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‘ ABSTRACT

Information. on -thermal properties ‘of oil sands is
rather liﬁitedlin thg litérature. The properties repoftea
are usuélly based on ‘measuremeﬁts on, disturbed cofe
‘materials ugderlaMbient laboraEOry»cond{tions.ngalizing the
inadequacy of  such values to represent actual fiela’
conditions  at, " in situ, therﬁ%fﬁy stimulated productien
“facilities, a ‘trahsienti state thermal test cell'has ‘been

hi

developed for thermal conductibity and thérmél dit

tesﬁing of scil and rock cores.

A onéJdimenéiéﬁal raéial heat transfer theory was wused
to derive theAghermal_cdnduétiQity'qnd thermal diffuéivity
équatiohé tbét supporﬁ the7.thetmal testing apparatus.
Céreful:wcbnsidératiﬁns to,SUStifyvthe assumptions inherent
"o thekghéory Cwere .médé during the .devélopmeng of the

‘thermal test cell. Operational .temperatures ranging from

20 °C to 200 °C and pore fluid pressures hp to 10 MPa may Be
applied to- the system:mwTégether “with—theprovision of a -

. f .
vertical confining load of up to 440 kN, Jin situ pressure

.

and temperature conditions may thus be simulated during

<

oo

thermal testing..
- Test results for dry and water-saturated guartz sand as

well as remoulded and undisturbed Athabasca oil sand éamples

A3

are given. Analyses of the results show that thermal
properties of oil sand are significantly affected by the
material itself, 1ts density and- degree of saturation,

L - .
proporti&ns ged types of the saturants, as well® as ambient
. ) ’

)
¢

iv ¢



tempe}ature. Both the thérmai conductivity and the thermal
diffusivity of a  partially or fully liquid saturated oil
sand IdecreaSe with inc:reasin‘g.'~ températu:e. Thé ~ two
properties also decrease with inc;easing bitumen saturation.
An,inérgase in the degree of liquid saturation of the oil
_sand enhances its thermal conductivity and thermal
diffusivity. Higher thermal ' conductivity and the;mgi
diffusivity .values are also expected for oil sands of higher
densities. The importance of thermal testiné on undisturbed
core ;pecimens, as opposed to remoulded or reconstjtuﬁea
ones, to obtain more representétive _results s also

demonstrated.
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’ LIST OF SYMBOLS
Since it 1s quite common\that alsingle symbol. may be
used by engineers of ‘diffé ent disciplines to repfeSent
different variables,. it would ‘be vérudent to outline a

consistent set of symbols wused for the cprrént study as

-shown below:

el
Symbol Meaning
General ,
A, Cross-sectional area (m?)
G Specific gravity (dimensionless)
H Coefficient of heat transfer (W/m?® °C)
R Thermal resistance (m? °C/W) '
Ro Radius of sample (m)
S Degree of saturation (percent)
T Temperature (°C)
v Constant surface temperature of sample (°C)
Vo Initial sample temperature (°C)
v, Initial medium temperature (°C)
Z,L,1 Distance, length, thickness (m)

Change in length (m)

Maximum axial flow error (dimensionless)
Change in temperature (°C)

.Specific heat (J/g °C)

Wall thickness of probe heater (m)
Diameter of probe heater (m)

Thermal conductivity (W/m °C)

Thermal conductivity perpendicular to the
optic axis of a crystal (W/m °C)

Thermal conductivity parallel to the optic
axis of a crystal (W/m °C)

Porosity (percent) .

Rate of heat (energy) flow (W)

Power input per unit length (W/m)

Rate of heat flow per unit area (W/m?)
Radial distance (m)

Radius of probe heater (m)

Time (s)

Thermal diffusivity (m?/s)

Density (g/cm’®, kg/m?®)

Mclisture content (percent)
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Subscripts
b

Q

-

Functions
E,

Jo

J

e

o,

RO

Bitumen

011l

Solids

Water

(to indicate different materials)

Exponential integral

Bessel function of order 0

Bessel funttion of order !
Exponential function

(,=1,2,3,...) Positive roots of the
function, Jo(Reéd)=0

Euler's constant = 0.57722

P1 = 3.,14159

Self-def ined functions
Bn = RO(Sn
r = at/Ro?
an = ab,?
v = 2d/ro
£ = k,/k
n = piCcy/pcC ,
o(t) = (temperature as a function of time)
n = 1',2,3,...
‘ .«
Ac,Ay,A-, ... A,
w!rw21w3r'--/wﬁl
A,B,C,D, an¥ b = (coefficients/constants)

Ty

A, X, U

i

(variables)
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For convenlence

Impefial/U.S.

customary

CONVERSION FACTORS

in comparing

the following conversion table is provided:

Multiply
fr -

1
To1in

1 darcy

! darcy

1 fti/s

v lb,/fr

1 psi

1 bar

1 atm

1 mm of Hg

1 cal

1 Btu

1 cal’cm s °C
1 Btu in/ft?* hr °F
1 Btu/ft hr °F
I cal/g °C

[o] C .
°API

y
.3048

B

0

0.0254
9.869x10 '?
95.678x10"*
0.09290
0.01602
6.8948

100
101.3250
0.13332
4.1868
1055
418.68
0.14423
1.73074
4,1868

(T(OF)_32)//9
C)+273
(131.5+°API)
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values

given 1n

units and SI units of measurement,

To obtair
'm

I m

T m? .

1 cm/s

' m*/s

1 g/cm’

1 kN/m?

I kN/m?

1 kN /m?

1 kN/m*

1 J

1
1
1
1

v
o

W/m o
W/m
W/m ®
1 J/q °

m(ﬁgy

°C
K



1. INTRODUCTION

1.1 Statement of Problem -

As the world 1is' bécominq more and more enerqgy-
conscious, much reseagch has been done 1n devising the
optimum means to tap the vast hydrocarbon reserves bu:r:ied
underneath the earth crust. The reco&ery method for
conventional light oil is relatively simple compared to the
me£hod5 used for recovering heavy oil, which 1s highly

viscous and immoQile under amblent reservcir conditions. To

erhance the mobility of the heavy hydrocarbon, thermal

methods (such as cyclic steam stimulation, steam or water
tlooding, ard in situ combustion) are generally wused.
Reservolr temperature anc pressure conditions may be

drastically altered during the thermal recovery process.
Various numerical and analytical models have been
proposed by different researchefs In an attempt to simulate
reservoir performance. In order that these models can yiéld
meaningful results, accurate input parameters that describe
the reservecir and the boundary ’'conditions are essential.
Among the many variables that characterize the reservoir,
thermal ©properties of —the hydrocarbon deposit and its

acdjacent formations are some of the important parameters,

In. the geomechanical analyses of stresses and
deformations in - heated o¢il sands formations, thermal
properties c¢f oil sands are also required. With particular

interest in the o0il sand deposits in Alberta, the author .



carried out a literature search and found that iniormntion
on  the thermal properties of oll sands 15 rarher Jimited,
The thermal property values, if available, are mest iy  based
on results  trom  testing of remoulded or rucmnmf;turei'oii
sand samples under room temperature and atmospher ..o pressure

conditions.

1.2 Objectives of Thesis

The main objective of this researcn .s *¢ deve.ol an
apparatus and testing procedure to measure  therma.l
conductivity and thermal diffusivity properties c¢cf cil sands
at temperatures, pressures and saturations encountered in
reservoirs during thermal sfimuiation processes. Tc ensure
@hagmrepresentativé results are obtalned, the apparatus
shoﬁld be designed for testing of natural (or undisturbed)

a0

c1l; sand core samples. A transient state thermal :est cell

ﬁ}pas been devised for this purpose. .

” The Selectién of appropriate methods of anélysis of the,
thermal testing procedures, tb allow correct interpretaiion
of the thermal tests performed, serves as tﬁe second
objective of this study. Current methods c¢f analysis

putlished in the literature are
od

M

ocund to be inadeguate tc¢

n
v
o
)

represent’ the <thermal diffu 1ty testing procedute. The

methods are subseguently extendecd for betier representazion.
The development of the thermal test cell and the analy:ical

methods for the testing procedures thus form the backbone of

this thesis. o



The third objective of this thesis is to check the
adeguacy of the proposed testing procedures and analytical
nethods 1n cbtalning reasonably accurate test results by

comparing measured values with other data. A selected number

’
'3

L samples  ©f  Athabasca o1l sands are tested for this

curpese.,

+

It 1s believed that the thermal testing program carr.ed

c

out for the current study will shed some light on “the

importance  of undisturbed sample testing under simulated
t:eld conditions. Furthermore, this research alsc serves *c¢
provide additiona. information on the thermal properties ¢f

Athabasca o1l sands.

1.3 Factors Affecting Thermal Properties of O1l Sands

N 1

Taple 1.1 lists the major factors that affect the three

major thermal properties, namely, thermal conduct

fs
-
—
ct
et

thermal diffusivity and specific heat of  oil sands. The
dominating factors are catagorized into four groups.

1t should be intuiltively clear that the material
itself, which includes the types of mineral grains, the scil
structure and its denéity, poses as a significant factor in
centrolling the thermal properties cf oil sénds. As lonc as
the mfneral gra:ins and the density are the samg, specific
heat of the materia. should nct be affected too much bv the
extent of grain :c‘grain contacts in the scil structure.

As recognized by many fnvéstiga:crs, the gegree cf

fluid saturation plays a signicant rcle in determining cthe



Ehermal properties of‘,a .matenial.“Héwéver, there -is a-
ﬁiffe}énce in Qpinion onv‘the' current methbds of thermal.
itohductivity eVéluatiohi‘Som;.qreSéarcherS"(e.g. Somerfon,
vKéese‘_and éﬁﬂ,g;97ﬂ) suggést that there 1s no diffefgﬁcé in ;
t;érmal coﬁductivitwaheﬁhet the non—yetting phésé is oil or
air _while pthe:é (e.q. Cérvenan,‘VerméUlen and'Chute,.{981)
argue that an oil/bitﬁmen sétgration ba;ameter ‘éhofldy,be
includea 1f ;’ proper,, correlation analyéis is to be made.
Thérefor;} the éfféétsﬂof bitumen and‘water 'propbrtipns - on
thermal rconductiv5ty ahd'.diffusivity'fare classified as

uncertain. »

M

v

- Since most  of thei reséaréﬂ .performed to determine
thermaI'properties‘of 01l "sands is  limiééd'\to homogeneous
,éhd isét:opic méteri;is,.the éffécté?éf non4hbmogenei€§wand
vanisotfopy'on thermai éonduCtivity and “thermal diffusivity
are uncertain. Spécifgc heat ‘islé pa:ahetervthat depends
mainly on phe weighted ;rbporfions and types of ﬁhe, minerél
graias ,and‘ fluid Saéuraﬁfs. Thefefore, theb effects of
uniformity on specific heat sthld be low.

It is  well vdocu%ented in the literature that
temperafure pléys a dpﬁiﬁating role in affecting the thermal’;
" properties of a materjal.‘HQWever; the effects of bonfiningj

pressure #on such properties have not been studied

N o B ¢ v : .
éxteNsively. Some pressure .dependence of thermal properties

of fractured 'rocks is realized by many 1investigators. The

‘increase in thermal «conductivity with pressure is mainly

“attributed to 'the closing 'of fractures or discontinuities in



the rock mass. Since ©oil sands are generaIly_Lﬁtacp and have
low compreséibilities, it is believed thatwﬁressure effects
on thermal properties should be small. Howéver, 1f the sands

are interspersed with compressible clay seams, the effects

/

-

of confining pressure may ?e felt.

- As'vlongv'as the éfgective_ confining pressure_étays
constant, the effects of, pdre’ fivid prgssﬁre on thermal
properties of oii sands are found e bg low. Since ﬁhe
'ﬁqtﬁré~of the material should not change " too drasticaily‘w
over a wide .pressure range, its specific heaé should also -

“'stay relatively constant.

1.4 Scope of The§is ?' o J%

As menﬁioned‘ previouély, the current :eségrcﬁ
‘cqhéentfates on the developmént‘of a thermal test cell that
cén be used tol peasure thérmal”'properties of o1l sand
 samples. However, this work is limited to the measurement ofe
*thefmal,cqqductivity and thermal diffysivity as specific
héat méas;:emenf methods are well documented (e.g.
Smith-Magowéh, Skauge and Hepler,"1982). Nevéftheless,
attempts will be made to estimate specific heats df o1l
sands from measured values of thermal con@ucﬁivity, thermal
diffusivity and dé@é%&y. |

 Since a studyHléfQ'all the factors that affect the
thermal broperties éf.loil ‘'sands (Table 1.1) reguires a
lengthy testihg,progygmp.it iﬁfﬁ%oposed to limit the scope

of the research to the consideration of a few of the



parameters. The variables investigated in<thj5‘study include
) . . : - B . M ,
density, .bitumen/water proportions, degree of saturation and

ambient”temperature.

The limited information available in the litergture on

" .

thefmal-pfbpertiés of oil sands is presented in Ch pker 2. A
bpief review on the thermal properties of the constituents
of o0il sands as well as those of granular and rock masses
found néar 0il sands formations is presented in Appendix A.
‘The inciusion.of these thermal property data in the Appendix
"1s mainly for réference purpose as the readers m;;\kind them
useful.iwit also serves as a starting point for further
researéh on thgw thermal pfoperties of these relevant
materlals. . |

Tﬁe one-dimensional heat conduction theory used for the
current study 1s discussed in Chapter 3. Thermal proberty
teéting methods using both steady state and transient state
fecpniques are mentiqened. The transient stateﬁradial heat
conduction theory forms the basis of the thermal testing
apparatus deviséd for this study. -Details of how the theory
may be applied to thefmal conductivity and thermal
diffusivity determination are described extensively‘in this
chapter..

Chapter 4 presents details of the labcratory'tes;ing
assembly. *This includes the steady state hot plate apparatus
(used for comﬁari%on purpose), the newly devised transient
state thermal tést cell as well as the necessary pieces\ of

apparatus required to- simulate . in Situ temperature and



pressure conditions. Sample preparation and mounting
procedures are also described here. The proposed the;mal
testing progra% for this study is outlined as well. Emphasis’
of the proéram 1s piaced on the determination of thermal
properties  of quartz »sanés aé well as remoulded and
undisturbed oil sand specimens.

The results of laboratory tests aré 'summafizedvin

’

tables and figures in Chapter 5. Chapter 6 includes

discussions on the - expgrimental resulté as well as
cémparisons 55 the results with‘pugifshed‘data, The relative
significance of the various'factors that affect the thermal
properties of oil sands is also discussed in this chapter.
Baéed on the .experimental findinés, conclusions are drawn
and are included in Chapter 7. Recommendatiqns for future
research are also outlined ‘in the final chapter of this
thesis, -

A bibliography 1is .given at the End of Chapter 7. The
bibliography 4was compiled from an extensive literature
seé:ch for felevaht references relating: to the popicxof
thermal_property measurements on soil and rock materials.
Instead ~ of a-list of references on the current thesis topic
only, the inclusion of other relévant references in ‘the
'bibliogféphy may be wvaluable in future research in the area
of thermal property testfng df other deposits of o1l sands?

o1l shales, as well as their overburden and interbedded

rata.



Table 1.1 Factors Affecting Thermal Properties of 01l Sands

" Thermal - Thermal Specific

Factors Conductivity Diffusivity Heat
MATERIAL«
Mineral;Grains ‘significant significant intermediate
Soil Structure significant significant Tow
(grain size distribution) , :
Density significant significant intermediate
(porosity)

* SATURATION B
Bitumen/Water
Proportions uncertain uncertain intermeciate
Degree of Fluid
Saturation significant significant significant
(Presence of Gas) .
UNIFORMITY
'Homogenekty uncertain uncertain Tow N
[sotropy uncertain uncertain - : low
AMBIENT CONDITIONS
Confining Pressure uncertain uncertain ) Tow.
Pore Fluid Pressure Tow ' Tow Tow
Temperature v significant significant intermediate

-

s



2. LITERATURE REVIEW

2.1 Introduction

The literature review carried out for the current
research generally covers three areas. As the first stage, a
review of the open literature on laboratory egquipment
designs for thermal property testing 1is essential. Upon
selection of the appropriate thermal testing $pparatus,
attention is directed to the gathgring of enoﬁgh‘information
on theories and analytical methods that support the
particular design. The fhird area of literature search - then
invclves the collection of published data o¢f thermal
.properties of different materials that will be used .for
cbmparisohs with experimentél results later.

Descriptibns of therlaboratory apparatus used 1n this
study as well as the theoretical bases and analytical
methods are included 1in thé following.. two chapters.
Reference materials relevant tc the differen£ parts are also
guoted in the chapters and will not be‘ repeated here.
Therefore, this chapter on literature review will be devoted
to the presentation of thermal property data 'df o1l sands
éathered for the <current study. As part of the literature
‘search, a brief review on the tHermal “properties of the
»consti&uents cf o1l sands and those of gfanular and rock
masses is included in  Appendix A. This  additional
information 1s provided for reference and 'future ;eSearch

purposes,
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The literature search on the thermal property data of
different scil andi;ock materials has been «carried out as
‘follows. Various rkey words relating to thermal properties’
and material types were uced as input parameters to retrieve
relevant abstracts from on line computer data bases.
Following the identification of relevant <citations, the
corre§ponding papers or references were then collected. The

Tulsa library and the Alberta 0Oil Sands Information‘ Centre

were the key sources of information.

2.2 The:mal Proper£ies of 0il Sands

.Although much work has been done on characterizing the
general physical properties of oi} sands, information on
thermal =~ properties of the deposits is rather limited in the
literature. Most pf the thermophysical properties of oil
sands reported are based on experimentai valueskbbtained
from disturbed or reconstituted samples. Elaborate attempts
were made Dby soﬁe investigators to reconstitute test
specimens to as“ciose to their jn situ states as possible.
The effects of temperature on thermal properties of oil
sands were also sﬁudied by some researchefs.

Clark (1944) used a sample of bituminous sand from the
Abasand Oils Limited guarry for thermal propercty evaluation.
He measured thermal»conductivity using a steady staté line
heat source technigue. A thermos bottle Wes utilized for

specific heat measurement. Results of Clark's thermophysical

——

property testings are included in Table 2.1.



The thermal conductivity of unconsolidated oil sands
have been studied extensively by Somerton and his colleagues
at the University of California, Berkeley. A summary of
their general findings 1is presented in a report by Somerton
(1973). Thermal conductivities of the oil sands with various
saturating fluigg\\iz/’different saturations were measured
with a steady state thermal comparator apparatus. An o1l
sand specimen was made by punching out a 2-inch diameter
disc from the centre of the original 5-in diameter core. The
specimen  was then .caréfully placed 1inside a ‘holder.
Thermophysical properties of unconsdlidated . extracted c¢il
sands are tabulated in Tabie 2.2, and those of unextract;d
Kern.River o1l sands in Table 2.3. All samples were tested

under an axial stress of 350 psi (2450 kPa) and at 125 °F
(;2 °C). Results of the mineral analysis an? calculated
solids conductivity of the o1l sands are presented in
Table 2.4. °It must be stressed, nhowe&er, thét in  the
calculation o©f solids conductivity of the oil sands, anx
average conductivity value based on‘volume fractions of the
solid constituents 1s assumed by the authors. ThfS'épproach
of approximating thermal <conductivity of solids may be
questionable\\:Nevértheless, its‘fsinot within the scope of
this researchjto lnvestigate theryélidity of this méihod of
thermal condjctivity apprbximatidn;

Karim and Hanaf1 ‘ (1981) - studied the  thermal

conductivities of various natural and reconstituted

Athabasca o1l sand samples at temperatires ranging from



20 °C to 120 °C. The apparatusl used was a coaxial type
steady state thermal testing assembly. Bitumen contents were
adjusted during the preparation of different remoulded
samples. The  findings are presented graphically in
Figure 2.1. There is no mention of the éegreé of water
saturations of the samples. The percentégés given are fcr
0il contents by mass of the sample only.

Cervenan, Vermeulen ahd Chute &1981)> used a steady
state hot plate apparatus for the determination of thermal

conductivities c¢f

some reconstituted Athabgsca c¢il sand
samples at room temperature and pressure conditions.
Specific heats of several‘speciméég were established using a
conductive electrical heating technigue. Results. of the
experiments are tabulated in Tables 2.5 and 2.6. The
dependence of thermal conductivity on water saturation 1s
delineated by a curve shown in Figure 2.2.

Seki, Cheng and Fukusako (1981) have devised a
transient state thermal testing apparatus for . thermail
property determination. Thermal conductivity ~and specific
heat wvalues «¢f specimens from a disturbed medium grade
Alberta o1l sand sample were measured. From the ratios of
thermal <conductivity *tc heat capac:ity (the product cf
density and specific heat), thermal di‘fhsivity values of
the sample were derived. The wvarilations of thermal
conductivity, heat capacity and thermal diffusivity with
temperature (15 °C tc 480 °C) are depicted in Figure 2.3. It

[

should be noted that the drast:c drop of thermal

A



conductivity (and subsequently the diffusivity) wvalue at
about 100 °C is due to wvaporization of fluids in the
specimen., There 15 no provision of a back fluid pore
pressure system for the apparatus to prevent fluids from
vaporizing at glevated temperatures., '

Specific heats of oil sands from four major deposits in

oL . i
ted by Rajeshwar,

(L

the United States and Canada have been stu
Jones and DuBow (1882)., Differential scanning calorimetry
was emploved to measure specific heats. Physical properties
of the ci1i sands and compositiorn ¢f the cil sand bitumen are
listed in Table 2.7. Table 2.8 shows a comparison c¢f the
specific heats of raw cil sands and extracted bitumen of the
four deposits. The same type of comparison is made for N.W,
Asphalt Ridge o©il sands (sample B) at temperatures from
about 120 °C to 375 °C and is shown graphically in
Figure 2.4.

Using a differential scanning célorimete:l Smith-
Magowan, - Skauge and Hepler (1982) measured the specific
heats of Athabasca cil sands at temperatures: ranging £from
50 °cC to 300 °C. Figure 2.5 displays the dependence of
specific heat on temperature for a medium grade o¢il sand.
The authors suggest that the specific heat c¢f oil sand can
be estimated rather accurately, within 5 %', bv takirc the
welghted average of the specific heats of its componer:s.

Thermal properties cf Utah oil sands have been studied

by Lindberg, Thomas anc¢ Christensen (13983). Specif

,).
jox

ct

C ea

and thermal conductivity values were determined using a
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controlled transient method. Samples discs of 10 cm diamecef
and 2.5 c¢m thickness were stacked up inside an insulated
H
container for thermal tgstinq. Specific heats of bitumen and
sand constiltuents of‘cil sands are presented graphically in

Figure 2.6. Table 2.9 summarizes the thermophysical

properties of the cil sand samples tested by the authcrs.

ithough the current study concentrates 18 “he
thermophysical properties of Athabasca o:. sands, !t may be
worthwhile tc cite a few reference papers that dea. with
tnermal progperties cf oil shaies. The experimenta. resu.:s
obtained from this <closely re.ated area of c¢il snale

research may be valuable in helping to explain the therma:
behaviour of bituminous sands.

the Ccloradc State Uriversity on ‘thermal propertyv
measurements on ©oil shales. DuBow (18977) measurec <che

thermai and electrical conductivity of Green River oil shale

.

for the U.S. Department cf Energy. DuBow et al (1378)

r

studied the effects of moisture and organic content on the
thermophysical properties‘ cf the same shale. In a paper
published in 1978, Wang, Rajeshwa: and “DuBow presented an
analvsis of +the dependence of'the:mal Zransport carameters

on organic cecntent for the shale. Rajeshwar and DuBow (18

~J

g)
discussed <the thermophysical properties cf Devonian shales.
The specific heats of Colorado c¢il shales were studied by
Jones, Rajesnwar and DuBow (198(0) by means cf a differential

scanning calor:meter. Wang, Rajeshwar and DuBow (1980)



- § . .
investigated the dependence of thetmal diffusivity on
organic content for Green River o1l shales. Practical

. ]
applications of thermophysical property measurements in oil
shale technology were discussed by Rajeshwar and DuBow

(1981). Apart from university vresearch, other research

centre and private company individuals such as Tihen,

n

Carpenter and Sohns (1968}, and Prats and O'Brien (3¢

have alsc studied the thermal conduct:ivity and diffusiv:it

Y
e

of Green River oil shales. As noted from the results
presented in the above references, Dbcth the thermal
conductivity and diffusivity of oil shales genera.ly
decrease with 1ncreasing temperature as well as with

rn

increasing oil grade. Figure 2.7 typifies the variation!’ c
thermal conductivity of o1l shales with temperature and oil

grade.




Table 2.1 Thermophysical Properties of Athabasca 01l Sands
from Clark (1944)

P/
Thermal Conductivity
01l sand sample Sample ' Thermal conductivity
% bitumen by mass ) condition W/m °C
17.1 as-received 1.47
17.1 remoulded 1.13-1.34
11.7 remoulded 0.88
3.6 remoulded 1.00
3.0 remdulded 0.71

Grain Size Distribution

& Percent retained on mesh
450 #80 #100 #200
0.1 3.4 25,1-25.6 95.6-96.8
Other Thermophysical Properties (as-received sample)

Specific heat 0.91 J/g °C

Porosity 39-40 7
Bitumen saturation gp_gs 7
Water saturation 3.5-4 .52

Specific gravity 1.93-1.96



Table 2.2 Physical Properties of Dry Extracted Kern River
0il Sands from Somerton, Keese and Chu (1974)

Source Depth  Permeability Porosity Thermal Median Dag/ By
ft darcies 4 Conductivity Gramn
W/m °C Size
1n
Rern River 575 1.06 o 0,446 0.0231 0,082
Kern River 5498 - 42 0.381 0.0285°  0.097
Kern River . 598 2.94 37 0.381 0.0285 0.185
Midwav-Sunset Q49 2.55 45 0,358 0.0079 0.076
Midway-Sunset 955 0.59 42 10.376 0.0070  0.376
Huntington Beach 2460 2.05 38 0.341 0.0082  9.16!
Huntington Beach 2460 2.26 40 0.348 0.0082 0,161
Huntington Beach 2460 2.33 A 0.358 0.0082  0.151
Huntington Beach 2460 1.86 4 0.339 V 0.0072 0.161
Bradley Canyon 2618 0.21 36 0.358 00,0072 0,100
Bradley Canyon 2768 0.79 41 0.384 3.0064 0.192
Bradley Canvon 2782 0.49 41 0.337 0.0057 D.103
Bradley Canyon 2796 0.34 38 0

. 348 0.0052 0,103 .

-]



Table 2.3 Physical Properties of Kern River 0il Sands from

Somerton, Keese and Chu (1974)

Depth = Porosity Bulk .. Median Saturations
ft I " Density Grain Water 0il
' g/cm’ Size 2 oz
in
374~ 30 2.05 0.033 51 23
380 29 2.11 61 31
30 2,11 , 60 27
32 1.97 - Y 26
e O %% 1.95 . 18 22
2.00 (S - 28 44
31, 2,07 ’ 50 . 32
30 2.00 ' 60 0.
29 2.11 L o881 0
30 1.94° 7 29
28 2.15 60 26
31 1.89 - 10 20"
28 1.86 o 0
L 28 2.16 B 100 0
543- %33 2.07 . 0.0164 34 64
S50 33 -2.07 : 29 67
33 2.07 - 37 62
35 2.10 . 34 55
33 2.08 33 61
33 2,00 ) 32 56,
30 07, 29 46
30 2.03 . 28 34
35 1.94 - 8 53
31 2.05 25 52
- 31 2.07 ' 77° 0
N 31 2.05 " 76 "0
33 2.03 78 0
31 2.08 - 95 0
32 1.79 0 0
31 2,11 ‘ 100 0’
614~ 31 2.08 0.0116 46 44
617 32 2.07 : 46 41
. 35° 2.00 37 43
36 2.03 Y- 54 40
32 .02 38 46
34 2.03 87 0
- 33 1.87 i 7 32
32 ©1.94 13 39
32 1.87 5 25
33 1.99 65 0
30 2.03 - 71 0
A 35 2.02 92 0
. 34 © 1495 68 0
37 1.65 ' -0 0
34 ¢ 2.07 100 0

RN X

Thermal
Conductivity
W/m °C

- 1.78
1.94
1.94
1.57

. [ -
RO 10 R R = O 1 s b o b B O R R R s e b b b o b e e RO D b b e B b b b
N e ISR e i et A AP A s MR
ro

AR

18
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Table 2.4 Volume Fractions of Constituents of Kern River Oil
Sand -from Somerton, Keese and Chu (1974)

- Mineral Fraction (n) Thermal n x k
A Conductivity
(k), W/m °C
Quartz 0.34 4,45 1.513
Orthociase 0.01 1.34 0.013
.Plagioclase 0.21 1.24 0.260
Kaolinite-Sericite 0.25 1.60 0.400
Chlorite’ 0.07 2.84 0.197 .
Hornblende 0.04 1.78 0.072
X Sphene 0.02 1.35 0.027
‘Epidote 0.02 1.51 0.030
Others - 0.04 ~1.35 0.054
| ToEal

—
o
(@]
(3]
(@]
[}
o
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Table 2.5 Thermal Conductivity of Reconstituted Athabasca

0il Sands from Cervenan, Vermeulen and'Chute

(1981)

o
Percent by Mass

. Sand Bitumen Water g/cm’
87.9 8.0 4.1 1.89

87.9 . 7.8 4.3 1.81

87.9 .7.8 4.3 1.92

87.9 7.9 4,2 1.90

87.9 8.1 4,1 1.98

84,3 13.8 1.9 '1.84

85.2 12.9 1.9 1.83

84.8 13.1 2.1 1.92

-'84.8 13.1 2.1 1.89

85.3 13.1 1.6 1.89

" 76.9 12.0 11.1 1.86
76.9 12.0 11.1 1.85

85.3 '13.9 0.8 1.92

84.0 14.3 1.7 1.90

88.6 10.1 1.3 1.89

83.8 l14.7 1.5 1.94

83.5 15.1 1.4 1.96

. 83.5 14.5 2.0 1.94
o 84.2 15.6 0.17 1.95
83.3 15.0 1.7 1.95

83.6 15.2 1.2 1.94

85.0 0 15.0 1.78

95.8 0O 3.7 1.56

99.0 0 1.0 1.47

*Measured by coaxial.pell.

Water
b4 _ b4
SUNCOR-upper bench
37.8 20.7
40.0 19.5
36.5 22.7
37.0 21.5
34.3 23.4
SUNCOR-middle bench
41.4 8.6
41,2 8.4
38.4 10.7
39.7 10.1
39.2 7.5
46.2 44 .7
46.5 44,2
38.2 4.1
SUNCOR-lower bench
39.7 8.1
36.7 6.6
38.8 7.3
38.3 7.3
39.0 9.7
38.0 0.85
38.6 8.6
38.8 6.1
Extracted Sand
42.9 62.2
“44.,5 12.7
45.1 3.3

Z

W
~
— 0 W~ &

w

~
PN e
RO O ®

[eNeNe]

bt bt pe

b bt e e b e b b
. e e .

bt bt b b et b
P T T T S

O - 2

.59
.67
.61
.80 ;
.80

.39
.24
.80°

)

W/m °C
Measured Calculated

bt e

.
USRI I VAU

(eI ]

— 1D PO b b b

.74
.66
.84
.82
.91

.19
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Density_  Porosity Pore Saturation :Thermal Conductivity,
Bitumen
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Table 2.8 Comparison of Specific Heats for Raw Oil Sands and
Extracted Bitumen by Rajeshwar, ‘Jones and DuBow

(1982)
c, J/g °C
0il sand Raw 0il sand Extracted bitumen
N.W. Asphalt Ridge
(sample A) . - 0.745 2.27
P.R. Spring’ ‘ 1.00 1.75
- N.W. Asphalt Ridge '
(sample B) . 0.950 2.21
Circle Cliffs 0.745 1.53 .

Athabasca ' 0.676 1.96

!

N.B. Reference temperature is 125°C
Nominal mean deviation in measured values is *5%
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Figure 2.2 Correlation of Thermal Conductivity with Water
Saturation of Athabasca Oil Sands by Cervenan,
Vermeulen and Chute (1981)
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Figure 2.3 Thermal Properties of Athabasca 0il Sands from

Seki, Cheng and Fukusako (1981)
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Figure 2.5 Specific Heat of Athabasca 0il Sands from
Smith-Magowan, Skauge and Hepler (1982)
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Specific Heats of Bitumen and Sand Constituents
of Asphalt Ridge 0Oil Sands from Lindberg, Thomas

and Christensen (1983) ‘ :
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THERMAL CONDUCTIVITY, W/m"C

OIL GRADE, GALLON/TON

Figure 2.7 Typical Contour Diagram showing Variations of
Thermal Conductivity with Temperature and Oil
Grade from DuBow et al (1978)



3. THERMAL’ TEST APPARATUS AND METHODS OF ANALYSIS

. 3.1'Ih£fbductibn'
Thé}%ai Qroperty testing methods are gene}ally_divided
into two Gategories,f naﬁe194 stéady state énd transient
state téchniquegz Prior‘to_phe desigﬁfng of a.phermal test

apparatus and Qqst procedurés that are most suited for the

'objectivés_ of ' the thesis, a review of the different pieqes
. v - A - T

of apparatus and the methods of analysis employed by other

researchers is.'essen;iai. The advéntages ahd;disadvantages‘
of th§ various tbérmal ;estiné .dgvioeé are discussed.
Special attention 1s ‘given tb the applicabilitygs/cf Steady
State or.transient state technigues to thermal testing cf

undisturbed oil .sand «cores *at elevated: pressures and

temperatures.

[

g Based on the following findings, it was decided to use
the transient state method of thermal testing. Therefore,

this method is covered in some‘detail in this chapter.

. -
P Y

.
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Y

3.2 Steady State Thermal Testing

k4

3.2.1 General Theory
Steady state one-dimensional linear heat conduction in

a uniform homogenenus medium 1s governed by the followihg'

Laplace's equation: ' v
37T )
=0 . | . 3.1
97 | - #
)

v

where T (°C) is the temperature at any point'Z (m) from the

origin,

¢

Assuming that the temperature at 2 = L, 1s T, and at

some other- location, Z = L;, T, (Figure 3.1), the solution
to equation 3f1 is:

Tz'T1 )
T=s=— 7 + T, - o . . 3.2

L2 - L‘
B
The rate of heat flow, g, is 7proportional to - the

thermal gradient,  9T/3%Z, across the two pointi (at 2z = L}b

»

énq Z = L,) as well as to the cross-sectional agea, A,,
normal tec the heat flow direction. Heat flows from an area
of high temperature to another area of ,lower temperature

(Figure 3.2).

.



»
Thus:
oT
q= - k —— A,
o/
or -
T, - T, ""i
q= -k A >
L. % L, @ ud
where the units may be: g (W)
8 k (W/m °C)
S
T (°C)
“éﬁ% Ax\(ml}
L(m)

| : AN
; . . . o B . e
The constant of proportionalityg %, is defined as

thermal conductivity of the medium. —

34

‘the



s

35

‘ 3.2.2 Standard Hot Pl,a?f(.e“ Apparatﬁs'

The ASTM standard ;%SE method (ASTM, 1982) for steady
state tHe;mal transmission properties éf é ma}erial employs
a guarded hot plate assembly (Figure 3.3); The experimental
set-up and testing procedures are well known..Basically, the
set-up should have a constant beat generating ' sodrce, such
as a metallic hot plate{}with a’dc power supply, at one
su:face of the test specimen and a constant cold curface
maintained at the other.'Thé outer boundar;es of the heating

“and cooling units toggther with , the specimer are well
insulated sc¢ that one-dimensional heat flow 1is ensured
across the bulk of the sample. Thermocouples are used to
monitor temperaturés at both surfaces of the specimén during

the test until it is cerfain that thermal equilibrium of the

b4

system is reached. With flow -rate of heat , g, specimen
thickness, L; - L,, cross-sectional area of the specimen,
A., and. steady state temperature differential, T, - T,,

known, the thermal «conductivity of the specimen can be

evaluated from equation 3.3.

3.2.3 Thermal Comparatof or DiQided Bar Apparatus

In order to calibrate the standard hot plate apparatus,
"a steady statgﬁlest on a standard material of known thermal
conductivityv 1s generally carriéd out prior to the testing
of a specimen of hnknowp»conductivity. The use of a thermal
coﬁparator apparatus elimihates this calibration prgcedure.

A schematic drawing of am example of the comparator assembly

ey T . o
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1s sho@n in Figure 3.4 and Figure 3.5. IS this set-up, the
sample o% unknown thermal conductivity is sandwiched between
two standard reference samples of known conductivity., A
thermal gradient across the stack of samples is created by
the upper stack heater and the lower bear sink. Temperatures

R

across the sample and the standard material are measured

when thermal equilibrium of the system 1is achieved. Since
¢ :

the rate bf heat flow in the stack arrangement is constant,
the thermal gradients across the samples will vary according
to their respective thermal coﬁductivities. With the thermai
gradients measured and the <conductivity of the reference
material known, the: the}maL conductivity of the test
specimen may réadi;y be aetermined by eqbating the rate of
heat flow (equation 23.3) in the Specimeh with that across
‘the reference material. Pyroceram glass ceramic code 960S or
fused quartz 1s generally usea as the standard reference
material.

The divided bar apparatus employs the same technique as
that usgd by the thermal compérator'eX¢ept that twb bars c¢f

a standard material' (e.g. brass) are used to sandwich the

test specimen. The metal:- bars are taken as -reference Ffor
thermal conductivity evaluation. An example of the diviced
bar assembly 1s included in Figure .3.6. Various
modifications to this apparatus have been made by many)

researchers, but the designs will not be discussed here.
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3.2.4 Coaxial Thermal Testing Apparatus

. Thé steady state coaxial or cylindrical thermal testing
apparatus employs the theory-of one-dimensional radial heat
flow. Figure 3.7 depicts an' example of tHe apparatus. A
constart heat source is generated along the inner itore cf
the cylinder.‘ The external surface temperature of the
assembly 1is main£aine§:by‘a constant-temperature fluid bath.
Thermal equilibriumr is allowed‘ to be established as heat
moves radially outwérds in a steady state condition. The
steady state one-dimensional radial heat flow theory wilg
not be detailed here, but the éolupion can readlly be
derived by‘ applying the new boundary coﬁditions and a
cylindrical coordinéte system to the .governing differential-

13

equation (3.1),

3.2.5 Advantages and Disadvantages of Steady State Thermal
Testing |

The simplicity of the steady state one-dimensional,
linear heat conduction theory gives the‘standard hot plate
method of thermal conductivity testing 1its attractiveneés.
The method has been widely wused in thermal conductivity
testing of uniform homogeneous materials. If the apparatus
1s p;operly insulated and :f the average sample temperature
ls close to the ambient temperature, the amount of heat loss
to the environment (is negiigible and the accuracy of the

¥’

result 1s high,
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The major source of error in thermal conductivity
testing by the hot plate method 1is thermal contact
resistance at the specimen and.hot/cold unit interfaces.

ASTM (1982) states the criteria in selecting a proper
specimen that the thermal resistance of the specimen must be
sufficiently. independent of its area, of where the specimen
is chosgﬁ in’the sample, and of the temperagure differential

across the specimen. For a flat slab specimen, the thermal

resistance, R (m? °C/W), must be proportional to the
thickness, 1 (m). That is:
l ;
R = — ' - 3.4
k - r> B

where k (W/m °C) is the thermal conductivity.

Therefore, a plot of therﬁai resistance veréus specimen
thickness yields a straight line and should pass through the
origin. However,' Cervenan, Vermteen and Chute (1981) have
shown, from their thermai testings on reconstituted oil
sands, that there may be a finite intercept on the thermal

resistance .axis at zero specimen thickness on the plot

(Figure 3.8). The intercept is an indication that thermal

contact resistances at the hot and cold surfaces are not

[®]

negligible. Assuming that thermal contact resistances at the

two interfaces are equal, as the materials and confining

e

stresses-at both faces are the same, equation 3.3 may be

modified to include thermal contact resistance as follows:

‘(Kutateladze and Borishanskii, 1966)
\.’\\\



AT 2 1 ,
= + 3.5
a, H k
where: AT = Temperature difference across the specimen
(°c) .

Specimen thickness (m)

bt
n

k = Thermal conductivity of specimen (W/m °C). /
H = Coefficient of heat transfer at sample/pléte
interface (W/m® °C)-

(a measure of thermal contact resistance)

{0
|

g‘A, = Rate of héat\flow per upit area

across the specimen (W/m?)

Eguation 3.5 suggests a linear relationshfp between
AT/q, and 1, with Z/H as the intercept and 1/k as the slc¢pe.
Iﬂ'orderﬁto establish the thermal conductivity valué. cf a
materialf' itl 1s therefore ,rqui:éa that ‘épecimens of
different thicknesses be tested and the results plotted if-
the effects of thermal contact resistance is to be accounted
for. This quest‘for better accuracy in thermal conductivity
leads to a tradéjqﬁf.of experimental time and cost. Since at
least Ehreevpcings ﬁéy be required to approximate a linear.
rgﬂétionshipf properly, thrge or more tests with similar
specimens of different thicknesses will be needed to
establish only one the;mal conductivity value.

As noted by the ASTM (1982) standard for the guarded

hot plate test, the test specimen as well as the material
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should be homogeneous. 1f the specimen is moist or saturated
with a fluid, mcisture redistribution may take place during
the test thus rendering the specimen an apparent thermal
non-homogeneity. Many 1investigators, such as Hooper and
Lepper (j950), Vos (1955), Woodside and Messmer (1961),
recognize the fact that the standard hot plate test is only
good for testing dry and homogeneouskmaterials. Tc study the

more complex  problem of the combined effects of moisture

migration and heat flow in a medium, one may refer to
reference papers by Hutcheson and Paxton (1952), Philir and
de Vries (1957), Woodside and Kuzmak »(1958),“ de Vries
(1958), Woodside and Cliffe (1959), Winterkorn (186C), Su
ana Somerton (1979)/ and other reference matérials on the
sdbject.v

Anofher“ disadvantage of using the hot platé method for
testing saturatéd sampies is the possible dominating effect
of convection, especially at high temperatures. Furthermore,
an unéééirably long time is required for tﬁe “hot plate
assembly . to reach both® moisture and thermal egullibrium,
ASTM (1982) recommends the use of separate apparatus for
thermal conductivity testing for low and high temperatures.
This means that at least two hot plate test set-ups, cne for
low temperature testing and the other high temperature, are
required.

As fluids will vaporize at or beyond their saturation
pressures, & well designed thermal conductivity test

apparatus should 1include a back pore fluid pressure system
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to maintain gas apd vapor in solution if high temperature

testing is teqguired. The standard hot plate set-up 1s

[

limited to near , room temperature and pressure tes:ting.
Investigatcrs such as Bouiant, Langlatis and Klarsfeld (1981
have dévised a quarded hot plate apparatus for high
temperature thermal material property testing. ASTM (1982)
also recoﬁmends La labora:ory ser-up of ‘the hot plate
apparatus for testing at high temperatures. However, there
appears to -be no provision for a back pore fluid pressure
system to ayoid vaporization of fluids 1n the sample
chamber. A §teady state comﬁaratcr apparatus which allows
for axial loading and back pcre fluid pressure applica:zions
i5 'de5cribed ;in detail 1n Anand's (1971) thesisg” The
appératus 1s cépable of being used at elevated temperatures
and - pressureé,'This improvement of the steady state thermal

testing method is also presented in a paper by Anand,

Somerton and Gomaa (1!973).
1" £

'Kersten (1949) used a steady state coaxlal assembly for

the Ldeterminaticn cf thermal conductivity of diffareng SO1l
types. More or less the same type of set-up was employed by
Karim and Hanafi (1981) to estimate the thermal conductivfty
of ’Athabasca o1l sands. Flynn ana Watson (196%) have
designed a coaxial steady state thermal conductivity test
apparatus for hﬁgh temperature testing on soil samples up to:
1600 °C. The cylindrical symmetry of a coaxial apparatus 1s

advantacedus in preventing heat losses, par

v

r

icularly at

elevated ;temperatures. Flynn and Watson also considered
)



~thermal contact resistance 1n thelr derivation of the steady
state one-dimensional radial heat flow theory. Since the
authcors were trying to simulate the conditions of a nuclear
power supply after re-entry impact burial in earth, they
maintalned the external heat sink at ambilent femperature and
increased the heat source along the central axis to the
dgsir ¢ t+temperature. The ambient temperature was contrcolled
by circulating water ;n' the external, brasé shell. The
coaxlal apparatus could have been designec tc incorporate a
 back pcre pressure system, but presumably the auvthors' test

e.l was able to withstand the wvapor and ges pressure

9]

generated upon heating of the sample.

A coaxtval thermal® property testing appara-us which
allows pore fluid drainage (thus back pore oressure
application) has been devised by uAbey et al (1982). The
‘thermal conductivity valpe oi “he specimen 1s obtained by

ne-dimensional steacy sta-e teSiing. The apparaus is
capable of testing undér a ~pf¢ssure ‘up  to 200 MPa and
temperature up to 750 K and thus better simulates |n SilL
conditions.,

Although the coaxial set-up and the thermal comparator

[}

(or divided bar) apparatus are far more versatile in
practice than the standard hot plate apparatus, the problem

of unever mcisture redistribution and convection are still

predominant in steady state testing. Furthermcre, the

ot -

difficulty c¢f maintaining such a high temperature and

pressure system 1S great, not tc mention the necessary



43

design of a good safety system.

Other criticisms on the hcot ;»i+re apparatus point o
the fact that 1t 1s complicared, not portable (a cooling
fluild pach s usually reguired), and that 1t 1s difficult to
obtaln structural.ly undlsturbed scil specimens irn a size and
shape suitable for the set-up.

Recogrizing the many drawbacks and Iimitations of
stead§ state thermal testing, many investigators are
favering transient state testing technigues that reguire
shorter test times. The mcst commenly used method I1s a line
heat source technigue whereby & cy.indrica. sampie 1S housed
énsidé‘a jécke: Or contalner with a probe heater along the

centra. axis. The probe s heated up by a consta

]
rt
£O]
O
£
0]
r

supply at the start of the test. The temperature rise with
time s monitored by a thermocouple generallyv at:tached +o
‘mid—height of the prcbe. From the time-temperature record,
tne thermal conductivity cf the specimen can be evéluated.
From the geotechnical engineering pcint of view, the
laboratory *testing of undisturbed soil‘ rock samples, as
opposed to remoulded or reconstituted samples, under
simulated in Situ pressure and temperature conditions should

Give better and mcre representative results that may be used

in the f:eld. Since the only way to acquire uncisturbed deep-

o8

indergrounc sampies 1s by drilling, the sizes c¢f the samples

()

vide

b

are limited. The thermal comparator or

[N

bar gbpara:us

.
wn
s3]

e}
]
o]
£,
3

odification to the standard hct plate appara:zus

for steady state therma: testing of intact scil ‘rock
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specimens. Sample discs of about 25 mm to 50 mm diameter may

be trimmed from cores recovered from the field. However, the

ct

inevitable effect of convection and moisture redistribution,

when testng partially or fully saturated samples under
steady state conditions, poses some concern of the

applicability of the measured thermal conductivity value to

P

e

b
3

P A . . \ L.
trans t state heat transfer creviems under actual field
e
conditions.,

Considering the afcrementioned factors as well as the

potentiai drawbacks c¢f steady state thermal property
testing, 1t appears more reascnab.e tC-uSe the transient

state method for testing cof undisturbed soil,rock samples at

eievated pressures and temperatures.

&
=
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3.3 Transient State Thermal Testing

3.3.1 Thermal Conductivity

3.3.1.1 General! Theory
. ; o i ,

The partial differential «~7uation that governs
one-dimensional radiazx heat tlow inoan infinise
homegenecus. mecdium may dDe written as {C1.0ws

a7 1 J7 1 aT
. - .e
ort r or a ot
where: T = Temperature, a function of r and : 1°C)
r = Radial distance (m)
t = Time (s)
a = Thermal diffusivity of the medium (m®.s)
Depending on the Dboundary condizions imposed,

A
eGuation 3.6 may yield solutions which are useful in +he

;

determination of the thermal tonductivity anrd
diffusivity df a material.

Before procegding to the discussions of “he
abp:opriate sclutions, one should note the folbhowing
relationship: '

k
a = - 3.7
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\

‘where: k

= Therﬁal*cbhduétivity (W/m‘fC)’
a = Thermal dif%usivit§ (m’/s)vﬁ
p = Déﬁsity (kg/m’) LS
c =;Spécific heat (J/kg °C) |

Since the thermal tonduc}ivityﬁ.and the thermal

b

diffusivity of a material »ééﬁ‘ be g%tablished'
experimgntéliy and that the 'deosity is a méasurable
guantity, the specific heat of the méterial can be
calculated” from eguation 3.7, | ff @ .
1-The transient staté, line .s§ﬁ€ce itechnique\ cf
thermai'conductivity determination gene;ally.assuﬁbs the
’following set‘of bogndaryrconditions (figure 3.9)?
1.. Zero_ initial temperature‘throughout the medium.
2. Continuoué heat source of strength, q.,4 suppfied
instanfanequsly at the 'Centfev line at time, t,
greater thén zero.
The .solution of —equation 3.6 for this éetJof
boundary conditions can be bbtained from Carslaw and

Jaeger (1959) and is stated as follows: LQ‘

; R - -
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where: T = Témperaturé, a function of r and t (°C)

Q
t

Power input' per.unit léngth of line source
(W/m) |
k{i‘Thermal conductivity of the medium
JW/m °C) | % ‘
o« = Thérmal diffusivity of the meaium'(m”/s)
r = Radial distance from line source (m)

t = Time from start of power input (s)

Y

and the exponential integral, -Ei(-x), 1is defined as
follows: .
-u

© e
* Ei (-x) = | — du (x>0)

X u
or

n
® (-x)

- Ei (-x) = -y - 1lnx - Z 3.9

where: Y 0.57722 (Euler's constant) .

A plot of the exponential integral is delineated in
Figure 3.10. The transient .state thermal conductivity

probe test assembly used current resear¢h is

shown 1in Figure 3,11,
1f the r*/4at term of equation 3.8 is small, the
B .

exponential integrél may+ be approximated by the first

two terms of-equation 3.9 only:
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1) \
o bdat .
T= —— ( ln —— - vy ) 3 3.10
4mk r?
) >y
Nix iet al (1967) have «calculated that for

r’/4gt < (0.16)’, the approximation 1is accurate 0
R " - . e ,' " . . :
better than 1 %. By experimentally arranging the radial

distance of the temperature sensing device and the  time
o ? . oo gl e
o X ‘,&: ; Lo e N ; . :\ . . . I
e afﬁftEStlﬁQ4 the r?/4at term can be minimized for a

oméﬁerial of,a;épecific'thermal d;ffusivity value. This
1s the reason why most investigators prefer putting thé
teméératurehsensing‘device at or nea;t&ﬁe probe surface
so that the appfoximation @gg‘equation 3.10 becomes
valid. r

ﬁf the difference 1in temperature at two §eparaﬁgw
times of'measurement 1s taken, equation 3.10>will yield:

1
\

T, - T, = —— 1n

It 1s of interest to note that Fquation 3.11 is
independent of phermal' diffusivity, a. The‘équation
c . : AN .
indicates a limear relatlonship between temperature and
the natural logaritbﬁ offf 'time. . Therefore, thermal
conductivity can ideally be calculated from the slope of
a temperaéure versus natural logarithm of time plot 1if

the powe% input per anit leng®h, c,, is known.

However, f§pical "plots* of the temperature and

naturalvloqagiﬁhm of time relationship -wgenerally ‘have

b -
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shapes like the ones‘delineatgq by Wechsler (1966) in

Figure '3.12. As recognized by many researchers, the

¢urved portion of the experimental plots in region A is

due to initial lag effects. The finite probe radius, the
thermal'propertieé of the probe, the temperatlre sensing
deviée. and. the surroﬁnding medium, as weil as the
thermal contact resistance between the probe and the
med1um together attribute to the initial curvature of
the plots. The linear porticon of the curve obtained by a

well designed probe in region Blvis used for® the

evaluation of thermal conductivity. At larger times, in
w~region. ¢, the expérimentalYplots,start to bend again.
Wechsler (1966) suggests that this is due to the loss of

heat axially along the probe and/or 'the effects of

. . kY] . : - .
. finite" sample size. I1f the <curve concaves up in

Fegibn C, the deviation may be due to sample boundary

R

effects. If the curve concaves down, as 1n most cases,

the deviation may be due to a combination of or one of

the two abovd-mentioned effects.
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3.3.1.2 Probable Errors and Justifications
0

fom

It has  been widely “éccebted that fghere are
departqfes from the ideal line . source conditions that
may affect tﬁe \thefmal conductivity test results. The
probable causes of error ma§ be summarized as follows:

1. Finite dimensions of the thermal conductivity probe
heater.
2. Variation 1n the fesistance of the heafimg element

of the probe:with temperature.

(98]

Finite dimensiqns of thé.test specimen.

4. Heat conductign along the heater and  the
thermocouple. |

5. Thermal contact resistance at the interface'between
probe and external medium. |

6} Heat ﬁransfer by radiation énd/or convection,.

To minimize the first two errors, many researchers
reéommend the use of a thin probe heater wifh large
length to diameter ratio and a heating element of low
temperature coefficienﬁ of thermal resistance. "However,
Hooper and Allcut [(1952) and Woodside (1958) point out
the drawback,of designing too‘ thin a probe ghat may,
'crgate undesirably high temperature:- and conseguently
moisture graaients near the probe, when moist samples
are %ested? Partial drying and moistu;e migration in the
test specimen méy affect the results. To compromise the
two- contradicting views, one should select a probe with

an adeqguate length to diameter ratio such that a line
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source can be approximately simulated while the prob%
radius is not too small to create extremely high thermal
‘gradients near its surface. In fact,' Blackwell- (1954,
1956) has proposed criteria for proper probe dimensions
to avoid axial flow error as well as to ensure radial.
flow at least near the centre of the cylindrical sample.

1f the testing period is short enough that the heat
front never reaches the sample surface, the finite
sample can be tfgated as infinite 1in  extent. Tbgether
with proper design of the probe and a small péwer lnput
.to minimize thermal gradient across the ends bf the
sample, error 3 can practically be eliminated. Wechsler
(1966) has proposed a criterion for sampleh'radius‘ to
minimize the amouat of heat reaching ;he sample
boUﬁdary. Thié will 'ber discussed in the ' following
chapter. |

Error 4 has been accoUnﬁed for ih the»desién of the
probe accgrding to Blackwell's (1954, 1956)
recommendations. End heat losses shouldjbe small 1f the
sample is well insulated at the ends.

Thermal contact resistance is genefaﬂly assumed to
be negligible when ﬁesﬂing dense samples closely packed‘
around the probe heater. This assumption is particularly -
justified whén the test specimen is fully séturated with
fluid which forms a uniform conducting medium aroundithe
probé. Van der Held and van Drunen (1949).also recommend

the wuse of lower power input to minimize contact
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resistance across the probe surface.

Lentz (1952) has performed conductivity tests with
the heater placed vertically as well as horizontally ‘in
a mpist homogeneous 1sotropic medium. The laék of

significant difference in his results suggests that the

effect ofr conve - ®e heat flow is negligible for
short-duration ther~.. conductivity testing. Anand
(1971) suggests - convection 1is negligibie for
moderate size of sam; . ‘res. Vos (195%) mentions the
fact that contributic: of radiation to the apparent

thermal conductivity is important for testing at high
temperatures. - The actpai thermal..conauctivity 5? a
mate;ial should be smaller if ‘radiation effect ' 1s
excluded. However, Anand (1971) states that radiation

should ' be neglected at temperatures below 900  °F

(480 °C). Sibbitt, Dodson and Tester (1979) agree that

e
N4

15

the contribution of radiation to thermal conducti‘*
usually negligible for temberatures belbﬁ 80
(527 °C). One sHould treat the apparent conductiQity 50
measured as the sum ©f the true conductivity and the
radiation conductivity instead of trying éo single out
the radiation effect. Tﬁerefore, efror'6 is atgually hot
a problem as radiation oécufs in practice as well as I'n
the laboratory test. Van dgf Held;s papers (1953, 1954,
1956) and dther references  hay be consulted \for‘ the

effect of radiaticn on the conduction of heat.
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3.3.1.3 MerKéls of Analysis

Previous Work

To account for the heat productiqn period cf
the heater and the truncation error of higher order
terms in the exponential integrél,(equétion 3.9),
van der Held and van Drunen (1949) deviséd a time
correction %actor, to, which can be detefmined by
noting the time-axis intercept from a plot of time,
t, versus dt/dT (Figure 3.&?5; The established t,

value is then subtracted from each observed time.

Equation 3.11 1s thus modified to the following
form: '
g ts = to
T, - T, = — 1ln — 3.12
4k t, - to '
With the - newly corrected time scale,

temperature readings are plotted against ln t to
determine thefhal“conductivity as discussed in. the
previous sectioﬁ., It is believed that the
re-plotting o,f’he temperature record on«"a corrected
In t scale may linearize the initiaily curved plot
from the uncorrected data. )

The method of introducing a8 time correction 1is
rather simple and has. been widely"used by; many

researchers, namely, Hooper and Lepper (1950), Lentz

(1952), Woodside (1958), and Nix et al (1968).



However, Lentz (1952) admits that the correction is
only an appro#imatibn to account for the deéarturé
from the ideal line source theory. Error in the
calculated wvalue of thermal.conductivfty appears to
increase with increasing error in t,. When the
diameter of ‘'the ©probe heater is too large or the
sample density too low, the thermal conductivity
value measured will be low and the t, correction

large. Therefore, Lentz recommends that this time

correction method be wused for testing of dense

-

samples only. D'Bustachio and Schreiner (1952) even
discard the correction method and take Jjust the
straight line bortion of the temperature versus 1ln t
plot féf.analySis. They note that such a correction
1s not ‘neéessary except for more precisé work.
Hooper and Lepper (ﬁ950) argue that the thermal
co&ductivity probé should be recognized as a primary
standard test’ instrument‘ ltself and therefbre no
callibration against any otherv standard material
should be reqguired, althoﬁgh the authors also adopt
the time correction method of-analysis. De Vries aéd
Peck (1958) agree that the probé method can be
applied with confidence for measurements of thermal
conductivity., It .is also stated ir the ASTM (1870)
standard that the probe method is an absoclute test
for thermal conductivity determination directly. No

calibration based on a specimen of known thermal
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conductivity 1is required. In case of a dispute, the

Standard recommends that the thermal conductivity

s

value established by the gquarded hot plate test

\

(ASTM, 1982) be treated as accurate. However, as
noted earlier, the standard guarded hot plate
apparatus 1s only good for testing dry and

homogeneous materials.
Rather than using the time correction method

mentioned above, Hooper and Chang (1953) have also

-

attempted tc use a position adjustment which alters
I

the radial distance, r, of the thermocouple in the

-

r*/4et term of eguation 3.8. A graphical method has
been designed to find the thermal conductivity of a

material by successive approximation. The authors

note thap the r term 1s not'constant for the same
probe. with different materials. This is the same
case aé the time corfgction, to. One can only treat
the r term as an apparent radial distance of the
thermocouple as opposed to an actual distance.
Although both the time and. the position

adjustment methods may yield better results than

those derived from uncorrected time-temperature

]

data, the results can only be taken as approximate.
The application c¢f the methods is limited by probe

size and sample density as discussed previously.

Furthermecre, . thermal contact reslistance -at the

sample and probe interface, although generally
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small, may become significant for tests with high

ambient temperature and or large power input.
Réalizinq the limitations of = these empirical
correction me t hods, Blackwell (1954) developed
another solution to the governing partial
differential equation (3.6) by using the actual

boundary condition that the medium :'s bounded
internally by é hollow probe of finite diameter. The
assumpticns of an infin:ite medium and an infin:ite
extent c¢f the probe along the longitudinal axis are
st1ll applicable in his analysis. Together with <the
assumption that the probe wall i1s made of perfectly
conducting material, 'Blackwell found the following

approximate solution for eguation

(B8]

.o% zfor large

experimental times:

3

In ¢« + B +

il
>

where: =~ A = g,/ d4nk (°C)

B =A 1 1ln (4a/ro%) - y + 2k/roH ]%fQC)

"

External radius of the probe (m)

o=

H = Heat transfer coefficient af‘the.
probe-sample interface, at r = rg
(W/m? °C)

(a measure of thermal contact
&

resistance)

T,t,q.,k,a,y are as defined previously,



and C,D are functions of the constants of the
problem but are not required in the
evaluation of k and «a.
If the thermal condugtivity test apparatus s
appropriately designed such that the last term of

eguation 3.13 1nvolving the coefficients C and D is

negligible, Blackwell's sclution can be simplified

as feollows:

T = A In t + B 3.4
It can be observed immediately *hat

egquation 3.14 reduces to the same form as

.11 for, two different time-temperature

(OS]

eguation

measurements. That means the thermal conductivity

Py

£

value of a material can be estimated directly fron

the slope (A) of.the temperature vefsus In piot.
Blackwell (1954) has shown that results
predicted by eguation 3.13 compare reasconably well
with numerical integration of the exact real
integral solution. He suggests the wuse * of a
least-squares multiple linear regression analysis on
the time—tempefature record to evaluate +the four
coefficients A, B, C and D of eguation 3.13. The

‘ ,
metho@ of analysis can be systematized by means of a
computer program. Thermal conductivity of the test

specimen 1s evaluated from the computer calculated

coefficient A.
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Since the assumptions of -a

Y IO
¥
s

conductivity and of radial flow have be n;p(ovgn

be wvalid at least for large time measuremeﬁ* >y

) :
s X £
. S X o 4 R

Blackwell (1954, 1956), equdéioh%Bﬂ aapgﬁafs tbxf'

N

£

the best vrepresentation of t anglenc Stﬂte

B

thermal conductivity probe test us -fav{;aJaégér

e X . ;
. . . ) %‘ . :‘.
(1956) ‘also obtained the same "eGuat! on (3.13) .as
’ ! oy UJ i ! v
Blackwell's, except that Blackwa *%UEWSCf considered.
. Rﬂ‘ " . P
the ‘'small time' solutlon al*hdmgh% ngof'kimited‘

'm ;;u

significance in the thermal cqpu”t€1v1*y prbbe tesh.

Y

sed a‘p:ODe‘wi:h

1

Noting = that Blackwell (4P

the heating element wound fod

. o s
temperature measuring device

wall surface; which is not tob

Peck (1958) aev1sed:

the he 3 18 h@used
KRRy @%”ﬁ“~,

gauze. Paraffin wax- was used”a

. Ul‘
b

Treating the probe conductivity'

i

thet deficiencies of assumptions ' made
investigatcocrs 1n thelr attempé e simg}a
source conditiohs. However, in order t
the analysis, one has tc éssume or know the therma‘
properties of the probe heater. This renders a
drawback to de Vries and Peck's me+thod as such

thermal ©properties are seldom known or given 1f the
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probe 1s purchasdd instead ¢f beling assembled by the

l

investigator,

) . . Wy
RBecommended Method of Analysis
It should be noted that for a probekgéhggii:i:e
conductivity, Blackwell's ({"954) sclution £

equation 3.6 s the same as -“hat of de Vries and

+
+

Peck (1958). If this assumption can be jugtifiec,

1s more convenient to use Blackwell's so.uticon
because of its simplicity. No approximations of the

s . . . . .
thermal properties and density of the probe are

0
N %
required in solving equation 3.13.

Since the wall thickness of the probe 1s wvery

small, it .can reasonably be assumed <tha:z the

'

temperatures are the same both at the inside and

Y

N

outside® ‘surfaces of the probe wall. In essence,

thermal conductivity of th@probe wall can be

8

assumed to be infinite, and hence placing the hea:er
a. o )
in51de”ag outside thgwall should not result in *tc

O

much ab'déviation from Blackwell'§ assumptions. In
fgct, Blackwell (1954) has looked into the condition
Qf having a proRe with finite ‘conductivity. He
points out the fact thgt the ‘effect ¢f %firnite probe
conductivi;y on  the "large time' solution is sc

small that 1t «can be neglected so far as the

determination of thermal) conductivity and
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diffusivity is . ~concerned, The - finite probe
conductivity only plays a significént role in “the
'small time' solution. De Vri?s and Peck (1958) also
agree that, in most cases, application bf_the simple
line ,sdurcé theory 1is permiéSibie with probes made
"~ by other;reseérchers.’This is particularly true Vhen'
thermal conductivity testing is pefformed on -dense
materials fo: large times and small power input,
WOodsidé . and Messﬁer’(196ﬂ) point out the merit of
.'havihg the thermocouple attached to ‘the-’outside
.sorfacer of the probe at mid-height thatvé smoother
Eime—tempeféturgurecord_can be obtained.

Coﬁsfdbring the pros and cons of the different
:méfhods of thérmal'conquctivi%y’énglysis,_the author
finds Blaék@ell's (1 954) methoé the most appropriatg
in 51muzft1ng the test. set- up used in 'this study and
in  giving a .slmple and systematrc_apprqach to the
analyéis of tesults;” The cylindriéal heat source
Ehéory © 1s. - well sulted ‘féf a more aécUraEé
aetermination of the " thermal conductivity of a
material. Blackwell'  equation {3.13) can‘bé applie&
Jto eatlma te *he thefmal conduct1v1ty ‘value w1thou%
the. knowledge of the thermal pr opertles .and den51ty

of the probe,,the thermal contact resistance or , the

fadial distance  of ‘the temperauure sensing dev1ce

-near the probe:

Y
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To help: fulfﬁlling the assumptioné of the
transient state thermal condﬁctiyity probe test,'the'
following recommendations may be followed:

1. Design a probe sgch thaﬁ the axial heat los's to

‘ the ends and_the.temperatu;e‘grad}ent ;cfoss.the
surféée\of the probe are minimizéd;

2. Use small bowef inputs to avoid high thermal
gradients and thermal.contact resistance around
the prQBe. | |

3. -Ubé samples with 1la

Ed

that tHe heat ‘reaching the sample boundary is a

rge enough diameters such

)

lot less than the heat being generated at the
' v, . , N

probe. ° S

&, L v
4. Use test 'periods that are short ta better

simulate the infinite medium but are long enough

' o

that Blackwellﬂé v'iatge time' sclution may be -

used. )
5. Agply a confining Ypressure to the 'soil/fockg(
sample equivalent to the in situ pressUre; This

proceduﬂé . not only represents a 'better

simulation of the In SiTU'condigions but also

reduces the contact resis;;pze at the probe

&frféce> as the sample s¥ould have a tighter

“contact with the probé.

AN

As disclssed p:eViously, if the last term of -
equation 3.131fnvolving the coefficients C and D 1is

negligible, the equation reduces to the form of. a
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‘linear temperaturé function with - the independent
variable being the natural logarithm of = time
(equation 3.14). The thermal conductivity value of a

maté;ialyéan be found difectlytfrbm thé slope (A)iof
the linear relationship, gnd the tempe;ature axis
intercept (B) will yield the thermal giffusivity
value provided ghat‘the heat transfer coefficiegf of
- the probe-sample interface (H) is known or assumed
to be wvery large. If the- above recommeﬁdétioﬁs
(éesign criteria’ to be stated in the followiné
chapter) are followed, it can reasonébﬂy be-asSumed
that the last term of equation 3.13 1is %egligible.
Instead of a mul;ible lipear regregsion, a simple
least-squareé lfnéar regression énalysis can be
ca;ried out on th?. time-temperature data,”using
equatioh 3.i4f fof the evaluation of thé thermal
condu;tivityﬁand;diffusivity‘of a ﬁage:ial.

‘From preliminary tests ma%gjby the thermal test
céil (Figure "3.11f used in this étﬁdy; iﬁAhés heen
féuﬁa that,the temperature verst In ot plots _aré
guite linear, indicating that thévcontributions of
the C éjd D coefficients are ve:y\sﬁéll.ult has'alsco
been \notednfﬁﬁat  t£e &multiple‘.liﬁear .regression
';aﬁalysis 1s guite sehsitive.to the scatte; bf» data
points and ?E“N?%e nhmber of daté entries. On the

‘'other hand, results obtained from the simple linear

regression analysis using the simplified Blackwell's
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e

equation (3.14) are quite éonsistent. Therefore, it
ié propééed that the simpiified ‘vgfsion of
Blackwekl's theory be used in the éurrent’snugy; For
2 briqfl review of the least-squares regression
theory,‘one may refér to Ané and Tang (f97é).

Since the basic‘aséumption Used ;p”deriving the
1ine heat source tQéo;y-(equatioﬁ}B.S?.reQuifes that

_the initial Eempégﬁégre throughout the medium be

N

zero, the 1ip a1  ambient temperature should be

p:E T E ‘ .
treated as a Treference temperature., - All measured

temperatures shouldafbe"gdbtractéi by this ahbient
’ 5 :

- : & . .
, o URE i ' :
temperature to obtalmm%gtemperature rise record for

subsequent graph plotting and calculations.
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'3.3.2 Thermal Diffusivity

3.342.1 General Theory ‘ "
WCOntrary to the transient state thermal
conductivity(testing in which a constant line source is
generatedv along the longitudinal axis, a tHermal,
diffusivity test generally 1involves 'the heating or
cooling of "'the cylindrical saﬁple surface. Oné me t Hod éf
thermal diffusivity testing is immersing a sample with
unifgrm initial temperature 1into a bath oﬁ constant
teéperaturn f1Uid-and monitoring the time-tempergg&re
-response ¢f the sample. However, in the development of a

general theory, an infinite cylinder is assumed so that

radial -heat flow in the uniform homogeneous medium i's

one-dimensional. As 1in the - case of a thermal
L : ' ' : T - Y
conductivity test, . the effects of radiation®and

convection are assumed to be eithér negligible or,
incorporated into the result,
The governing differential equation is sgill
equation 3.6 and the new boundafy conditions are stated 
.as follows:
1. Zero initial temperature »thréughout the medium,
except at the sufface. |

2. Surface temperature is,alfunction_of time, o(t).,
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solution can be found in Carslaw and Jaeger

(1859) and 1is stated as follows:

where:

o

no™~e

”Qénzt 6nJo(r'6'n)

J,(Rob,)

Temperature as a function of r and t (°C)
Thermal diffusivity of the medium (m?/s)
External radius of sample .(m) e

(n=1,2,3,...) Positive roots of the

funétiogﬁnJ;(R06)=O (dimensionless)

gﬁf~
Time &5) 4%

A

Bessel function of Qrdef O‘agd l - a_ z
reségctfvely. n . |
éurféce temperature OEFSampIeraéwa y
function of time (°C) f  , N
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3.3.2.2 Methods of Analysis

Previous Work
. " . )

If the temperature function at the surface of

the cylindrical sample 1is assumed to be constant

| .
(i.e. 9(t) = V = constant), then equation 3.15

becomes:
t . u L
. 2V o ‘—a5n2t- Jo(fan)
T = V-—————«E e _ 3.6 - o
L ‘gﬁ n=1 | . 6nVJ1(R06n)
‘Let’ B.= Rob,
” ’
. - ‘
and' sy, ‘\\i;ry =, at/RQ z \: X }uﬁ."‘l" B . °’> ‘\,“‘.
et Y e
SRR T Y L 4
equation 3.716-becomes;: " q*ﬁﬁﬁf‘ . ,
e - R s ‘év . \),A—-.' N g -\< PN ) -
R - . Y ) ,A . ‘ ' ”
T @ =Ba*t JolrBn/Ro)., ‘
—_— = 1 -2 I e ‘ 3018
Vo “n=1 '
B - .
where +8,, n=1,2;§ﬁg\.é Qére the rocts of Jo(8)=0,
T ;:I ~ . .
‘and r is the radial distance of the température
' ﬁeasqrement point from the central axis of the
cylindér.‘vlf‘ the temperature ‘sensing device. is
placed right along this central &dxis, r is zero and
the Bessel function of order zerc term becomes
unity.
.~ The only independent Qgriable‘in‘eguat;qp 3.19f
is r. By assuming values for r, the.ratid of the - |
. . B 2. Y . v.'
measured temp@rature at time, 2t, to the téﬁperatufﬁ;,ﬁﬁ
?g
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at time, t, can be evaluated and a graph ﬁof
T(2t)/T(t) versus T may then be plotted
(Figure 3.14). Jaeger (1959) proposed this graphical
method to evaluate the thermal diffusivity of rock.
Enniss et al (1978) used the same method for their
diffusivity analysis. For detaﬁls of the method,
refer to Jaeger (1959).

| Jaeger admits the 1nherent disadvantage of this
‘method is that ‘iﬁ s difficult to maintain a
_;Constant surface temperature. However, for
aifﬁusivityv testing of poor conductors, the

»y

‘.disadvantaée: 1s "not too prominent. Jaegér also
suggésts_thaﬁ the method is particulérly well suite&
to,diffusivfty testing of water saturated rocks.

I Jaeger'.s  method of‘anaiysis requires that . .the
test specimen, which Is inifially at a constant
temperature, Vo, be immersed (at t=0) in_é medium cf
Ca ﬁikedfvtemperature, Vy. In order"to satisfy the
boundary condition that the chinder has zero

initial temperature, all ftemperature measurements

will have to be reduced by V,. Thus the constant

surface ‘temperature term, V, is egual to V, - V, and
all other temperatuyre, T, are - equal te

» ‘\“\ ¥ : ! N
T(measured) - V,.

Enniss et al (1978) used Jaeger's method for.
their  diffusivity analysis ‘for . rocks. However,

instead of immersing the sample 'in .a medium of fixed
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temperature, the authors achieved the required
surface temperature by heating the surface of the
specimen with an external heating coi1l around the
. o S
base of the sample. Although it was not stated in
their éaper, it is suspected that there would be a
time lag before the prescribed surface temperature

)

cylinder before ‘the surface ‘Aﬁberature actually

@&, e
i B
toi 3 ‘f;v

became constant. Therefore, it %?Mld be prudent .to

was reached. Some heat would haveymigrated into the

account. for” this +time lagy though small in some
‘ e
cases, and treat the sufjace temperature as a

function of time instead of being & constant-

W

@&

Theory Used in‘Current Resea}ch
As discussed in the previous section, it would.
be appropriate to éstablish a . functional
relatiohship‘ between surface temperature and timg‘
when analyzing data from a transient state
djffusivity test that employs ﬁhe same experlmental
set7up aélthat of Enniss et al (1978).véquatidn 3.15
ould then be used to evaluate thermal diffusivity
of the test specimen. |
It must . be | noted that when 1 = Ryg
equation 3.15 givés T =0 for &ll vélues of t, which

1s certainly contrary to the boundary condition.

Therefore, the equation 1s valid only for r < Re. If

: . »
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it is required that equation 3.15 be wvalid for R
also, some mathematical manipulations 1involving
Bessel functions are warranted. For instance, if £he
surface ‘temperature 1is. a linear function of time
such as o(t) = bt, where b is a constant, Carslaw
and Jaeger (1959) has .a solution for equation 3.6 as

follows: ~

~06n1t Jj(f6n>

1 8,000 (Rob.)

“

Churchill (13941) .and McLachlan (1934) may be.
consulted for the necessary formulag vreguired to
achieve ‘the above eqhatién. The eguation (3.20) is
also valid for r = R as it réduces to T = bt = o(t)
at that point, |

In order to use Jaeger's method *in evaluating
the . thermal diffusivity value of a material,

equation 3.20'may be modified as follows:
v . .

1. Multiply a to both sides of eguation 3.20

gives:
.Ro?*-r? 2b = ~ad, 2t Jolrd,)
Ta = blat -~ y o+ I e : =
4 Ro n=! §,73,(Rob,)
3,21

e 3

S

2. 'Substituting eguations 3,17 and 3.18 gives:
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Roi-r? ‘=
Ta = b(ROIT - M) + 2bRo z e
4 n=1 ﬁanl(Bn)

—/3,‘)7 \JQ(L’/{,‘,’/R())

3.22

The only unknown on the right hand side of
L

eguation 3.22 1is now 1. When T(2t) 1is ‘divided by
T(t) as for T(2t) T(t), the a term drops off.
Therefore, Jaeger's method 1s applicablé 1f :hé
surface temperature of the sample is a linear
function of time (1.e. o(t) = bt).

However, thé‘ rate of temperature rise-at the
sample surface 1s not generally linear. In order to
cover a wider range of. variéble temperafu:e
functions, the term o(t) in equation 2.15 will have
to be generél. It 1s thus proposed that a power
series expansion of the temperature functicn e(t) be
employed.

Analysis has shown that a seventh order
‘polynomial, such as /

8(t)= Ag +A t +A,t? +A t> +A, ' FAsL® +Agt® +A,t7
. o . . 4 :
1s sufficient for this purpose. The major reason for

choosing a polynomial instead of any other function

to represent o(t) 16 that it 1s easier to integrate

+

with the exp(-ad,?t) term in equation 3.15.

.

With o(t) being a seventh order polynomial,
eguation '2.15 is expanded and the following eguation

o

resu.ts:



wher

W,

net

@ JD([’/gn/'RQ) w] ant .
2 = : [(Ag -~ —) (1 - e b+ Wt
n=1 R.JI,{(8,) ana
+ Watd oF Wat? o r Wett 4 Wet® v Wertt o+ At 3,23
e: a,s ad,?, B.= Rob,
P
2A . HA 24A, 120A T20A, 50404,
A’ - + - + - +
a, an’ an’ a,"* an’ a,*
Ad"? ’ i
3A, 124, 60A 5 36046 252CA,
AL - + - + -
a, a, a,’ a,’ an’
4A, 2CA, 120A% 840A,
A, - + - : +
a, . a,’ an’ ag!
5A5 30A6 2104,
A, - - - - ,
J 4 ’
an an an
‘;;}‘j“ ' J:,j'v
.v*'u‘g‘ ..,L:
6#‘1: 42A7 i \\r |
AS - - [',
- ang an2 B o
.
7A7
AG - -
an
The integration procedure is quite straight
o . L 3
forward and 1s included in Appendix B. '
I't should be noted that this'equation (3.23) is
N . A ) s ‘, R I-‘P"“g.\‘;v’u
appilcable at r = Ry because the C, functicn ¥
approach zero. An attempt was made tc  simglify,

b -
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.20,

[99]

this equation to a form similar to equation
but the effort was proven futile due to the complex

nature of the equation (3.23). Since only "the

internal sampie temperature, which 1s far from

r = Ry, 15 of 1interest, equation 3.23 :s aﬂegp&:e

for thermal diffusivicy determination.

" »

Droposethétbod cf Analys:is S

It can be seen that usSing the Qrev.ous
Substituridn, l.e., eguaction 3.'E, will ncot oresulc in
N ’

a temperature function with & single independent.

variable The different powers of a.=ad, %
" de represertaticn ‘Qf « ard t by a

singie variable. Hence, Jaeger's me:zhod canncdt bne.

employed,
The following method of analysis is_propc%edﬁ
. Use a least-sguares multiple ' linear regressiénu
method to solve for the eight coefficients in
the powef series representation of the externa:

surface temperature record.

2. With other wvariables in- eguation 3.7

temperature distribution in the medium
e e

dependent on a,, or specifically a. An ﬁhﬁ@i:ive
a A . . ) o P
procedure, name.y regula-falsi metnod &t findinga
] o .

roots o©of an eguation, may be emplo¥ed to find

[

the diffusivicy value for each <ime-termpera-ure
\

i
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data pair measured by the internal thermocougp! A
. L}

. g

1

T

' o
An average diffusiyity wvalue may be obtaindd

o

from the «alculated wvalues at differens rime

intervals. .

- Abramowitz and Stegun (1972) may bte consulied

, e |
for va.ues of the Bessel functlions. Computer
programs for evaluating B.'s, Bessel' functions  and
for performing multiple linear regression as well as
drffusiv.ty  analvsis have | beern written for  the
Turrent study

{2,

rrors and Justifications.

&)

Probabn.ie
Since the enzire sample tube is wrapped ardund

by the 5ilicon rubber heating Sacke:s (Fidure 3.1°)

heat tends to flow inwards one-dimensionally. Radia.
iow condition 1is warranted a® least” ar mid-heighc
of . the” sample ‘where both internal and externa.

. »
, - A . . - - A
temperatur?‘respor‘.ms‘es are. mon::torec, . i da - racia.

3

heat, flow condition is achieved, there is little *o
. N N £t

o ».:x
nc thermal gradie® along the axis of the cylinder.

Lot ) ,
Therefore, 1css of heat* axially alonc the cen<ra

probe and the thermocouple mav be assumed <tc be

negligikble, With the twoe ends 'cf <-he sample
insuig:ed by ceramic cap ct low therma.
8 '

'
19}
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‘s C - 4.

of the sample. . A ¢ e o '
’ ) - . ' . A . » s “

Preliminary pests ‘have shown that the thermal -
diffusivity . value;W\'obtained ) 'from : dlfferent"

time4pempf¢atbre rise;'data pairs in a 51ngle test

are. quite - con51stent ‘ Tth'»~1nd1cateS'r< that

\‘one dlmen51onal radlal heat flow: occurs at least'

alonq the cross+ Sectlonal plane at mld helgn%‘of the
. e . :

|
|
{
1

sample __sucn/f that»- the“ d1ffM51v1ty.<theoryi>is

- N -

éﬁﬁricéble.',' o ) ,

Altheugh" the flnlgf‘ conflguratlon of the

cy\Tﬂder departs-from- the assumptlon of an infinite

’ cyllnder, the dev1atlon of the dlffu51v1ty result is

e

Liﬂless than 10% (for r < 0.2) accordlng 'te Jaeger;

. (1959) »(Figure 3.14).1 The f1n1te qyllnder uﬁ%d
Jaeger's calculétlon has a length to alameter L/d
ratioc of only one. Wlth/a L/d, ;atlo of two for the 
Tsample dlmen51ons used iq thle»stﬁay, the. error
should be con51derably less thant10%. | |

Since : both the internal and external

thermocouples are in intimate contact with the dense
sample, thermal contact're51stance 1s ‘assumed to be
negllglble and 1s 1gnored in the *hermal dlfoSlVlty g
analy51s. Although the contact resistance may. become
large at .elevafed ‘teﬁpefatures, itg.efﬁecp'oﬁ the';
accdracy of the thermal diffusayity test is not too’

significant., Unlike the case of the tﬂermalz

conductivity test where . the entire probe surface
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N |

area 1s subjected to the contact_gesastaags\\fffect,
the . contact area now in guestion only involvég\the

small thermbcoupie,tip which.is well embedded in the

sample.
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Thermal Diffusiwity from Thermal Conductivity Brobe .

Test v ) : e bl

r of

Several investigators, namely Blackwell (1%54),

de Vries and Reck (1958), Woodside (1958), Jaeger.

(1959), Nix et al (1967, ﬁ968), and van Haneghem ahd

Boshoven - (1979) have  sudgested. that . thermal

LY

diffusivity of a° material can be‘esti@ated from a

thermal conduct vity probe test alone, provided that -

the conductfv;hf value has z. eady been established.

-~

C, ] -y, ’ ' _ ’
AssUming that thermal cont%ctggesi§tance across

;\‘_"},1.“_ o N

the external surface of the probe to bé negligible’

(i.e. H -> ») or if it is known, thermal A&iffusivit
. : x Y
: A

of the test«”spegiffé can be calculated from the
» , ; , p

. ? . . N K N
coefficient B as given in Blackwell's & {1954)
eqguation (3.13), For better appfbximation,hBlackwell

(1954)'éugges€s a method of delineating the vg}ue of.
B . 1 .
-heat transfer coefficient, H, from the initial

¢
;po:pion of the time-temperature record ('short‘time'
solufion).j'However, a »knéwledgé‘ of the thermal
properties of the ;?rbbe 1s required for the
analysisZ'This suffers the same drawback a% ae Vries
and Peck's (1958) method of analysis. sIf' the test
specimen is a dense ‘métetial in intimate contact
‘with the probe, i£ 1s }reasonaﬁle to assume near
perfect contdct between the probe énd the sample and
" thus dropping the 2k/roH term in the expréssioﬁ for

B.

~
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Woodside E f§58)_ estimates thermal diffusivity
of-a samplé by assuming T lin the r*/4at ‘term of."
equation 3.8) to be one hqlf the diameter of the

probe (i.e. R,). His experimental results from back

calculations agree reasonably well witiy published

data. ™ Jaeger e(1959) uses  the  complete

. , L \V
time-temperature curve (equation 3.8) for the
determination of. both thermal conductivity and

diffﬁsivity; Nix et al (1967, 1968) have written
{gompﬁker. programs that autpﬁatically handle tﬁe
.'$U¢cess§5é approximation of diffusivity from each
time—tempegature. record. However, all of these
authors have neglected the effect,of thermal contact
,:esistdnc% én the measured thermal condubtiyity and
Subsequently thgrmal diffusivity values, Therefore,
thei? metho?s méy«not be too reliable in all éases.

With the reasonable assumption that the probe

3

~1s highly conductive,  Blackwell's (1954) equétionkﬂ
¢%/13) or i;§ simplified'fversiqn (equétron 3.14)
Shogld be empibyed to estéblish‘ a gogd ‘thermal
.co;§uctivity approiimation “for . the teétvspécimen;
'Th;rmal contact résistance may ‘then be usegl'(if
known) .or assumed to Bé,negligible (1£ small) for
the calculation of thermal diffusivity wusing the
coefficient 3. ‘Thermal contact resistance may be

assumed to bs small if the test specimen is dense,

fully saturated, and tested with a confining
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P

' preéssure and- a low power ‘input. Since  thermal-

‘¢on{act resistance increases with temperatyrs, :its
éffect shbuld be considerég in thermal covductivity
tesfing at elevated temperatures. If the thermal
properties of the ‘progg mass are given and the
. thermoéouple‘is plabéd along the central axis of the
4 probe, it is recommended thatlde Vries.ana Peck's
(1958) me thod {of analysis be  followed,  though
Blackwell's (1954) method may  also Giver a good
approximation. |

In using.‘the simplified Blackwell’S»equatibn
(3.14) the thermal diffusivity value 1is estimated
from the - t?mperature axis intefcept (B). The
éccuracy'bf this approximation is not toé high since
a small deviation Lof -the slope'(A) of the linear
temperatpréfln t relationship will reflect é large
error 1n the ‘caICUlafibn of :thermai diffusivity
based on th;.logarithmic time scale. Furthermore,
the ev%;uationAof diffusivity is highly sensitive to
“the apparent radial distance of the ‘intgrnaiv
thermocouple from the centré of the sample. As noted
by Hooper and Chang (1953), this apparént radial
d}stancé is not ‘constanij'for'thé saﬁe“probe with
differént materials (Section 3?3.1.3).ivThereforé,
the thermal diffusivity value obtained from a

thermal conductivity probe test may not be accurate

except for the orde? of magnitude.
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* ' » B TZ?T>T1
. /
TEMPERATURE = T, (°C)
Lz D r'g v
i
ONE DIMENSIONAL HEAT FLOW
TEMPERATURE = T (*C)
AT Z(m) FROM THE
~ ORIGIN
g
“ L1 - ~
b S TEMPERATURE = T, (‘C)
0 —=X (M)

Figure 3.1 Steady State One-dimensional Linear Heat
Conduction in a Uniform Homogeneous Medium
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Figure 3.2 Heat Flow through a Prismatic Element
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Figure 3.5 Schematic Diagram of Experimental Set-up for
Thermal Comparator (after DuBow, 1977)
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Figure 3.9 Transient State One-dimensional Radial Heat
Conduction in a Uniform Homogeneous Medium
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4. LABORATORY TESTING

4.1 Introduction

\ The - laboratory ~apparatus required for | thermal
conductivity S and thermal diffusivity determination include
the thermal test cell, the high pressuré and temperature
‘triaxial compression cell, a dc‘power supply unit, a pore
pressure injection system, a hot water generatér,
temperaﬁure vcontrollers and a data acqgisitidn systeh. Eaéh_
éfythese'pieces of equipment will be described briefly in
this chapter. Procedures for preparihg, mounting,vsafurating‘
ahd.airlor hot wéter_flqshing'a\tést speéimeniare described.
Recbmmended methods of thermal testiqg and the testing
program are also outlined. 39 characﬁefize the bhysical
propefties of the test 6amﬁiyé,’indéx tests which congiét of
the determination of ulk density, grain Sizé diétribution
as well as bitumen d water contents wefé éérried out;

The thermal teét cell, when hQQsed in ﬁhe ﬁrigxial test
system’.uSed by Agar (1984); can be operated at temperatu?es
ranging from room témpe:ature to 200°°C (390 °F) and at pore
vfluia pressureé up ﬁo 10 MPa (1500 psi). The thermal testing
apparatus fs capable cf measuring both thermai condﬁctivity
‘and  diffusivity of ‘ak matérial at the specified range of

operational temperatures and pressures.

93



4.2 Laboratory Apparatus

4.2.1 Steady State Hot Plate Apparatu§

Prior to tHe ~thermal conductivity testing using the
transient state thermal test «cell, the steady state hot
plate apparatus (Figure 4.1) devised by Cervenan, Vermeulen
and Chute (1981) was wused to deﬁerhine the thermal
conductivity values of dry and water saturated quartz sand.
Tﬁe results obtained will be used for later discussions. For
details of the bdesign and specifications of the hot'plate

' apparatus, one may fefer to Vermeulen et al (1982).

4.2.2 Transient State Thermal Test Cell

4.2.2.1 General Features and Design Criteria

‘Figure 4.2 displays the maid features of the high
pressure_and temperature triaxial cOmp:essiqn test cell
which houses the thermal test cellf Detaills of the
specifications and dimensions of éach~component of the
thermal test cell are included ih Appendix C} Agar's
(1984) thesis may be consuited for'idetails of ' the
triaxial test aSSembly. The entire test assembly ls
connected with the necessary peripheriai éystems for
power supply, confining preSsQfe,and‘baék pore.ﬁresspfev
generation, teméerature ;ontrol, ailr 'dr- hot water
flushing as well as data acquisition. |

Detailé of the transient state thermal test" cell

are shown 1in Figure 3.11, The internal"thermoéouple ls
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)

éilver—solder‘d to the side of the thermal conducﬁivity
probe which 1s fastened\ to the stainless steel base

platen by . a fitting %long the central axis of the

/ ‘
apparatus. The stainless steel confining cylinder

provides lateral confinement for the test specimen. The
outer silicon rubber heating jacket around the confining
’ . 2 ’
cylindér permits fast and uniform heating of the sample
surface. Three thermocouples are installed around the
circumference of the sample Surface at mid-height of the
sample to monitor surface tehperature. The ceramic top
cap and base block insulate the specimen from axial heat
transmission. A non-conductive cement is used to seal
the cavity formed around the fitting at the cermaic
base. Complete sealing of the sémple‘from the external
amblence 1s achieved byvthg installation of two rubber
'O'-rings near the base of the stainless steel ??p cap
and two at thé base platen. k
Tohailow for the applicafion of back pore ‘fluid
pressure and drainage through the specimen, five
drainage ports are intrdduced into the test «cell. A
dfainage path is formed from the bottcm‘porous stone to
the exterior of the base platen by the two ports located
at the Dbottom of the assembly. The other two ports at
the top df the apparatus permit passage of fluid from
the wupper porous stone to the exterior of the stainless

steel top cap. An additional pressure/drainage port is

provided at mid-height of the confining cylinder. This
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port may be used as a measurement point for an average
pore fluid pressure when a pressure transducer 1s
connected or ﬂmay be wutilized as an extra pressure
applicatidn or drainage port when needed. For the
current study, back pore fluid pressure is introduced
via one of the lower drainage ports and fluids are
allowed to drain out of the system from the top drainage
ports,

As stated 1in the previous chapter, the proper -
selection of the probe and sample dimensions is very
imporﬁant 1f the transient state heat conduction theory
1s to be simulated to the best approximation. It 1is
therefore worth&hile to discuss the criteria for the

selection of the dimensions as follows:

Heated\length to diameter ratio (L/d,) of the probe:
To minfmize the ’axialv heat flow error in the

thermal conductivity = .probe test; Blackwell (1956)

proposed the following'criterionf |

AR(max)= exp(-0.01(L/dy)?)
0.00680(L/do)V(E-

where: AR (max) Maximum axial flow .%

"

(dimensionless)
L/do= Heated length to

the probe
&
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2d/r, (dimensionless)

Wall thickness of the probe (mm)
External radius of the probe (mm)
k,/k (dimensionless) |
Thermal conductivity of” the probe
wall (W/m °C)

Thermgl conductivity of the sa%ple
(W/m °C)

piCy/pC (diﬁensionless)

Density of the sample and the. probe
Qall respectively (g'cm?®)

Specific heat of the samplg and the

£
probe wall respectively «fkal/g °C)

Given the probe dimensioens and the probe characteristics

(Wechsler, 1966):

L = 5.75 in (146.1 mm)

do= 0.125 1n (3.2 mm) or re= 0.0625 in (1.6 mm)
d = 0.01 in (0.25 mm)

ky= 16.24 W/m AC

o=

7.86 g/cm’

cy= 0,11 cal/qg °C

and the sample parameters:

SAMPLE
Dry sand
Sat. sand
0il sand

k (W/m
0.44
3.47
1.56

°C) p(g/cm?) cl{cal/qg °C)
1.78 0.20
2.10 0.32
2.13 0.24
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where k and p of the sand were measured in preliminary

tests and ¢ of the sand was obtained from Wechsler
(1966), and the parameters for oil sand were obtained
from Cervenan, Vermeulen and Chute (1981), the axial

heat flow error i1s estimated and tabulated below:

SAMPLE - AR{max)

Dry sand 2.4x10 °°
Sat. sand 3.0x10°°
0il sand 6.4x10°"°

The axial heat flow error 1s shown tc be very small
for the thermal corductivity probe test apparatus. In
fact, Blackwell (1956) has shown that.for a hollow brass
probe (with thermal conductivity about seven times thét
of stainless steel), the maximum error is slightly under
1.0x10°* 1f the L/d, ratio ls 25. The probe used in this
study (with L/do= 46) certainly meets the requirement.

To justify the radial heat flow assumption,

‘Blackwell (1954) proposed the following design criterion

for the length of the probe:

o 5
L > ( 4at / 0.0632 ) : , 4,2
where: L = Heated.length of the probe (m)

a = Expected upper limit of the thermal
diffusivity of the sample (m?/s)

t = Largest test time expected (s)
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THERMAL DIFFUSIVITY (m?/s) st VALID TIME (s)
1.0x10 . 246
2.5x10 7 y 98
5.0x10"° ' 49
7.5x10 7 T332
. 1.0x10 "+ 25
1.5x10 ¢ 16

The valid times given above should be used as
guidelines oﬁly. Actually, as long as a point of
measurement falls within the linear portion of the
temperature-ln t plot of a thermal conductivity test,
the point 1is acceptable to be used in the evaluation of

thermal conductivity.

Sample dimensions

The length of the sample is governed by the axial
heat loss and radial flow criteria. Since the minimum
length of the probe in the sample 1s 5.96 in (151.5 mm),
the sample length must be a minihum of "about 6.0 1in
(152.4 mm),

To minimize the améunt of heat- passing through ‘the.
external sample boundary as compared tc the heat
generated by the Aeat scurce, de Vries and chk {1958)

roposed the following criterion for the samrle radius:
ol I d

expl( - ﬁoz / bat ) << 1 4.4
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‘\.‘, 4

- where: - Re= External-radids of the sample (m)

a = Thermal djffusivity of the sample (m?*/s)
t. = Time for the heat front to reach'the1

external sample boundary (s)

Wechsler {1966) suggests that:

exp( = Ro® / #at ) = 0.02 _ - v s
. . S 4 o
‘to fulfill the above cfiterion.
| Using ‘Qéchsler’s equ;tiOnr' the following sahple
‘faéii réquired. to make “the Sampie boundary effecés
neg&iéiblé are estimated ® for qidifferent thermal
diffusivf£y values: (t'=-26d s,

A L . : AN

" THERMAL DIFFUSIVITY (m?/s) -  SAMPLE RADIUS (mm)
1.0x10" " - ‘ “17.7 '
1.5x10° " _ . B 21.7
. 2.0x10°7 : S o 25.0
' 5,0%10° " ‘ - | 39.6
< 1.0x10" ¢ . B . 55.9
1.5x10° ¢ : 68.5

The thermal test §ellfused in this study’can house
é specimeh'up to 1.5 in (38.f mm ) in radius. Therefore, .
in order for ;he;tegt cell‘to'be épplicable. to- saﬁples_
with vhigher' Ehefmgli_diffusgvity val@es; thé‘test time

o

may have to be shortened to about one minute. It should

 be '%Otéd, however; that}Wechslef's.criteriqn only giQes‘s
a geﬂeral*guidéline'whﬁph may be conservative fbr 'some'ﬁ
applica;ions."Aé long qs'the'sample dimensions and the
 teS£ time afe Sé}ectga such that:éufficient_datg. points

N
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are collected before the sample boundary efﬁects " become
_ prominent, the thermal conductivity test apparatus and

procedure are considered to be appropriate.

4.2.2.2 Design Problems and Rectifyind Measures

Before proceeding to the dﬁgcuesion» on - other

perlpherlal | laboratory equipment, the problems

‘encountered during actual thermal testing wusing the

newly devised thermal test cell are wqrth mentioning.

One of the major problems with the thermal test -
cell (Figure 3.11) was the breakage of the ceramic base
block during removal of the confining® tube from tne:

steel base’ after . a test seguence. After the first

OCcurrenceHof 5uchfbreakage, 1t-was suspected that the
curlng procedure for the ceramics was improper. Several

attempts had: been made to cure the  1insulating blocks.

However, breakage - of the blocks persisted during"

dlsmantllng of the test apparatus. It was then . realized
that :it was. not .the curlng procedure.that,caused the

» problem Although posse551ng a low thermal conductivity

as desired, ‘the ceramic block was just too brittle to-

‘withstand the high ten51 e stress developed when - the
cell was dlsmantled

The use of. Teflon as an ‘' insulating material was
-n,f

-

onced con51dered as ‘a replacement for ceramics. However,

i

theb idea’ was dlscarded because of . the high'

compressibillty.v of .- Tef&e@.‘ Besides, Teflon has a

v

tendency to- creepﬁ rather substantially at elevated

3
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temperatures. This 1s not de51rable a5 every attempt ie
A

made to minimize dlsturbance to the test spec1men

Roulon-A, hav1ng lower -thermal eonductivity and
compressibility than those of -Teflon, ”Qas‘ finalty
selected asvthe inéulating material. The R}J%pn—A cap
“and baselbiock,are found to_wqu remarkably well.
- The breakage*df'the thin (1/8 inch)'porous ceramjc;
" stone hnder-'high’ compre551ve loads also _poses as a
problem The use of. thlcker 1/4 ihch) porous stones had
been attempted Although the stones,sometimes remained
1ntac*rafter ‘a test sequence breakage still occurred at
«\otherg‘glmes. .It was‘ suggeStedithatrstronger metallic
1perous stones be‘used ihstead;”butithis would defeat the
purpose of insulating the speéimeh\‘from heat ioss
- through the ends. It is ahtieipated that the metallic
stones would -act 'as heat sinks transmitting heat from.
the ends of the 'specimen to . the *external confining
cyiinder. At preEent; a more suitable type of low
thermalvcondpctivity“porous stone with high c%mpressive.
Strength has not yet been located. Theregpre,- the
1/4-inch porous ceramlc stones have been used' for ~the
lattér part- of the testlng program |

Serlous problems were also -€ncountered during
thermal conductiyity'testing:aSjthe_internal probe broke
‘ freqpentiy. Five probes,wepe qsed'forvthis study because
of 'ihtermittent  rupturingj'pf' theiprpbes; Most of the

probe failures occurred at thentipu'In the last case,
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after proper sealing of the tip ?y plasmé_ welding, the
probe ruptured at the junction of the infernal
thermocouple and the mid-section of >the. probe wall,
Again,; plasma ‘welding was employed to attach the
therﬁocouple to the probé.wall. No further problem kwas
experienced. |

The five‘prObes used wererﬁade exactly the saﬁefway
except .that they are of two dif%erent lengths.‘The 
adequacy>ofvprobes of -the first heated léngth (5,75 in).
for‘the:mél,conduc;ivityltesting has been checked inlfbe
previous section. I't would beqprudéht'to check if the
other p%obé length met the  design criterialoutiined
eérlier és_follows: | |

1.'Given'heated~1ehgth-of new probe = .4.56 in x
: ' : ' (115.9 mm),

the  L/do rafio' is 36.5, which is considerably greater

‘vthah 25 to account for negligible axial flow efrot.

- 2. Equation 4.2 is used to evaluate the maximum test
time allowable to ensure that the‘radia1~fiow aSsumption-
is Jjustified. Listed below is the maximum test time

.calculated 2§r~each different thermal diffusivity value: |

"THERMAL DIFFUSIVITY (m?/s) _ MAX. TEST TIME (s)
: 1.0x10°" . . 2122
2.5x10° " _ o 5 849
5.0x10° " - : - 424
7.5x10° 7 | S 283
1.0x10°¢ , 2120
‘1 6

L5107 ¢, - . 141
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'
Since sufficient_gata points (on the linear portion
_of a temperaturé rise‘Qefsué hatural logérithm of time
piét) | can be :gathered for thermal Conductivity
‘evaluation before.the:méximum ﬁest time specified above
is reached, the rad;al' fléw assumption can eésily be
satisfied. |
The abéQe checks have indicated the acceptability
-0of the new 'pfobe .er further thermal cpndUctivity
measurements! The new: apparatﬂs can  be used with‘

-confidence.

4;2,3 Power Supply to Thermal Conductivity Probe

To-ensure a‘COnstah£'Source of heat 'géne:ated' by the:
thermal cond@cti&ity probe in the tfansieﬁt state thermal
7tést é¢llQ>a dc power supply is used. This Héwlett;Packard
HP#6438% béwer, su;pLy_ uni£  is capablev of géﬁe;atihé a
Qoitége of,60 V and =n eiecfric éurrent of 3‘Anmaximum. Both
tﬁeﬂ‘voifage‘and~the current CaAvbé yariéd by_thé,EOarSe‘édd’
fine tﬁnihg'KnQbs‘Qn the unit." o | o

A switch box, Which:ihcludesla'2.0 Q‘f1.%:pﬁecis§dn)
frésiS§or'fot the caltulatiéh of the electri¢‘cuf;éﬁt passing
thfqugh~ the heat:sourcevsystem,:Has been made énd is placed .
in series with the power éupply unit as well aév_thé pfébe,
heater, A3Schematic‘d§agram éf‘the overall circhitry for.tﬁé
heat’séurCeKQenéfétihé systeh‘is~delinéated;in giguye‘ 4.3.
Samplg"caICUIations ‘df thé.electric chrent énd the powef

geherated at the probébare,ihcluded in Appendix D.
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r4}2.4‘Temperature"Controller‘-for Silicon..Rubber Heating

Jacket . | | |

The silicon rubber‘heatingijacket at :thee exterior of
“the .thermal test ¢ell is‘.used'iforu thermal diffusivity
testing.»‘External‘ sample temperature' canr'be- varied by
d1allng the 51ngle set- p01nt control “knob -on the temperaturev
controller, Whlch monitors the heatlng .]acket . temperature.
The ~m1croprocessor baseo 'control box lncludes a relai‘that
is w1red through a\15 'ampere’ circuit hbreaher; The - relay‘
responds"to tfeedback 'from;wone of’the three‘thermocouples'
‘connected’at the exterlor or‘the test Cell., The setjpointl
temperature (from' wamblent temperatUre fto"QOG ‘°f) is
malntalned by the alternatlvely sw1tch1ng on and-off of “the
' electrlc heating elements ’in ,the ,heatlngv ]acket ‘The
: tempetature‘oontrOller ls‘manufactuﬁed‘byfthe‘Barber Colma”;
Companv A sketch of the temperature control 5ystem for the h

S]llCOﬂ rubber heatlng ]acket is shown in Flgure 4.4.

4.2.5 Ax1al Loadlng System ‘ .

Ax1al loadlng in the triaxial,‘ test ' apparatUS;

4

‘to the top of the tsample " The ~ramv lsb powered by a

(Figure 4.2; Agar,.1984) is applled through hydraulic’ram
~ servo-controlled - hydraullc pump. A vertlcal load of up to
440 kN may be generated. Either _a' constant load - or “a-
sonstant rate of stralnlng may. be setvnfby - the
servo—controller The Servo. power console Model SPC-1000 1s.

manufactured by Structural - Behavior ' Englneerlng
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_ . "( | |

4.2.6 Pore'Pressure'Inﬁection System

| A low pressure .inﬁection» system (with nitrogen over
jsilieon oil) as'showhvin Figure 4.5 is wused ag pressure
sbpbce fér» applicatiohs from 0 tév4 MPa. A.back pore fluid
preSsufé of‘about 2 MPaiis generally épplied to maintain
_gasés ‘in solution- within the‘test specimen. For pressure
applications up to 27 MPa;\a higher vpressure system which
in&ludés  a; constant pressure éir;actuated'diaphragm pump
kFigure_4;6) méy be ‘employed. |
”4u2.7gHbt Water or Steam Génerafbr

| A hot datéf or_stéam generator of 1900 ml capaéity

(Figu:e.‘4,7) is used1a§“é hot Qatér or stéém source to the
Aﬁest specimen.:The stainléss sfeél generator is heafed by
'véléétrﬁtai ‘steé;» heating Jjackets that. cover the exterior
 SQtfa¢e of'ﬁhe unit.  Pressurized hot water or steam of
'témpéfatufes up ﬁo ZOO °c may~bevintroduced into the sample

during testing.

4.2.8 ba;a‘AcquiSitioﬁ System

| ‘Qutput sighals' from  the 'ﬁbermocouplesx and  the
eléctrohié tfahsduééré"of the thefmai téstihg system.are
‘scanned, processed énd recorded by a. Héwlett—Packard-
HP—3QS4bL_ data iéggihg _sy§tem. ‘The sysfem includes a

 HP-3497a data acquisition unit, a HP-85 microcomputer and a



108

- HP-823807M flexible disc drive " unit, All signals are
converted to engineering units of temperature (°C), pressure
(kPa), load (kN), displacement (mm), volume (ml),‘-etc. by
the microcomputer., Thermal test data are stored in flbppy

discs for later retrieval and analysis.
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4.3 Sample Preparation and Mounting Procedures

4,3.1 Steaay State Tests

Only dry and water-saturated samples of quartz sand
120—301 mesh) were tested using the stgady state hot plate
apparatus (Figufe 4.1). Prior to sample preparation, the
surface of the base plate as well as that of the heater
plate were coated by~a thin film of Dow Corning silicon heat
sink compound. The greaSe was used to enhance the thermal
céntacts between the sample and the surfaces of the top and
base plates.

The dry seample was prepared by tompacting layers of the
sénd into the iS cm diameter- sample holder.until the desired
sample thickness was attailned. Approximately 200 grams of
thebnquaftz sand was ©placed 1into the holder each kime. A
15.2cm diameter by 1.1 cm thick wooden spacer block was
then placed flat on the top layer of sand inside the holder.
With a cylindrical (7.36 cm diameter by 15.24 cm height)
steel weight of about 5088 grams on top of the spacer block,
the holder was shaken steadily on a vibrating table. The
sand sample was alleed to compact under vibration by the
dead weight for approximétely one minute. A new layer of
sand waS'thénﬂpouréd into the holder for further compaction
until the final thickness was reached. The wvibrating table
(Model VP51D1) is manufactured by SYNTRON, |
4

Water saturated sand samples were prepared the same way

as” for dry sand except that distilled water was used to
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saturate the sand before compaction by vibration. Distilled
water was first mixed with about 200 grams of dry sand. The
mixture was then stirred to ensure that any entrapped air
was expelled as aif bubbles. The wet sand was subsequently
compacted the same way as described above. The vibration
also helped in driving out. any entrapped air that might
st1ll be present in the sample after the mixing and stirring
process.

When the desired sample thickness was attained, the

heater plate was placed on top of the sample. The entire
sample holder was then put 1inside the insulated box
(Figure 4.1). Thermocouples were inserted into the holes

provide at the surfaces of the heater and the base plate.
Other connections to the constant temperature cooling water
bath , the Hewlett-Packard HP-6438B power supply, and the

data acguisition system were subsequently made.

4.3.2 Transient State Tests

Prior to sample preparation, two rubber -O-rings were
greased (with Dow Corning high vacuum silicon grease) and
placed in the grooves around the stainless steel base
platen.‘ The 'O'-rings were used to seal the sample from any
fluid or pressure leakége to the exterior of the cell. A
porous stone, with a 1/8 inch holé drilled at centre and a
/16 inch hole to the side of it, was then slided down the
central ©probe and‘ thermocouple to the top of the ceramic

base block. Dow Corning silicon heat sink compound was used
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to grease the surfaces of the probe' assembly for better
thermal contact with the sample. . , !

Dry and water-saturated gquartz sand and oil sand
tailings sand were prepared in the transient state therma!
test cell (Figure 3.11) the same way as described .in the
previous section. The same steel cylinder was used as dead
welght, and a laver of about 200 grams of sand was compacted
each time.

In the case of a remoulded oil. sand sample, the
as-recelved core sample was first left in room cemperatuyre
to thaw prior to being crumbled to a uniform mass. The
remoulded Amass was then compacted in layers (of about
200 grams) in the sample confining tube by dropping the
cylindrical weight from a fixed height of about 25 to 75 mm.
The dead weight has a 6.2 mm diameter hole drilled along the
longitudinal axis so that the weight can slide freely along
the internal probe and thermocouple. The number of welght
drops per layer of the sample should be the same but it may
be varied for different samples to achieve -variations in
porosity or density. -

Preparation of an Qndisturbéd 01l sand sample requires
special attention and procedures. To minimize the
disturbance of the sample due fo gas exsolution and thawing,
the undisturbed oil sané sample was prepared in a climate
controlled cold room. The cold room.is maintained at -20 °C..
The selected frozen core sample was pre-chilled in a

container by dry ice (-80 °C) for 24 hours .pricr to the’
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F]

actual trimming. The specimen diameter of 76 mm was achieved
by trimming the sample with a éiamond—tipped trimming bit on
a lathe. The required length of core (152 mn) was notched
from the «core wusing a carbide steel notching bit and then
cut out by a diamond saw. Final trimming of the diameter and
the ends of the specimen were accomplished by remounting the
sample on. the lathe in a custom—designedxchuck and finishing
with a square carbide bit,

: With a 76 mm diameter metal template ciaced on top of
one end, the trimmed core sample was set up 1n a chuck to
have a 6.4 mm (0.25 in) hole drilled along the longitudinal
axis with a stainless steel drill bit. The metail :emﬂﬁate
‘has a 3.2 mm diameter hole pre-drilled at its «centre for
alignment purpose. The finished.sample was then mounted onto
the base platen of the thermal test cell. To accomplish
this, the sample was slided along the’in:erio; wall of the

confining cylinder (76 mm i.d.) down to the base piatern,

where a piece ¢f porous stone had already been placed on top

of the ceramic base block. The central thermal conductivity

and the thermocouple would protrude into the centre

>

ﬁéle of the sample. The void between the centrai probe and
the sample was backfilled with dgy 01l sand tailings sand
which has the same thermal properties as the major mineral
component (guartz sand) of the oil.sand sample. Thé sand was
poured down the vold space by means of a narrow funnel. The

sand was allowed to settle in the centrai hole and be

compacted under vibration on a vibrating table. The density
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of the dry sand was calculated to be arand 1.7 g/cm’. When
water saturated, the sand should have a density close tc
that of the undisturbed oil sand sample (around 2 g cm’).

Since the external diameter (73 mm) of the undisturbed
lean cil sand core was less than .the internal diameter
{76 mm) of the confining Eylinder, two new external
thérmocouples were used for thermal diffusivity measurements
on the specimen. The '%hermocouples (at 180° apart) were
mounted on the wall of the <confining cylinder such that
their tips protruded out of the interior wall to touch the
sample surface. The void space between the ekte;nal sample
surface and the interior wall of the confining tube was
backfilled with dry pulverized sand from the same oil sand
deposit. The sand was compacted on a vibrating table,

Upon coﬁpletion of the backfilling procedure, The top
porous Etone, ceramic and stainless steel caps were located
on top of the specimen to form a complete seal from the
external environmeﬁt. The completed thermal test cell was
subseguently mounted on the trolléy—mounted triaxlal cell
base and wheeled to the laboratory.

In the laboratory, the triaxial cell base on which sat
the thermal test cell and test specimen was jacked up and
screwed into the confining triaxial cell wall. The entire

. - }
triaxial cell assémbly was then moved to the lcading frame
by means of a hydraulic crahe. The necessary connections for
the thermocouples, external'LVDT, back pressure and 1oaaing

-

systems as well as the data logging system were made. .
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To make full use of the o1l sand samples, remoulded or
undisturbed, each sample was tested under three conditions:
. alr-water-bitumen saturated (either as-prepared or

nitrbgen flushed),

2. water—bitupen saturated (with air displaced by injection
of water), and
3. water-biltumen saturated (with new bitumen water

saturations after hot water flushing).

4.4 Saturation of Sample ) : :

p)

To avoid fluid from boiling and entrappeéd air !
L]
solution from exsolving, nitrogen gas was introduced into

the as-prepared remoulded or undisturbed oil Sand samples.
The nitrogen gas:- was pressurized to about 2 MPa which was

sufficient to serve the purpose. To saturate the guartz

sand, tailings sand or oil sand samples with water,

pres%urized water was 7ﬂﬁected through the lower drainage
ports of the thermal test cell to displace air 1inside :he
samples. .A back pore fluid pressure-of about cf 2 MPa was
generally applied to the samples to maintain gases in
solution.

4.5 Hot Water Flushing tb Reduce Bitumén Content

The hot.water or steam generatcr (Ficure 4.7) was used

-

to provide hot water for flushing bitumen ous ¢cf the cil

sand samples. About five pore volumes of hot water were

generally used to reduce to oil saturation by 30 tc 50 3.
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4,6'Thermal Testing'Proceaures
The procedures for both the steady - State' and 'tbe
_tran51ent state thermal property testings are rather simple.
As mentioned prev;ously, one' of the major dlsadvaﬁtages of
steady state testing is that it requires a few hours of test
time as compared to a maximum .of about 10 minutes ,forll

transient state thermal tegting.

| ow

4;6.1 Steady State Thermal Conductivity Testlng

The, coollng water bath temperature is set at several
. “ : . . 3 .

degrees (e.g. 5 °C) below rpom.  temperature while the dc

Av)

power . supply )uhit 'is adjusted to vyield a hot plate

temperature of. a few degrees above roomn temperature. -AS

-

thermal equilibrium of the system is attained after a few
hours, tbermocouple‘readings-at the heater and base plates

are recorded for analysis.

\

4. 6 2 Tran51ent State Thermal Conductivity Testlng
The cartrldge_ heaters at« the exter{or triaxial cell

 Qa1i (Fidgure '4,2) are used to maintain the desired ambient
Jtemperatdre..‘The alllcon rubber heatlng jacket coverlng the
ZthermaM;;est cell may be utlllzed to help fine 'tunlng_3thet
surfaoe/_temperatpre‘ of the test - specilmen. Con?'anﬁf or
:sarﬁable Qertical loads may be apolied to qthe topv of th
7Sample to simulate vertlcal confining pre%sure. The rate of

loadihg ,is controlled by the servo-control wunit. Pore

pressuresf are applied to the sample to simulate reservoir
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fluid pressure and to maintain gases in solution at elevated

f

temperatures.

. As thermal equilibrium - is reached, thg thermal

conductivity test can be started by simply switching on the
power supply to the cehtral thermal conductivity probe. The‘

starting time Should be synchronized with the time when the

data logging system begins to take scans of measurements at

intervals of 15‘Sec5nds. The eﬁternal temperature of the
‘Nsample‘ does not cﬁahge du;ing:the test. The time history of
,pemp?fatufe fisg‘ZE the central thermal conductivity ©probe
iéiqrecogded by'the interﬁal thermocoupiéf Among the data to
be recorded ‘agé the external and internal sample
temperatures ééfﬁell as the voltages across the 2 { resistor

and ﬁhe power supply unit.
3h Y

L ; _ - U
4.6.3 Trédnsient State Thermal Diffusivity Testing .
- D S | '
The.trigxial;test cell and the khermal test cell are .

bdthA heated up'and.preSSerzed the same way as in a thermal

~conductivity 'test. When thermal equilibrium of the system is

attained, the temperature of the silicon rupber Jreating

hj§§ket is set by the tempetétdre controller.at about 20 °C

% - 3

(36 °F) aquei the ambient temperature. Both the external

surface temperature and the 1internal temperature, of the

Sample are monitored by thermocouples and are recorded by
“the data,ldgging system.at.éo—second intervals.

it was found that approximately 5 seconds after the

start of the test were required for the heat front to travel
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from. the heating jacket to the extermal sémple surface
thfough' the steel confining tube. ToJcompensate for this

time lag, the ‘incremental - temperature ~was introduced 5

~ seconds in advance of the first data scan taken by the data

-

logging system. This prodedure ensured that the external
surface température of the -sample. would begin to rise
immediately after time zero, as recorded by the data logger

S

at 20-second intervals.

4.6.4 Avefage‘Sample.Tehperature R;borting

Since tﬁe thermal tésting procedures require that~the
ffést specimen be heated, the average temperatgre‘ df the
sample Amay increase slightly during the tests. ih o:dér fo
inveStigaﬁe the .magnituae ;of this sample temperature
ihcrease, two_compﬁter'programs were coded.’

.The program for average temperature calculations during

a thermal conductivity test 1is based ~on the ideal line

source equation (3.8). Temperatures afv various radial
distances ?}Qm ‘the internal thermocouple to ‘the external
surface of the sample are calculated. The average

température pét' unit length of the sample is computed with‘

respect to its cross-segtional area. It is Qotéd that at an

- average test time of about 100 seconds; the average'sampie

temperature only increases by about 0.1 to 0.5 °C above the
“ambient tempefature. - Therefore, it should not be crude to
‘simply report the average sample t%mperature as the ambient

test temperature during a thermal conductivity test.
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A similar .computer\ program was written for the

evaluation. of average sample temperature during a thermal
¥

‘dlffu51v1ty test The increase in average sample temperature
1s dependent on the:thermal dlffu51v1ty of the materlal,
Listed - below are roUgh estimates of the temperature
1ncrements that should be added to the test temperatures

for dlfferent thermal éy@fu51v1ty values The average test

time was taken to be about 120 seconds.

THERMAL DIFFUSIVI”Y (m2/s) INCR TEMP. (°C)
1.0x10" - '
1;5x10"
2.0x70° 7
2.5x10°°
5.0x10° "
7.5x10° 7
1..0x10- ¢
1. 5x O ¢

sbw'w‘r\)t\)r\)—a—.

1t. should be noted “that the thermal - fdiffusiVity
.(temperature) equation'i(3.23) 'involues the _Summatioh of
intinites series' Since the present computer system has an
iupper llmlt to the order of magnltude of exponents only the
first 56 terms of all 1nf1n1te series summations 1n§olving
"Bessel functions and . the temperature . fumction
(equation 3.23) were used. The approximation was found to be
adeguate for the purpose of thermal diffusivity
determimation. However, as the radial dlstance varies from
-thg inner radius to, the external radius of the sample the”
approximation of Bessel fUﬂCthﬂS becomes quite crude This
renders the evaluation of average sample temperature an

inherent error. More terms in the infinite series may have
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to be used for better approximation, but the present upper
limit of‘ exponentiation does not allow'this‘modificétion.
NeVerth;less, the current program for approximating an
average sample temperature during a fhérmal diffusivity test
should be adeqguate if only a rdugh estimate of the
tempefaéurev is> required; The test temperature of a thermal
diffusivity test is thus réported as the sum of the ambient
temperature and the éorresponding temperature 1increment
listed 'above. | |
A
4.7 Testing Progfam "

Table 4.1 outlines the thermal testing program followed

during this research. It has been  established that the
steady state hot plate apparatus (Cefvenan, Vermeulen and
Chute, 1981) .is capableAOprroducing thermal conductivity

values of dry materials with reasonable accuracies (= 2 %)
at room temperatyre -and -atmospheric pressure conditions.
Therefore, té éaiibrate.tﬁe transient state thermal test
cell used in the current fes;arch; Steady state tests on a
dry-quartz sand, were performed under various :cooling water
bath énd‘heéter témperatures. Subse@uent thermal tests were
éerforﬁed usi;g 'tﬁe thermal test cell on ’quaftz ‘sand,
;ailings' sand and oil sand samples at various temperétures.
Bitumen/@ager propqrtionsvand degrees of saturation of t%e
oil sénd. specimens were also varied for a study of the

veffects of. such changes on the thermal'propéftiés.
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As previodsrye mentiened, the testing program was
interrupted 'iﬁtermrttentlyr by the rupturing of the thermal
conductivity probe iﬁside the thermal tesr cellr A ,secqnd
preb of slm%hﬁly shorter'heetedilength was esed after the 
firbgt occurreneewof such failures. A rhermal conductivity;
te t  was perfo;%gd on a dry qguartz sand specimen for

.\ )

;;é—calibration purbose. The result was found = to be
comparable to what was obtained from previous testing.

*Qpring thermal testing of the wundisturbed medium oil
"

sand 'Xsample, the new tbermal conductivity probe = was
rupture%. ?he testing se@uence was thus inrerrupted. A third
probe,: which is identical tc the second ~one, was
Subsequenrly set up- for; further L testing. ‘Howeeer, _the
breakage of the txp of this probe durrng pressurlzatlon of
the sample stopped the progress Based on,the‘fact that all_
probe ;fallures occurred at the tip, ‘it is>believed‘that‘the’
Of]glﬂa; de51gn of the probe{by WATLOW (St;‘ iOuiS)A is not
_meant for restlng under hlgh pressures. Stress concentratlon
occurred at the t1p of the probe where a th*n metal dlSC was
\
inserted.’ Another suppl&er,‘ ALLTEMP SENSORS' (Edmonton),
wrecommended tﬁatvthe't3p of such probe beb'eut of f endflee
seeled. by plaSme'weldiﬁg.”Fcllowing the recomhendation; two |
already;purchaeed prebesy;from ‘WATLQWK were mqaifieé. The,‘
probes> are ridenrical'to the first oﬁe used for this”study;
The ;testjngf . program | was .subsequenrly _e centinued.
Unforthnarely, this new probe &again Craeked, but rhis time

~at the junction of the internal ‘thermocouple . tip and’ the
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mid;section of the probe. It was'suspecte@, that 'the probe
surface was-' Weakenéd._ by  the silver éoldering ‘for
thermécouple attachment to the probe wall. The fifth. prébe.
was subsequently modified with plésma welding botb at the
tip and at the thermocouple-probe junctioﬁ. The probe, was
glso dried in an oVenvat 100 °C for sevé:al'hours to remove
any molsture that might be presént inside. A water-saturated
tailings sand _épecimen ‘was . then pre@afed for thermal
conductivity and dﬁffhsdvity measurements  at rooﬁ
temperature condition. The results obtained are compatible
to ‘the firét series of, tests on the sénd. This £inal testihg
rassembly was ﬁhen dsed for ‘thermal teétihg of. ;ﬁe_last

(undisturbed lean oil sand) sample.

¥

ﬁ Q.S'Cédiﬁg‘of Thermal»Properterests ;

- Sihée’ovet two hundréd 'ﬁhérmél _prbpe:ty measufemeﬁts'
weré‘-performéd on 'a totél of - t@elvé samples for this
research, the test épécimens1and'tegt. numbers héve £o  be
.labglléd'agcordihg'to a cgnsis:ént.épding system for éase‘of
‘idéhtification.kThe‘steadyystate‘énd'.t:ansieht state .test

coding méthods are described és~fdilows:'

Steady sfafe

Siﬁcé:vdhly .théfmal chductivity tésts boh' dry and
water-sétggated'quar§z sand samples-were §erformed using»tﬁe
hot . plate ’apparétus, the coding may only involve avé;agé

test temperature, sample height and satutation condition for
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identification purpose. A typical specimen code is described
below:

HPT-1.5-20D

‘The  first ~notation specifies that this is a Hot Plate
Test. The second designation denotes a sample tﬂickness of
1.5 inches (38 mm). Average test temperature is at 20 °C.
The sample is Dry. For a water-saturated sample,” an S is

f 4
used.

Transient State
The <coding of a :ransient state prdperty test is more
complicated than that of a steady .state one. The notations

possibly required are listed as follows: \

NOTATIONS:

",

R(remquldéd), U(undisturbéd) (for oil sands cnly)
Qs(quartz sand), TS(tailings sand) or 0S(oil sand)

samplé number (1,2 or 3) (for quartz sand'only)
R(rich), M(medium) or L(lean) (for oil sand only)

C(conductiyit&}‘or D(diffusivity)
: o

~ 7

average test temperature (20 to 200 °C)

D(dry) or S(water-saturated)

(for quartz sand & tailings sand only)
Aflair-water-bitumen saturated),
W(water-bitumen- saturated) or
F(water-bitumen saturated, after flushing)
(for oil sand only) a
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test number for same sample at approximately‘
the same temperature (1, 2, 3, 4)
- (for guartz sand & tailings sand only)

UD(undrained) or blank(drained)

(for saturated tailings sand & oil sand only)
EXAMPLES:

1. QS2-C20S8-4-UD

2. TS-D100D-2

3. ROSL-C50A

4. UOSR-D200F

- EXPLANATIONS:

I. Quartz Sand sample #2; Conductivity test at 20 °C;
‘Water-saturated; Test'#4 at this temperature;-Undrained
conditions. s ’

2. Tailings Sand; Diffusivity test at 100 °C; Dry; Test #2
' at this temperature; Drained conditions.

3. Remoulded Oil Sand; Lean; Conductivity test at 50 °C;
Alr-water-bitumen saturated; Drained conditions.

4. Undisturbed Oil Sand; Rich; Diffusivity test at 200 °C:
Flushed, water-bitumen saturated; Drained conditions.
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4.9 Index Testing

To characterize the differen% test specimeng usedgxin
this research, their physical properties were-establishedaby
various index tests., These tests include the determination
of bulk dénsity, moisture content, bitumen and water
saturations as well as grain size distribution.

The bulk density of a remoulded test specimen (i.e. dry
and water~saturated‘ guartz sand and tailings sand, and
remoulded o1l sand) was determined by weighing the spécimen
and measuring its volume as it was being prepared. In the
case of an undifturbed oil sand sample, the bulk dénsity was
determined by weighing and direct volume measurement on the
final trimmed core. Moisture contents of sand samples were
determined after testing while bitumen and water contents of
0il sand samples (remoulded or undisttrbed) were determined
both before and after testing. Standard bitumen extraction
procedure (Method #2.7 outlined by Syncrude Canada Limited,
1979) was followed. The bitumen extraction %ppa;atus used 1in
this study 1s 1identical to the " one deséfibed in Agar's
(1984) thesis. ASTM standard met hod | of grain size
distribution analyses (D402-72) were performed on all test

specimens.
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UNIT
SWITCH  BOX
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1.
i

1-2  CONNECTED TO DATA ACQUISITION UNIT

FOR MEASURING VOLTAGE ACROSS
POWER SUPPLY UNIT

"
2-3  'CONNECTED TO DATA ACQUISITION UNIT

FOR MEASURING VOLTAGE ACROSS
RESISTOR

-

Figure 4.3 Schematic Diagram of Power Supply to Thermal
Conductivity Probe
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5. RESULTS OF LABORATORY TESTING

5.1 Analysis of Laboratory Results

The prbposed' methods of analysis for transient state
thermal conductivity and diffusivity tests were discussed in
Chépéer 3. Thermal‘ conducti&ity of‘ a test specimen 1is
aetermined from the slope of the straight line portion cf a
temperature versus natural logarithm of time Qlot; Thermal

diffusivity may be estimated from the temperature axis
Al o

intercebt of the same plot. Alternatively, thermal
diffusivity of the same 'specimen ﬁay be determined more
4.accgréﬁely by a thermal diffusivity test. A mditiple linear
regression analysis is used to _establish a seventh :order
polynomial for the representation of the sample surface
temperature record. Using the surface temperature function
and . thé: &emperatufe-timé record of \the internaﬁ
thermocouplé, thefmal diffusiviﬁy values are evaluated fopm
each time inc:ément (20 seconds) by the regula-falsi
ite;ation prbcedure.

Analysis of steady state thegqal conductivity test
results is also describe?ﬁ?ﬁx Chapter 3 and will not be
detailea here. |

: |
5.2 Specific Heat Calculations

According to equation 3.7, the. specific heat of a

material may be calculated if 1ts - density, thermal

conductivity and diffusivity are known. Both the thermal
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“conductivity and diffusivity values: of a- sample‘ cén be
ésfabli@héd ‘expe:imentally and the initiél.volume and mass
are meaéﬁred. With the change 1in sémple_ height monito;ed
duringrthermai>testing, the change invvolumé'of the mass can
be determined rather easily. Assuming that the mass of the
, . .
specimen stays constant even during thermal testing‘undér
drained conditions, dehsiﬁies of the specimen at various
témpefatu:es are  then calculated. The assumption is
reasonable because the loss of‘bitumen to drainage lines, as
monitored —by the v&lume change device.during testing, i%
negligibie'when‘compared-to the bulk mass of the sample. In
the‘ presentation - of laboratory results that follows,.
‘estimated specific heat values are given for samples with
both thermal condu;tivity and diffusivity values established
expefimehtally. Sample calculafions of density change with
temperature for a test specimgn are included ih Appendix D.
fAs discussed in Chapter 2, mény investigators (e.qg.
Smith-Magowah, Skauge and Hepler, 1982) agree that the
specific heat of a material may be estimated with reas\pable

accuracy by taking the weighted average of the spefific

héats of its constituents. Using Smith—Magowan,. Skauge and
Hepler's correlation equations, specific. heats of the
samples tested for this study are calculated by the weighted
average method. The §alues are‘;ncluded in the tables of
fesults that foi1ow¢ Samble‘Specific heat caicu}afions are

included in Appehdix D.
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5.3 Thermal Properties of Quartz Sand

Since the thermal conductivity of quartz sand is quite
well - documentéd and since.:quartz sand’-is the major
cohstituent of Athabasca oil sands, ‘quartz sand has been
tested both  under steady state aﬁd. trénsient state

conditions. '

5.3.1 Test Material
The sand‘is a 20-30 (mesh) Otfawa sand supplied from
Ottawa, Illinois. The main constituent of the médium to.
coarse sand is guartz particles. Somé_negligible traces of
?foreign minerals are also present in the sand mass.’A grain
‘izé distribution curve showing the results of a -Sieve

apalysis on the sand is included‘in Appendix E.

e ‘

S 3.2 Experimental Résult§

Steady state thermal conduétiviﬁy:test results on dry
and water-saturated quartz sénd sahples are summarized in
Tdbles 5.1 and 5.2 respectively.,ln ocrder to éccouht for
thermal contact resistance between thé hot/cold plate
surface ., and - the specimen, determination of thermal
conductivity»requires.tést results from sampleé of at least
| hree different thicknesses. Figure 5.% shows plots of
ﬁhermal resistance versus sample thickness for the dry aﬁd
fﬂyatef-saturaﬁga quarEZ' sands at room temperéfure. Thermal
fsgqnductiviﬁy_values,are determined from the slopes of thé

straight line plots using equation 3.5. Thermal resistance
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of‘ thé apparatus is determined by the intercept at the
vertical axis of Figure 5.1. The value s noted as 0.11x10';
and 0.20x10°* m? °c/w for the dry and Water-saturated sand
samples respectively.

Depending on tEe’ thickness-of the test specimen, ﬁhe
average test (or sample) temperature may vary even if t he
ééme power supply and water bath gempefature are used during
2 steady state hot plate 'tesyf The difference in sample
thickness (L,-L,) 1incurs a natural adjustment ¢f the hot
pla{e temperature (T,) in‘ order to maintain a constant

. . .
th%fa;}\ gradient (dT/4L) across  the same material
(equation 3.3). Without a knowledge of the magnitude c¢f the
temperature chanée when .sgmples' of different thicknesses
were tested, different levels of power supply and

¥

temperature range were used. It was planned that the same
average temperature for specimens of different thicknesses,
but of the same material, could be achieyed. A thermal
resistance versus thickness plot could 'then be made for
thermal éonductivity determination,

As may be noted from Tables 5.1 and 5.2; the deviatidns
in the average temperatures of the specific tests ‘selected
for thermal conductivity determination at room tempefature
are only 1.5 °C in the dry quartz sand case andﬂ0.3 °C for
the saturated sand. The densities of the samples are also

similar enough for the purpose of thermal conductivity.

determination.
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As the results may not be too accurate for tests with
average temperatures higher than laboratory temperature,
thermal conductivities of the dry and water-saturated sand
specimens are not determined at temperatures other than room
temperature. The “values obtained from room temperature
testing will be used for comparisons with the corresponding
trénsient state test results., |

Transient state thermal conductivity test results of a
dry and subsequéntly water-saturated quartz sand sample
(QS1) at 20 °C, using various vgltage inputs generated by
the power supply.unit, are presehted in Figure 5.2. To study
the effects of température on the thermal conductivity and
diffusivity of dry quartz sand, another dry quartz sand
specimen (QS2) was tested at various temperatures ranging
;?om room temperature to about 200 °C. The results are
fabulated i" Table 5.3. Plots depicting'dlhe change in
thermal conductivity and thermai diffusivity of dry quartz
sand with temperatﬁre are shown in Figures 5.3 and 5.4
respectively..The thermal conductivity and diffugivity test
results for the dry quartz sand sample (Q§3) used for

calibration of the new probe heater (of different length of

heated section) are summarized below:

“Voltage = 20 V

P = 1.782 g/cm’

n . = 32.8 %

K = 0.446 W/m °C (at 21 °C)

a = 3.3x10°7 m?*/s (at 22 °C)

c = 0.76 J/g °C (calculated; eqguation 3.7)

*
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It is found that" the thermal <conductivity of this
quartz sand éampie (QS3) 1is compafable to that of the first

it
sample (QS1) which'has a similar density.

5.4‘Thermal Properties of Tailings Sand

+ One dry oil sand tailings sand specimen was tested for
thermal conauctivity determination using the transien: state
cell. The sample was then saturated with water. Both thermal
conductivity‘and diffuéivity tests were subsequently carriéd.
out at varioﬁ§ temperatures up to 200 °C. ALl but two tests

were performed under fully drained conditions. .

5.4.1 Test Material
' The sand is a clean poorly sorted fine to medium guartz

sand’” obtained from the Syncrude tailings pond in Alberta.

i

. ' : « . .
The Qrigimjof the sand 1is from the Athabasca oil sand

depo§its.nghe solids consist of about 2% fines (finer than
0 A 4 o . .
#200’§1eve\.xResults of a sieve analysis on the sand is

\

included in Appendix E. -

5.4.2 Experimental Results

Table 5.4 summarizes the thermal test results of the
talilings sand,‘HChanges in thermal conductivity and
diffusivity with temperature are depicted in Figures 5.5 and
5.6 respectiveiy. The thermal conductivity and diffusivity
test results for the extra water-saturated tailings sand

sample, used for re-calibration of the fifth ©probe, are
. :
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‘summarized below:

Voltage = 20 Vv

0 = 2.081 g/em?

n = 34.4 %

k = 3.143 W/m °C (at 22 °C)

a = 15.4x10 " m*/s (at 26 °C)

c = 0.98 J/g °C (calculated; equation 3.7)

5.5 Thermal Properties of Oil Sands

Transient state thermal conductivity and diffusivity
tests were ‘pérformed on two remculded oil sand and three
undisturbed o1l sand specimens. As mentioned egarlier
(Section 4.7), some of the proposed testing sequences were
interrupted by breakage of thermal conductivity probes.
Nevertheless, sufficient thermal property‘data of o1l sands
have been collected for evaluation of the developed testing
procedure. Physical properties of the oil sand and tailings

sand samples are tabulated in Table 5.5.

5.5.1 Test Material

The mgdiu to rich oil sand core sémples (remoulded or
undisturbed) were obtained by rotary drilljng at a site near
a slope bank.of Saline Creek, Fort McMurray, Alberta. The
lean o©1l1 sand cores. were taken f;om the Syncrude site in
Fort McMurray. Sieve analyses on gimglesA from these -two .

sources were performed. The grain size distributior curves

are included in Appendix E.
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5.5.2 Experimental Results

Thermal property test resv.:s for the rich and lean
remoulded oil sand samples (ROSR and ROSL) as well as the
mgdium, rich and lean undisturbed oil sand cores (UOSM, UOSR
and UOSL) are summarized in Tables 5.6 to 5.10 respectively.
Changes in thermal conductivity and diffusivity with
température for eaph cf the samples are plotted as shown in
Figures 5.7 to 5.16. A typical set of thermal conductivity
and diffusivity test data from 20 °C to 200 °C (sample ROSR)
are presented graphically in Appendix F,.

LY

As may be noted from the tabulated results, the

remoulded o¢il sand samples were first tested as-prepared.
The degree of saturation as well as water and bitumen
saturations were determined prior to the testing sequence.
Therefore, these values are applicable to  the
alr-water-bitumen éaturated condition. As water was injected
1Nto the test system for full water-bltumen saturation of
the sample, 1t 1s agsumed that air inside the samﬁle was
displaced by water. Therefore, the bitumen saturation did
not change. Upon completion of the entire testing seqguence,
the water and bigbmen contents of the  sample were. agaiﬁ
measured. If the sample had been flushed with hot water tQﬁg
reduce the bitumen content for the final(E}age‘ of testing,
the saturations meaSu:ed are assumed to apply to this last
testing condition. k

All undisturbed oil sand samples were fully saturated

by displacing air out with water prior.to thermal property
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measurements. The 1initial air voids are assumed to be filled
with water after saturation. Therefore, the water and
bitumen contents of each specimen were known at the
beginning of the. testing sequence. Hot water flushing was
employed to reduce the bitumen content for a second stage of
testing of the rich oil sand specimﬁn. Nitrogen was injected
s, .
into the thermal test cell toc displﬁged some of the water
out at room temperature for the final stage of tesfing of
this sample as well as the lean one. It 1is assumed that
neg.ligible amount of bitumén was expelled out of the sample
during nitrogen-flushing because of the high viscosity of
bitumen at room temperature. Hence, thé measured bitumen
content at the end of the test sequence applies to the last .
two stages of tests. This means that bitumen contents of the
Lundisturbg§ﬂiean o1l sand sample wunder full water-bitumen
saturated a%d nitrogen-flushed conditions should be the
same, both before andvéfter the tesking,seéueqce{ Within the
limits of expériméntal- errors in the bitumen extracticn
procedures, the results shown in Table 5.5 indicate that
this 1s true.

To determine the amount or water that was displaced by
nitrogen during nitroggn—fluéhinghof a speq%@en, a measuring,
cylinder was used to collecﬁiwater from ﬁhe exit at the
bottom drainage port of the high temperature/pressure cell.

Sample calculations of air, water and bltumen saturations

for the oil sand samples are included in Appendix D.

7



Test

Sample 1:

HPT-1-19D"
HPT-1-24D
HPT-1-30D
HPT-1-23D
HPT-1-28D
HPT-1-34D
HPT-1-27D
HPT-1-32D
HPT-1-38D

Sample 2:

HPT-0.5-32D
HPT-0.5-28D
HPT-0.5-25D
HPT-0.5-28D
HPT-0.5-24D
HPT-0.5-21D
HPT#O.S—Z&D*
HPT-0.5-20D
HPT-0.5-17D

Sample 3: 39 mm thick; density = 1.789 g/cm’; ﬁg:051:y

HPT-1.5-42D
HPT-1.5-34D

HPT-1
HPT-1
HPT-1
HPT-1
HPT-1
HPT-1

.5-28D
.5-39D
.5-30D
.5-24D
.5-35D
.5—27D*
HPT-1.5-21D

Average Test

Temperature

°C

27 mm thick; density = 1.805 g/cm’;

13 mm thick; density = 1.806 g/cm’; porosity

31.6
27.9
25.3
27.6
24.0
21.2
23.8
19.9
17.4

Po
In

@ & ® D -

LSRN SR R ke I SRV e )

wer Temperature
put  Difference
W °C

.98 6.91
.54 15.70
.08 28.00
.02 7,00
.54 15.60
.08 27.40
.02 6.7

.54 15.10
.06 26.80

.08 13.37
.54 7.50
.02 3.23
.08 13.60
.54 7.80,
.00 3.50
.06 13,25
.36 7.60
.01 3,65

8.08 35.70
4.63 20.50
2.01 8.80
8.08 36.40
4.54 20.65
2.01 9.34
7.99 36.85
4.53 21:56
2.02 10.18

Apparent
Thermal Conductivity

w/m °C

porosity =

0
0]
0.
Q
0
0]
0.
0.
0.

/

* Data selected for thermal conductivity evaluation.
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Table 5.1 Summary of Hot Plate Test Results, Dry Quartz Sand

LR}
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Table 5.2 Summary of Hot Plate Test Results, Water-saturated
.Quartz Sand . g .

\ -

Test Average Test Power _ TemperAture Apparent
' Temperature Input Difference Thermal Conductivity
°C W °C : Wi °c

Sample 1: 27 mm thick; density = 2.119 g/em’; porosity = 31,7 %
HPT-1-27S 26.7 8.10 3.54 - 3.374
HPT-1-23S 22,6 8.12 3.60 3.326
HPT-1-19S 18.6 8.12 t3.65 i - 3,280
HPT-1-29S 28.7 12.72 ) 3.252
HPT-1-25S 24,7 . 12,68 qﬁ%' 3,195
HPT-1-21S : 20.8 12.68 L 3.178
HPT-1-30S . 30.1 . 15.32 3.115
MHPT=-1- 26S o0 26.0 ©15.32 3.098
HPT-1-228" 2201 ,- 15,32

3.077

Sample 2: 38 mm thick; density = 2.156.g/cm’; poéosity = 32.2 7

HPT-1,5-27S 27.3 " .8.08 * " 4.93 3,454
HPT-1.5-23S 23.4 8.06 5.03 . 3.376
HPT-1.5-19S 19.4 . 8.06 5.10 © 3,330
HPT-1.5-30S 29.9  12.90 8.00 ©3.399
HPT-1.5-26S, 25.8 12.60 ~  7.87 . 3.376
" HPT-1.5-22S ©21.8 12.60 7.93 3.348
HPT-1.5-31S 31.2 15.29 9.56 - . 3.370
HPT-1.5-27% 27.2 15.29 9.61 . 3.353
HPT-1.5-23S 23,2 15.26 9.70 3.316
Sample 3; 51 mm thick; density = 2.128 g/cm’; porosity = 32,1 %
HPT-2-28S ' 28.0 8.08 6.36 3.513
HPT-2-245 23.9 8.08 6.48 3.562
HPT-2-20S ©20.0, 8.08 6.60 . 3.475
HPT-2-265 25.9 . 4.54 3.55 3,601
HPT-2-228% - 21.8 4.54 3.70 31455
HPT-2-185 ° 17.9 . 4.54 3.75 v 3,409
©HPT-2-27S 26.8 6.18 ¥  4.80 30620
HPT-2-238 22.9 6.18 - 4.95 3.510

® ' HPT-2-19S ’ 18.8 © 6.18 5.00 ) 3.475

* Data selected for thermal conductivity evaluation.
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Table 5.3 Thermal Conductivity and Diffusivity Test Results,
Dry Quartz Sand

o

N

Test ThHermal Thermal Density Specific Heat
Number Conductivity Diffvsivity
W/m °C 107 m'/s g/cm’ J/g °C
' Calc. Expt. Expt. Wt.Avg.Md.

Q52-C19D-1 0.545 2.5 - 1.737 0.80 0.76
QS2-C20D-2 0.493 2.0 - 1.737 0.73 0.76
QS2-C20D-3 0.497 2.2 - 1.737 0.73 0.76
QS2-C21D-4 0.509 . 2.2 - 1,737 0.75 0.76
QS2-C21D-5 . 0.507 2.1 - 1.737 0.75 0.76
QS2-C21D-6 0.503 2.1 - 1.737 0.74 0.76
Q52-C48D-1 . 0.529 2.4 - 1.734 0.82 0.81
QS2-C49D-2 0.512 2.2 - 1.736 0.80 0.81
QS2-C98D-1 0.550 2.3 - 1.729 0.91 0.87
QS2-C100D-2 0.522 1.7 - 1.731 0.86 0.87
QS2-C148D-1 ‘£ 0.539 2.0 - 1.721 1.01 0.92
QS2-C148D-2 - 0.541° 2.3 - 1,724 1.01 0.92
QS2-C199D-1 0.555 2.3 - 1.720 1.01 0.96
QS2-C198D-2 0.552 2.2 - 1.716 . 1.01 0.96
QS2-D22D-1 - - 3.9 1,737 - -
QS2-D22D-2 - £ - 3.9 1.737 - - -
QS2-D51D - - 3.7 . 1.736 - -
QS2-D100D - - - 3.5 °© 1.731 - -
QS2-D150D - - 3.1 1.724 - -

+ 'QS2-D200D - - 3.2 1 716% - -

.
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N §) ' | ‘ . ' ' - .
Table 5.4 Thermal Conductivity and Diffusivity Test Results,
: Tailings Sand

- s
Thermal Thermal " Density Specific Heat
Conductivity Diffysivity R

- W/m °C 10/ a'/s g/cm’ J/g °C
v © Y Calc. Expt. Expt. Wt Avg.Md.
©Ts—Cc21D-1* 7 0.491 2.1 - 1.700 - 0.76°
T5-C215-1 . 3.340 10.00 - 2.05¢", 1.07°  1.30
TS—C22S-2-UD ~  3.298 920 - - 2,059 T 1.06 1.30
- TS-C215-3 3.494 114 - 12.059.  1.12 1.30
TS-C49S 3.145 8.5 - 2.054°  1.13 1.34
TS-C100S-1 . 3.286 15.7 - 42,045  1.36 1.40 .
TS—C100S-2-UD 2.947 9.1 - 2.045  1.22 1.40
TS-C148S 2.776 . 15.0 S0 2,037 . 1.25 7 1.4 .
TS—C198S “3.563 1.7 - 2.030 . 1.43 1.51
TS-D265-1" - 2.059 - -
", TS~D26S-2 - . 2.059 - -
TS-D53S - 2.054 - -
TS-D103S - 2.045 - -
TS-D151S - 2.037 - -
TS-D202S - 2.030 - -

:
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Table 5.6 Thermal*Conduct1v1ty and lefu51V1ty Test Results,
Rich Remoulded 0il Sand , ,

. : : Y
Test Thermal - Thermal Density -Specific Heat
Number w Conductivity D1ff9$1vity ‘

‘ W/m ° o’/s g/cm’ J/g °C

Calc Expt. Expt. Wt.Avg.Md.

ROSR-C20A . 1.281 6.6 - 1.797 0.81 0.91
ROSR-C21A 1.295 6.9 - 1.796 - 0.82 0.91
ROSR-C49A * 1.231 5.6 - 1.795 0.87 1.01
ROSR-C99A 1.163 4,4 - 1.793 0.94 . '1.09
ROSR-C151A 1.114 4,0 - 1.791 1.07 1.16
ROSR-C199A 0.992 2.8 - 1.788 1.09 1.21
ROSR-D24A A - 8.8 1.796 - -
ROSR-DS2A - - ’ - 7.9 1.795 - -
ROSR-D102A - B 6.9 1.792 - -
ROSR-D154A - - 5.8 1.790 - -
ROSR-D200A - - 5.1 1.788 - : -
ROSR-C20W 1.734 6.7 -, 1.943 1.00 1.13
ROSR-CS0W 1.664 13.0 - 1.941 1.07 1.21
ROSR-C101W 1.470 7.1 - 1.938 1.10 1.29
ROSR-C149W 1.336 5.5 - » 1,934 1.11 1.36
ROSR-C198W 1.246 . 4.4 - 1.931 1.19 1.42
ROSR-D24W - - 8.9 - 1.934 - -
ROSR-D53W - - 8.0 1.941 - -
_ROSR-D104W - - 6.9 1.938 - -
"ROSR-D152W - - 6.2 1.934 - -
ROSR-D200W - - 5.4 1.931 - -
ROSR-D24F - - 9.5 1.933 - -
ROSR-DS2F - . - 8.7 1.930 - -
ROSR-D103F - - 7.5 '1.927 - -
ROSR-D152F - - 6.6 1.924 - -
ROSR-D200F . - - . 5.7 1.920 - -
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Table 5.7 Thermal Conductivity and lefu51v1ty Test Results,
Lean Remoulded 0il Sand

Test
Number

ROSL-C20A
ROSL-C21A

 ROSL-C494 -
ROSL-C984 .

ROSL-C147A
ROSL-C196A
ROSL-D234
ROSL-D244A
ROSL-D534
ROSL-D101A
ROSL-D150A
ROSL-D1994

ROSL-C20W
ROSL-C49W
ROSL-C98W
ROSL-C147W
ROSL-C197W
ROSL-D23W
ROSL-D53W
ROSL-D100OW
ROSL-D149W
ROSL-D199w

Thermal

Conductivity
W/m °C

B = o

NN

.522
.536
.520
.566
.684
.0l4

Thermal

Diffss
10™

Calc.

w e et
S
OOHU\O\O/

www e e
PP
O WL~

ivity

m'/s

Expt.

YN ~wommo
SAAPER
YN oOO

o e \UE NI ¢ o]
« v e
0D Oy Lt ~d

Density

g/cm’

1.775
1.775
1.776
1.777
1.778

1.780 -

1.775
1.775
1.776
1.777
1.778.
1.780

1.929
1.929
1.931
1.932
1.933
1.929
"1.929
1.931
1.932
1.933

Specific Heat

J/g °C
Expt. Wt.Avg.Md.
0.95 1.15
0.98 1.15
1.04 1.21
1.12 1.27

- 1.23 1.33
1.47 1.39
1.30 1.35
1.36 1.40
1.42 1.46
1.48 1.52
1.52 1.59
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Table 5.8 Thermal Conductivity and Diffusivity Test Results,
Medium Undisturbed 0Oil Sand

P
Test Therma: Thermal Density  Specific Heat.
Number. Conduct.«::y ; ‘ff‘)slvity
W/m °C m'/s g/co’ J/g °C
alc. Expt. Expt. Wt.Avg.Md.,
UOSM~C20W 2.009 4,2 - 2.073 0.90 1.00
UOSM-C48W 1.850 3.1 - 2.071 0.94 1.08
UJ0oSM-C98wW 1.786 3.0 - 2.068 -1.03 1.16
UOSM-~C148W 1.747 , 3.0 - 2.065 1.18 1.22
UOSM--D22W - - 10.8 2.073 - -
UOSM~D52W - - 9.5 2.071 - -
U0SM-D101W -~ - - 8.4 2.068 - : -
UOSM-D151w - - 7.2 2.065 - -
UOSM-D200W - - 6.2 2.062 - - :
UOSM-~D201F - - 7.0 2.062 - Co-




. 150
| ‘.4wa=» '
Table 5.9 Thermal Conductlv%ty and Diffusivity Test Results,
Rich Undisturbed 0Oil Sand

’ " Test Thermal Thermal Density  Specific Heat
* Number Conductivity Diffysivity
W/m °C 107" a'/s J/g °C

Expt. Wt.Avg.Md.

L . Calc. Expt. -ﬁ

PN

UOSR-C20W 1.765 3.9 - 2.085 0.76 0.92
UOSR-C48W 1.736 3.8 - 2,058 0.81 1.01
UOSR-C98W 1.659 4.9 - 2.051 © 0,93 1.09
UOSR-C148W 1.597 AN - 2.044 1.07 1.16
UOSR-C196W 1.500 4.4 - 2.037 1.19 1.21
* UOSR-D24W - - 11.2 2.085 - -
UOSR-D52W -, - - 10.4 2.058 ~ -
UOSR-D101W - : - 8.7 2.051 - -

. UOSR-D151W - - 7.3 2.044 - -
UOSR-D199W - ’ - 6.2 2.037. - -
UOSR-C99F 2.026 6.8 - 2,051 0.99 7
UOSR-C147F "~ 1.884 6.0 - 2.044 1.07
UOSR-C197F 1.730 5.3 . - 2.037 1.16 1.39
UOSR-D25F - - 13.2 2.085 - -
UOSR-DS2F - . - - 12.0 2.058 - -
UOSR-D102F - - 10.0° 2.051 - -
UOSR-D150F - - 8.6 2.044 ~ -
UOSR-D200F - - 7.3 2.037 - -
UOSR-D26A - - l4.6 1.973 - -
UOSR-D524 - - 13.5 1.948 - -
UOSR-D101A - - 10.370 1.941 - -
UOSR-D1514 - : - 9.2 " 1.935 - -

4 1.928 - -

UOSR-D200A - - 8.

[, -\
J
S
S~
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Table 5.10 Thermal Conductivity and Diffusivity Test
Results, Lean Undisturbed 01l Sand

Test
Number

UOSL-C20wW
UOSL~C48W
UOSL-C99W

UOSL-C148W

UOSL-C197wWs.

UOSL~D23W
o  UOSL-DS1W
UOSL-D102W

UOSL~D151W .

UOSL-D200W

UOSL-C21A
UOSL-C49A
UOSL~-C994
UOSL-C1494A
. UOSL~C198A
UOSL-D254
UOSL-D52A
UOSL-D102A
UOSL-D1514A
UOSL-D200A

°

Thermal

Conductivity
W/m °C

SR SENTRRN

[T ST O S 8]
« e s s .

.676
674
.560
.39
.391

Thermal

Diff
10~

Calc. Expt.

(U e e NV,
L~ - O

{}S

ivity

m'/s

: bt et s
® 0O W
[0 313 <lle RV o I WN]

Density

g/cm’

2,137

2.149
2.169
2.189
2.220
2.137
2.149
2.169
2.189 .
2.220

2.104
2.098

2.090- ",

2,081

2,073

2,104
2,098,
2.090
2.081
2.073

Specific Heat
J/g °C
Expt. Wt.Avg.Md.
0.94 1,17
1.01 1.22
1.07 1.29
1.14 1.34
1.25 1,40
0.99 - 1.08
“T.02 1.13
1.13 1.19
1.17 1.24
1,36 1.30
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Dry, 20 °C
k= 0.43 w/m °C |

»

Water—sqturated, 22 °C
k:AﬂBK%noc

T <l
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* SAMPLE THICKNESS, mm

i

60
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Figure 5.1 Hot Plate Thermal Conductivity Tests, Quartz Sand
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5
Water—saturated quartz sand
4.3 p =213 g/cm3

OU 4__‘ n=3262%

=

>

> 3.51 @ % g

= . : O

= 34

>

._‘._L_’

3 237

8 \“\L s
o] 21

O

Ne) 1.5 Dry quartz sand

E ) p =1.787 g/cm3 .

P v

o n=32.62%

< 19

—_

0.5 o o o o o ©° 8 g4
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0 -1 T T ——r T T T T T T
0 5 10 15 20 25 30 35 40 45 .50 55 60
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Figure 5.2 Sensitivity of Thermal Conductivity to Voltagé
Input
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Thermal Conductivity, W/m °C

Figure 5.5
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6. DISCUSSIONS OF LABORATORY TEST RESULTS

6.1 Sensitivity of Thermal Conductivity to Power Input

Figure 5.2 depicts the sensitivity of measured thermal

. ’

conductivity values to varying voltage (thus power) inputs..

At higher voltage inputs, the average sample temperature 1is

higher for the

same period of testing. Thereforg, the

©

increase 1n measured thermal conductivity of the dry quartz

sand from 0.42 to 0.56 W/m °C with increasing power input

may be partially

attributed to the 1increase .in mean

temperature. The effects of varying power inputs on thermal

conductivity measurements of the satura:zed sand, 3.40 W.m °C

(6 %), are not as prominent., The presence of water as a

s,

‘major heat absorbing element in the sample may  have a

&

stabilizing effect on the susceptibility of the sample to .

varying magnitudes of the power supply. A

iy
A o,

D . : . ' o
To minimize the increase in average sample température

and the thermal gradients across the thermal condudtivity

probe surface, the magnitude of the power source should be

kept low. Since the J-type (lron-constantan) thermoéouples

used in this

study have a #0.1 °C accuracy, temper. ure

measurements would have to be relatively high enough Lo

minimize instrument errors. It was found that a volrase

10 °C during

approximately !

power supplyiﬁn'

N
a

a

S8

-
[

input-of 20 V would: give a maximum temperature rise of about

thermal conductivity test. This- represents

e

"
"

or, 1n temperature measurements. The

“

was thus se€t at a constant vcltage of 20 V

168
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for all thermal conductivity ﬁeasurements} As shown 1in
Figure 5.2, reproducibility of test results was found to be
withiﬁ 4 %‘for the water-saturated quartz sand with: this
voltage input.

,

6.2 Steady State Versus Transient State Testing of Quartz

- Sand

\

6.2.1 Thermal Conductivity
Results of steady 'state and transient state thermal
conductivity measurements on dry and water-saturated quartz

sand samples at room temperatures are compared as shown

below: e
*g .“DRY SAND WATER-SATURATED SAND. .
) P n k P . n Sk
' . g"/’/cm 3 % W/m OC g/cm ? % w//m‘ QC
Steady state 1.800 32.0 0.43- 2,134 32.0  4.03
3 1

Transient state 1.787 32.6 .44 ~ 2.113 32,6
(20 Vv input) ‘ ’ :

< e

*

The densities of the specimens are close enough for .a

5 s

good comparison of the results. Thermal conductivity values
-0f the dry Ottawa sangd samples are guite compatible. The
Nigher measured conductivity of water-saturated sand ‘WQEi;

steady state testing condition may be attributed to.moi

redistribution and convective effects in this type of

"This further strengthens the point made previousﬂ’ﬂsggt
' e

steady state hot plate tests should be used strictly #&% dry

specimens only. The compatibilit of measureGg® Xhermal

Y
gauctivity wvalues of the .dry Ottawa sand specimens

“@ry
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' transiént state testing using the thermal test cell designed

oy

o

“thermal ¢onductivities of moist materials measured using a

' for this research.

v

(8]

[,jj’ As also noted by Combs, Quiett and Axtell (1977),

¥

heedle‘probe (thermal céhductiviny probe)'method are often

1

less than those obtained using a steady state smethod. They

~attribute the higher steady 'state thermal conductivity

a

values to the effects of convective heat transfer in the

water fraction of the aggregates,. Hutcheon and Paxton (1952)

have studied the effects of moisture migration in a closed

guarded hot piate. The authors concluded that the thermal

i
N

conductivity values obtained by testing moist mateérials in, a
hot plate may be of limited value when used in the usual
‘heat flow equations for. prediction of heat transmission.

Since the transient state thermal test cell is devised to

minimize convective effects during .a thermal’ conductivity

: &0 . o .
test, result's obtained by using the apparatus may be more

U T

applicable to actualfffe}d gdnditions,

-“T”.f‘vv; L4
.

¢
6.2.2 Thermal Resistance in S€eady State Tests

«

X .

As indicated by the non-zero dT/dg,-axis intercepts in

N

Figure 5.1, the effects of thermal contact resistance on
steady state Apfhermal conductivity testing are not
negligible. The . app%reht thermal <onductivity calculated

from a hot plate test on a particular specimen shou.d be

smalier ' than i1¢s- actual con

Q.

uctivity because ¢f thermal

\

= : \

5 N . : ) L 2 V‘
Suggests that reasonable accuracy may be obtained froﬂy“;

~
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contaet resistance  between plate}surfages.;The difference’
~o « S R 4 ' .
between apparent;; (Table 5.1) ' afid actual © thermal

- !

k4

conductivities (FnQnre 5.1) of the dry sand sample ‘is less

than 7 %. However apSﬁrent thermal conduct1v1ty (Table 5 2)

of the - Water saturated quartz sand. I's about 24 % less than,

\ \
<y \ .

the correcte% value (Flgure 5. 0. - : ’

<Al

- N
) Sincé thermal - conduct1v1ty of water 15 hlgher than that

of air, one would ant1c1patq that- thermal(\Eﬁtact re51stance

)

) across a fllm of water 1s a lot l@ss than that across an air

gap and would be negllglble; for‘ steady. state wnot' ﬁ&ate
testing ;on ,water:saturateas'Samples. Thed-nigher thermal
resistance (O'2O}<1O‘Z m? °C/W) meaghred from the hot plateﬁ
test on the wet ‘sand therefore suggests that there may be an
kaddltlonal 1mpedence or power loss to -the system other tnan
thermal contact re51sta@ce It 1s speculated d%at the extra

4 ; /
thermal resrst@nce» is generated by .convect}ve currents .

“flowing inside. the water-saturated specimen. Part of the

1

constant7p¢wer supply may be consumed asd*energy for, the
convection;“mprocess: The steady state heat condugtion
equation (3.5) for a hot plate apparatUS may thus be too
simple to be used to describe!this complex problem of heat
and fluidntransfer. One simple way of ”interoreting the
thermal conductiwity value measured for the water-saturated
sand is. to treat the value as an apparent thermal

conduct1v1ty influenced by convectlve effects.
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6.3 Calculated Versus "Experimental Thermal Diffusivity

f 3

Results

S : . 2
Thermal diffusivity values' calculated from thermal
\conductivity testsu(Section 3.3.2.2) aré plotted against:
"experlmentally establlshed values as shown in Figure 6. Itk

-appears that the calculated values are generally smaller

L4

than the experimental ones. This can easily be explained by

the fact that the point of interpal sample temperature
} - I o P ] , | .
measurement ~1s  assumed to be right at the thermal

. .

conductivity probe wall (at r .= S 1/16  in). If the (exact

radial . -distance of the intefnal*‘thermocouple tip (at
ot ) ) _ -

'r = 3/32 in) were used. in the expression” for coeff1c1ent B
- : /
‘of equation 313, the calculated dlffu51v1ty values would"

/
/

have been‘increaseg/by a factor of 7.25 (square of\&he,ratio
of " the two radii). However, as ‘discussed'in Chapter 3,
rHccper.and Chang A(1953l state ‘hat the apparent radial
distaﬁce\ of the temperature maaeurement pcint change% with
different test materials. Hence% no attempt was made to
re-adjust the origiual assume@ radlus.~As mentioned earlier,
}he calculated thermal difﬁugivity values shquld be taken as
accurate for the 7orde% of‘ magnitude only. Thermal
difquivlty tests therefore must be pérformed' to ‘obfain

B . . \
accurate results.

As demonstrated above, the major soGrce of error in
calculating thHermal’ diffusivity values from 3permal

conductivity .tests ifs the uncertainty in locating the

apparent. point = of ‘temperaturé measurement. The other error
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e e e
“

in thermal alffus1v1ty ralr*‘atlon is from the assumptlon of

K]

negllq ble thermaJ contact re51S§ance Thlv“ahsumptlon ‘holds
fér . testing  of. fully saturated mater1& near room
témperature condition. The error may be lafge during thermal

testing of dry materials §t elevated temperatures,

‘6.4 Evaluation of Experimental Procedures by Specific Heat

-

Calculation o d

6.4.1 Comparison of Experimr=ntal .and Ca}gﬁlated . Specific
‘ ' , . , : \""/ @& - ) . !

Heats

The simple relati&nship améng ‘the thermal properties
and the_density of ;Em terial kequation 3.5) éro#ides gkgood
‘meang to evaluate éhg/ixperlmental prochpres foilqyeda_iny
~,thls regearch. ° Specific heats ‘may ge esﬁimated from
K expérihentally established values of ~thermal conductlv*ty
thermal dlffu51v1ty and density. sSlnce it 1s\wéll documented
that the weighted average method ior calculatlmg spec-‘&c

heats is fairly accurate, akcomparlson of the experlmentai
spec1f1c heat; with the c;lculated values using this method
should give a good indication to thex\ageqhacy of the
dexperimental procedures. - -' | -
Figure 6.2 /disblays a .comparisonj,of experimental
sﬁecific heat values with those calculated using , the’
weighted' average method. It 1is observed.that the max lmum

deviation of the experimental results from the calculated

values is about 20 % while most of the deviations fall



14

174

~wWilthin 15 %,%;éssumlng a maximum error of 5 % in specific-
! ‘ ~ R " N _

heat approximation using the weighted average method, 5 % in

thermal conductivity measurement. and 5 % in density

estimation, much of the 15 % error  in .specific heat-

evaluation may be accounted for.
Considering the fact that the comparison is made based

on specific heat calculations involving the many dufferent

‘pParameters that are subject to errors, the average deviation

of oniy about 15 % is guite acceptable. The experimental
sét—%p, the th?rmal conductivytyv and Vthermal éiffusivity
equations and ' the testing procedures are thué proven to be
highly.7dequa£e for thermal ﬁe§tinéi

6.4.2 Thermal Diffusi§ity Measurements
In afidition to depdcting the proximity of - the
expérimehtal ‘%nd the calculated spéélflc heats Figure 6.2

s

also: diSplays a con51stency in that the vexperlmental
specific heat values are iower than -the calculated QLres 1in
most ipsténces: This consistent dlscrepancy\§n specific heat

vgﬁﬁes dese;ves further investigation.
| As may be noted from the discussion above, the error in
thegmal diffusivity measurement has not been con51dered It
1s/suspected that this contrlbutes as the major source of
consistent error in spec1f;§ heat approximation. A plot of
the ratio of experlmental to calculated spec1f1c heat values

aga;nst degree . of  water ‘saturation is depicted 1in

Figure 6.3. I&fcan be observed that most of the ratios fall
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L o . ’

between 0.8 to Oﬁ9 except fér those of the dry quartz sand
B : ' :
sample (QS, at 0 %'water éaturation) that are very close to
1.0. All -other saﬁples are .either partially or fulsly
satu:aéed. It appearg\ that the introduction of water into
the pé}e space of a sbecimen incurs a certain’ degree ;of
'qomplexity‘ in_N the, heat transfer mécpanism during thérmai‘
testing. Instead of heat "‘transfer by purercondQction alone,
, )
whereby the tbermai conductivity and diffusivity'equations
were derived (Chapter 3), convection. of ., fluids and/or
vaporization and condehéétion of moisture also play cértain
roles in heat transmission within the moist‘ medium. . Such
leffects on thermal condugtivity measurements should be small
because the central a#is of the specimen is heated by the
-pfobe heater for a very short period oflﬂime: Moreover}»heat
is dissipated frém a8 very small area in the miadle.'to, the
iargep area at ‘thé‘ exterior of the sample. The a%ount of
. ehergy sﬁpplied should bgpinsufficient to indpee' high pore
pres;ures. such that convective effect§ become dominant. On
thé other hand, heatiné of ‘the sample surface by the
externafﬂgacket héatﬁr during a thermal diffusivity test may
generate enough porevpressure at thié%la;ge: cir;umferential
area vfhat\ moisture migrétion or convection:may take'place
téwgrds»the centre of‘ the” specjmen. Compounded . by this
moisture/fluid migration mechandism, heat transfer from the
exterior to the intérior,of the wet sp;cimen'may‘ appéar to
\ .

be faster, . thus rendefing @ higher measured thermal

diffusivity value. Tpérefofe, the specific heat .of a moist
i . .
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materié% calculated using this measured thermal-'diffﬁsivity
value (equation 3.7) appears to be smalle; than the actual
number . ' ‘ .

£ Aésuming "that measﬁrements of thermal conductivity and
calculations of density an8 specific heat (using the ’
weighteds average method) are fairly accurate, Fighfe 6.3
fhus depicts the experimental errors in thermal diffusivity
measurements. A cOrfection factor, say 0;85 to 0.90, 'may be
applied to an experiﬁentally esﬁablishéd{éﬂ%;mél/diifusivity
value of a qéisﬁ sample to obtain the@a%ue or corrected
‘value. ‘ Ly
, It is believed that é small' forced convection or
moisture migrétion_mechanism does exist during .a transient
state .thermal diffusivity test on(a moist material uéing ﬁhé
present apparétus. However, the laboratory appafatus, the

theories and the thermal testing procedures used in .this

research have been proven to be very adequate as an error of

only 10 % to 15 % is shown by the specific heat results.
] :

6.5 F&ctors Affecting Thermal Properties of Oil Sands

| The scope of the cﬁrreht study, as outlined eérlier,
covers mainly the development of the transient state thermal
test cell as well as the tﬂeories that support it. The
thermal ‘testing progfam is - designed to furnish some
JAnfgrmation on. the thermal properties’ of Athabasca oil'

sands. In addition, a few of the factors that affect such

. properties (Table  1.1) are also investigated. Based on the
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experimen£a1 results presented in Chapter 5, the following

observationg are made:

Temperature

The effects of temperature on the thermal properties of

fluigy saturated oil sands have been studied rather

extensively in this studj. Thermal diffusivity is found ‘to

decrease with increasing temperature. The decrease in
diffusivity, -for a tempefature increase from 20 °C to
200 °C, ranges from about 14 % for the partially saturated
lean remoulded oil sand.to about 45 % for the hwater-bitumen
saturated rich pndiéturbed 01l sand. It appears that the
Bighef thé bitumen saturation of a specimen, the greater the
pgreent @Egbﬁ of  diffusivity value yfth increasing
temperaturé. )

Although Sek1, Chehg ana Fukusako (1981) noted a slight
rise in thermal diffusivity ofvtheir 0il sand sample from
about 20 °C'to 80 °C,‘a general trend of decreasing thermal
diffusivity with increasing temperature can be observed from
Figure 2.3. Since their test data were ~affected by
Qéporization of fluias at high temperatures, it is believed

that. th# thermal diffusivity values ‘obtained from this

-

researck are more representative of the Jjn sSityu. oil sand
/ ¥ T o ‘

deposiég, T

With the exception' of the partially saturated lean

remoulded oil sand specimen, all measured thermal
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conductivity wvalues of dil * sand ‘éampies were found to
decrease with ~increasing temperature. The perdent drop
rangés from about 11 % for the lean undisturbed sample tc
about 28 % for khe.rich remoulded  sample from 20 °C to

200 °C. Again, a higher decrease is marked by the rich -oil

-ox

sand samples with higher bitumen saturations. The increase

in thermal conductivity of ‘the lean - remoylded cil sand

specimen with temperature may be attﬁ?ﬁuted to a density

increase which took place due to load consolidation as well

as heat consolidation during thermal testing.

The drop in thermal conductivity of oil sands with

increasing temperature has. also been observed by many

investigatoas. Thermal conductivity of the 18%-bitumen
Athhbasca oil sand specimen obtained by .Karim and Hanafi
(1981) decreases by about 25 ¢ from 20 °C to 120 °C

(Figure 2.i). Somerton's (1973) Kern River oil sand specimen

(with. 38 % oil ‘saturation, 61 % total liquid saturation)

o8-

exhibits a reduction in thermal conductivity of about 10
for a témperature incgease from 20 °C to 120 °C. The genefal
trend of dec;easing thermal conductivity with increasing
temperature 1s also depicted in Fiqure 2.3 by Seki, Cheng
and Fukusako ﬂ1981). Thermal conductivity of oil shales is
also found to decrease with temperagure increase as shown in
Figure 2.7 by DuBow et al (1978).'This comparison is made
because” of ‘the similarity of oil shales and oil sands in

that they both contain oil/bitumen and water as satur.nts.
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Temperature dependence of the thermal conductivity cf
dry quaréz sand shows an. opposite trend (Figure 5.3).
Thermal conductivity increases from 0.51 to Of%S W/m °C for
a temperécure increase from 20 °C to 200 °C. The density !
the guartz sand sample is 1.74 g/cm®. The same trend has
also been noted by other researchers. Flynn and Watson
(196%9) showed an increase in the average thermal
condu:tivitf‘ of theilr dry Ottawa sand sample (with density

of 1.76 g/cm’) from 0.37 to 0.44 W/m °C for a temperature

rise from-25 °C to 200 °C.

Bitumen,Water Proportions

Figures 6.4 and 6.5 display ‘the changes }n thermal
conductivity and thermal diffusivity with bitumen saturation
‘respectively. The data plotted represent oil sand specimens
that are 100 % saturated by water and bitumen.. Therefore,
the dependence of the thermal properties on water Saturatidn
may be Visualized by simply reversing the horizontal . axhs
from 100 % to 0 %.
| As depicted in Figure 6.4, thermal conductivity of a
fully saturatdﬁ sample decreases with increasing bitumen
saturation (or decreasing water | saturation). Thermal
conductivity values of wundisturbed oil sand specimens ar;
higher than those of the remoulded ones at roughly‘Zhe same
bitumen saturation. It is believed that higher densities of

the wundisturbed 'specimens attribute to the difference.

Thermal conductivity values of the oil sand specimens appear
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N .

to drop quite drastically for a bitumen saturation change
from 0 % to near 20 %. The geduction is about 60 %. The

decrease in thermal conductivity then tapers off at higher

bitumen saturations, o
o
Clark (1944) (Table Z.1) and Karim and Hanafi (1981)
(Figure 2.1) indicate that an increase in bitumen content

increases the thermal conductivity of oil sands. Somerton,
Keese and Chu (1974) and Cervenan, Vermeulen and Chute
(1981) (Table 2.5) show that, for the same degree of
saturation, én increase in bitumen content decreases the
thermal conductivity. From the observatigns made from
thermal conductivity tests on the oil sand samples of
varying bitumen/water proportions used in this study, it 1is
found that the latter trend is correct. The decreasg in
the:hél conductivity of oil shales with lncreasing oil grade
(thus hydrocarbon conrentf, as shown in Figure 2.7, alsc
supports this views The lack of control on ‘the pore water
contents in many of test procedures causes the difference in
test results obtained by other investigators. If little or
no water 1s present in a sample, the increase iQ bitumen
content may actually in?rease the thermal conductivity,
However, samples in this state would generally nc:t Dbe
reflecting Jin situ conditions during a thermal s:timulation
process. |

Thermal aiffusivity of saturated oil sand is shown to
decrease with increasing bitumen saturation in Figure 6.5.

However, more ° significant differences between thermal
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AN i
. L AN . .
diffusivity values of undisturbed and remoulded oll sand

”

specimens at roughly the same bitumen saturation are

observed. This indicates that thermal diffusivity 1is
, .

‘affected to a much greater degree by density difference than

thermal conductivity 1is., It can also be obserVed that the

decrease in thermal aiffusiviﬁy of undisturbed simples with

increasing bitumen . saturation is rather gradual. A sharp

drop of thermal d&ffusivity (30 % to 70 %) is observed for

remoulded o1l sand speciméens with bitumen saturations

increasing from C % tc near 20 %. At higﬁer bitumen

»
. . . L C .
saturations, the <change in thermal ciffusivity 1is less

pronounced.

Degree of Sa‘turat fon .

The effects of degree of liquid saturationnlon thermal
conductivity and thermal diffusivity of oil sands are shown
graphically in Figures 6.6 and 6.7 respectively, Both
thermal <conductivity and thermal diffusivity of o1l sands
aré Sﬁown to increase with degree of‘saturation. Variations
from the general trends are probably due to diffefences,in
density and bitumen/water proportions. Again, significant
influence of density on thermal duffusivity is observed in
Figure 6.7. The wundisturbed samples have higher <thermal

diffusivity values than those of the remoulded ones.
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Density

As mentioned during the discussions on the previous

tactors, density (or pqrosity) has gignificant effects on
the thermal properties of a material. The genera! trend of
hiqher thermal conductivity and.diffusivify vaiues for the
denser lundisturbed sambles can be visﬁalized from

.

Figures ©.4 and 6.5. The effects of density difference on
changes in thermal diffusivity (about 21 to 53 %) are more
pronounced thin in thermal conductivity (about 15 to 18 %),
Since 1t s impossible fo recompéct an c¢il sand structure
back to its original 'locked' state, a remoulded cil sand
specimen should have a higher porosity &Han that of the
~original sample. Therefore, in order to _achievevzmore
rgpresentative results 'that may be used in the field,

undisturbed oil sand samples should be used for thermal

property testing.

Mineral Grains and Soil Structure

Oil sancd samples from two different localities of the
7

Athabasca deposits were ﬁested for the current study.
Samples from the Syncrude site contain more si1lty materials
than the ones from Saline Creek. A general comparison of the
values listed in Tables 5.6 to 5.10 indicates that *he Jlean"
o1l sand specimens have higher thermal conduétivity values
than thg rich ones under roughly the same conditions. The
difference may be partially attributed to the sligh£

S

difference in minerdlogy. The major source of variations
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stems from the diffgrenqe 1 soll sstructure. With more fines
in .the void sﬁace rotween the crystalline grains in the soil
matrix, greater amcunt of contact areas are created for  the
better éraded lean o1l sa$as. Heat conduckign through *he
specimen 1s facilitated by the provision of more conductive
tlow paths. On the othef hand, the number of surface
Eon:acts is smaller for a poorly graded material. Assuming
that degree of saturation and fluid saturant proportions are
the same, the'poorly graded material (Saline Creek cil sand)
should exhibit lower thermal cquuctivity.

The same comparison is made for thermal ci1ffusivity,
The effeéﬁs ‘of mineralogy and soil structure are less

prominent.

6.6 Comparison of Thermal Conductivity Results with

Published Data

”

6.6.1 Quartz Sand

“Thermal conductivity values of guartz sand ahd
extracted oil sand  samples obtained by the wvarious
researchers mentioned in Chapter 2 are tabulated in

Tacle 6.1. The results obtained from this study are also
. - - . ’
included.

It can be observed that thermal conductivity vaiues
(0.44 and 0.49 W/m °C) of the dry guartz sand anéd tailings

quartz sand specimens measured by the transient state

" thermal test cell are quite comparab.e to the published.
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f

' differences, in mineralogy, grain size distribution and

f

‘f' S . - 1814

{ . . o

data} Thermal conductivities of the water-saturated samples’
(

 }$3.88 and 3.41 W/m °C) appear to be on the high side of the

irange of published values. The differences would be due te.

© . s

density.

6.6.2 Oil Sands "
Figure 6.8 » displays a comparison of . the ' thermal

cOnduct&v;ty ~values of Athabasca 01l sands determined by

~dLgfe;ent'investigatQ§s (Chapter 2){ The results reported by

;ﬁ

‘Somertonu Keese and Chu (1974) .are not included in the

fignre because of the difference in mineralogy andv grain

size distribution. Thermal" conductivity values of the

-

saturatedimedium undisturbed.oil sand specimen, (with 12 4%

hY

bitumen by mass) are also plotted for comparison

It 15 of 1nterest to note from Figure 6.8 that none - of

the publlshed data fall above the line represented by the

»medlum grade o1l sand As dlscussed earller the hlgher the

© s

vhydrocarbon content‘,(orv saturation) of "a water-bltumen

Saturated material, the' lower'® its thermal conduct ivi
Therefore, it 1is ant1c1pated that “at least some of
published data for water—bltumen saturated, but geqner-h

(lower bitumen saturation), oil _sand samples would show

higher thermal conductivities .. than those of the medium

- nndisturbed -01l sand. The ‘main reason for this predlctlon

¢

not being realized is that - the den51t1es of the

reeonstituted‘ or remoulded oil sand speximens tested by
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-other researchers are generally lower than that of the
undjsturbéd specimen used,in this study. The relative intact
soil sfructure of énAundiéturbed 0il sand sample provides
better contacts fo; heat conduction than' the disrupted
structure of ba remoulded sample. The inability to.providg
sufficiént baék pore Eluid pressure to maintain: gaseé in
solution at high tempera£ures aiso accounts for some of the
.vafiations of results. The megium 0il sand specimen ‘Qas
fuily ‘saturated whi;e somé of the other spécimehs prepared
by the other researchers were only_pértially saturated, The
difference in the degrees of saturation also attributes to
the difference in the thérmal~¢onductivities.

Variations in . thermal conductivity of  the

water-saturated and dry quartz san samples with temperature

are also delineated in Figure 6.8 because they repreéent the

[l

upper and lower boundaries respectively" of the ~thermal

4

)

conductivizy of Athabasca oil saﬁds. Since bitumen has a
lower thermal conductivity than water and higher than air
(Appendix A), all oil sands with different alr-water-bitumen
éafurations will  exhibit thermal conductivities bgtween
these boundaries. However, aswthe'upper values are seven to
five timeé the lower values; the boundaries may not be taken
a% a guide to - as;ist the determination of thermal

conductivity. Nevertheless, .the significant effect of

L : .
alr-water-bitumen saturation on thermal conductivity 1is

illustrated by the piots. o ‘ - J}[

/.
s
/
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”The thermal Aconduct{vity data of the . fully 1liguid
saturated undisturbed ogl sand. samples a;e plotted in
Figure 6.9. \The upper and lower boundaries are also 1ncluded
‘in the f1gure\ In keeping with the flndlngs covered earller
oil sand spec1ﬁeps with hlqh bltumen contents have lower
thermal cona;ct1v1t1es The leanef or the. lower the bitumen
c%ﬁfgst of a ful%y saturated sample, ehe closer its thermal
conauetiviey 1s to’the upper boundary. ‘
| .Figure 6.10 displays a samilar cemperison of the
‘thermal diffusivities of 'the fully liguid saturated
undlsturbed oil sand samples. Calculated 4di f;u51v1£1es from -
Sekl, Cheng and Fukusako (1981) are also included. As
observed previously, the highef the bitumen‘proportion ofl a
water-bitumen saturated oil sand sample(. the lowef its
thermal diffusivity. The importance of wundisturbed sample
testing is again Idemonstrated as the less dense disturbed -
oiRisand speciéen (S % bitumen) prepared by Seki, Cheng and-
Fukuseko (1981) exhibits much lower thermal diffusivities
—thanﬂenticipated. Vaporization of fluids at about 100 °c
also ‘significanmlf complieated the thermal condﬁ;tlon
process., The prov151on of a back pore fluigd pressure systemv

“to their thermal testing apparatus would have avoii;d this

problem.
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Table 6.1 Comparison of Therm&l Conductivities of Quar¥z

Sand '
]
\ / ,
]
Thermal Porosity Density Water © Reference & Remark
Conductivity : Saturation
W/m °C p4 g/cm’
0.41 3 1.76 0.0 Rersten (1949); At 100°C:
’ 20-30 Ottawa sand.
\ 0.627 - - 0.0 Somerton (1958); Fine sand.
2.752 - - 100.0 Fine sand
0.557 - - - 0.0 Coarse sand
3.072 - - 100.0 Coarse sand
0.257-0.314 37-41 - . 0.0 RKrupiczka (1967) ~
0.38 - 1.76 0.0 Flynn and Watson (1969):
0.26 : - - 1.57 0.0 20-30 Ottaya sand.
0.254-0.575 30-50 - 0.0 Somerton|, Keese and Chu (i97&)
1.419-3.756 30-50 - 100.0 Brine saturated
2.68420.032 - -, - Poulsen et al (1981)
0.337-0.466 31-45 . - 0.0 Somerton, Keese and Chu (1974);
2.080-2.460 o )28—37 - 100.0 Extracted oil sands. N
0.80 45 - 3.3 Cervenan, Vermeulen and Chute
1.24 45 - 12.7 (1981); Extracted oil sands:
2.39 . 43 - 62.2 Water saturations given by %

total mass.

0.44 33 1.787 0.0 This study; 20-30 Ottawa sand.
3.41 33 2.113 100.0 20-30 Ottawa sand

0.49 35 0 1.700 0.0 0il sand tailings sand

3.38 35 . 2.059 100.0 0il sand tailings sand
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(\ 7% CONCLUSIONS AND RECOMMENDATIONS .

7.1 General ij'{

| During tﬁe cQu;Se- of thié research, a great deél of
gimethas bgéh Aspént on developing the transient state-
thermal testing a@paratus.'Many”modifications éere made to
enhance the~ Cépabi}ities ~of the thermal test. cell for
phérmai ‘iestapg of pndisturged oil sand épecimens under
simulated in sitQ pressure and temperature conditions. Based
on tﬁe one—éimeﬁsional radial ‘beaf .conduction theory,
thermal cdnductiQity and diffusivity eqﬁations that éupﬁgrt

the thermal testingmapparatus wexe derived.

. - -vo . -
- The latter part of thg resedrch was centred on thermal

prbperty determinations of quafta«sand and oil sand samples.
In addition to,providing mogg infénﬁ;pion onx;the' thermal
jpropertiés of .ﬁhe Aﬁhabaéca oil sand depos;ﬁsfjﬁhe testing
pfogram'was designedrs?ch that several of the major factors
affecting such prppertiés were also ipyéétigaped,

| The relatively yidefspéctrum of the areas covered by
this :;esearch has shed some light on the problem of thermal
property . determination, both éxperimentally and

analytically. - Conclusions drawn from major observations angd
. B : - S

e

findings are outlined ‘below. Recommendations for further

Studyvandﬁimptovements are also included,

)
ki3

N

198
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7.2 Conclusions o ‘ /

- F

/

7.2.1 Experimental Apparatus'and Proceaures A

/

The objectives of this thegés ~in  developing an
experimental apparatus as well/aé the appropriate testing
and analyticai procedures for me?guring thermal properties
of undisturbed oil sand core saﬁpleélunder simulated in situ
cofditions have been achieved. Based on . the comparison with
other published ‘data and specific heat calculations, it
appears that the values of thermal\condﬁctivity are measured

with a very small error and those of thermal diffusivity

with an error of only 10 % to 15 %.

7.2.2 Transiént‘Stgtg Testing

As diécuséed ‘rather extensively in Chapﬁer 3, a
éransient stafé method of -thermal ‘testing on ‘moist or
water-satufated specimens is more favotéble than a steady:
state apprgach. Together with the provisions of a drainage
system' and simulated in Situ pressure and temperature
conditions,< the  transiert Stgéglfhermal test cell devised
fbr the current reséérch 1s believed to ‘be capable of
prqducing more representative resqlts  for field

applications,

~

. KX pracd
7.2.3 Experimental Results -

Although é;'limited number of thermal tests were

performed, = several coqc&usions may be drawn based on the

' ’ ;"t‘f*“?. ‘
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. experimental results. = . 7 : -

Effect of Temperature - . : Pt

Al partially or fully saturated oil sand samples

exhibit a ~decrease in thermal conductivity with
increasing tempera&ure. The decrease ranges from 1% % to
28 % from 20 °C to 200 °C. Thermal di¥fusivities of all
specimens deéréase with temperature (14 % tc 45 %). The

higher the bEitumen content of the material, the greater

the percent decrease in thermal conductivity and
diffusivity with temperature. Thermal conéuctiv%ty of
dry quartz sand increases by about 10 % fgf a
température,rise from 20 °C to 200 °c. .

Effect of Bitumen Saturation
Both the thermal conductivity énd thermal diffusivity éf%
a fully saturated oil sand specimen decrease with
increasing bitumen (or decreasing water) saturation; The

decrease 1is quite drastic (30 % to 70 %) for bitumen

~.saturation Ehange from 0 % to 20 %. At higher bitumen

saturations; the decline is less pronounced.

Effect of Saturation.

Both the thermal conductivity and’tﬁermél diffusivity of
an oil sand specimen generally increase with increasing
degreée of liguid saturation..The thermal conductivities
and thermal diffusivities oé dry quaftz sand and fully
water—y%tufatéd-duartz sand are the lower. and upper
limits respectively for guartz-dominant Athabascé oii

sands. Thermal conductivities of water-saturated quartz
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sand are seven to five times thqse of dfy quartz . sand
from 20 °C to 200 °c. Thefmal diffusivities of the
water-saturated sand are found to be about four to three
times those Qf. the dry sand for the same temperature
range. |
4. Effect of Density

Density (or jporosity) has significant eLLects on the
‘thermal properties of oil sands. The higher‘the density
of the material, the higher its thermal property values.
The effects are more prominent in thermal diffusivity
than in thermal conductivity. The unhdisturbed oil sand
samples exhibit higher values of thermal conductivity

and thermal diffusivity than . the less dense remoulded

samples,
Considering the aforementioned factors that may
51gn1f1cantlv affect the thermal properties of oil Sands i

1s recommended that thermal property measurements be carried
out on unélsturbed core samples that are representative of
the location of interest. Pressure, temperature and
satUretion conditions of the field_shou;d aiso be simulated

as. closely as possible for more representative thermal

testing results.

7.3 Recommendations for Future Research
Recommended future research in the 1investigation of
heat transmission properties of o0il sands may be divided

into two areas, analytical methods and experimental
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procedures.

Analytical Methods -

i The‘ development df;a coupled theory for heat conduction
and fluid dispersiod under a thérmally induced pore
pressure‘ gradieng" 1s warranted for a better
understanding of the transient state heat transmission
characteristics of»g porous medium.

2. Ndmerous correlati@n equations. for estimating thermal

properties have beeﬁ propéséd. by various researchers

(e.g. Somerton, Keese and Chu, 1974 on Kern River oil

sands). It would be;a good exercise to investigate the

applicabilities of such equations to other oil sands and
to identify the key‘parametefs fequired for a general
correlat. n. The investigation has not been done because

‘the numb= of thermai tests performed are limited. 1In

order tc establish? more dgeneral correlation equations

~for thermea: property:approximation, more thermal testing

on o1l .sands with different composIrtions are necessary.

Exper iqmen tal Procedures |

. Considering the bréakage of probes, it is recommended
'tﬁat piasma—weldingv be employea for all sealing,and
attachmenﬁ purposes. To  determine the exact heated
length of a thermalzconductivity probe,'én Xx-ray on the
éntire length of thej probe .is "also suggested to be

carried out prior to use.
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To avoid breakadg, of the porous stones under
compres;ion, 1t is recommended that higher compression
resistant porous stones with low the;mal conducti;i;y be’
used. - | B
Since some of the components of the thermal test Eei; 
-have temperature ratings up to about 220 °C only, it is
not recommended that the present apparatus be tested
above this temperature. A  new design with  higher
ﬁemperature resistant compohent§ ié warranted for
thermal testing exceeding this limit,

Mbst of the tests wére carried out under ab'back pore
fluid pressure of approximately 2000 kPa and a vertical
confining pressure of about 4600 kPa. The durability of
the thermal test cell components( particularly the probe
‘héater, under hggher presshres has yét to be checked.

Tt has been found that the present datalogger is not
quite adequate for thermal propgrty -testing. A more
capable system that can scan more channels in a shorter
period of time 1is desired. Most importantly, a more
accurate built-in~ timing. device in the 'system is
"reguired for - better time'repoﬂiing. The present system
somet imes scans data | to 3 seconds féster tﬁah
specified, Since accurate fhermal_ éonductivity and
thermal diffusivity evaluations rely heavily on the
- time-temperature record, higher precision in data-
recording 1s required.

Although the method used in approximating the ‘densities
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of a specimen at Qarious temperatures during thermal
testing (Appendix D) should be appropriate, it s
recommedaed that an actual calibration of the thermal
testing assembly for density measurement be made. This
will reqﬁire accurate measurements from the LVDT and
volume change devices as well -as a knowledge of the
therﬁal expansion coefficients of the specimen and the
thermal test cell components.

The effects of variations in the other. parameters
(listed in Table 1.1 but not covered in this study) " on
the thermal properties of o0il sands mé?it further
investigation. Thesé pParameters are mineralogy, grain
size distribution, uniformity and pressure. Oil‘sand
samples from different deposits should be tested for a
more objective comparison.

To better Asimulate in SitU stresses actingh"on an
undisturbed oil sand'specimen, it 1s recommended that a
more flexible membrane such as a thin copper jacket be
used 1in place of the tﬁick confining cylinder. Lateral
confining pressure may then be applied through the
silicon oil fluid inside the high temperature/pressure
cell. The exterior sample surface may be heated by coil
heaters wound inside a ceramic vshroud for thermal
difosivity measurements. One may refer to a paper
presented by Enniss et al (1978) for details of >such a

set-up.
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.Thermal Properties of Constituents of 0il Sands

The priqcipal minerals found in Albecgé‘;gil sand
deposits are.listed in ﬁable A.1 (Bayliss and Levinson,
1976). Dusseault and Morgenstern (1978) found that the solid
phase of Athabasca oil s@nd consists of about 95 % quartz,
3 % _feldspar, 1 % mica and 1 % clays; According to Agar's
(1984) analyses, the minérals in the Saline Creek oil sand
cores used for this study are about 97 % coarse—graiﬁed and
3% fine—grained. The anrse minerals are p;edominantly
guartz grains with traées of -pyrite and bréokige while the
fines are mainly kaolinite and illite. In addition to the
solid phase, bitumen.(oﬁl), air (gases), and water together
constitute the rest of the oil sand étructure.

The thermal‘ propeftie; of quartz crystals %gvé been
studied by many investigatofs. Birch and Clark (1940)
‘reported the thermal bonauctivity of quartz single crystals,
both parallel and perpeﬁdicular £o the opﬁic axis, for
temperatures ranging from 0 to 400 °C. Ratcliffe (1958)
proposed the following equétion for the evaluation of
thermalA qonductivity of crystalline quéftz over the
temberafure range oﬁ¢0"to 100 °c.

kS

k. = 1/ (0.14498 + 5.7801x10-* T) . 0<T<100 AL

where: k.= Thermal conductivity of crystalline quartz
(W/m °C)

T

Temperature (°C)
A comparison with Birch and Clark's data. indicates that

equation A.1 is suitable  for thermal conductivity wvalues
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perpendicular to the optic axis of the quartz crystal. De
Vries (1966) noted the average thermal conductivity of
c;;stalline quartz as being the sum of one vthird of. its
conductivity parallel to the optic axis and two thirds of
that perpendicular to the axis. The author reported averaée
_conductivity values of quartz at; 20 °C, 40 °C, 60 °C and
75 °C. InrtherHandDOOK of Physical Constants, Clark (1966)
presentsi thermal conductivity values fromlva:ious sources.
~ Horai and Simmohs (1969) interpolated data from Kaye 'and
Higgins (1926), and Birch and Clark (1940) to obtain the
fcliowing correlation eguations for change in thermal
conductivify of crystalline guartz with temperature:

1, Kaye'énd Higgins

k. = 1/ (0.07882 + 4.4807x10-* T)

: C - 0<T<100 A.2
k. = 1/ (0.14283+6.1909x10" * T)
2; Birch and Clark
k. = 1/ (0.08794 + 3.5755%10-* T)

0<T<100 A.3

k. = 17 (0.14765 + 5.5126x10°* T - 2.9139x10-° T?)
where: k.= Thermal conductivity of crystalline quartz

parallel to the optic axis (W/m °cC).
k.= Thermal conductivity of crystalline quartz
perpendicular to the optic axis (W/m °C)

T = Temperature (°C)

In chapter 12 of the data book on Physical Properties

of Rocks and Minerals (1981), Roy, Beck and Touloukian
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included plots depicting the temper;ture dependence of
thermal conductivity, thermal diffusivity and specific heat
of crystalline quartz. De Vries (1966) reported a specific
heat of 0.756 J/g °C and a dén%ity of 2.66 g/cm® for gquartz
at 10 °C. Birch and Clark k1940) used a density wvalue of
2;652 g/ém’ while Horai anqﬁ,Simmons (1963%) recommended
. 2.647 g/cm?, Cenerally, a specific gravity of 2:65 ‘is
assumed. |

A plot summarizing the‘thermal conductivity values of
quartzi reported by the above researchers is presented in
ngure AT, Fjgures A.2 and A.3 show the changes in: thermal
diffusivity and specific heat of quartz with temperature
respectively., |

It has been widely ‘accepted that the thermal
conductivity of soil/rock that contains quartz minerals is
highly depgndent on its content. Figure A.4 examplifies the
significance of guartz content on the thermal conductivity
of g;anitic rdck cores {Eckstein, Dahl and Vitaliano, 1983).
Since over 90 % of the constituents of the solid phaée of
oil sand 1is quartz, thermal coﬁductivity of the solids is
governed tola great degree by the quartz sand. The above
statement «can easily be justified by comparing the thermal
conductivity wvalues of clay minegals, feldspar;‘ mica,
calcite etc. Qith that of quartz. | °

De Vries (1966) reported the ‘thermal conductiVity of
clay minerals as 2.931 W/m °C. Martinez-Baez (1980) used

2.769 W/m °C for the thermal cohductivity of kaolinite. Roy,
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Beck and Touloukian (1981) suggested -the thermal
conductivity  of feldspars to  be 2.5%1.5 wW/m °c,
Martinez-Baez (1980) used 2.146 W/m fC as the Qalue{ Horai .
and Simmons (1969) presented a range of thermal conductivity
values for micas from 1.570 to 2.495 W/m °C. The thermal

conductivity 'of calcite has been investigated by many

researchers such as Birch and clark" (1940), Clark (1966),
Horai and Simmons (1969), and Roy, Beck and Touliykéan
(1981). The values recommended fall within the range of

3.0:0.8 W/m °C. It can be observed that the thermal
conductivity of quartz solids\}s\gt least two to thrée times
~higher than . those of the other éolid minerals in oil sand.
Therefore,.it may be reasonably stated »that the thermal
conductivity of the solid phase of oilAsand.is close tolthat
;f quartz sand.

Thermalv diffusivity ‘data on rock forming minerals and
other materials are scarce as this thermai propergy ls
generally calculated from known values of thermal
conductivity, specific heat and density of the materials.
Nevertheless, the thermal ‘diffusivity values of quartz,
" K-feldspar, calcite, illite are found to be 2.29x10-¢,
1.53x107 ¢, 1.39%x10°* and 1.90x16"¢ m*/s respectively {(Wang,
Rajeshwar and DuBow, 1979). Roy, Beck and Touloukian's
(1981) data book may be consulted for the temperature
dependehce of the thermél conductivities, the:mél
diffusivities and specific heats of these and ﬁany other

rock forming minerals.
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De Vries (1966) reported the specific heats of mica,
calcite and kaolin to be O.867,I 0.871 and 0.938 J/g °C
respectively (at 60 °C). The corresponding solid densities
are 2.9, 2.71 and 2.6 g/cm®. At 10 °C: the specific heat and
density of cléx minerals are reported to be the same as
those of quartz. .Skauge, Fulier and Hepler (1983) have
carried out an:extensive study on the specific heats of clay
minerals. mhe values of specific heat found range from 0.742
to 0.931 3J/g °C near room temperature. The changes 1in
specific heats  of the clay minerals with temperature up to
427 °C were also studied by the authors. Clark (1544)
reported that the specific heat of the mineral matter in his.
oil sahd sample was 0.75 J/g°C. Skauge et al (1983) measured
specific . heat capacities of minerals found in o0il sands and
heavy oil deposits in Athabasca, €old Lake, Peace. River and
Grosmont, Alberta, as well as in zaire, Utah, Malagasy‘and'
Nigeria. Correlation equations of specific heat values with
temperatures from 27 °C to 427‘ °C are presented in the
paper.

Apart from the solid phase, the thermal properties of
the saturating fluids inside. the pore space are very
significant in determining the thermal properties of the oil
sand mass. Density, specific heat and thermal -onductivity
of air are plotted as functioos of temperature in Figures
A.5, A.6 and A.7 respectively. The same set of plots are
included for water as shown in Figures A.8, A.S and A.10.

The data for the above plots are readily available in
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handbooks pf physics, ¢hemistry and engineering. Ward and
Clark k195b) reported that the specific gravity of Athabaéca
bitumen ranges from 1.002 to 1.027. Kosar (1983) hés a plot
of’ the qhénqe 1n, density of Athabasca bitumen ‘with
temperature as shown in Figure A.H.w Accofding to Faroug
Ali's lecture noteS'(5982), the specific heat of oil can be
estiméted;by the fdllowing formula:

Co = (1.6848 + 0.00391 T) / ,G, ‘ A4

"

where:  Co= Specific heat of oil (J/g °C)

T

Temperature (°C)

Go= Specific gravity of cil (dimensioniess)

Clark (1944) suggested a specific.heat value of .47 S, g °C
for oil in oil sands for applications from 0 °C to 100 °C.
Smith—Magowan; Skauge and Hepler (1982) oproposed the

following correlation equation for estimating specific heats

of Athabasca bitumen:

Y ‘ ‘
. C = 1,557 + 5,219x10°* T - B.686x10 * T°? 50<T<300 A.5
b
where: C = Specific heat of bitumen (J/g °C)

Tb= Temperature (°C)
Figure A.12 depicts the temperature dependence ¢f Athabasca
bitumen a;cording to eguation A.5,
Little work has been done in evalhating the thermal
conductivity of bitumen. Pfeiffer (1950) suggests that a
value of 0.151 W/m °C be used in practice. Deston (197¢)

proposes 0.137 W/m °C as an average value with & % error,
&



Prowse et al (1982) recommends a value of 0.15 W/m °C for
Athabasca Dbitumen based on a study by Lorincz ('980). Bland
and Davidson (1967) propose a correlation equation for

evaluating the thermal conductivity of hydrocarbon mixtures,

<
L

Ciis and petrcleum fractions with temperature and specitig”

i

gravity as follows:

ko= (.007 (1,000 - 000054 T) , G

I
[oa]

where: kK = Thermal conductivity cf oil bitumen
(W'm °C) L
T = Tgmperature idC)
G = Specific graQity of oil/bitﬁmen at 15.4 °C

(dimensionless)

Equation -A.6 underestimates the thermal conductivity wvalues
proposed by Pfeiffer (1950) by about 20 %. Since there is
such a great discrepancy, the correlation equation (A.6)

should be used with caution. Fu

(m3

her investigation 1in
determining the thermal conductivities of the - vaé U ious
hydrocarbons is essential for the develcpment of a more

general and accurate correlation eguation,

Thermal Properties of Granular and Rock Masses

As discussed in the 'previous section, the thérmal
conductivity of guartz cfystals 1s higher than that c¢f most
other common rock-forming minerals. Since the silica‘e forms
as the major constituent of sand and other granular and rock

masses, the thermal properties of quartz sand masses have

L
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been studied rather extensively.

Kersten (1949) studied the‘thermal conductivities of
many types of soils using a steady state coaxial type of
thermal testing apparatus. The au;hor reported the thermal
conductivities of Ottawa sand and some sandy soil samples as
a- function of dry density, moisture content ang degree of
saturation. Figures A.13 and A.14 show the change in thermal
conductivity of quartz sand with moisture content and dry

density respectively. Figure A.15 is a cdiagram feor rough

estimations (:25 %) of the thermal conductivity values cf
sandy soils according tc¢ known values of density, moisture
content and degree of saturation. Somerton (1958) measured

the thermal properties of a fine sand and a coarse sand with
both air and water saturations. The thermal conductivities
of the fine sand were found to be 0.627 W/m °C dry and
2.752 W/m °C water-saturated. The corresponding values c¢f
the coarse sand were measured to be 0.557 W/m  °C and
3.072 W/m  °C respectively. Krupiczka (1967) found that his
dry sand samples had thermal conductivities o¢f (.257 to
0.314 W/m °C. The porosities of the samples weré 0.41, 6.59
and 0.37. Flynn and Watson (1969) reported 0.38 w/ﬁ °C and
0.26 W/m °C as the thermal conductivity values cf a:f6—30
Ottawa sand with densities of 1.76 g/cm’ and 1.57 g,/cm’
respectively. Changes in *thermal conductivity . ¢f the sard as
well as‘other soils and rocks with teﬁperatures up  to
1600  °C are also included in the aﬁtbors' report., Somerton,

Keese and Chu (1974) studied thermal conductivities of
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unconsolidated quartz sands with porosities ranging from
0.30 to 0.50. The values found were 0.254 to 0.575 W m °C
for dry sand and 1.419 to 3.756 W/m °C  for brine-saturated
éand. Poulsen et gl (1981) suggested that the thermq;
eonductivity of quartz sand to be 2.684 + 0.032 W/m °C.

It can be observed té@t the thermal_conductivity of a
quartz-sand mass 1s gquite a bit lower than that of a pure
guartz crystal. The introduction of a saturating medium of
léwer thegmal conductivity to the quartz crystal matrix
greatly reduces the overall thermal conduct{vity of the
mass. Thermal conductivity of water :s higher than that ¢f
air, Therefore, a higher thermal conductivity of the
granuiar mass can be envisaged if the mass is saturated wi:b
water rather than air. '

“-’The specific heats of a fine sand sample was found :o
be 0.766 J.g °C dry and 1.419 J/g °C‘water-satura:ed
(Somerton,,i958). Those of a coarse sand are 0.766 J, g °c
and 1.318 J/g °C resbectively. It should notlbe surprising
to note that the Specific heats of the two'dry sand samgles
of different grain sizes and densities are the same.

According to Smith-Magowan, Skauge and Hepler (1982) and

many other investigators, the speé fic heats of a Material
may be calculated as the sum of the weighted average of the
specific heats of'its constituents. Since the weight of air
is~negiigible, the sﬁécific heat, of the quartz sand mass

should thus be' close to that of a Quartz crystal. A

comparison of the specific heats of *he mass and the.crystal
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indicates that this assumption is true. De Vries (1966) also
reported the specific heat of a 20-30 Ottawa <sand as
0.766 J'g °C at 37.8 °C. However, the value of a graded
Ottawa sand‘ was found to e 0.73;' 5,9 °C at Lge same
temperatwre. Haynes, Carbee and inpelt (19@0) measured a

specific heat wvalue of 0.816 J-g °C (at 20 °C) for ano-her
20-30 Ot:tawa sand. A wet sample with 26.9 % mcissure content
was reported to have a speéific heat of 1.486 J, g °C.
Another type of guartz sand that is of interest tc the
CU%rth research 1s that of an extracted oil sand cr an o1l
sand tailiﬁgs sand. Somerton, Keese and Chu (18974) measured
the thermal conéuctivities'of dry extracted cil sands (‘rom
Kern River, Midway-Sunset, Huntington Beach and Bracley
Caﬁyon) to be 0.337 to 0.466 W/m °C. The pcrosities were
“from 0.31 o d.45. The. ghermal " conductivities of
water-saturated and extracteé{ Kern River oil sands were
fecund to be 2.08 to 2.46 W/m °C with porosities of (.28 to
0.37. Cervepan, Vermeulen and Chute (1981) have studied the
thermal conductivities and specific heats of extractegd
Athabasca oil samis. With water saturations of 3.3 E,01207 %
4and 62.2 % by weight, thermal conductivities of thg samgples
were détermined to be 0.80, 1124 and 2.3% wW,/m °¢C
respectively. The corresponding porosities were 0.451, 0.445
cand  0.429. The specific ‘heats of two other samples, with
water contents of 3 % ang 4 % by weight, were determined to

be 0.84 and 0.85 J/g °C respectively.,
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v A

Since the main constituent of the solid phase of the

above extracted oil sand samples is quartz, it is as

"

anticipated that the thermal properties of these specimens

are comparable‘to'thOSe'of the guartz sand samples discussed

. N, ' ' ;
earlier, N o

¢

o . ¢
Although it is beyond the scope of the currerft research- -

to investigéte the thermal properties "of the soil/rock
formations adjacent to the Alberta oil sand deposits, it may
be. worthwhile to outline some of thé.therﬁhl properties of

the materials for future referehce. Tables A.2, A.3, A.4 and

A.5 are summaries of the thermal ,propertiés cf clay,

-

asgpectively. It should be
T ’ : .

noted that the values ate obtained from samples at diffefent'

sandstone, shale and limestone re £

.

geogfaphical regions and thus shoUld«not be taken "as béihg

b

applicable.to other localitiés. The information provided may
‘be limited, but it may serve as a starting point for

locating the relevant referenées_ as well as for future

El

research. -

®
.
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e A.2 Thermal Cpnductibity of Clay

%, Wa °C.

r

i

2.51

1.08

Water -

.“&". N
1.76-2.68
- u '

1.74

1.94-2.10

. {34

\
0.82-1.89

e, g/cm’

W

- 2.40-2.70

-

'Reference‘& Remérks

A

Kerstea (1949); Includes plots
of thermal conductivity against
density, moisture content.and
degree of saturation. ,

Cermak (1967); Consolidated clay}l
Evans (1977); Tertiary clay.

Bloomer and Warg (1979)‘

. b . ‘
Farouki (1981); Tncludes a collec-
tion of. hermal property data at
sub—z to little above room

tempergfures.

Kristiansen et al (1982)

Kristiansen, Saxov and Balling
(1982)
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ure A.4 Dependénce of Thermal Conductivity with Qﬁartz
-Content (after Eckstein, Dahl and Vitaliano,
1983)
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2

Equation 3.15 (Chapter 3):

2a —ad,tt §,Jo(ré,)

1 LT1(R0(Sn)
S

Let 0(t) = Ag +*A bt +A, L% +A5t7 +A,t* +A,t° +A.t* +A,t°

» t ad,?A
and consider the integral /e dx
' 0 . (3)
Set a, = ad,"’ , : (4)
Given the general integration formula
n ax 1 n ax n n-1 ax®
J x e dx = -~ X e - = Jx e g+dx .
a a v \
- (5)
. . ; oL W
Substitute equations (2) and (4) into (3): ® LW
t  a,A -
I e (Ao *AIN +AN2 +ALA7Y #A,R% +A A% +A.N* +A,N7) d)
0 \ N
1 a,t W, '
= [ (e - 1) .(Ao - —) «
an a, ‘
a.t . : : ’
+ e AW AW AW AW Bt AW S tWgtt +A, L))

(6)

Where W,, W,, W5, ..., W, are as defined in Bquation 3.23 of

Chapter 3.

2]

Substituting (6) into (1) and setting B, = Roén,‘ Equation

3.23 results,
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Component

Top Caps

Porous Stone

Base Block_

Base Platen

"0'-Rings -

Confining Cylinder

Heating Jacket

Thermocouples

Probe Heater

4
Fittings

-~

LN

Specifications

316 stainless steel; 76.1 mm ¢ x
44.4 mm thick; two 'O'-ring grooves
around circumference:; two built-in
drainage/pressure ports.

Roulon-A from JOHNSTON INDUSTRIAL
PLASTICS; 76.1 mm o x 23.8 mm

thick; properties as shown in Table
C1.

Bauxelite sandstone from M & L
TESTING EQUIPMENT CO. LTD.;
76.1 mm o x 3.3 mm thick.

Roulon-A from JOHNSTON INDUSTRIAL
PLASTICS; 76.1 mm ¢ x 33.3 mm thick

with cavity filled with Sauereisen

cement (#30, k = 0.72 W/m °C); . two
built-in drainage/pressure por-s.

316 stainless steel; 76.17 mm o x
19.1 mm at top and 101.6 mm o x
25.4 mm at bottom; two 'C'-ring
grooves around top circumference; '
two built-in drainage/pressure
ports. '

High temperature #232 'O'-rings
from VITON; 3.2 mm diameter.

316 stainless steel; seamless:
76.2 mm 1.d., 88.9 mm c.d.: 254 mm
long. :

Silicon rubber jacket from WATLOW:
120 vV, 646 W (B406C, #10012980).

Iron-constantan (Yype J)
thermocouples from ALLTEMP SENSORS:
stainless steel sheath; 1.6 mm and
3.2 mm o.d. for internal and

external thermocouples

respectively.

3.2 mm diameter heaters from
WATLOW; stainless steel sheath;
120 V; 90 W and 400 W for heated
lengths of 115.9 mm and 146.1 mm
respectively,

| o

316 stainless steel fittings from
SWAGELOQOK; 2.2 mm N,P.T.

.
- »
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Table C.1 Thermophysical Properties &f Roulon-A

PROPERTY VALUE
Specifigr Gravity 2.24 - 2008
Tensile Strength A 1400 - 1500 psi
Y (9.7 - 10.3 MPa)
Elongation o 50 =300 7
Compressive Strength 1200 psi
(1% strain) ’ (8.3 MPa)
Stiffness in Flexure 75000 - 100000 psi
: : ' (517 - 689 MPa)
Hardness 60 -75 Durométer D
Compreésive Creep : '
78°F, 2000 psi, 24 hrs 7%
500°F, 600 psi, 24 hrs , 10.5 %
Coefficient of Friction
Dry Static ' 0.04 - 0.16" 7" »
Dry Dynamic . ' ' . 0.12 - 0.19%
Lubricated Dynamic 0.04 - 0.06¥¢
Linear Coefficient of Thermal 1.83 x 1075fmm/mm e
Expansion (-22° to +86°F) e
Thermal Conductivity : " 0.33 W/m °C
Operating Temp. Range o =400 - 330 °F ‘
(=240 -~ 288 °C»
Flammability : Non—flammable
Water Absorption : 0%
Chemical Resistance Inert to almost all

chemicals R AY

Sy

oo



APPENDIX D - Sample Calculations
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Power supply.to thermal conductivity probe

"Given the followfng experimental data {UOSR.C20W) :

Heated length of probe, 1 = 0.1485 m
‘Voltage across 2 Q resistor, Vr = 1,171 v
Voltagé from power supply unit, Vp = 19,8583 v
Electric current running through the system (or 2 Q
resistor),
1= Vr J Rr o= 1,171 2 = 00,5855 A : S
Noting that Vp = vr - Vh + vl
where Vh = Vcoltage across probe ~heater, and ,
V91l = Voltage loss along instrumert wire l:ines,

and assuming negligible wire line wesistance such that
very sma.., then ~

@

Vp = Vr + Vh or Vh = Vp - Vr -
= 18,983 - t7
= 18.782 v

Therefore, power at probe heater, g = Vh x i

: .= 18,782 x (.5855

\ .= 10,997 W
“'o ’ ) A .
and power per unit heated length of ‘probe,
g. =q - 1 = 10.997 7 0.1485

=.74 .08 W/m



~

\\\

.

Change -in sample dens1tycm1th temperature_

1] . l

SampLe ROSR

Ihztlafxﬁataéat 20 °C: ..
total mass, M, 1223.2 g

gve;age*height; H,ti 14.955 cm- o {
averageé area, A, j?i 45 5146 cm? .
”\bulk density,_ , = 1,787 g/cm IR

Final data at 20’ (after flrst stage of testlng)
change 1n height 0.15 cm fﬁ] - .
flhal ‘height 14, 805 cm W

‘4
According to Kosar (1983) cumulatlve volume change of oil .

sand from-20 °C to 200 °C 1is- about\@ 84 %

Therefore, final height at 200 °c, ° . . v
Hzoo = 14. 8o§}( .+ 0.0084) .= 14.929 cm
~ _ \
change in helght w1thwtemperature ) : - :
= (14,929 - 14.955) /7(200 - 30) = “1.444x10°¢ em/°C ’,

To" calculate bulk den51t1es of the sample at various '
. temperatures, the followlng assumptlons are made:

1. height of sample varies -line hly with temperature‘

2. areal coefficient of expansion of stalnleés steél
- (confining cylinder) is 35.6x107¢/°C, and

. 3;.-bulk mass of sample remains constart

At 50 °Ck J IR .

' b , . ' ' '
A,o + OA ) .

45.5146 (1 ,+ 35.6x10°¢ (50 - 20))

45,563 cm?

Aso

Jono

H;o +-4H . ‘ :
. 14,955 + (- 444x 107 ¢ (50 - 20))
_14h951 cm 3,” .

'
Weton

fheiefOfer Pso =M, / (Aso * Hso)
o = 1.795 g/cm? o . <'

: Similatly; densities at 100 °C, 150 °C. and 200 °C are
calculated to be 1.793, 1.791 and 1.788 g/fcm? respectlvely
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Percents by maé$“o£ constituents of oil sand
Sample: UOSR A
“ Data from initial extraction prior to testing:
Percent by mass: Solids Bitumen Water k -
83.79 14,81 .40
Original sample: t - *
total mass, Mt = 1353.0 g T
total volume; Vt = 650.88 cm’ ; | o
bulk’density,pt:".=_'2.O79_~g/cmJ ' ,
X N . . ‘o ,
Mass of solids, Ms = 1353.0 % 0.8379 = 1133,68 g
Mass of bitumen. Mb = 1353.,0 % 00,1481 = 200.38 g
Mass of water, Mw = 1353, O/*'O 0140 = |, 18.94 g
. Assuming the follow1ng~spec1f1c gravities,. ' ’ ) \ -
.Gs = 2.65, and Gb =. Gw. = Ov :
then the corresg@ndlng/volumes are calcu ated as: '
Vs = 1133.,68 / 2 = 427.80 cm?® :
Vb =-200.38 / 1.0 =/200 38 cm?
Vw = 18.94 / 1./0// =/ 18.94 cm?®
- ’ . » .
ét - Vs = Vb - Vw = 76 cm?

Volume of air, Va =/

vo/éme of voids / volume of
(va + Vb + Vw) / Vs = Vv /
~ X .

o y

Porbsity, n = vz}@me of voids / total volume = 34.3 % -

Void ratio, e

e

Degree of saturadtion, S = (Vw + Vb) / Vv = 98,31 ¥
Bitumeh’éaturation,,Sb'= Vb / Vv = 89.82 %
Water satura;ﬁ Sw = Vw'/ Vv = 8. 4§ %

To calculate percents by mass of the constltuents at full
saturation (100 %), the volume of air 1n51de the sample is
assumed to be dlSplaC by water. Therefore, new mass. of
water added te the sample at full saturatxon 1s: »

. -

AM = 3.76 cm? =« g/cm = 3.76 g | o

,HOwever, a 1/4~1nch hole (area = 0.3167 cm?) was drygled
through the specimen along its longltudlnal axis.,

Therefore,‘volume of material removed = 0.3167 * 14.43
i ‘ . : =4.570 cm?

Mass of material removed =}2“U79 * 4.570

' ="9,50 g .



whére the

Ssand = §,50 x 0¥8379
bitumen = 9,50 x 0.1481
- water = §.50.% 0.0140

mass loss for

€ach cgpstltuent is:
7 96,%

1 41‘@
1’3 g —clp.

now I‘l

Approx1mately 5.8 g of dry talllngs sand was used to

‘backfill the central ho
. 3

Volume of 1nternaL thermocouple

/

Volume of probe heater

volume of sa

e

erefore,

Dry'density o: sand 5

Porosity of sand = 1

le.
1/32 (2.875) " %

(2.52)°
14454 cm? N

O

m™1/16)1(2.54)?
1.14247 cm?

x 14,43

d ¥
14454

70 -0,
3 cm’

nd used 1.14247

3 2
8 / 3. 283

.767vg/cmJ

767/2 65 '33 33

%
§

‘Assumlng .that all>of the air v01ds are f111§d with water

during full saturatlon
) -
,Voluwsjﬁi air in 1/4-inch hole
- :4 L

Volume of air in the re
. ) = 3,
=.3.

Therefore, mass of' wate
¥ . - (

= 4,

In summary,~mass change’

WIth water ‘are ‘listed below:

Vw

- ¢

5

\

3.283 * 0.3333
1.094 .cm®

«__.‘f\

st of the sample ~
76 x (650.88
734 cm®

r added y .
.094 + 3‘734)
828 g

- 4.57)/650.88

cm® % 1 g/cm?

s of"the spec1men upon saturatlon

¢

Bitumen Water

) Sand -
-Or1@1nal : 1133.:68. N 200 38 - 18.94
V%/4-inch hole - 7 S A1 0 - 0013 A
Add sand +1 0 5.80N - v .
Add water ' o + 4,83 .
TOTAL . 1131.52 .198.97 23.64
Therefore, total mass of saturated specimen = #354.1§ g
Percent by mass: Solids  Bitumen iWater R
: 83.56 . 14.69 1.75
"New volumes are: .
Vs = 1131,52 / 2.65 = 426.99 cm?
Vb = 198.97 / 1.0 = 198.97 cm?
= 23.64 / 170 = 23.64 cm?
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Fotal volume = 649.60 cm?

2.085% g/em?

Saturated density = 1354.13 / 649.60

Porosity = Vv 7 Vt = 222.61 / 649.60 = 34.3 %
Degﬁée‘of saturation (%): Overall Bitumen Water

. | 100.0 89.38  10.62



Data from extraction aftéf{testing seqhenqé:
(Air-flushed sample)
Percent by mass: Solids  Bitumen ‘ Water

'88.27-7 7.00 -  4.73

Total volume of saméle, Vt = 649.60 cm’

Total mass of air-flushed sample = 1131.52 ) 0.8827

oo

1281.88 g
Mass ofrsolids = ]13J.52‘g S
Mass of bitumen = 1281,89 * 0.0700 = 89773 g. »
Mass of water = 1281.89 * 0.0473 = 60.63 g
The corresponding volumes are: ‘s -
Vs = 1131.52 / 2.65 = 426.99 cm> 4 .
Vb = 89.73 / 1.0 = 89,73 cm?
Vw = 60.63 / 1.0 = 60.63 cm?

.

L4

Volume of air, Va = Vt - Vs. - Vb - Vw = 72.25 cm?
Void ratio; e = Vv / Vs = 0.5213
.Porgsity, n = Vv / Vt = 34;3_%

Degree of satu}ation, S = 67,5 %
Bitumen saturation, Sb = 40.3 %

Water saturation, Sw = 27.2 %

-~

To back ca®®ulate the percents\by mass of. the constituents
at full saturation, assume that all of the air is replaced
by water. °~ '

) ]

72,25 cm?® *x 1_g/cm?®

AM
C 13.25 g of wgaer

fton

New total mass = 1281.88 + 72.25 = 1354,13 g

- Percent by mass: Solids Bitumen, Water

83.56 6.63 9.81
Degree df.saturafidn (%) Overall Bitumen - Water

N 100.0 40.3 59.7

Another way of approximating the volume of water displaced
by air is by actually measuring the amount of water drained
out during ' the air-flushing process. The calculations are
shown as follows: ' '

| w

Total volure of .water displaced = 101 cm’
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Volume of egtraneous water in thermal fest cell:
top ports ' = 2.8 cm? ;

base ports .= 2.0 cm? : .

top and bottom porous stones (1/4-inch thick)
{assume SQ%'water reained after air-flushing)

’

. =.11,2 cm?
Sauerelsen cement (assume n=30% and 100% water remained)
. . = 4.6 cm? '
drainage lines = 1.7 cm? : _ - :
TOTAL : = 22.3 cm? .

Therefore, net volume of water displaced from sample
. = 101 - 22,3 = 78.7 cm?, .
which is close to within 10% of the volume of air
(72.25 cm®) calculated from extraction data at the end of
the test segyence. Py )
| o ‘ 2”@%&
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Specific heat calculatioqsk(weighted average meihodz
Sample: UOSM o

From Smith-Magowan, Skauge and Hepler (1982), specific heats
of the constituents of o0il sands may be estimated by the
following equations (50 °C < t. < 300 °C):

Coarse solids = 0,738 + 1.548x10°°t = 2.026x10- *+:
<
Fine solids = 0.778 + 1.400x10°°t - 0.964x10-“t? °

1"

B tumen 1.557 + 5.219x10°°t - 8.686x10 *t°
Specific heats of water at various temperatures may . be
obtained from, Cooper and LeFevre (1970).

From sieve analysis, the solids of the oil sand samples
.consist.of about 97% coarse grains and 3% fines. Therefore,
Specifié\ﬁeats,of the solids at different temperatures are
taken as the weighted average of the values obtained from
the first two equations listed above.

, . -
Specific heats of the oil sand constituents are tabulated
below: ’ ' '

Temperature (°C) - Solids Bitumen. Water
20 0.76 1.465 4,182 h

50 . - 0.81 - 1.796  4.181

190 0.87 1.992  4.218

150 0.92 2.144 4.306

200 \ 0.96 2,253 4.494

Using the weighted average méthod,*épecific heat of the
medium undisturbed-oil sand (UOSM) sample at 20 °C is
calgulated as shown below:

-
v

CONSTITUENTS c (JA9 °C) % by mass

solids’ 0.76 * 83.2 = 0,63 .
bitumen To1.46 * 12.3 = (0.18
water ) 4.18 * 4.5 = 0,19

S o CTOTAL = 1.00 J/g °C

From experiment, A ) '
2.009 w/m °C _ ' ’

k =
a = 10.8x10" " mi/s \\\\\\;\\
p = 2.07x10* g/m?

therefore, ¢ = 0.90 J/q °C (Eq;ation 3.7)
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APPENDIX E - Grain Size Distribution,
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/

THERM. COND./'TEST No. C5003 (UGSL.C100W): March 15, 1985.

POWER INPUT = 10.587 W { 71.292 W/m)

SAMPLE HEIGHT = 0.14650 m -
DISTANCE OF THERMOCOUPLE FROM CENTRE = 0.158750E-02 m
TIME INCREMENT = 15.00 seconds '

INITIAL TEMPERATURE = 99.404 deg C

HEATED LENGTH OF PROBE = 0.14850 :m

\

=x* INPUT TIME-TEMPERATURE DATA =xx

TIME, t (sec) TEMP. RISE, T (C)
*#a‘f***#**#*!t 2K 2 M K K 3 N K N R 3 ok 3K 3K N -
30.0 6.170
45.0 7.068
60.0 7.764
75.0 8.187
80,0 8.645.
105.0 8.974
120.0 9.232
135.0° 9.505

P CALCULATED TEMPERATURES : BY LEAST-SQUARES LINEAR REGRESSION =xxx.

TIME, t (sec) TEMP. RISE, T (C)
A K K kK OK K K K K K R A RS EE LS SRS S 22
30.0 6.182
45.0 7.081
60.0 7.719
75.0 1 8.213
80.0 8.618
“105.0 8.959
120.0 9.255
135.0 '9.516
GOVERNING EQUATION: T(t) = A » In(t).+ B
Az 2.2166 , '
B - -1.3566 : o
CORRELATION COEFFICIENT = 0.99972
THERMAL CONDUCTIVITY = 2.5595 W/m*C  ( 1.4788 BTU/ihr=ftsF) |
THERMAL ‘DIFFUSIVITY =  0.6085E-06 m*x*2/s

(" Assume negligible thermal contact resistange |
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Thermal Diffusivity Test No. D5003 (UOSL.D10OW): March 15, 1985

Total Number of Scans = 11
No. of Scans Used to Calculate TEMPD (Intermal T1.C.) = 4
TEMPO = 99.317 ‘

Average Tenperature of Outer Thermocouples:

Time Increment Temp. (C)

o ok ek o ok Kk LR E R L T 1 T SN

© 98,750
99.349
100.707
102. 180
103.567
1Q4.871
105. 980
106.963 .
107.881 -
108.733
109. 456 _ .

QUWOMNOUBEWN—-O

—_

Thermal Diffusivity Test No. D5003 (UOSL.D100W): March 15, 1985
TIME INCREMENT = 30.00 SECONDS

INITIAL TEMPERATURE = 939.317 DEG C

EXTERNAL SAMPLE RADIUS = 0.038100 M .. .

RADIAL DISTANCE OF T7.C. FROM CENTRE = 0.002381 M

A = -0.2990995260E-03 o

B = -0.53861085445E-02

C = 0.1202376533E-02

D = -0.1354936500E-04

E = 0.8812678453E-07

F o= -0.3463811407€-09

G = 0.7473556886E- 12

H = ~0.6713765765E-15

Reduction Coefficient (R=*2) = 1.0000

TIME (SEg) . TEMP. RISE (C) DIFF (=E-7 M==x2/S) ITERATES

Kk LR R X E RS SRS TS S Mook ok ek K Ok k3K K 3k ok koK K K A KK K
120.00 0.163 11.2488 8 -
150.00 0.366 11.3859 5
180.00 0.624 . 10.8827 3
210.00 - 1.048 10.9724 2
240.00 1.582 11.0478 2
270.00 2.152 10.9469 2
300.00 2.813 ’ 10.9827 2
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THERMAL CONDUCTIVITY TEST NO. 1

POWER INPUT = 84.381 W/M

THERMAL CONDUCTIVITY = 2.0730 w/(M=C)
THERAML DIFFUSIVITY 0.3703E-06 (M*x*2)/S
INITIAL TEMPERATURE 98.054 DEG. C

”

" n

*xx RADIAL TEMPERATURE DISTRIBUTIQON *== -
{RADIUS MEASURED FROM AXIS OF SYMMETRY)

1

RADIUS (IN) TEMPERATURE CHANGE (C)
LE S RS S B 28 31 . L E RS R EEFELE S EEE IFE PP
0.0625000 11.3806362
0.6703125 10.6320915
0.0781250 " 9.9656963
0.0859375 9.3660593
0.0937500 8.8218298
0.1015625 8.3243694
0.1093750 7.8669691
0.1171875 7.4442930
0.1250000 - 7.0520477
0.1328125. 6.6867123
0.1406250 6.3453636
0.1484375 6.0255527
0.1562500 L 5.7251968
0. 1640625 A 5.4425268
0.1718750 5.175991 1
0.1796875 " 4.9242706
0. 1875000 4.6861973
0.1953125 4.4607344
0.2031250 ™ 4.2469799
0.2109375 4.0441170
0.2187500 3.8514166
0.2265625 3.668228 1
0.2343750 - 3.4939585
0.2421875 3.3280697
10.2500000 3.1700745
0.2578125 3.0195265
0.2656250 2.8760090
0.2734375 2.7391539
0.2812500 2.6086025
0.2890625 2.4840336
0.2968750 2.3651562
0.3046875 2.2516775
0.3125000 L 2.1433420
10.3203125 L 2.0399065
0.3281250 1.9411383 .
0.3359375 1.8468246
0.3437500 . 1.7567635 -
0.3593750 1.5886364 .
0.3750000 1.4353504
0.3906250 1.2956381
0.4062500 1.1683540
0.4218750 1.0524626
0.4375000 0.9470184
0.4531250 0.8511542
+.0.4687500 0.7640802
0.4843750 0

.6850675



0.5000000 0.6134413
0.5156250 0.5485867
0.5312500 0.4899327
0.5468750 0.4369435
0.5625000 . 0:3891438
0.5781250 ’ 0.3460829
0.5937500 0.3073433
0.6093750 0.2725381
0.6250000 0.2413132
0.6562500 0.1883224
0.6875000 ~ 0.1460631
0.7187500 ~0.1125585.
0.7500000 ' 0.0861897
0:7812500 ~ 0.0655605

; 0.8125000 0.0495310
0.8437500 0.0371653
0.8750000 0.0277064
0.9062500 . 0.0205025
0.9375000 0.0150595
0.9687500 0.0110096
1,0000000 . - 0.0079545
1.0312500 0.0057334 \
1.0625000 0.0040869
1.0937500 0.0028945 -
1.1250000 0.0020357 .
1.1562500 0.0014210 - \\\\\
1.1875000. 0.0009731
1.2187500 0.0006734 :

v 1.2500000 0.0003583
1.2812500 0.0002626
1.3125000 0.0000185
1.3437500 0.0000031
1.3750000 -0.0000278
1.4062500 , . -0.0001514
1.4375000 0.0
1.4687500 0.0
1.5000000 0.0

AVERAGE TEMPERATURE =  98.360
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Average Sample Temperature Calculations

0.5000E-06 m*=2/s
0.0 DegC

THERMAL DIFFUSIVITY
INITIAL TEMPERATURE
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s*» RADIAL TEMPERATURE DISTRIBUTION ===
(RADIUS MEASURED FROM AXIS OF SYMMETRY)

RADIUS [IN) TEMPERATURE CHANGE (C)

LR AR R R ER B3] LR R EE R EESEREER SRR B B EEE Y
1.4999930 0.0004875
1.4921865 3.8320179
1.4843740 6.6319015
1.4765615 7.8352406
1.4687430 7.5883865
1.4609365 6.5871130
1.4531240 5.6453288
1.4453115 5.2661451
1.4374990 5.4480930
1.4296865 5.8221963
1.4218740 - 5.9722080
1.4140615 5.7213895
1.4062490 5.2111307
1.3984365 . 47446080
1.3906240 4.5521343
1.3828115 4.6350377

. 1.3749390 4.7955279

1.3671865 48047931
1.3593740 4.5737296
1.3515615 4.2032297
1.3437490 3.8902126

*1.3359365 . 3.7722428 -
1.3281240. .~ ,3.8304845
1.3203115 3.9173264
1.31249390  3.8776320
1.3046865 '3.6659097
1.2968740 3.3723197
1.2890615 31447939
1.2812490 3.0730595
1.2734365 \ 3.1244012
1.2656240 3.1762363
152578115 3.1148292
1.2493940 2.9214200
1.2421865 ‘ 26811548
1.2343740 2.5123405
1.2265615 2.4741529
1.21874390 2.5249638
1.2031250 2.4842015
1.1875000 . 2.1090269 -

319



1.1718750 1.9725774
1.1562500 2.0420212
1.1406250 1.8041455
1.1250000 1.5510812
1.1093750 1.6100550
1.0837500 1.5390313
1.0781250 1.257867 1
1.0625000 1.2235647
1.0468750 1.2748471
1.0312500 1:0612975
1.0156250 | ) 0.9174223
1.0000000 1.0028985
0 9843750 ) - (0.9141793
0 9687500 0.7078879
0.9531250 0.7416194
0.8375000 0.7734581
0.9062500 ’ 0.5221870
0.8750000 - 0.5135768
0.8437500 0.4477131
0.8125000 0.2899886
0.7812500 0.3797306
0.7500000 0.1747756
Q.7187500 0.2577768
0.6875000 0.1862239
.0.6562500 0.1115823
0.6250000 0.1862557
0.5937500- 0.0201024
0.5625000 0.1528193
0.5312500 0.0259364
0.5000000 0.0557801
0.4687500 0.0877589
0.4375000 -0.0368005
0.4062500 0.1162089
§ 3750000 -0.0484625
0.5437500 0.0591883
0.23125000 0.0258589
0.2812500 -0.0449824
0.2500000 0.1066384
0.2187500 -0.0989455
0.1875000 0.0982093
0.1562500 -0.0358615
0.1250000 -0.0230878

AVERAGE TEMPERATURE = 2.007



