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ABSTRACT 

The.measurement of the following thermophysica1,properties of 

, .  Utah tar sands is in progress: thermal conductivity, specific heat 

relative .permeability, - and 'viscosity (of the recovered bitumen) . 
During the report period (10/1/78 - 11/1/79), experimental procedures 

1 
I 

have.been developed and a basic data set.has been.measured. 

i 

I 
Additionally, standard core analysis has been performed for four 

drill sites in .the Asphalt Ridge, Utah 'area. 

1 

INTRODUCTION 

I The presence of large quantities of tar-sand'deposits in the 
I 

. . 
United States has encouraged.research in the area of techniques for. 

recovery, of this resource. Recover.y.techniques (especially in-situ) 

I 

I 
must be modelled and evaluated on the basis of known properties of- 

I the tar-sand field. .This evaluation procedure applies to field tests, 

laboratory tests and numerical modelling efforts. 

1 Recovery techniques in western tar-sands depend on combustion 

1 and thermal/chemical techniq1ie.s to either ga~ify the bitumen or illcrease 

I the mobility of the bitumen so it may be brought to the well-head. In 

I all these cases, the thermophysical properties of thermal conductivity, 
I 

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 



t h e  p r e d i c t a b i l i t y  of the.se p r o p e r t i e s  from s tandard  c o r e  a n a l y s i s  

r e s u l t s .  The p r e d i c t a b i l i t y  of t h e s e  p r o p e r t i e s  w i l l  prove u s e f u l  

i n  bo th  numerical  model l ing e f f o r t s  and i n  t h e  eva lua t ion  of f u t u r e .  

p o t e n t i a l  recovery s i t e s .  

Techniques f o r  t h e  measurement of t h e s e  p r o p e r t i e s  a r e  no t  

s tandard ized  and depend on t h e  range of t h e  proper ty  va lue .  Even 

then,  t h e . t e c h n i q u e  chosen w i l l  a l s o  depend on economics, r equ i r ed  

accuracy,  t i m e  r equ i r ed  f o r  t h e  measurement, a v a i l a b l e  sample s i z e ,  

a n t i c i p a t e d  degree  of an iso t ropy  and equipmen$.current ly on hand. 

Each measurement system w i l l  be  d iscussed  , i n  t h e  individual.measurement 
. . 

sections' ,  bu t  a  b r i e f  summary of t h e  measurement technique used t o  

measure each proper ty  i s  shown . in  Table 1 below. 

Proper ty  Expected Range Experimental P r i n c i p a l  Reference 
Technique f o r  Technique 

S p e c i f i c  H e a t  .2-.6 j/kg-OK Cont ro l led  Trans ien t  Kr ischer  (1954) 

V i scos i ty  5 .l-10 po i se  C a p i l l a r y  Tube ASTM D 2171-6 

Thermal .5-2. w/rn2-'K Comparitor Method Tye (1969) 
Conduct ivi ty  

R e l a t i v e  0 - 1  
Permeabi l i ty  

C a p i l l a r y  P res su re  Burdine (1953) 
Measurement 
(Via mecury 

i n  j e c  t ion)  

Table 1 - Measurement Technique Summary 



A summary of the' progress to date of the individual measurements 

is as follows: 

Standard Core Analysis and Zone Identification 

The standard core analysis for four Utah tar sand drilling sites 

has been performed during this period. All data from this analysis 

is included in this report (or is referenced). The data from these 

studies include: density, bitumen-sand-water content, and. porosity 

and permeability (for both 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 

oil saturation is plotted against.depth for well 3T3. The zones of 
\ 

this well are identified' on this figure as.wel1. 

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 corresponding zone 

for each sample will be identified. The initial measurements are 

concentrated on samples from each zone, more detailed studies may be 

required after the initial studies are completed. 

Specific 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 11). 

A polynomial 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 

-2 2 
specific heat of: C.= 772.2 + 3.991T -1.0109(10 )T 



Region Well Depth 

354 418 t o .  443 

3T4 476 t o  495 

3T4 500 to '  541 

3T4 543 t o  END 

3T3 539 t o  END 

Table 2 - I d e n t i f i e d  Regions o f  Wells 
3T2, 3T3, 3T4 



where C i s  i n  j ~ ~ l e s / k g - ~ ~  and T i s  i n  O C .  The s p e c i f i c  hea t  of a low- 

tar &d h igh- ta r  r eg ion  a s  a func t ion  of temperature is  shown i n  F igure  

Viscos i ty :  

A q u a n t i t y  of biturne; recovered from Asphalt  .Ride, Utah outcrops  

has  been prepared f o r  t e s t i n g .  A curve of t h e  v i s o c i t y  of 1.4% to luene  

bitumen i s  shown i n  F igure  2. . It is  seen  t h a t  t h e  v i s c o s i t y  changes 

4 
from 4.8'10 po i se  a t  20 O C  t o  0.67 po i se  a t  148.8 "C. A sys temat ic  

s tudy  of t h e  e f f e c t  of so lven t ,  a spha l t ene  and maltene on t h e  v i s c o s i t y  

of t h e  bitumen is  i n  progress .  

Thermal Conduct ivi ty  

Five r eg ions  have .been t e s t e d  f o r  t h e  thermal conduc t iv i ty  of t a r  

s a n d . a s  a  func t ion  o f . t empera tu re .  T h e . r e s u l t s  of two t e s t s  a r e  shown 

i n  Figurer.4. The a v e r a g e t h e r m a l  c o n d u c t i v i t i e s  f o r  t h e  two samples 

2 
a r e  1 .51  and 1.65 ~ / m  - O K .  To date, ,  ve ry  l i t t l e  temperature dependence 

I .  

on thermal  conduc t iv i ty  has  been £ound. The e f f e c t  of water s a t u r a t i o n  

and a x i a l  loading  has  no t  been eva lua ted  t o  da t e .  

Re la t ive  Permeabi l i ty  

Various samples o f ' e x t r a c t e d  c o r e  have been t e s t e d  f o r  c a p i l l a r y  

p re s su re  as a func t ion  of s a t u r a t i o n .  From t h i s  d a t a ,  r e l a t i v e  

permeabi l i ty  i s  p red ic t ed  us ing  ~ u r d i n e ' s  (19'53) theory.  An example. 

i of t h e  r e s u l t s  i s  shown i n  F igure  4,  where t h e  fou r  curves correspond 

t o  q u i t e , d i f f e r e n t  c o r e  samples. 
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Figure 2. Measured viscosities of various tar sand 
bitumen products. 
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Figure.4. ~ e l ~ t i v e  permeability,curves for four 
regions, as predicted from capillary 
pressure measurements. 



~ i g u r e  5. Percent oil saturation for Well 3T3, 
Identified zones are, indicated in Table 11. 
The layers between zones are predominately 
low oil, shale layers. 



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 location of tliese cores is shown 

in. Figure 6. These.tests.were.performed at the Laramie Energy 

Technology Center using that facility's equ.ipment. The.density, oil- 

water-sand content, .permeability of saturated and extracted cores and 

porosity of the saturated and extracted cores were found using standard 

core analysis techniques. 

The results of these studies are summarized in Figure 10. The 

numerical results are on file at the Department of Mechanical Engineering, 

University. of wyoming, the Rocky Mountain Institute of Energy and 

Environment, University of Wyoming . . and the Laramie ~ n e r g ~  .Technology 

The computer program used for reducing the laboratory data is 

included in.this report as Appendix I. This program was written for 

a.Hewlett Packard 2100.series mini-computer. 

An examination of Figures 10a, lob, and 10c, (oil content for 

wells 3T2; 3T3 and 3~4) shows distinct zones of high oil content and 

layered beds .of shale-like material. .'These natural divisions enabled 

four zones for each well to be identified and these zones are labeled 

I on Figure 10. These .regions are. also summaried in Table I1 as a 

function of depth. The identified region numbers are included in 

each property.test. .The average value of selected properties are 

tabulated for each zone in Table 111. 1t 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" purposes. 

It should .be noted .that a .few porosity. calculations may .be 

incorrect. Since the.mercury pyncnometer could not.be calibrated after 

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

negative porosities resulted on occasion. The graphs indicate these 

points as being .zero. 

Viscosity 

V~.scosity.measurements are continuing on bitumen extracted from 

Utah open pit sites.. The past few months have.been used to extract a 

quantity of bitumen by roto-evaporation and iiltering. The quantity 

extracted is 1400 ml. 

.The viscosity.regions of study,.are to include the following: 

(1) non-Newtonian effects at .selected.temperatures ranging from 20°c 

to 204OC, (2) Arrhenius plots for'varying.degrees of asphaltene 

content'and toluene'.d'il-ution content. 

Cannon-Manning capillary-tube viscosity equipment is.being used 

since both non-Newtonian and high.temperature measurements are.des'ired. 

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-extracted samples from Asphalt Ridge, Utah outcrops (this 

is .the material to-.be used in .the subsequent .detailed testing program). 



The.results of these tests are shown in Figure 2. The Arrhenius plots 

show a marked.deviation from linearity above 200°~, but below that 

temperature, a first estimate for the viscosity-temperature dependence 

is of .the form: 

-17 4 
F( = (3.26'10 ) exp(2.85.10 /T) 

where p is in poise and T is in OR. This curve-fit is for'the 1.4% 

toluene-diluted sample. 

The rheological behavior of .the.tested bitumen indicated that the 

material is .very .nearly .Newtonian and only the slightest tendency toward 

Bingham-type.behavior has been observed. These observations are well- 

borne out in Figures 7a, by and c. A least-squares.best-fit to the 

shear-strain rate curves. has been applied and the slope-intercept 

values'are.shown on the figures. The calculated slopes of the lines 

are in excellent agreement with the measured viscosity values of' . 

Figure 2. 

Since the experimental procedures used for. the viscosity tests 

are standard ASTM procedures, .the details may be obtained by referring 

to ASTM Standard D 2171-66. 

Specific Heat 

The-specific heat of tar sand samples is being.measured with an 

in-house.designed and constructed apparatus which is patterned after 

a system suggested by Krischer (1954). Thistechnique was.seen to be 

suitable after a review of conventional techniques indicated problems 

with'each approach. The advantages of the approach presently.being 

used are: (I) inhomogenieties in the cores.require a fairly large 

sample to adequately .represent .the "bulk" specific heat, (2) a wide 
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F i g u r e s  7 .  T e s t  o f  Newtonian b e h a v i o r  of  b i tumen.  
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range of temperatures was desired to examine.the'samp1e's.dependence 

on temperature, (3) a lack of detailed information on related 

properties dictated a.technique which did not req~ire~this corrolary 

in£ ormat ion. 

A detailed summary of .the.theory and procedure of .the.technique 

is included in. Appendix 11. Since the approach is somewhat unconven- 

tional, calibration.tests and repeatabi1ity.tests have.been made in 

some detail for the initial sample tests.. The results (as summarized 

in Appendix 11) indicate- the .technique is viable and applicable to the 

range of specific.heats being measured. 

As the discussion in Appendix I1 indicates, the .apparatus is 

arranged as shown in Figure 8. The two .central 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 to guard 

.the boundaries from.heat losses. After approximately 30 minutes, the 

system has evolved into a quasi-steady state.wherein the.temperature 

distribution within the samples is as follows: 
3 '3 

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

.measurement, x, one obtains: 

The experiment thus involves'moni~oring 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 



r 4  - 1/2" Bolts 19 

Figure 8. SpecifPc.hear apparalus . . 
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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 2 '(C )8 = -1.011(10 )T + 3.9911 + 772.2, 
P 

where C is in ~/kg-OC and T is in OC. The range of validity of 
P 

these equations is from room temperature up to 200°C. These e-quations 

are plotted in Figure 1. It should.be 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 obtained from 

the specific.heat properties of the two regions: 

('p)i = (Cp,bitumen) Xbitumen, i (Cp, sand) Xsand, i 
. . 

were the subscript .refers. to the sample number and x is the constituent 

mass fraction. For the two regions (3 and 8) the constituent 

are of the order of 940. j/kg-OC for the sand and 1790 j/kg-OC for the 

bitumen specific.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 cdnsistent 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 

adequate 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 



empirical results. The theoretical and experimental .basis for this 

procedure is reviewed in Appendix 111. The curves.were calculated 

from capillary pressure.measurements which were obtained from a.memory 

injection apparatus. This particular.technique was selected because 

of the speed, ease. and availability of .the .mercury injection apparatus, 

as compared to .measuring relative .permeability directly. The. accuracy 

of this.technique is .subject to question, and it appears worthwhile to 

perform some independent nieasurements of relative permeability. This 

independent check is scheduled for the 1979-80.period. 

As is indicated in Appendix 111, the basic equations (from 

Burdine, 1954) for calculating the .relative permeability for the wetting 

and non-wetting fluids. are: 

2 A 
k = (1 - Se) (1 - Se rnw ' 1, 

where S is the effective saturation and X is a number which 
e 

.characterizes the pore-size distribution of the medium (and is determined 

from capillary pressure. measurements). 

The results of tests in four regions for relative permeability 

are shown in Figure 4. The four regions cover the range of consistency 

from.very loose sandstone to consolidated shale, and it is surprising 

that the relative permeability curves show such striking similarity. 
,-. 

At least three possibilities exist for accounting for' this similarity: 

(I) the pore-size distribution, as reflected in similar values of A, is 

.the same order in a l l  four samples, (2) the experimental and numerical 



procedure for.determining . . X and S is inadequate to resolve the material 
e 

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 111, this.method was 

selected to .best suit the .requirements of nonhomogeniety and expected 

range of.therma1 conductivity. The apparatus is schematically shown in 

Figure 9. 

.The main elements of the apparatus are: l).The stack, which is 

composed of 1.9 cm diameter elements each 2.86 cm 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 element are.measured. 2).The heater and heat sink elements provide 

the required.temperature gradient for the system. 3).The guard system, 

which provides a temperature prof51e around.the stack very close to Che 

stack's.temperature profile, .thus.reducing radial heat losses. 

Thermal conductivity of the test sample is thus measured through 

FourierTs.law of conduction: 

.where k is thermal coqductivity, 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 the sample, and AT is the.temperature difference 

.between th.e two.measuring points in the sample. 



Lead Screw .-a 
r-  

Wood Spacer - 
Fiberglass Insulation 

Asbestos Insulator 
Band Heater Guard 

Foil Auxillary Heater 
Heat Sink - Guard 

u 
Heat Sink Stack 

Figure 9. Thermal conductivity test apparatus. 



.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. 

Region No. 

Well No. 

Depth (ft.) 

Permeability Saturated (md) 

Porosity, saturated (% pore volume) 

.Percent oil (weight) 

Percent oil (saturation) 

Percent water (saturation) 

3 .Density (gm/cm ) 

Average conductivity (watts/mO~) 

*permeability .less than .05 md 

Sample No. 

- 33N 361 

5 3 

The variation in thermal conductiv.ity between the rather similar samples 

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. temperatures, is 

being addressed at the present. 



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 1iterature.search. The.methods suggested by 

I Crane and Vachon (1977) Krupiczka.(.l967), Somerton, Keese and.Chu (1971), 

and Arrand, Somerton and Jomaa (1973) , are, ' however, encouraging. The 

.next .few months are also scheduled for .testing of the effect on thermal 

conductivity of water saturation, orientation and applied overburden 



Region Well Depth Density Permeabi l i ty  Permeabi l i ty  P o r o s i t y  P o r o s i t y  %Weight %Weight %Satura t ion  %Satura t ion  
( F t )  ( lbm/£t ) Satura ted  Extracted Sa tu ra ted  Extracted Bitumen Water Bitumen Water 

(Mil l idarcy)  (Mil l idarcy)  ' ' (% Pore) (% Pore) 

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

TABLE I11 



Figure 10 (a)-(y) Results of standard tests on wells 3TlY3T2, 
3T3, and, 3 ~ 4  (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 reporting.period (10/1/78-11/1/79). 

The program goals for FY 1979-80 are to~complete.the.measurements 

of these properties and to report the findings in the open literature. 

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 asphaltenel 

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 Conductivity 

Selected samples from the twelve identified regions are being 

tested for thermal conductivity as a function of temperature. This 

preliminary work is 50% complete. The effects of applied pressure, 

orientation and water saturation, will be initiated'in March, 1980, 

following the completion of the regional study. Parallel theoretical 

work in predicting the-thermal conductivity is also in progress. 

Specific .Heat 

.Measurements of specific heat of samples from the twelve.regions 

will.be completed by February, 1980. Data analysis 'and repeatability 

studies will then.be initiated to.verify.the.results. From these 

measurements, specific heat values of the tar sand constituents will be 

predicted. These constituent values will.be useful in-predicting 



specific heats of other tar sand samples. Since the specific heat 

values are .temperature-dependent, .this may lead to a more sophisticated 

model of bitumen specific heat values. 

Relative .Permeability ' . 

Comparison.measurements are.being arranged for with .an outside 
: <  . . 

agency. This is.necessary due to the apparently insensitive.results 

which have .been .measured to date. Any further .decisions .relating to .the 

. relative..permeability .measurement program -will .be .deferred until the 

comparative.resu1ts have.been received. It may be.necessary to in- 

vest,igate other methods of measuring relative permeability than have 
. . 

been used in.this study to date. 



PERSONNEL FOR FY 78-79 

W. R. Lindberg - Principal Investigator 

I. K. Kim - Ph.D: Candidate, participated in design.phases of thermal 
conductivity and specific.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 
.P. Tyrrell - Undergraduate, senior 
D. Wall - undergraduate, senior 
J.. Lee - undergraduate, junior 

R. Thomas - undergraduate, junior 

J. Gilmer - undergraduate, junior 
S. Ownbey - computer specialist 
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Appendix I 

computer Program of ~oktine Data Analysis 

(written for.Hewlett-Packard 2100 Mini-computers) 



BCVIII.2S 'it00004 IS ON O W C O  I 3  US 1170 00983 ULKY It502 1 6  . . . 

G C 0 1  FTN4.L 
0302 PI?OGILUf COlWS 
O W 3  C , 

O X 4  C In: I17'2PI I)Y PI. If. TI :OPJiTCi.l  APRIL.^^, 1970. . 
0309 c , . p~:!;l.!~ rlTi'~?{ 'cy ere E. FQSJ '~ ;~~  , OC'I'OISICIL 30, 1978. 
O'JCG C 
C 3 G 7  . C %a:;: USE T H I S  PRGS!\BB 1'0 EI'ITER C O X  DilTi1 INTO F 1I.E ? COllDilT* . 'RlE DATA 
o a ~ f i  c . la USED 1.0 c:\r,cur.Kis;;: ITuirlnreli u x r ~  KIIICII IS ALSO STOIED I N  *co:'A;z'~* 
OOG9 C. 'I'liE DrZ'1'11 IN 'i711S F I L E  CAN CZ I.IS'1'ED Oli CIWS? C0I:ILOLA'L'ED IN ANY 
CO10 C kLltl';ib:It. , ,; . . . .. 
GO11 C . .  , . . . . 

, - CO 12 
00 19 LO(: I ~111, eD I-r 

, . , . 
00 14 ll\*;:\l. L . 
00 10 . D I PIXIIS IOX I I '~~\ . \PI(  5) . IDCI)( 144.2) , DATI\( G.?a) , Rhi.iEl( 3) , N11UE2( 3) 

.G01G .D J IXC<S I u t  CU>J;I( 1). , 'BUT.'( 23) , .1!1ln\i 27) .. . 
. . . .  .. . . , . . .  . . C 0 1 7  . C  . .  . 

03 10 EQUI VALIC~KIC( ~isr.& 3) , wcr) , ( DATA( 4) , ' BFCT) , ( D A T . ~ ~  5) ,. ,PF-CT) 
C 0 1 9  .. 1 . . , ( D>i'l':l( 6 )  , 0 1  1.C) , '( D:l'l'~l( 7 )  , PA'I'tU) , ( D;YI'A( 3) , %'12:!:S) cc:.:a 2 . .  , . , ( U;il'fl( '9) , PiYA'iU) , ( DATA( 10) , VlSCX) , (DATi\(. 1 11. .  Dl;i1T1l) c~f.2 1 . '  3 ( 1 1 , L , ( D.'i'1'1\( 13) , D I MI) , . ( DiYl'R( 14) , 1'2S) 
C,3'i3 3 : ,cu!l'rncla), i'rcs) , ( D i Y r i l ( l G ) ,  1% ) , culz'l;lc17), v:; 
(;9:r3 5 , I I , .PJ 1 , t un'r~ic 1 s )  , w l s )  , t u.vrlu 20). . i J : m  
(ja::';, G , ( D!Si':l( 2 1 ) , 1"fCK) , ( Di','l'i1( 22) , ' PI2 ) , ( DiYl':l('23) , \'I4; 
03:!E 7 , ( l):\'I'A( 2.3 , 'rlC ) , ( 1)11T:l( 25 ? , ' k r I X )  , ( D.Yrit('26) , trl-4'; 
( iO2G 8 , ( 1):l'r:~ Y Z )  , \~.IEJx~) , . ( 2:;) , w ~ i c ~ r )  , ( D;Y~I\( 29)  , l i : ~ )  
C G21 9 , ( I '  0 1 , 1) 1 I\) 
03:ii: 0 ' , ( U:!TA( 3:)) , I'JI:;S) , , ( D.Yr,A( $,!I) , ~i i fo~j  , ( I)xI'-~( 35 , IUI~! ;  -::I 
O;:.:i9 1 , ( ~ 1 ~ - ~ 1 ' . 1 ( 3 ~ 3 ) ,  l 1 l l t ~ )  , :(l):j. 'r-~(37), PIPIE)  , ( ~ : ~ ~ 1 ( 3 i 3 ,  A ' S ; )  
CD:!O . 2 . . , ( D:Yl'A( 39 1 , A l a 3  , ( 1>;'i'ia.\( 4 3 1 , LO '1 ' , ( DiZ'r11( -2.1 1 , ) 
c;::; 1 3 , ( l 2 , Sfl 
G.:,!,:z DATA NAEICI/:~:!:O, 21ilu). ,2;1xr/ . . 
f .  :. ; i:3 Dh'iS:1 NA14b:2/21:C0, 21L'U, 2i1?2/ . ' 

2. s;;.;, c 
.,a GG' ".' C:\I.L fi,ptlR( I :'iL"Zi) 

cf;::G 1.U = IPLLIPI 
G A Z  Call-1, O11i34( I I ) i Z (  1 , 1 )  , I li:!'A, 111VlXl ,O, 0 ,  15) 
~ 2 3 ~  C?iIAl. Ok'iCii( I!)C3( 1.2) , IEi'U, Ni1XI~;2.0,0, 1 5 )  
G O 3 0  , C!:I-L Wi\lJF( lECl3( 1 ,  1 1 ,  I ~ l U L , D ~ ~ : l ,  12a,JAC:Fr, 1 )  ' 

CO.:i) .N UPS; = DA'li1( 1 ) :Z 1 
c;;? 1 1.4 lii'LY = I4 Ui.ili+ 1 
CC-;2 ,256 Wl'~i'i'E( LU, 100) N'JM3, NUFIX 
G243 l C 0  IzUit;il'i'( 2X. 1 3 ,  SAPliJLi?S IfhVE CEEN EMTETLCD. " , / 
~>.:,a 1 , CiX, "I'li'iS 0 '1"0 1Si47Eil ShPUII,E Pro. I' , 1 3 .  / 
CC.:,~ 2 .5X. "'I'O 1'1' I\ S:SiilLIC. Etl'lXR 1'1CE S.nJTAJLIS 110. ' 

- - 

ti+' ( I A143 . EQ. 0 )  GO TO 653 
1s,1:1 '= 111i.i:; 

. I F (  IB.UI.CT.0.4ND. ISAF1iLEE900)  63 TQ) 5CSO 
tli:l'l'l.:( LU. 359) 

380 PG12hYi'( %X, ' U.'iD SAi.'rTLIC NO. " ) 
CO 1'0 '253 

C 4:z I ?iPUI'l'I1.1G 'I'IiX DATA 
400 1R;li.I = N U F Z  . . 

NU;X< = 1IURX + .1 
. . kli;i 'i 'E.(I.U,131) (D: IT : I ( I ) , I  = 3.61 

10 1 Fi)I'iYl' ( 2X. "30 YOU WISiI 'I'O 1U:EI' TiCESI;: SAXE FOUn CALISX'LTION " 
1 . Cci1VL'l'z2141';r; ?'/2X, 'A Fr\C'SWL = ",lJ7.3,/21:"B F!\CI'OR = ",F6. 1/2X,  
2 nl'\'CiiOi~ll*X'i*~ft FAC'1:Oll = " , FG. 4,/2X, "0 I L  GlblV I'I'Y = ' , 11'5.2) 

NXI) ( L.U. 202) I I U ~ S  ' 

11: ( IA14.3 . En. 2:iYiC) GO 'r0 G50 
\II<I'i.iC (1.U. 19:!) 

102 I.'Oi'L'LSr( 2X, " k:II'1'Kll TIIF, A FACrfGI1, I) FACTOX. PYC2iO?IIS'PF.!l .F,ICTOR, Nm, " 
1 “011.. GlL\'JI'l'Y1'). 

nml) ( LU,:~) ( CUF< I )  , I =. 1.4) 
GO 1'0 4 5 1  , ' 

1 5 0  DC .:I51 I = 1.4 
n!.l!.'c 11 = I).W;\( :+21 

45 1 CONTINIIK- 



Ctt TO 468' 
. ,455 \11\I'l'iC (I.U,lO:I) . 

10'3 FC'di:\T( ZX, "U3 SOU WISH TO CARRY Ti!% ATXOSPHERIC PWSUNS AND A]  R", .' 
1 v16::031'i ' I~3 7") . , 

, .  . 
. . .  . , l ~ * : i l D '  '( LU, 203) I AIW . . 

. ED IT. = . FALSiS. 
I F  ( IAI19 . Il l f .  21IK0) GO 1'0, 470 . . . . . . .  

. . 

. . .  . . .  . . .  460 tf~il'l 'IS (I.U, I%.%) . .  , 

104 .YGIU.Ll'T( 2X,  "L1VTEll 111E AT~WSPII~RIC r'REXSrn'' AKD, VISCOSITY .FOR THE ' 
... . . . . . . . . .  .; I /2i[, "s:\'1'U)bY1'ED AYD UKSI\\TU~&D CIS=.  ") . . .  . . .  .. ,. 1\1Si\D ( L u . a )  (LIU~:(  I )  , I ,  = 5.1)) : .  . . . .  : : . . . . . .  

. . D l =  F A .  . . . .  . . . .  
. . . . .  470 M1I' lE ( L U ,  1 1 5 )  . . . .  . , . .  . . 

1 1 5  I T  1aI:Sl' 19 '~'IIE ORIEW~ATION OF T~IE C042E?. -- I7 On. If -- . . . . .  -*I 
. . .  1U:;iL) ( L U . 2 0 3 )  ICOI\ . ' .  . . . . . . . . . . . . . . . . . : .  . . . . . . 

. . u l n  = 0 .  
I F  ( ICOit. .EQ. 2 I M  1' D I R  = 1. 

, ' IY ( 1COlL .EQ. 211\i D I R  r 4.. 
. .I1' (E1)l'I') GO TO 1 1 5 0  . . . ,  . . 

' \~ tL lTE (1.11,103) .  . '  - . . 
105 l>CiiEl;\'I'( PX, "Eh'I'ER TliE FIZ:ISUIUD DATA FROM THE SATUMmI) nmD EXTRAC " 

1 "'1T.U CO!:'r:. I1/2X. 'SEPATtYL'ED UY COlGL4S. AND .IN TIE ORDER 'TIIEY A m  

. . .  lli.:AD < LU, 2:) (UUF( I )  , I = 24.27) . . 
. . . . 

C %% LOAD l3liL'YlCIt Iil'I'O l)iYrh Al?lL\Y . , 

l l Z O  DO 1 2 3 0  J = l , 2 7  
- IV (IJUFCJ) .HE. - 1  .) D:LTI\( J + 3 )  = BUP( J) ' 

l 2 G 0  I F  ( U U k ' ( J )  '.KCl. -1.) iiUlr'(J) = DRTA(J+2)  . 
D;YI.fi( 2). = IGi\TI. . . 
tn;iel'h; (LU.  1 1 0 )  

1 1 0  .12i)i\!i4'I' ( 2 X .  "i)D YOU TiAI4 ' l '  TO CITECK YOUR W I N G  A C C U ~ ~ I C Y  .? "1 
. . l\l-:;il) ( L.U. 200) 111N3 . ' 

I F  ( IAI1'3 . IIE. BIIYIS) CO TO l-?C3 
C *X: DDijLiLE CllI~CKlI iC VOlI E1UO:'S 

1 139 IC311 = 21I:i:$ . . 

I Y  ( ] > I n  .EQ. 1.) I C O ~  = . z I n J  
I F  (1)11\ .EQ. 4 . )  ICO11 = 311V . . 

' til:I1E ( L U . 1 1 1 )  ( W U Z ' ( J ) , J  = 1 , 0 ) ,  ICOR, ( B U F ( J ) , J  = -9,27) 
1 1 1 l*'OIC.LTT( " A PAC?Wll = " , 1'1.3, " B F/IC'~'O:L = . F 5  .2, ", PYCNOPUYI'~ FACiVR" 

1 n = n  ,177.4, " OIL  CiMVl'I'Y = ",11'4.2// 
. . . . .  2 lax. l'S;~:i'UIL?.i.EDII. 3 0 X s  llE:Xi'l~\Cl'i*:Dni lox, uP~\Ti.IU, 5X. "VISCOS I T Y n ,  2 l X .  

3 "ig!S131". 0>1. "'VlSCC:';l'I'Y"/ 1OX. YD. .l, Dl:, F7,. 5 , 2 2 X ,  F5. 1 , 5 X ,  F7.5// 
4 OR1 EH'C. G:I;P'I'II LISNC'I'II D IN~IKIEl\"/AG, Fa. 1 , 5 X ,  Fa .  2, 5X,  F5.. 2// . 
5 0.) *,X, r U O .  a.ll'UltZ'~'iSD , 1 ) . Y C ~ I U / l ~ X ,  ;el:, "PYCn ,6X. .7X,  ",V" , 6 X ,  "'I"' 
6,1X,  flu/ 1 5 X , F 6 .  1 ,3X.l76.3.3>: ,V5.2,3X . F 4 . 0 , 3 X  , F 5 . 1 , 3 X  ,Fi).4/ 
7 / 3 2 X ,  1'[.:XL'IL4C'I'~L) DXTAU/1GX, "I'I?" ,6X, "P ' iCa,6X ., ?PU ,7X , 'V" , 6 X  , "1." .. 
8.1):. "Ifl"'/ 1s:: . F 6 . 1 , 3 X  , F 6 . 3 , 3 X  , Y 5 . 2 . 3 X  . P4.0,3:< . F 5 . 1 . 3 X  , FL). 4/ : 
9/35x. u ~ ~ ~ i ~  D . W A ~ ~ / I S ~ ,  u * ~ ' ~ ~ ~ ~ m ~ ~  vrU . 3x, n ' r ~ ~ ~ = ~ . ~ .  + s K r  \wU. 3x. 
0 "'I'I1Ilil:I.E + EYCl' N r  . \liYl'E11"/ 14X,  P 7 . 3 ,  RX, Fa. 3, 1 l X ,  FD. 3 , 7 X .  F4 .2 / /  . 
1 " CO YOU \?:1ii'I1 'r0 ' C I I I I ~ ~ C E  ATIYI'l[I MC 3 ") 

READ ( IJJ, 200) I .INS 
I F  ( IA1'IS . EQ: 2iJi:O) GO TO 1500 

1108 \iIlI'i'E (I.U. 1 1 2 )  
1 12 120;ULl't'( " 1107; 1I:IHY VAJ.UB CO YOU FINi?' TO CILICJCE ? "/' (TYPE '99 ' ' 

. I *  I l.:lC ALL IiZll DIITII) "1 . . 
1, uwro r- - 

l\E:lD ( i . ~  , S: 1 f4 Uf.1 
1 P  (NU1.I .LI'. 0) CO TO 1 4 3 0  . . . . 

I F  ( HUi-I . EO. 93) CO 'I'O 460 . . 

kfii1'I'I.: ('LU, 1 1 3 )  
1 13 FO:G.LY~( I NPU'I' *III:C COI.I~I,IPI N U P ~ E R  OF T ~ I E  VALUE YOU WIYII TO CII~NCE- 

1, " - Ct'r>ELI -"/" *314B 'T11K 1JP.J VALUE. '/ DO 'r11:Yr AS ,'i;llf Y TIPilW &Jn 
8 2, " ~ J ~ ~ . t J ; n 3 - $ I ~ f 6 i  #-. d- j 

n!;::\u ( LIJ,W) ( II\X%(J) . . ~ u Y (  r n l u t c J i  1, .I = ' I .  Nrra) 



. . 
. . . .  . . . . . . . .  .: . . . .  . . . :.. .,.. . . . . .  . . . .  . . .  . . . . . .  

60 
. . .  . . . .  . ,. ' I . I .  . . . .  EDIT = .VALTI?. . .  . . . 

. . 
. . . .  . .  

c st DOES * ~ I I E  . 0 1 1 1 ~ i i ~ ~ 1 9 1 & 1  RCXD *ro DE C ~ U I G E D  . . 
' . DO 1250. 1 = 1 ,.'jdUi.I ' ' 

I F  (INLR( I )  .ER. 23) EDI'I: = .TflUE. 
1 2 5 0 ;  COll'I'LNUE . . .  

, '  . . IY (EDI'A') C O T 0  470 
' ' CO TO 1 1 5 0  

C '  . . . 
, . \  

, . . . . . . . '  

. .  : *. A u i r  Iom s ~ m m  s i v L L e 3  .... C . . 
. . C .  . .  

1 9 3 3  kfi1 = .HI'!!AT - WXXT - H20 
. IF t ~ n . ~  .LT. o . )  mi = o. . . 

\JO = 1 0 0 .  * 11\i j (h"lSKi' - WI'ITIM) - . .  . . . .  
. ' . . IL: (POS . L E .  0 .  .AND. I',YCS .Ll%.' 0.  .AND. PS .LE. 0. .AND., . . ' 

1 VS .LE- 0.  .AND.-  TS . L E -  0 .  .AND., YrS .LE.  0.  CO TO 1 9 0 0  
. . .  . . . .  . . .. vns' = p y c s  :k p ~ c ' r  . . . . 

. . . . . . .  
. ,. VES = ABCT - CFCT jc P29 ./ ( 1 5 2 0 . .  - P25) 

. . . .  RIiCS r Vi.5 / t,!C3 .. . : d  . 
. . .  

P1I13 = lGO. >i (VL'3 - \'SS) / VB9 
. .  I F  ( P I I 1 3  .L'I'. 0 . )  PRIG = 0.  

. '  A1 = 284 .479  :% VIqC9 * L :? VS / (DIAI.I%D!AM % TS) '' 

. . .  PI\ = P:Y1'19 / ?GO. 
A i E '  = A1 * ( P A  / i.( PS+PA) S( PS+PA) - <PAa.PA) 1 )  . : 

C . . .  
c , * E Q U ~  I oas L'S I FIG*' E X I T E D  COIU DATA . . . .  . . C '  . . 

I F  ( P ~ E  .I.E. 0 .  .AND. PYCE . L E .  Q. .MID. P E  .LE. 0. :.AND. . .  
1 ViC .1,E. 0. ;NID.  TIC .LE. 0 .  .ARD. WrE .LE;'O. C O T 0 2 0 0 0  

C . : > 

~ 1 . i ~  = P'ICE :$ PFCT 
VSrE = :lliC'I' - 1:I"CT 2: P2E / ( 1520. - P 2 E )  ' , . . . . 
H:i:)1S = kc'l'lr: / VGF, 
1ii:DSS = I j ' I 'X / VsE 
P111E = ,160. :? ((VEE - ysz) /, VEE . 
111' (P i I IK .L'I'. 0 . )  PUIE = 0 ;  
I F  (l' i l l lS .GI,. 1 6 0 . )  1'1IIE = 1CO. 
A 2  = 28.z.G.470 ::<' VISCE 2: L * VE / ( D I A ? I ~ D I ' ~ \ ~ I  * TE) 
41% = h3 :: ( lD;\'l'tlY17G0. ) / ( ( PE + PA'~iGS/76O. ) :i:Z2 - ( PAT?FJ760. ) **2) 
SH = l(ia.* 103. IEO :s IUIOS ( ( ~ 1 s ~ ~  - vrnri,u :g PIIIE) 
so = 100.::: vo % rcros   OIL^ :% ririm 

. . .  IF( (SO-:-SH). LE. 1 0 0 . 0 )  CO '1'0 2100 . .  
S W  = 50 
so = sc3 z I C O .  1. (300 + sn) 
S\I  = SW * 1130. / ( soo: -k St?) . . 
CO TO 2 i G 0  

C X: DXli'AUL'l'S k'Cl\ PI'ISS 1 I'iC DsVfA 
1 9 0 0  111:;s = 0.  . 

PI116 = 0.  
Al.29 = 0 .  . . 

2000 C!:uE = 0 .0  
. . Plltfs = 0 .0  

. . fi[(J( = 0.0 
, SO = 0.0 

Ili135C = 0.0 
SW = 0 .0  

C c* HhI'i'E Till?, DATA TO THE FILE.  . . 
21CO D,'i'I','i(64) = 'i'1.77 

CAI.1. F!l11'1'V( IDCIS( 1 ,  ISAN/SO1+l)  , IEXl ,DATA,  120,PiOD( I S h M - 1 , 5 0 0 ) + 1 )  
Fli.lili'L'T:( LU, 2223) 1S:lr.I 

2200 YOI1;;Vi1'( 21<, "1).1'l'-4 AND ChLCULKr IONS FOX SNll'LE " , 1 3 ,  " I N  F I L E .  "1 
. C * Cwtl'l'l ilUE 

kI1L I 'I'E( LU , B'ICO tiU?c.< 
2493 lcCIU.L\'1'( 3X, "'1'Yl'LS 0 'I'O EM'rER IJEX1' S,AIIPLTS (S.UIPLE ". 1 3 ,  ' ) I t /  ' 

1 , ?X. "1ICkI S.%LBLE 110. TO ED IT AKOTiIEl1 S:lPIPLE. . / 
?. 7X, "A i iY  NEG:l'I'I VE NU'iLliE11 '1.0 S'lQI'. " ) 

IW.:lL)Z LU. a) JM3 
11s' ( JAl iS  .I.'I'. 0) CO TO ')Cab) 
11;' ( ;JilllS . Ice. 0) CO 1'0 2< .01  

' . :  112 (Ji2ilti .C'r .  900) i.illll'll ( L U . 3 5 0 )  
I:.::lPf = JlIKS 

. . 



- ViL11~E(I2U~ 114) .  
1 1 4  FCI!SLKC ( a DDi, YOU li.\NT, TO, SEE TIIE DATA ? . .-") 

. . . . AC'C-r = 1 0  82.0 '' 

E K l " G 4 . 6  , - 
ppcr l -  =. 1 -2397 . 

. O l L C  = 1 . .  
DD 5005 J=3,50 

5005 BUF( J-2) = DiYl'i\( J)  ;, 
W..ID( LU. %GO) I t i N 9  . ' ' 

'- 0003 I Y ( I 1ZI.IO . EQ. 211WW3 CO ?Y) 1 199 
GO 'KO 1 1 9 6  . ' , 

C * COZJi'LIS'I' ION 
9000 DO 93 1 0  1<='1.900 . - .  

ChL.L IUClZUF( IDCU( 1. W 5 0 1 + , 1 ) ,  IEPi ,DATA,  128,~~fi,~0~(!~-~,560)+1). 
I Y( I)A'I'A( 6.5) . NE.77.77) CO TO 9020 .. ' .: ' 

. . '90 io CUti'I'I I-IUE . 
9920 l a < . =  I<-1. 

C N L  IU*::1I)F( IDCD( 1 ,1 ) ,  IERR,DATA, 1 2 8 , ' ~ ~ ~ .  1) 
uiyr:\( 1 ) = lac::: 1 -0  

: CALL I J I ~ I ' ~ F (  IUCB( 1 . 1 1 ,  I E ~ ; D A T A ,  1 2 8 , 1 ?  
CALI. .CLOSE( IDCM 1 . 1 )  , I E l l a )  
~ ~ 1 . 1 .  CI-CISE( II!CD( 1 . 2 )  , I m n )  
tn:Irl'Et 1.U. 9 1 3 3 )  .' 

OlGO l?G;zpLrr( lox, ":;:::c* :'.[D OF COl\TS %*kn/lon, "TO RUN AGAIN --"/10X, 
1 " . ? l l i i , C O ~ ' ~ d n / l O X , U ' l U  PRIII'l' OUT TIIE DIWA - - ' l lOX, 

.' 2 . 0 .  :XU, '. liI!', "CKOU'I'"/lOX, "BEFOI* YOU SlCN OlZF Tm 
3 ; "co~su~ '~s~" /~ox ,  "LOAD, ' LINDDBnG #2' D I S C  -- ANDU/ IOX.. 
4 . : l l U , m , l I ~ " , n C f ~ G N D " )  . . 

' END' 
EI.133 



100 FOiGlrl'l' ( " TCiE 1 FOR P R I N T  OUT 08 =ULTS, '/ " 

. . 1 .  . 7X, '2 FOR P l l I N T  Owl' OF ALL DATA IN A SAMPLE F I L E .  "1 . 
READ (. LU. b) 1iUCI.I ; ; .: , .  . . . .  . .  . . - 

.. . . : -  MlI'1'15( LU, 1 0 1  ' . 
10 1 FU!f;'&Yl'< " DO YOU WANT A WIN) COPY OF THIS?  . ' 'L9) 

READ ( L U , 9 9 )  IANS . . 
99 l.'GZLILSI' (?A21  . . .  

- 11: ( I N ~ S  .NE. .2mi0) IST = 1 2  
\nlI'l.l;: ( L U . 1 0 2 )  . . 

1 0 2  lW:GhYT( " TYPE IIf THlC  NAN^ OF TIE UELL'YOU W ~ T  TO LABEL TBE' Q ,  
"OVl'i'UT. ") : .1  

ItE4D (LU,99) ( I IGCLL(1) .  . I  = 1 . 2 )  
11;' ( FiLiCII . EQ. 2) GO 1'0 31300 . 

C 

C.II.L 0Pi:W ( I D C B ~  1 . 1 ) .  I E ~ ,  .NAPE, 0,0, 1 5 )  . ' 

ChI.1. OPEN ( IUCB( 1.2) , IEIW. NArEP, 0 .0  ,, 1 5 )  
,C - 'I'ilE 0iil:il:iL OF DATA PRINT-OUT , . 

N =  I S 2 -  I S 1  + 1 . .  
N 1 =  1 3 4 -  I S 3 +  1 . . 
I F  ( I S 4  .EQ. 0) Id1 = 0 ' . 

. . .  , tIKI'l'lC (LU.  1 0 3 )  . . . 

103 YOXTMT( '' 'l'ilE DEFAULT SEQUEIJCE OF L I S T I N G  THE lESUL?S IS BY INCRs 
1, " E M  I i iC DEP'I'IW "/ " UI'I'U A SECOIIUARY OIWER OF OIlIEP~TATION. '/ 
2 " DO YOU \I:?H'l' 'TO CILIFIGjl 1'SI;lT 3 ," .. . . 

. nlsau ( L I J , ~ )  IANS 
112 ( IAI:!.; .HI.:. 211YE) CO TO 1 0  

c aa::l: CII.~IIG I HC '13115 I)XZ'AULT o!u\xn 
\fl.II(1'1%: (LU,  1 0 4 )  

. . 1 C 4  FDN.I:IT( EN'I'ER TJIE COI.UP~N NUPIBERS ! FROPI THE DATA S m E T )  OF PRIM' 
. ' 1. "iWY, AND SECONDAILY '/ ' VARIAELES TIIAT YOU WANT TlIE MSUL'IS - L I S  

' ' 2*11 ' rLD fi'[.'l) 
WN) (I.U,*) ICOL1; ICOL2 
ICOL1 - ICOLl + 2 , . 
ICOI.2 = I COl.2 + 2 

C $:t:r.  LO.1DIWC UP TilN AlIiMY!3 IzO3 SO3TIlJC PURPOSES 
, 

1 0 . D 0  1 5  I = 1 ,  N . . 
I d i l f l  = IS1.  + I - 1 
CALL ItE!WF( I u C n (  1 ,  I s A l V 5 0 1 +  1 )  , I~RR,DIIT, 12i),LEN,FtOD( ISNI-  1,500)+ 1) 

. .  .- PI:]( I )  = DAyr( I C O L 1 )  . -.: ....' - .- - 
SIX( I )  =. DKr( I C 9 L 2 )  . . .  
I = I . . 

. 1 5  .COBTINUE 
I F  ( 18.4 .EQ. 0 )  kb) TO 16 . '. . ,  

. . 

. . DO 1G 1 = 1 ,  N1 . . ' . ' : -  . . 
. . ISXil  = I S 3  .+ I -  -, 1 . 

, .  ' 

CAI.L .IEAW( IDCDC 1 , ISN~VZO'~+I , I E ~ *  D X T , ' ~ ~ ~ I ,  LEN, PIOD( ISAPI- i, ooo) +,i'x.. ; 
Pt : I (H+I)  = .U.ll'iICOI.I) . . 



SEC( ti+ I ) = DXT( ICOLZ) 
. I O I W ( I I + I )  = . r : + ~  

16 COJ'I'I NUE 
C *::* lU:.AtGL\NCING 1 0 ~ '  FOR Tim PROPEn PRINT-OUT ORDEn ' . 

DO 30 I = 1,  If+Nl- 1 , . 
' D a i E  = .l-Rma:. 

DO 35 J = i ,  rr+rri-I 
117 ( l 2 A I (  I O I w ( J ) )  .LT. P R I ( I O R D ( J + l ) ) )  GO TO 25 
I F  ( l J l l I ( I O I W ( J ) )  .EQ. P H I < I ( J l U ) ( J + l ) ) )  GO TO 20 
DOIiE = .FALSE. 
1'IXI.P = 1QRl.X J) ' .. 
IOf!D( J )  = IOKDi J*l)  

. IO!?li( J - C  1 )  = I'l'iiYP 
$0 '13 25 

20 I F  (SEC(  I O I W  J ) )  .LT. SEC( I O R D ( J + I ) ) )  GO TO 25 
1)V;IE = . YAWE. 

, ' 1l'il:I:P' = l o r n (  J) 
' . ' IG;'a(J) = I G i i i ~ J + l )  . . 

10I 'a(  J +  1 = 1 'I'EEII' .. . . 
. . 

. . . . 
55 co!rrl PIUE 
; I F  (D3NE) 'GO. TO 31 
30 CON1'1EIUIS . . . . .  

C. *;:<:I: NOW L ISY OUT l i i ~  DATA t N THIS D E ~ I R E D  ORDER 
3 1  DO 1C30 K = I ,  N+U1 . . 

. . . . K  = 101'3(10+ 1 s 1  - 1 
. '  II.'( 101:D(10 .CT. M) I N  = ION)(IO - N + IS3 - 1 

. SPACE = (K-1)  .26 + 1 
. CALL IUShI)c( Il)CC( 1 ,  W G O  I +  1) , I E U ,  DAT, 128, LEN,, MOD( ICK- 1,500) + 1) 
.JSAPI = DA'f(2)  .. . 
I D I R  = u;lTc.;o) 
I CCIR = 211::::i: 
I F  ( I D I R  :EQ. 1) ICOR = 2IIn 
I F  ( I D I R  .EQ. 4) ICOR = 2m1 
I F  (PiOi)( I<-1.26) .EQ. 0) VIRI'I'E (LST.300 . )  ( INELL( I )  , . I  = 1 . 2 1 ,  IPACE 

S.00 YOI?I.LYf( " 1 ', 5/, 06X, 5 "* " , " CORE ATtALYSES ,5 "1: "/ 
1 51X.  'NME OF 1:I.L: " ,2,".2,42X. "PACE. ", I 2 / /  
2 1 IX, "NO. ORIENT DISPTIIn, BX, "lUiO-S . RSIO-E NIO-SC", 5X. "PIII-S ' ' 
3 . "1'III-EU ,6X, "I<( S )  ' I(( E) " .7X. "l:O'" , 5 X .  " S O n  ,5X. "SNn ,7X. "NO. "//I 

Wit!'1'15( LS'f, 5C-0) JSAPI, ICOI1, 1)11'I'( 1 1) , ( I)AT( I )  , I = 33.43,)  , JSAEI 
000 FD:sIA"L (9X. 14;5X,4\2.X,F3.1.5X,3(F8.3,2X) , 3 X , 2 ( I 2 5 . 2 . 2 X )  , 3 X ,  

1 2( 1~5,. 1 ,2 :0  ,3:r, 3( FB. 2 , 2 1 0  ,3x, 14/) 
1300 COR'TINW 

. CALL ClA13E ( IDCDC I ,  1) , IEI'\R) 
CALL C1.05E ( lECB( 1 . 2 )  . IEIUU 
GO 'I'O 9cqg 

C 
3300 111\1?X ( L U . 3 1 0 0 )  
31GO FGI:FL\T ( " EA'IXIl F I P S T ,  LEST S A P P U S .  TO DE LISTED. "1 

HEI'iIl (LU,*)  JSiiI.1, lG11Ii 
1CD = ( IZiAPI - JSANC 1 )  / 3 . 
I F  (.(:D:::3) ,1115. (IWAEI - J S N 1 + 1 )  ) I(u = I a  + '1 
CALI, Ol'Etl ( IDCU, IEiUL, N11I.il3, 0,  0, 2) 

C 
~d 3180 JJ = 1 ,  Nl . ' 

I1\1 = JSAH + JJ at 3 - .3 
. . l l t 2  = 1111 + 1 
' .  I113 = 11i1 + 2 

C.%f-I. lU3XlW ( IDCI3, IEIUI, DAT , 120, LEI{, I A 1 )  
CALL HC:!\l)F ( IUCD, IEIUL, DllT2,  121), LEN, 1 I e )  
(:ALL 1uc:u)i~ ( I J ~ C L ) .  11:itn, niyr3. 1 2 ~ ~ .  LEN, I C ~ )  
~ i i L 1 ' i ' E ( I S ' f . 3 1 6 0 )  I n i ,  lm, 1113 ' 

3160 1W;:iM.T ( 2X, 3( 7X,  "6dBITI.E l a ,  13 ,.tlX) ///) 
DO 3 x 3  I< = . I .  43 . . 
I. = I< 
I F  (I: .EQ. 83) L = G 4  
tII1I'TE ( LS'I', I!2C3) . I., DAT( L) , L, D.IT2( L) , L ,  DA'T3( L)  .' 

32Q0 l*'(;;U.L;IT ( 25,3( a DATA( ", 13, "1 = " ,.FlO. 4, 'OX) 
3 0 G 3  CC;;i'l'lIlUE 

vhLiriL , ( -'Im, :b$g) 
3653 I'<i:.,.i:l?' ( !,I ",I 
3 1 5 0  CDN'I'ICIIJE, 

. . 



CALL CLOSE ('IDCS, ' i~Rtij  
C . . .. . 9030 Hlll'l'E( LU, 3601 

3601 FO:UL.\'I'( lo?(, "3:1:* END OF CROUT *** "/lOX, 'TO RUN AGAIN -- L OX, 
1 : I ~ U , C I ? O U T ' ~ / ~ O X , ~ ' ~ O  INI'UTORDITDATA- OX.. 
2 

. . 
- a :nu. 0 .  11in,  n ~ ~ ~ ~ s n / ~ o : < ,  . . 

3 .TO S I G N  OFF THE CO~U~U~CEII ,  LON) *LINDUERC #2* DISC A I ~  --q~id'x, 
4 . - . .  . °  .. ' . :nu, run, n ~ ~ w ~ i ~ " )  , . ~. 

. . 
. . .  

EXD , . 
EH E,O ' ' . . 

. . 
. . . . . 
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I F  (.COii$) ' GO 1'0 3 1 
30 CCIi'I'lNUE ' 

. .  31 c.v.1, CI.~;SE ( i c~~j ( i" , i ) . ,  I E ~ )  - '  . . 
CA1.1, CLOSE '( IDCB( 1 , B )  . 1 E l ~ ) ~  '. . . . . .  

C * ~ C P  NOH PLO'I' 'TITIC CONEC'rLY 0N)E:ILED Q U . ~ I T I E S  
' ' 

cnr.1. r:ol:ec 9 ,  1. , I .  , 1 .  ) 
' . '112 ( 1COL3 . P11S. 0 )  CAIaL SCAN( DEPTII, OUAI~Z,  N + N ~ ,  4 4 1 )  .. 

CALL SC:IR( l)k;i"TlI, QUANT, -i N+N 1 )  ,44 1) 
. . CiUdL PIODE( -S ,  X.1 I W , DX, XORC) . . . 

\?It I'I'E ( 1.U. 383). XlII N, DX, :<C)i\C ' 
. 333 YOIPlAT ( 3 F 1 2 . 3 )  . 

CALI, NCDEr -9 ,,YI'IIN, DY, YoI~c~.  '.. 
lill1'1E ( L . U , 3 3 3 )  Yr~IIN,DY,YOnC 
CALL .Dl&\\:( Dk:l'l'Ii. UUhN'C, N+N 1 ,44 1 ) 
I F  (. I C01.3 . NE . 0 CALL DR\\l( ~El"l'FI. QUAN2. N+N 1 ; 44 1 1 
C A I . . ~ ~  h:0118(5. ~ , I x L , ~ ~ . ~ , - I Y L )  . . . . 
C.21-L DIL";\I( 0. , 0 . . 1 , .9COO) 

, Ct1I.L DI?AW( 0,0.0,9999) . 
s'r(>l' ' 

Ell0 . 
' XI1133 
. . . . . 



Appendix I1 

Specific.Heat Measurement 

(Theory and Procedure) 



INTRODUCTION 

Knowledge of th.e.specific.heat of tar sands is.needed to.help 

accurately model the thermal.behavior 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 dif ficllty , large samples must 

be used. .The .second drawback .deals with the lack of .related information, 

such as thermal conductivity or thermal diffusivity, sincemost 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 5s from room.temperature to recovery..tem- 

perature (approximately 250°C). 

I The 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 from site specific measurements is important 

for future site identification field. studies when detailed measurements may 

not be possible. Specific 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 

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



i Apparatus 

I .Several conventional colorimeters.were considered for.the present 

application. Common drop colorimeters and dewar experirnents.were dis- 

carded when.the knowledge of thermal conductivity or the use of samples 

were.required. Instead, an apparatus.developed by Krischer (1954), and 

discussed in Eckert and Goldstein (1976), was.decided upon.. The 

present experimental apparatus, 'based on this concept,:.is shown in 

Figure 8. 

The machine operates by sandwiching foil .heaters .between a stack 

of equally. thick layers of sample. After an initial .period of time a 

quasi-stationary condition sets up.which can be.described by parabolic 

.temperature profiles. Once.the time-temperature.history has been 

established, .the -speci£ic .heat can .be .determined as a function of 

temperature. 

Heat 1osses:from the stack to.the surroundings proved to.be the 

greatest , experimental difficulty . To reduce . the heat loss ,, guard .heaters 

.were placed directly on.the ends of the sample, as.wel1 as a couple of 

inches away from the circular ~idcs. 

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 the sample. Samples one inch 

thick provided an easily controllable.heat loss together with an 

1 adequate temperature difference. 

I Theory 

Modelling..the transient temperature history has.been. described by 

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



l a r g e  diameter  and i n s u l a t e d  s i d e s  a l lows  t h e  model t o . r e p r e s e n t  an 

i n f i n i t e  s l a b  bounded by two p a r a l l e l  p lanes .  . T h e  model t o . b e  repre-  

s en ted  assumes a cons t an t  hea t  f l u x  i n t o  a s o l i d  a t  L, where t h e  th ick-  . 

n e s s  extends f rom.ze ro  t o  L (F igure  A-1). A l l  s u r f a c e s  n o t  exposed 

t o  t h e  t f l u x .  are considered a d i z b a t i c  . 

Figure  A-1. One-dimensional model of t r a n s i e n t  hea t ing  of 
s l a b  wi th  uniform h e a t  f l u x  a t  one boundary and 
an  a d i a b a t i c  w a l l  a t  t h e  o t h e r  boundary; 

The . tempera ture  d i s t r i b u t i o n  w i t h i n  t h e  sample can be  descr ibed  a s  
. . 

fo l lows  . 
00 2 2 

~ ( x , t )  = + 3x -L )-  L ~ E ( - I )  exp ( -a , ;nr)  c o s ~  
pCpL k ( 6LL n n Z - 2  L L 

Where - . : . .  . . , 
. . . . 

(A-I) 
T = temperature excess  (T(x,O)=O) . . 

:L' = q = h e a t  f l u x  per  s u r f a c e  a r e a  . . .  sample ' . thickness  .. 

t = t ime K = thermal conduc t iv i ty  
p = d e n s i t y  a = thermal  d i f f u s i $ i t y  
Cp = s p e c i f i c  hea t  x = d i s t  f rom.hea te r  



D Equation (1) consists of two parts. .The first part.describes.the 
I 

I parabolic steady. temperature - erofile while the second part describes 

I the transient initial .temperature distribution. The transient .term 
i 

is plotted in Figure A-2. 
i 

Figure A-2. Transient temperature distribution for 
slab of Figure A-1 (from carslaw and ~ a e ~ e r ,  
1959), .as a function of.Fourier modulus. 

Notice from ~igure A-2 .that .the :temperature profile .becomes pbra- 

bolic when the Fourier time constant a~).approaches infinity., Note 5 
also .that for values of .the Fourier time constant greater. than' -3 the' ' .  

' ' 

transient.term has all but disappeared. 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) 

will reduce to equation (A-2) as shown below, 



. . At a.representative point in.the sample, equation (A-2) may.be 

differentiated with:.respect to.time. One may then solve for the 

specific .heat: - .  

this equati0ri.i~ valid only if Cp is a slowly varying function of 

temperature, that is: 

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 

Z 
modulus  at/^ ) 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", 

2 2 
t = L / a  = L pcp 

k 

For representative values of tar sand properties: 

k = J.0 .Btu/hr-ft-OF, 

Cp = .4 Btullbrn-OF, 

p = 130 lbm/it3, 

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 

I .the time-temperature history of.the sample. The history is obtained by 
I 

monitoring the temperature at.the.center of the stack (Figure 8) every 
I 

five minutes. Monitoring continues until a.desired center temperature is 

reached. A.set-up time of 30 minutes is allowed to.be.certain a-parabolic 

temperature profile exists within.the sample. Once the.desired.temperature 

. . has.been.reached an appropriate.curve fit is applied to.the time-temperature 

data. The.derivative of the curve along,with.known constants will.result 

in th.e specific.heat as a function of time. 

.The entire apparatus including sample mounted thermocouples, and 
I 

1 guard..heaters is placed in a.refrigerator until the smple.temperature 

I drops .well .beiow room. temperature., Since 30 minutes are allowed to .set 

up a parabolic profile, starting .the .temperature .below room. temperature 

I 
I 

allows room.temperature data to.be calculated. Three thermocouples are 

located in positions so that.heat loss can.be monitored. One thermo- 

couple, located on the end, is matched with the..center temperature so 

the.heat flux is evenly distributed. The end thermocouple matches the 

center with .the .help. of end guard .heaters. , Radial .heat loss .is monitored 

by two thermocouples on the diameter and controlled by the radial guard 

heater. A good experiment occurs when the center thermocouple, the end 

thermocouple and the two radial the~ocpuples all... indicate. the same . 0 

temperature. A voltmeter 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 to .verTfy .the. accuracy .of .the 

experimental apparatus. The first;paraffin, has a known specific.heat 

of 0.69 Btu/lbm°F (2.9 KJ/K~~K) at 68OF (20°C) (Raznjwic, 1976). .The 

experiment was conducted without .the use of guard .heaters. Assuming the 

specific.heat is equal to a linear function of temperature, a result 15f 

0.5985 ~tu/ibmOF (2. 5KJ/Kg0K) was obtained. The experimental error was 

about 13 percent. 

The second material .tested'ws..plexiglas G. .The specific heat was 

given as 0.35. Btu/Zbm°F (1.47 KJ/K~OK) (Plasticraft,. 1976) . Two sets of 
.tests.were,run, one using a sample.three inches in diameter and one- 

half inch.thick, and the other four inches in diameter and one inch 

thick. .The .larger .the sample, .the more accurate .the .results. Again, no 

guard .heaters .were used, however, a. test .result of 0.3676 ~tu/ibm'~ 

(1. ~KJ/K~'~), only five percent from known values, :was obtained. 

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

~ ..next material tested. Guard.heaters :were not .used on plexiglas G or 

1 paraffirbecause low temperatures were.being studied. It is good 

1 practice,,' however., to use .the guard .heaters since end and radial .heat 
I 

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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center of .the stack. A convenient .test of .repeatability is to.define 

a normalized temperature, T*: 

and to plot T* vs. (t-t .) as is .shown in Figure A-4. .Th.e curves should 
1 

lie exactly on top of each other if.the same starting.temperature, ,Ti, 

is the same for all cases (ti is the time corresponding to T.). . 1t 
1 

is .seen that some variatio'n 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 time. .The differentiated result is then used in Equation 3, 

allowing one to obtain the predicted specific heat: 

x 

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

-2 2 Cp = -1.664(10 )T + 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 curve-fit 

one predicted specific.heat is shown in figure A-5. It is.seen that 

there is little difference in predicted .results for polynomial curve- 

fits above a cubic, except at the two ends, where agreement is still 

satisfactory. .The error introduced by- a linear temperature .dependence 

on specific heat is much higher than for the higher-order expressions, 

and is thus an inadequate model of specific heat. 
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Figure  A-'5 Tes t  of ' the. s e n s i t i v i t y  of p r ed i c t ed  s p e c i f i c  
hea t  va lues  from v a r i o u s  o r d e r s  of poly- 
nomial c u r v e - f i t s  of ex,perimental, d a t a ,  f o r  
~ e ~ i o n . 8 ;  . 
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SUMMARY. AND CONCLUSIONS 

An experimental system' for.measuring the specific.heat of tar 

sands has .been .developed and. tested. ,.: The system adequately accommodates 

the.need for large samples, a range of.temperatures and.the fact that no 

other property values (such as thermal conductivity) are .necessary. 

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 and.tesring is completed. 

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

heat of tar sand is a strong, non-linear function of.temperatur'e. 'This 

observation has been consistently true for all measurements to date. 

Second, .the 1arge.dependence of specific.heat on.temperature.seems to 

indicate that the bitumen is .beh&ving like it was .melting at increasing 

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

1atent.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. 
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Appendix III

Thermal Conductivity Measurement

(Theory and Procedure)



INTRODUCTION' 

In order to evaluate..the.feasibility of in-situ tar sands.develop- 

ment,.it is.necessary to.measure therinal conductivities of tar. sand 

samples. Several .methods are used for .measuring . thermal conductivity, 

depending on limitations of sample size,'.temperature range of the test, 

sample homogeniety and expected conductivity range. Three .methods will 

be presented and discussed as possible candida.tes for the measurement 

of th.erina1 conductivity of tar sand'samp1es:- 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.been.selected, .designed, constructed and tested which 

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

Survey of .Methods for.Deteimining Thermal Conductivity . 

Th.e comparative method and alternative .methods for determining , 

thermal conductivity will be discussed in this section. A general 

survey of thermal conductivity and its measurement has been given by 

Tye (1969). Figure A-6 is a summary of the applicable ranges of 

thermal conductivity and.temperature which'is appropriate for each 

.measurement.method. It is seen that the comparative.method is the only 

approach for materials having thermal conductivities between 1 and 10 

~/m-OC, .which is the expected range o'f thermal conductivities for Car 

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 0 1000 2000 

I I l l  Guarded Hot 
Plate M e t M  

Figure A-6 Summary of applicable ranges of thermal . 

conductivity which- is appropriate for each 
measurement method (from Tye, 1977). 

0.001 -0.00 1 
I I 

A 

-273 0 1000 
Temperature, O C  



. . Guarded Plate Method: 

The guarded.plate..method is.described in'ASTM.Standard.Cl77 and is 

schematically . shown in Figure A-7. Standard C177 -uses a .guarded: hot plate 

which has .metal surface .-plates and a gap .between'. the sample. and .the guard. 

The .heater' is sandwiched .between'. two identical samples. The entire 

assembly is then placed between'two.heat sinks. ' Pressure may.be applied 

I to the entire apparatus by an external axial load. For high temperature 

operation, 'insulating discs or auxiliary .heater& are placed .between the 

samples and.the.heat sinks. .Thermal conductivity may.then.be calculated 

I by.- . . the following equation: 

where Q is .the power supplied to.. the main .heater, A is the .heater surf ace 

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

samples. 

Figur t! A-7. Guarded hot pf  ace merho8 for .determifling . f h e m 1  
cqnductivity of low conductivity.materia1s. 



The expected range of therinal conductivity. for .this .method to-.be 

applicable is between .02 and 2.W/m-OC. Sample.thickness to.diameter 

ratios are approximately 1:6. .The.design basically-proyides'.mea'surable 

amounts. of .heat flux in low conductivity. samples' without caus;lng excess 

temperature gradients. A one-sample, .guarded' hot plate is a variation 

of.this.method and essentially utilizes only one side of the apparatus 

.discussed' above. 

The difficulties encountered in.this.method when it is applied to 

the upper conductivity- limit values'(l-2.W/1n-~C).are: radial losses in 

.the samples, two-dimensional effects,and.the.need for large samples I. 
(both to account for inhomogenieties and.measureable temperature 

gradients). .When applied to tar sand samples, sample slabs of the order 

of 15 cm. in diameter wou1d.be.requiredin order to.provide 2.5 cm. thick 

samples (a.necessity due to the inhomogeniety problem). 

Axial Rod .Method 

.Th.is . technique is shown in Figure A-8, and is composed of a long 

I 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 

I by insulation. The range of applicability of this method is from 10 to 

1000 ~/m-OC. For samples in the 1-2 W/m-OC range, this approach requires 

very . efficient . insulation, complex guard heater design and control, and 

.very.sensitive.heat flw.measurements. These problems usually make this 

.method inappropriate for.measurements of conductivities in the expected 

range of tar sand samples.   he attractive features include the sample 

size and the effective averaging out of non-homogenieties due to the 

sample .length. 



I N S  

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

Comparative .Method 

I .The comparative.method differs from.the guarded hot plate methods 

because the .heat flux is not .determined from .the .measured electrical 

input to a guarded.heater. Instead, a reference standard, of known 

conductivity is placed in .thermal contact with the . test specimen. A 

I .temperature difference is.set up acrossthe stack and the.heat flux is 

determined by applying Fourier's law of conduction to the standard (see 

Figure A-9). 

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 through 

the. stack is controlled by .the main stack. heater above .the top standard 



and an auxiliary heaterLheat sink combination below the stack. Radial 

heat losses from the stack is controlled by a cylindrica1,guard heater. 

If one assumes no.heat losses, the.heat flux calculated through.the 

reference standard is equal to the.heat flux through.the.test.samp1e. 

The equation for determining .the sample conductivity is: 

ksample = kstandard (BTI~X) standard 
(ATIAX) sample 

where kstandard is known at its average .temperature, and (ATIA~) is 

the.measured temperature gradient in either the standard or the sample. 

In.the case of elevated.temperature.measurements, where.there is.appre- 

ciable .heat losses, the two-standard configuration is preferable, where 

the .heat flux .through .the sample may be .determined by averaging the .heat 

fluxes through.the two standards. 

I .The comparative method has two disadvantages that introduce added 

1 error into.the conductivity measurement.which are not associated with 

.the guarded hot plate .methods. ~irst , there is a possibility of a mis- 

match.. between .the conductivities of the .reference standard and the 

sample. . This case then causes widely different temperature difference's 
, . . . 

between the sample and the standards. The.second disadvantage is the 

presence' of a contact .resistance between the sample and .the standard, 

which. must .be accounted for by careful measurements of the temperature 

gradients within each element of the stack. 

The advantages of the comparative.method include the fact that it 

is well-suited to .measure materials with thermal conductivities in the 

range between 1 and 10 W/m-OC, it is independently.calibrated, and the 

.method allows for a size more easily constructed from typical 



I to construct and use. 

a) main heater' 
b) standards 
c) specimen (sample) 
d) auxi1iar.i heater 
e) heat sink 
f) guard heaters 
g) insulation 

i .:.. f : . .  , : .! .r,:. ,. .... .: .. :- ' .  . . . ...-.. .. . . . -. . .. . :.: :.'.I;, " : .' 
I 

Figure A-9. Comparative.method for determining.therma1 
conductivity, .showing the two comparison. 
standard configuration. 



Experimental Apparatus and procedure. 

The comparative method was selected to.best suit the expected 

conductivity range and non-homogeneous nature of tar sand samples. An 

experimental comparative.method apparatus has.been designed, . . built and 

tested. The device has been found to be effective in a.temperature 

range b.etween 20°C and 150°C with thermal conductivity calibration' 

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

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 of.temperature (see Figure A-10). Pyrex 7740.serves as .the 

top and bottom reference standard while the tar sand sample is aligned 

in the middle. The standards and sample all are 19 mm. in diameter, 

28.6 mm. long and have two .4.mm. holes 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 thin foil heater, which allows base temperatures to 

exceed.the boiling.temperature of water. A cylindr'ical guard and in- 

sulation surround the stack to prevent radial heat losses. The guard, 

a.thin-walled 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 

servesthe same function as.the stack.heat sink. All four.heat sources/ 
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Figure -A-11  ~ e t a i l e d  view of thermal conductivity 
and one s ide  of guard, show.ing dimensions 
and thermocouple (TC) locations.  



sinks are variable'and are used to'provide controllable.temperature 

gradients within the stack and guard. All.temperatures.?re.measured 

using iron-constantan thermocouples, and the temperature differences 

in each stack element are.measured using differentially arranged 

thermocouples. A schematic of the overall arrangement of the apparatus 

is.shown in Figure 9, wh.ile Figure A-11 shows a.detailed view of the 

stack and associated thermocouple arrangement. 

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 compared to the known conductivity at that 

temperature (see Figure A-10). The conductivity of .the.test standard 

was examined at average stack. temperatures ranging from 50°C to 120°C. 

Experimental accuracy was determined to.be within 5 3% when compared 

'withthe published conductivity data. 

Experimenta1.Resul.t~ 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..liw may be applied' to each of the three 

stack elements: 

where qi is.the.heat.transfer rate through each element, ki(Ti) is the 

thermal conductivity of each element (evaluated at.the average temper- 

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



AT~/L is the temperature gradient within 'each element. 

It will.be noted in Figure A-12 that the conductivities of .the 

sample do not exactly match 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 through the top (hot) standard, ql, 

is greater than the heat flux. through the boetom (cold) standard, qj. 

The.heat flux.through. the sample is estimated by taking an average of 

42 = qsample = 1 
(ql + 4 9  

The .thermal conductivity of the sample, then is : 

k2(T2) = ksample(T2) = q2L2 

A AT2 

It will also be noted from Figure A-12 that.there is'a significant 

contact resistance.between 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 

I the sample is independently measured. Extrapolation methods to estimate ' interface temper'atures.do not yield valid results due to this contact 

resistance. 
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The experimental procedure involved an initial setting of input 

heat flux to the sample heater and .heat sink.'temperature(via. temper- 

ature controlled water circulation). When a steady-state was .reached 

within the stack and the guard temperatures were adequately watched 

with corresponding stack.temperatures (+ .5"~), the stack.temperatures 
were recorded. The system wasthen adjusted for a higher operating 

temperature and the process was repeated. Higher operating temperatures 

were reached by increasing.the.heat sink temperature. The set of 

stack temperatures at each steady-state.setting were .then used in the 

calculation procedure previously discussed to predict thermal 

. conductivity. 

In order to.reach average sample.temperatures over 100°C the 

.heat sink operation must .be modified to increase the sink temperature. 

This is accomplished.by adding a foil heater.between the sink and the 

stack and effectively adding a controllable resistance at that point. 

This change of operating mode has . introduced some systematic error 

which is.being addressed by an improved heater design. 

As examples of the experimental results, two tests are showxi in 

Figure 3 for samples whose properties are tabulated in Table IV. The 

systematic drop.in conductivity at the higher temperatures is apparent, 

but the conductivity,measurements fall within + 5% of the average. This - 
variability should be reduced with improved high temperature methods. 



. AppendixIV 

Relative Permeability Measurements 

(Theory and Procedure) 



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 from capillary pressure 

measurements which-were obtained from a mercury injection apparatus. 

.This particular .technique was used .because of .the speed, ease, and 

availability of the mercury injection apparatus as ,compared to.measuring 

relative 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.permeabi1ities 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 approach was.developed through the work of numerous authors, including 

Burdine(l953) and Wyllie and Gardner (1958). Brooks and Corey (1964) 

compiled.the work of these authors together with experimental data of 

their own to form a.technique of calculating relative.permeabi1ity 

from capillary~pressure.measurements. This technique, summarized below, 



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). scheidegger (1960) .reviews some other techniques., 

From a large number of experimental data, Brooks and Corey (1964) 

observedthat the effective saturation Se (defined as S = S - Sw S 
0' 

W 
0 

1 - sw 
O ,  

being the irreducible wetting saturation) is related to capillary pressure, 

where X and P are.characteristic constants of the.med'ium. h is a 
b 

number .which .characterizes .the pore-size distribution and P , .the 
b 

hubbling 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 ~urdine' (1953) and Bear (1975). 

and 

yields : 

and 

2 2 + , A  
k rnw =(I-Se) (l-,Se A 1- 



So after experimentally determining A, Pb, and Sw.,relativepermeability. 
0 

curves may .be generated using equations (4) and (5). 

The quantities, X and P are obtained by plotting. S .versus P on 
b e c 

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

region of the curve, and Pb isthe value of P at which the straight..line 
C 

approximation intercepts S = 1. To plot Se, however, the value.of Sw e 
0 

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

.determine S . ;  various values of S are assumed and the corresponding S 's w w e 
0 0 

are plotted'.vers.us P . The value of 'Sw .which causes the S versus P c e c 
0 

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

log scale) isthe S selected. So with the correct S selected, A and Pb 
W W 
0 0 

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

from equations .(4) and (5) . 
The .Measurement of capillary Pressure 

There 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 include Brown (1951), Purcell . 

(1949), and Slobod, et. al. (1951). The restored state .method is a 

standard 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 surf ace . tension and .wetting angle of .mercury is different 

from. that of water and oil, curves .generated by the .mercury injection 



method must.be compensated to correspond with.the.restored state method. 

The equation for capillary pressure is: 

where u is.the surface.tension, 0 is the wetting angle, and r is the 

radius of curvature of the fluid. Using a surface.tension and.wetting 

angle for.mercury of 480 dynes/cm and 140' together with a surface tension 

and.wetting angle for water of 70. dyneslcm and OO,. Purcell (1949) 

determined.the ratio of capillary pressures for a given pore size to be 

approximately 5. using this ratio he found fair agreement between the 

mercury injection apparatus and the restored state displacement cell. 

Brown (1951) found that much better agreement could be reached if 

that ratio were allowed to vary with 'values ranging .between 5.4 and 8.3. 

For 1imestone.he found.the average ratio to be 6.4 and for sandstone, 

th.e average was 7.2. Since most of the core analysis done deals with 

sandstone, a ratio of 7.2 was picked. 

The ratio of 7.2 enables the pressure versus saturation data from 

.the.mercury 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-step 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.permeabi1ity.measuring.device. Unfortunately, no such device 

isreadily available. However, it was possible to.check.the procedure 



of determining S A ,  and P This procedure will.be discussed below. 
W 
0 

b ' 

Brooks and Corey (1964) presented data of capillary pressure 

versus saturation along with their calculated values of Sw , A; and Pb. 
0 

This data was used to compare our calculations of Sw , A, and Pb with 
0 

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

assumed S = 0. As can be seen, the plot is not very straight. As the 
W 
0 

value of S is increased, the plots become straighter. Figure A-14 
W 
0 

shows the plot of Se versus P for Sw = 0.166, which is a much straighter 
C 

0 

plot. Increasing S further does not improve the straight line fit. The 
W 

9 

slope and intercept of the straight region in Figure A-l?+ is X = 3.45 and 

Pb = 40,.respectively. Brooks and ~orey's X and P were 3.7 and 41 
b 

respectively for an S of 0.167, in quite close agreement with.the 
W 
0 

technique presented here. 



RESULTS ANI) DISCUSSION 

S i n c e . w e l l s  3T2, 3T3, and 3T4,.were d iv ided  i n t o  a  t o t a l  of twelve 

I reg ions ,  a represent-at ive dep th  from each reg ion  was picked f o r  r e l a t i v e  

I permeabi l i ty  .measurement .' To da te ;  four  . r eg ions  have been t e s t e d .  

I Rela t ive  pe rmeab i l i t y  curves of t h e  four  measured reg ions  a r e  shown i n  

F igure  4. The corresponding c a p i l l a r y  p re s su re  curves  a r e  shown i n  

F igures  A-1.5 through A-1'8. It can be seen i n  F igure  4 t h a t  t h e  r e l a t i v e  

permeabi l i ty  curves  a r e  a l l  very  s i m i l a r .  The measured va lues  of S 
W 

0 

and A which a r e  used t o  c a l c u l a t e  r e l a t i v e  permeabi l i ty  a r e  shown i n  

Table A-1. 

Region Sw . . . 
X 

0 

Table A-1. Ca lcu la t ed 'va lues  of Sw and from c a p i l l a r y  p re s su re  
measurements. o 

The fou r  co re s  which have been measured cover t h e  range of 

cons is tency  from ve ry  loose  sandstone t o  sha.l.e. Since t h c  r e l a t i v e  

permeabil ty  curves  a r e  n e a r l y  i d e n t i c a l  f o r  t h e s e  fou r  d i f f e r e n t  co re s ,  

a  few p o s s i b i l i t i e s  suggest  themselves: t h e  pore-size d i s t r i b u t i o n ,  a s  

r e f l e c t e d  i n  s i m i l a r  va lues  of A ,  i s  t h e  same o rde r  f o r  a l l .  samples, the, 

experimental  and numerical  procedure f o r  determining A and S is  in-  e  

I a d e q u a t e . t o  r e s o l v e  t h e  m a t e r i a l . d i f f e r e n c e s ,  o r  Burdine's theory  i s  an 

I ' i n a d e q u a t e  r e p r e s e n t a t i o n  of t h e  r e l e v a n t  processes .  I n  any case ,  

measuring more r eg ions  would q q i t e  l i k e l y  produce similar r e l a t i v e  



Fur ther  t e s t i n g  of t h e  measurement technique i s . n e c e s s a r y .  The 

procedure Eor c a l c u l a t i n g  S and X has  a l r e a d y  been checked a s  has  
. WO 

been p rev ious ly  descr ibed .  The c a p i l l a r y  p re s su re  measurements and t h e  

procedure f o r  c a l c u l a t i n g  r e l a t i v e  . pe rmeab i l i t y  remains unchecked. Th i s  

can .pe rhaps  be most e a s i l y  checked by an independent agency. I n  a d d i t i o n ,  

t h e  u s e  of a  m a t e r i a l  completely d i f f e r e n t  from tar sand, such as .packed  

g l a s s  beads,  i n . t h e  mercury i n j e c t i o n  apparatus i s  c u r r e n t l y  being t e s t e d  

and w i l l . b e  compared t o  s i m i l a r  t e s t s  which have been r epor t ed  by Brooks 

and Corey (1964) . Another procedure f o r  c a l c u l a t i n g  r e l a t i v e  permeabi l i ty  

from c a p i l l a r y  p re s su re  i s  a l s o  under c u r r e n t  i n v e s t i g a t i o n .  



Region Well Depth Rho-S Rho-E Rho-SG Phi-S Phi-E K(S) K(E) Wo So Sw 

Table A-2. Routine core measurement~results for regions where relative permeability 
measurements were made. 



Figure A-13 Effect ive  saturat ionvs  .:capillary 
pressure for S = 0 . 0  (from Brooks 

Wo 
and Corey, 1964) .  



F i g u r e  A-14 ' E f f e c t i v e  s a t u r a t i o n  vs. c a p i l l a r y  
p r e s s u r e  f o r  S = . I 6 6  (from Brooks 

"0. 

and Corey, 1964) .  
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Figure A-15 Effect ive  saturat ionvs .  capil lary 
pressure for  Sw, = 0.0 .(measured i n  
Region 1) .  



SWO = . oo i  

Figure A-16 Effective saturation vs. capillary 
pressure for SWo = .001 (measured in 

. Region 3). 



SWO = .007 

Figure  A-17 E f f e c t i v e  s a t u r a t i o n  v s .  c a p i l l a r y  
p r e s su re  f o r  S = .007 (measured i n  

"0 . 
Region 6 ) .  



SWO = .OOO 

. . 
. .. Figure  A-18 ~f f  e c t i v e  s a t u r a t i o n  v s .  c a p i l l a r y  . . 

pre s su re  f o r  S = 0.0 (measured f o r  
Region 7 ) .  Wo 

, . 




