=qt + qL 3x2--L2 (A-2)

pCpL k 6LZ
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At a representative poing in .the sample, equation (A-2) may .be
differentiated with .respect to time. One may then solve for the

specific heat:

ooy, e

this equation is valid 6n1y if Cp is a slowly varying function of

temperature, that is:

pLT ggp(gg)-<< 1.
q dT \3t/,

This condition must be .checked for each .test run in order to validate
.the results.

From Figure A-2, equation (A-3) is valid only when the Fourier
modulus (at/Lz) is greater .than .3. The actual transient time may be
determined from this condition.> If we assume a value of one for the

Fourier modulus, one may estimate .the "transient set-up time",

t = Lz/a = szCE
m .

For representative values of tar sand properties:
k = 1.0 Btu/hr-ft-°F,
Cp = .4 Btu/lbm-°F,

130 1bm/ft3,

p

L .08 ft,

the transient set-up time, t, is 20 minutes.
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EXPERIMENTAL PROCEDURE

The primary function in running the experiment is to .determine
‘ﬁhe time—temperaturg history of -the sample. The history is obtained by
monitoring the temperature at the center of the stack (Figure 8) every
five minutes. Monitoring continues until a desired center temperature is
reached. A .set-up time of 30 minutes is allowed to .be.certain é.parabolic
temperature profile exists Qithin,fhe'sample. Once theAdesired.temﬁerature
has .been .reached an appropriate curve fit is applied to the time-temperature
data. The derivative of the curve alqng.wigh;known constants will result
in the specific heat as a function of'time. |

.The eﬁtire apparatus.including sample mounted thermocouples, and
. guard heaters is placed in a refrigerator until the sample.temperature
drops .well below room.temperatufef Since 30 minutes are allowed to set
up a pafabdlic profile, starting.the.témperature.below room .temperature
allows room.temperature data to .be calculated. Three thermb;ouples are
located in positions so that heat loss can be monitored. One thgrmo—
couple, located on the end, is matched witﬁ the .center temperature so
.the heat flux is evenly distributed. The end thermocouple matches the -
.center ﬁith.theAhelp_of end guardAheatersi: Radial.hga; loss is monitored:
by two .thermocouples on fhe‘diamgter and controlled by the radial guard
‘heater. A good experiment occurs when.thg‘center;thermocouple,;the end
thermocouple and:the two radial therﬁocpuples allﬁindiéate.tﬁe same
atemperature; A Yolgmeter~monitors the heat flux to .the stack, and

Variacs control.the heat flux to. the stack and guard heaters.




APPARATUS OPERATION

Two .separate materials .were .tested to4verify.the.aécuragy'of.the
experimental apparatus. The first,‘paraffiﬁ, has a known specific heat
of 0.69 Btu/1bm°F (2.9 KJ/KgK) at 68°F (20°C) (Raznjevic, 1976). The
experiment was conducted withoﬁt‘the use of guard heaters. Assuming the
specific heat is equal to a 1ineaf function of temperature, é,result of
0.598S‘Btu/ibm°F (2.5KJ/Kg°K) was obtained. The experimental error was
about 13 percent. | |

The second mﬁterial.tested'wm;ple#iglas G. .The specific heatlwas'
given asVO.35 Btu/1bm°F (1.47 KJ/Kg°K) (Plasticraft, 1976). Two sets of
.tests .were run, one using a sampleAthree inches in diameter and one-
half inch .thick, an& the other four inches in diameter and one inch
thick. The larger the sample, the more accurate the results. Again, no
A guard heaters were used, however, a.test .result of 0.3676.B£u/ibm°E

(l.SKJ/Kgdk), only five percent from known values, ‘was obtained.

Since .the accuracy on both materials seemed good, tar sand was the

-next material tested. Guard heaters:were not used on plexiglas G or
paraffin because low temperatures were being studied. It is good
practice, however, to use the guard heaters since end and radial heat

Alesses;efféctTthe.resultswto:aAlargéAdggreé.
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As an example of the experimental procedure and results, the specific

_ heat .tests of .Region 9 will be presented. Four tests were run on the
same sample at different heating rates in order to determine repeat-
ability. .Three of the trials are shown. in Figure A-3, where the

measured temperature is the temperature at the plane of symmetry in the
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Figure A-3 Experimental temperature-time histnries at

‘ the core centerline in specific heat
apparatus. Region 9. Trials 1-3 are at
three heater voltages: 100, 95, 90,
respectively. :
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center of the stack. A convenient .test of repeatability is to .define

a normalized temperature, T*:

T* = (T-T.) = 1 (t—ti)
§ * pLC

and to plot T* vs. (t—ti) as is .shown in Figure A-4. .The curves should
lie exactly on tdp of each other if .the same starting.temperature, Ii,
is the same for all cases (ti is the time corresponding'to Ti)' It

is seen that some variation is encountered at the longer times, but
generally, the .tests are quite .repeatable. The temperature-time history
is then curve-fit (in the least-squares sense) with varying .degrees of
polynomials. The .resulting equation, T(t), is differentiated with
respect to ﬁime. .The differentiated result is .then used in Equation 3,

allowing one to obtain the predicted specific heat:-

Cp =g -3t .
pL T N ’ (3)

For the example of Region 9, the resulting prediction is:

Cp = -1.664(1072)1% + 6.22T = 763.0
for a cubic curve-fit for the temperature-time experimental data. ‘

A test of the sensitivity of the order of the polynomial cu;ve—fit
one predicted specific .heat is shown in figure A-5. It is.seen that
there is little differénce in pfedicted‘results for polynomial curve-
fits above a cubic, except at the two ends,‘where agreement is still
satisfactory. .The error introduced by - a linear temperaturé,depen&enceA
on specifié heat is much higher than for the higher-order expressions,

and is thus an inadequate model of specific heat.
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SUMMARY AND CONCLUSIONS

An experimental system‘for.meaSuringlthe specific .heat of tar
sands has‘beep.develbped and .tested. . The system a&equately accommodates
the need for 1afge samples, a range of temperatures and .the fact that no
other property values (such as thermal conductivity)}are,nécessary.

Most of.the‘identified.regions of .the three test bores have been
tested for specific.heat, but .the data is still to be considered pre-
liminary until further analysis.aﬁd:teSting is completed.

Two observations may.be.noted at .this time. First, the specific

. heat of tar sand is a strong, non-linear function of .temperature. This

observation has been consistently true for all measurements to date.

.Second, .the large .dependence of specific heat on.temperature . seems to

indicate .that .the bitumen is behaving like it was.ﬁelting at increasing

.temperature, so that the specific heat measurement was .reflecting a

latent heat effect with increasing temperature. .This observation is
quite speculative, but has some support in the viscosity measurements

which are being made at the same time.




Appendix III
Thermal Conductivity Measurement

(Theory and Procedure)
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INTRODUCTION

In order to evaluate the feasibility of in-situ tar sands .develop-
ment, it is .necessary toAmeaéure thefmal conductivities of tar sand
saﬁples. .Several methods gré used for measuring.thermal conductivity,
depending on limitations of sample size, temperature range of the test,
sample homogenietY‘and expected conductivity raﬁge. Three .methods will
be presented and discussed as possible candidates for the measurement
of thermal conductivity of tar sand samples: the guarded hot plate
.method, .the axial rod method, and .the comparative .method.’

From considerations as are pointed out in the .review of techniques,
an apparatus has.beenAselected; designed, constructed and .tested which

uses .the comparative method of .determining thermal conductivity..

Survey of Methods for.Detefmining Thermal Condqcti&ity .

The comparative method and alternative .methods for determining
:thermal‘copductivity will be discussed in this section. A general
survey of thermal conductivity and itsAmeasuremehf haé.been givgn by
.Tye (_1969); Figure A~6 is a summary of .the applicable ranges of
thermal conductivity‘and.tempera;ure>ﬁhich‘is appropriate for each
.measuremént.method. It is seen that the comparative .method is the only
approach for materials having thermal conductivities between 1 and 10
W/m-°C, which is the expected range of thermal conductivities for tar
sand.

The other two .techniques, the axial rod and guarded'plate, will .be
discussed for.reference\purposes and to point out the limitations these

-

.methods impose..




Temperature ,°F

-460 O 1000 2000
) X A
1000 \\\\ ‘\\ 't
Axial Rod Y | ‘ k<)
Method . - 100 <
100- ~ p:. »
' w [Clam|2
o 0 1O -g_
' OS|E|C
L @195
e 'Z |8
‘O E O g
: S 5,
; | c ! @
" @ 8 Is
- = 5 |83t
g > \j o !
Z S =
3 E 8
2 y- L Q (e,
8 g ' 1] ; 8 ]
© 2
E Guarded Hot £
i?:_’ Plate Method -0.0! 'E
0.014
L -
TR
273 O 1000

Temperature ,°C

Figure A-6 Summary of applicable ranges of thermal
conductivity which is appropriate for each
measurement method (from Tye, 1977).

Insulating Materials and Liquids



83

Guarded Platé Method:

The guarded,plate;méthod is .described inTASTM.Standard.Cl77 and is
schematically4shown in Figure A-7. .Standard Cl177 ‘uses a‘guardedfhﬁt plate
which has metal surface plates and a gap.betWeenlthe sample and .the guard.
TheAhéater‘is sandwiched between"two identical samples. The entire
assembly is then placed bétween'two,heat sinks. = Pressure may .be applied
to'the'entire apparatus by an extermal akial load. For high. temperature
opefation,'insulating discs or auxiliary heaters are place&.fetween.the'
samples and the heat sinks. .Thermal conductivity mayAtﬁen,be calculated
‘by: the following equation:

= Q/A
(dT/dx); + (d1/dx),

ksample

where Q is .the power supplied to the main heater; A is the heater surface

area, and (dT/dx) are the measured . .temperature gradients in the two

TN

HEAT - sSing . j

| Guard
T ,S HEATERS
]

samples.

—

ﬁrrh 

samMpLE 4

] [om _wearee | |
SAMPLE 2

HEAT SinK |

BREREI

Z——Reym DUCIBLE CONSTANT Pgéssuec

Figure A«7. Guarded hot plate merhod for detertiining thermal
: conductivity of low conductivity materials.
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The expected fénge of thermal conductivity'for.this.metﬁod to .be
applicable is between .02 and 2.W/m-°C. Sample.thickness to' diameter
ratios are approkimately 1:6. .The design basically provides measurable |
amounts of heat flux in 1ow‘conductivity‘samples'without éausing excess
temperature gradients. A one-sample, guarded hot plate is a variation
of this .method and essentially utilizes only éne_Side of the apparatus
discussed above.

The difficulties encountered in .this method when it is applied to
the upper conductivity limit values (1-2 W/m-°C) ‘are: radial losses in
.the samples, two-dimensional effects'and .the need for large samplés
(both to account for inhomogenieties and measureable temperature
~ gradients). When applied to tar sand sampies, sample slabs of the ordef
of 15 cm. in diameter would be required in order to provide 2.5 cm. thick
samples (a .necessity diue to the inhomogeniety problem).

Axial Rod Method

.This,téchnique is shown in Eigure A-8, and is composed of a ;ong
circular test sample located between a heater and a heat sink. The
 guard heater is placed around the sample and is separated from the sample
by insulation. The range of applicability of this method is from 10 to
1000 W/m-°C. For samples in .the 1-2 W/m-°C range, this app?oach requires
..very efficient insulation, complex guard heater design and control, and
.-very sensitive heat flux measurements. These problems usually make this
.method inappropriate for measurements of conductivities in the expected
range of tar sand samples. The attractive features include the sample
size. and the effective averaging out of non-homogenieties due to the

sample .length."



83

j'g' | neaTer | F%
Guaep - |
HEATER /SAMPLE . .
1 _ o |
| INSuATION
HEAT SINK

Figure A-8. Axial rod method of measuring thermal
‘ conductivity of high conductivity samples

ComﬁarativeAMethod

.The comparative.me;héd differs from.the guardgd hot plate methods
.because thé.heat flux‘is not.détermined from the measured electrical
“input to a guarded.hegter. Instead, a reference standard of knovn
conductivity is pléced in thermal contact with the test specimen. A
.temperature difference is.seﬁ up across .the stack and the heat flux is
.determined by applying Fourier's law of conduction to the:standard (see
~ Figure A—95.

.The stack may consist of either.one‘or two .reference standards
and .the .test sample. .The stack order would.be either a sample-standard
or a standard-sample-standard configuration. Heat transfer fhrough

the stack is controlled by the main stack heater above the top standard
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and an auxillary heater/heat sink combination below the stack. Radial

heat losses from the stack is controlled by a cylindrical .guard heater.
If one assumes no.heat losses, the heat flux calculated through .the

reference étandard is equal to the heat flux through .the.test sample.

The equation for detefminingAthe sample conductivity is:

_k g N ‘
ksample = stagdard (AT/Ax) standard
(AT/AX) sample
where kstandard is known at its average‘temperature,‘and (AT/Ax) is

the .measured temberaturg gradient in either the standdard or the sample.

In the case of elevated temperature measurements, where there iS‘éppre—

ciable,héaﬁ losses, .the two-standard configuration is ﬁreferable, where

the.heaf flux through .the sample may be determined by averaging the .heat
fluxes through .the two standards.

.-The comparative method has two disadvantages .that introduce added
error intd,the conductivity measurement which are not associated with
.the guarded hot plate methods. Firsf, there is a possibility of a mis-
matchnbetweenAthé conductivities of the reference standard and the
sample., . This case then causeé wideiy different temperature differences
betweeﬂ tﬁe sample énd the standards. The.sécond disadvantaée is the
presence’of a contact .resistance between the samble and .the standard,
which must be acc0qnted for by éareful measurements of éhe temperature
gradients within each element of the stack.

The advantages of the comparative .method inc;ude the fact that it
is well-suited to measure materials with thermal conductivities in the
range between 1 and 10 w/m-°C, it'is independently .calibrated, and the

-method allows for a sampie size more easily constructed from typical




tar sand core sémples. In addition, the apparatus is relatively simple

to construct and use.

3

a) main heater

b) standards

c) specimen (sample)
d) auxiliary heater
e) heat sink

f) guard heaters

g) insulation

N
N\

N

Eigure A-9. Comparative method for determining .thermal
conductivity, showing the two comparison .
standard configuration.




Experimental Apparatus and Procedure.

The comparative method waé seleéted to best suit the expected
conductivity range and non—homogeheous nature of tar sand samples. An
e#perimental comparative method apparatus has been designed, built and
tested. The device has been found to be effective in a4températurg

range between 20°C and 150°C with thermal conductivity calibration’

- errors at + 3%, which is within the design goal of + 5%.

Apparatus .Description

The apparatus consists of a stack of three elements: two Pyrex
7740 reference standards and the tar sand sample to .be tested. Pyrex
7740 is a homogeneous material whose thermal conductivity is known as
a function‘of4temperature (see Figure A-10). Pyrex 7740 .serves as the
top and bottom reference standard while thé tar sand sample is aiigned
in the middle. -The standards and sample all are 19 mm. in diameter,
28.6 mm. long and have two .4 mm. holés drilled in them for.thermocouple
placement.: The resulting stack arrangement is shown in Figure A-11.

.Heat transfer through the stack is accomplished uSing'a heater‘at
the stack top and a heat sink at the bottom. The heat sink is composed
of a . reservior with internal running water from a temperature controller
in series with a tﬁin foil heater, which allows base temperatures to
exgeed:the boiling temperature pf'water; A cylindricai guard and in-
sulation surround the stack to prevent radial heat losses. The guard,
a.thin—wallea metal cylinder, has a heater at the top and a heat sink

at the bottom. The guard heat sink is composed of copper tubing welded

_to.the cylinder and a small heater adjacent to the copper‘coils, which

serves .the same function as . the stack .heat sink. All four heat sources/
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Figure A-11 Detailed view of thermal conductivity

and one side of guard, showing dlmen31ons
and thermocouple (TC) locations.
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sinks afe variable and are used to provide controllable.temperature
gradients within the stack and guard. All4temperatures‘gre.measured
using iron-constantan thermocouples, and the temperature differences

in each stack element are measured ﬁsing differentially arranged
thermocouples. A schematic of the overall arrangement of the apparatus
is .shown in Figure 9, while Figure A-11 shows a detailed vigw of the
stack and associatéd thermocouple arrangemené.

Calibration-Procedure

The conductivity device was calibrated using a Pyrex 7740 standard
in place of a tar sand sample. The'thermal conductivity of the center
standard was .determined experimentally as a function of the average
.temperature of the sample and comﬁared to the known éonductivity at that
temperature (see Figure A-10). The conductivity of .the test standard |
waé examined at average stack-temperatures ranging froﬁ 50°C to 120°C.
Experimentél accuracy was determined to be within + 3% when compared
'Withthe published conductivity data. . |

Experimental Results and Discussion

The measured temperatures at the interior locations within.the
stack are shown in Figure A-12 for three .temperature levels for a tar
sand sample test. Fourier's law may be appliéd'to each of the three

stack elements:

q = ki(Ti)AATj
Lj

where q4 is.the heat transfer rate through each element, ki(Ti) is the
thermal conductivity of each element (evaluated at4the'average temper-

ature of the element), A is.the cross-sectional area of .the stack,




ATi/L is the temperature gradient within each element.

‘It will.be.ﬁoted in Figure A~12 that the conductivities of .the
sample do nof exactly mafch the standard conductivities (since dT/dx
is not the same). If the mismatch is not too significant, this
difference dpes.not create any real problems. Care must be taken to
keep heat losses to a minimum, however, and this.is accomplished by
adjusting the guard temperature to closely match the stack temperature
profiles. |

Even with care, there is some heat loss from the stack to the
surroundings so.that.the.heat flux éhrough the top (hot) standard, q3
is gfeater than the heat flux.through the bottom (cold) standard, q3-
The heat flux through® the sample is estimated by taking an average of
q; and q3°

= gsample = 1
2 7 988WPTE T 2 (g +qy)

The .thermal conductivify of the sample, then is:

A kz(TZ) = ksample(Tz) = qgLy

A A?z

It will also be noted from Figure A-12 that .there is a significant
contact resistance .betwéen the test sample and the comparison standards
(as reflected by the temperature at each interface). This resistance

presents no experimental problems if the temperature gradient within
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the sample is independently measured. Extrapolation methods to estimate

interface temperatures do not yield valid results due to this contact

resistance.
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Figure A-12 Temperature profiles within the thermal
conductivity stack for Sample Number 361.
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The experimental procedure involved an initial setting of input
heat flux to the sample heater and heat sinkftempera;ure(via..temper—
.ature controlled water circulation). When a steady-state was .reached
within the stack and the guard gemperatgres were adequately watched
with corresponding stackAtemperatures (i..5°C),‘thé stackitemperatpres
were recorded. The system was .then adjusted for a higher operating
temperature and the process was rébeated. Higher operating temperatures
were reached by increasing .the heat sink temperature. The set of‘
stack temperatures at each steady—staté.setting were then used in the
calculation procedure previbusiy discussed to predict thermal
-conductivity. |

In'order to reach average sample temperatures over 100°C the
.heat sihk operation must be modified to increase the sink temperature.
This is accomplished by adding a foil heater between the sink and the
sta;k and effectively adding a controllable reéistance at that point.
This change of operating mode has . introduced some systemétic error
which is being addressed by an improved heater design.

As examples of the experimental resuits, two tests are shown in
Figure 3 for samples whose properties are tabulated in Table IV. The
systematic drop,in.conductivity at the higher temperatures is aéparent,
but the conductivity measurements fall within + 5% of the average. This

variability should be reduced with improved high temperature methods.




Appendix IV
Relative Permeability Measurements

(Theory and Procedure)
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INTRODUCTION

Relative permeability curves for tar sand samples have been
generated through a multi-step procedure based on’theoretical and
empirical .results. The curves were calculated frOmAcapillary pressure
measurements which were obtained from a mercury injection apparatus.
.This particular‘techniqdé was used because of the speed, ease, and
availability of the meréury injection apparatus as:compared to measuring
reiative.permeability directly; The accuracy of .this . technique is
subject. to question and the results.seem to warrant further testing and
independent checking.

This report summarizes the procedure for calculating relative
permeability from capillary pressure. The various.techniques of
measuring capillary pressure are considered. The.calculated values of
relative permeability from the present procedure are presented and
discussed.

The Use of Capillary Pressure to Determine Relative Permeability

.Because of the time, expense, and difficulties involved with trying
to measure relative permeabilities directly (W. Rose, .personal
communiCation); an approach has been used to deduce relative permeability
from. measurements of capillary pressure. The theoretical basis for such
an approaéh was .developed through the work of numerous authors, including
Burdine (1953) and Wyllie and Gardmer (1958). Brooks and Corey (1964)
compiled the work of these authors together with éxperimental data of
.their own to form a .technique of caléulating rélative.permeability

from capillary pressure measurements. This technique, summarized below,
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has been used on the tar sand cores to obtain relative .permeability
curves. Bear (1975) also summarized the results presented by Brooks
and Corey (1964). Scheideggef (1960) .reviews some other techniqhes,
From a large number of experimental data, Brooks and Corey (1964)
W, W

observed .that the effective saturation Se (defined as Se =8 -8 S

1 -5
w
o

being the irreducible.wetting‘saturation) is related to capillary pressure,
Pc, by

.Se =;EP;A for P -> P, ‘ ' » (1)

where A and P are .characteristic constants of the medium. X is a

b
number which characterizes .the pore-size distribution and Pb,.the
bubbling pressure,is a measure of the maximum pore-size forming a con-

tinuous network of flow channels within the medium. - Substituting

. equation (1) into the equations .derived by Burdine'(l953) and Bear’(1975).

S
2 e d§
k =8 S 37e. .
™ e 0 Pc (2)
l .
- V4. ds
Jo g
_ c
and
Jl dSe
_ ~ 2 J5e Pe )
krw = Q- Se) |
J‘l ‘dSe
c
yields:
2.4+ 3) c . :
k. o= (s) A = s, R (2 +30)/2 | (4)
and

2 +.)

= 2 — '
ke = @ -807Q -8 2 ). (5)




.determine Sw.; various values of Sw are assumed and the corresponding Se
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So after experimentally determining A, Pb, and Sw.,.relative.permeability,
‘ o}
curves may .be generated using equations (4) and (5).

The quantities'k and P. are obtained by plotting‘Se.versus Pc on

b
a log-log scale. Plotted this way, X is the slope of the straight line

region of the curve, and P, is .the value of Pc at which the straight line

b

approximation intercepts Se = 1. To plot Se’ however, the value of Sw
_ . o

must .be known since S is the only saturation measured directly. To

's

o ’ o}

are plotted versus Pc' The value of'SW .which causes the Se versus_Pé

(o]

curve to .be the .best straight line approximation (when plotted on a log-

log scalé) is .the Sw selected. So with the correct SW .selegted, A and P
o o :

b
can .be calculated and .the relative permeability curves may .be generated .

from equations (4) and (5).

The Measurement of Capillary Pressure

Tﬁere are a number of ways to measure capillary pressure, including
the restored state, mecury injection and centrifuge methods. Some
authors .who have .reviewed the various ways inclﬁde Brown (1951), Purcell
(i949), and Slobo&, et. al. (1951). The restored state .method is a
stan&ard and reliable method, but unfortunately, it is extremely slow,
taking several.weeks to obtain one capillary pressure curve.: The mercury
injection and centrifuge methods are both much faster and the U.W.‘

mineral engineering department has a mercury injection apparatus which is

being used for .this series of .tests.

Since .the surface.tension and .wetting angle of mercury is different

from that of water and oil, curves . generated by the mercury injection
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method must .be compensated to correspond with .the .restored state method.

The equation for capillary pressure is:

p = 20cosf (6)
c T : ’

where ¢ is .the surfacé.tension, @ is the wetting angle, and r is the
radius of curvature of the fluid. Using a surface . tension andAwetfing
angle for mercury of 480 dynes/cm and 140° together with a surface tension
and .wetting angle for water of 70 dynes/cm and 0°, Purcell (1949)
determined .the ratio_of‘capillary pressures for a given pore sizg to be
aﬁproximately 5. Using this ratio he found fair agreement between the
mercury injection apparatus and the restored state displacement cell.

Brown (1951) found that much be;tér agréement could be reached if
.that ratio.wete allowed to vary with values ranging .between 5.4 and 8.3.
For limestone . he found .the avérage ratio to be 6.4 and for sandstone,
,the'ave:age was 7.2. Since most of the core analysis done deals with
sandétone, a ratio of 7.2 was picked.

The ratio of 7.2 enables the pressure versus saturation data from
,the.meréufy injection apparatus to .be converted to a capillary pressure
curve .which can .be manipulated:into relative permeability curves in
accordance with the previous section.

Accuracy of Results

Since the above.procedure is a multi-stép process based on a
number of theoretical and empirical results, it would be desirable to
check these calculated relative permeability curves against a standard

relative permeability measuring device. Unfortunately, no such device

is readily available. However, it was possible to .check the procedure
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of determining Sw s A, and P
o}

b This procedure will be discussed below.
Brooks and Corey (1964) presented data of capillary pressure

.versus saturation along with their calculated values of Sw ,‘A: and P
- o

b

This data was used to compare our calculations of Sw s A, and Pb with
o

Brooks and Corey, Figure A-13 shows the plot of Se versus Pc for an

assumed Sw = 0. As can be seen, the plot is not very straight. As the
o

value of Sw is increased, the plots hecome straighter. Figure A-14
o

shows the plot of Se.versus Pc for SW = 0.166, which is a much stfaighter
o .

élot. Increasing Sw further does not improve the straight line fit. The
0 A

slope and intercept of the straight region in Figure A-14 is X = 3.45 and

Pb = 40, .respectively. Brooks and Corey's A and P, were 3.7 and 41

b

respectively for an SW of 0.167, in quite close agreement with .the
o

technique presented here.




101

RESULTS AND DISCUSSION

Since wells 3T2, 3T3, and 3f4,‘were divided'into a totél pf twelve
regions, a representative depth from each region was picked for relative
permeability measurement.  To date, four .regions have been tested.
Relative permeabiiity curves of the four measured regions are shown in
Figure 4.. The corresponding capillary pressure'curves are shown in
Figures A-15 through A-18. It can be seen in Figure 4 fhat the relative

permeability curves are all very similar. The measured values of Sw
: o}

and A which are used to calculate relative permeability are shown in

Table A-1.
Region S, . A
o
1 0. .43
3 0.001 .37
6 0.007 .53
7 - 0. .34

Table A-1. Calculated values of Sw and from capillary\pressure
measurements. o

The four cores which have been measured cover the range of

consistency from very loose sandstone to shale. Since the relative

permeabilty curves are nearly idenfical for these four different corés,
a few possibilities suggest themselves: the pore-size distribution, as
" reflected in similar values of A, is the same order for all samples, the
experimental and numerical procedﬁre for determining A and Se is in-
adequate. to resolve the material,differences, or Burdine's tﬁeory is an
" inadequate representation of the relevant processes. In any case,
measuring more rggiéns would quite likely produce similar relative

permeability curves.
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Further testing of the measurement technique is necessary. The
procedure for calculating‘SWO and A has already been checked as has
been previously deécribed. The capillary pressure measurements and the
procedure for calculating relative.permeability.remains unchecked. This
can .perhaps be most easily checked by an independent agency. In addition,
the use of a material completely different from tar sand, such as packed
glass beads,'in}the mercury injection apparatus is currently being tested
and will be compared to similar tests which have been reported by Brooks
and Corey (1964). Another proéedure for céiculating relative permeability

from capillary pressure is also under current investigation.




Rﬁo—S

Region Well Depth Rho-E  Rho-SG  Phi-S Phi-E K(S) K(E) Wo So Sw
1 3T4 427 2.045 1.756 2.664 4,19 . 34.09 6.2 559.8 12.10 72.57 2.46
3 3T4 - 520 2.077 1.836 2.659 - 5.88 30.97 4.8 629.1 12.15 81.52 2.41
6 313 472 2.233  2.132  2.609  7.80 18.27 11.4 42.2 0.0 0.0 68.11
7 373 502 2.056 1.828 | 2.613 -6.45 30.03 52.8 619.8 10.89 74.58 16.91
Table A-2. Routine core measurement results for regions where relative permeability

measurements were made.

€01
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Figure A-13 Effective saturation vs. capillary
pressure for Sw = 0.0 (from Brooks
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and Corey, 1964). -
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Figure A-14 Effective saturation vs. capillary
pressure for S, = .166 (from Brooks
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"and Corey, 1964).
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