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Syl T L Abstraet. L o L

ot e

.qg..fThe obJective of this The51s _WAS. td’“determine' the thermal

[ I

conductiv1ty and heat capac1ty of Clearwater shale,/%ore Samplesn.;f;;s}

were obtained ﬁrOm two wells in the Syncrude Canada Limited mlneh_

site at Mildred Lake Alberta at- depths ranging from 11 3m toAﬁt'

53.9m' The Clearwﬁter shale overlies ‘the 01lsand payzone and thel

[

-thermal properties of Clearwater shale ,are frequ1red for theh

\

_continulng research in the recovery of bltumen from the Albertaf'y_‘

'01lsands using in s1tu electromagnetic techniques L

tran51ent heat probe method and the tranSLent heat capacity method

- For the tran31ent heat probe method which measures thermal v

conductiv1ty, a pﬁgbe was bullt u51ng criteria Whlch account for,*

'thet finite ‘dimensions of the sample and ‘probe These cr1ter1a
'hOWever are based. upon analyt1ca1 models wh1ch only proximate

oy

i3

Two methods were used to measure. these pfopertles They were the‘i

the actual phy51cal phenomena that occur w1th ‘the tran51ent heaty'

probe Hence the crlteria are generally very conservatlvely chosen;

A.vsimulation- program MEGAERA vas utillzed -to assessi'theseh'li.

q;criteria and to establish more accurate design information

.

The transient heat capacity method involved heating the shale‘

¢

'samples electrically and monitoring tha\{emperature rise of the-~*‘

T sample By placing the thermocouples we!l within the sample, heat

__-lcssesl from the sample were' negligible 'at. the 'thermocouple.

w“locations,bfor the first few. minutesxggfanfeiperiment;'Thefheat

'icapacity of the sample'couldhthen be eaSilyfdetermined,rfrom the

. o

U
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il 0 Introduction _j,f' »
B The 1n;p1ace crude bitumen reserves of Alberta ére estimated at -
» N : '

. 268_billion cubic metres. Theubitumen‘generally occurs in“layersg"

> ethat are 3"metres to 41 metres thick, which are overlain bygli
:ertensiveyoverburdenv In.regioni/vhere the overburden is less than'_f

375 metres thick surface‘mining methods are applicable HOWever
: 3, :only approximately 11. 9 billion cubic metres can be recovered using.l

hthis method For the rest. of the reserves the overburden thickness4
‘ . : L
is greater than~75-metres;and some‘type of in-situ.method has to be "

'applied'to'recover'the'bitumen.lk fg
In-situ techniques usually involve" eating"the ‘formation” to_:

Clower'the viscosity-of the bitumen which in its natural state is

' Virtually immobile‘ Methods which ‘have been suggested ‘to heat the"

,formation §re steam and hot water=injection in situ combustion iy
and even. underground . nuclear 'explosions. __More, 'recently

Y

electromagnetic methods have become of interest f\
Presently :the? Applied Electromagnetic Laboratory _at‘ the
'UniverSLty of' Alberta is involved in developing electromagnetiC'

heating techniques for the oilsands, The studies.that are. being

"_ﬁundertaken involve both numerical and physicalf modelling and .

P \

. require extensive information on the physical propersies of the

oilsands and surrounding overburden and underburden The purpose of
\ .

v

— » I o T e s
e e N v B SRR
1A1bertam5ﬁ§rgy‘Resources_Conservation Board (ERCB), December 31,

1986 o Lo



.

'2the oilsand payzone - _ - s;ﬂl:.:;

thls research was to determine the thermal propertles of Clearwater\'

shale Thls mater1a1 is a maJor constltuent of the overburden of i

- B . R 5 "

There ‘are many methods for determinlng the thermal properties of

-

’materials For'instance there are steady state methods tran51enth

methods, and even methods which involve using a. weighted average of

[ ¢

the thermal properties of the various'cbnStituéhtSvin composite‘

original comp051te material. These methods- will be. discussed o

. »
Y

further in the chapter 2 0 Theory and Ltterature Revzew of this'
' ) . . . ’

‘thesis

For shale samplesllt is bellevgd that transient methods lasting‘

‘a few seconds to several mlnutes -are better than steady state»?

methods whlch generally requlre more time Wlth tran51ent methodsf
]

the sample w111 have less time to change physzcally durlng the

experlment Consequently, two tran51ent methods were chosen These

'methods will be presented 1n detail in the following chapters

The Chapter 2.0 Iheory and therature Rev1ew w111 discuss the.‘n;

>

theory upon which the tran51ent methods used in this reséarch are'

based and will also dlscuss some of the mwthods used by other

] v. . ca \”:j
researchers E -7 .

1=

= r

In the. chapters 3 0 Design and Test1ng of the Tran51ent Heat.

,Probe Apparatus and Method and 4.0 De.szgnland Testlng of the

’ Transzent Heat Capacxty Apparatus and Method a detalled

!

description of the apparatus and methods used in this research, to!

’

.determine - the thermal properties of shaie, are _presentedh In

materials to determine the effective ‘thermal properties .of the <’



ERE

additioh these chapters show how the transient heat probe and heat

: Capac1ty methods were tested u51ng ‘a numerical simulatlon program‘

.

and by performing experiments on materials w1th published thermal'

properties,. Chapters 3 0 and 4.0 also present the- experimeﬁtalvf
' results found for Clearwater shale samples ‘u51ng_the transient‘

N heat_probe ‘and heat capacity methods;;"'ﬂ SN

"finally; -\in' ther'fchapter :5.0 Conclusions,‘;and ::Suggested;

'Modificationsa~a 'summary of the experimental results determined

’J
‘.

during thlS research nand. SOme- suggested modifications ta the
- ) . A . __...-o.

tran51ent methods used in this research are’ presented .
s ‘ : :

\

-

e
: , L@ : o
e ' SRR it

(A



XY
2. 0 Theory and Literature Review [
There are many methods for determlning the thermal properties of ; R

materials However before proceedlng to present‘ in deta11 the \

‘theory required to understand the apparatus used in- thls research

it may be useful to br1efly dlscuss some “of the other methods used

. —

‘to determine thermal properties of materlals S T

" From two equat1ons of heat transfer the heat flux equatlon or.

Fqurier'é Law?

e O=RI(re) ey

vVT(r t) - the / éradlent ,ofj': ‘the »:
temperature( C/m) at a p051t10n
r(m) and tlme t(s) |
_ &(f,t):_" the heat f‘1u>; vegtgr’-(W/_niz) at__
;f' ﬁ iv: d_ r(m)“amdut(S)i h' :hi'h. o _3-rp”
‘(Note:-Since; heat ifio;sr‘from 'high ‘to,Llow
| -temperatUres the negative 'sign 'ih _

il

?ourier s Law is required )

> ®dzisik, ppl-4, (1980)

i
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f,and'tne'differentiai equatiom oﬁ'heat}Conduotion35fof a»yanishingif'

. g;malr Qoiﬁme v -

Vo o S S ' :
KVI(r,t) + B(r,€) = pegr .~ (2.2)
where K - the thermal conductiv1ty [ —%4 ]

A S : . mC
'p—-—density‘(g/ms)' ‘

c = sP6c1f1c heat [ﬁlié } o
RS : g C

pc = vélumetric heat capacity [ :j;; };
S SR Lo m C

g(r;t).alrate’oiiheat éenefation(w/ma) at
.a position‘r(m) and-timeet£§) ofi"‘ i. Lo
.the,vanisningly'enali»volume_VZv
KV T(t t) - net rate of heat - entering the
. . ¢

y'vanishingly ‘small volume V

L e

_'°through its sutfaceeS'(W/ma)

t_po%%'—_tate of change of heat ‘stored” S L'bi.‘

.~ at the '-vanishingly small volgme
T T V<W/m>

. two categories for determining thermal properties of materials may

be found There are steady state methods'[é- --O] and transient

v e
metho@; [—— o 0} S : B
Vel i S e e s

In steady state . methods a —temperature dis‘ribution that is.L.

s .

zisik, pps-7, (1980)
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- 7ASTM, C 177-85, (1985) = . .

constant in'time (%% - O] 1s establ1shed w1thin a sample -of . the

: material belng measured The temperature dlstrlbution may be
-

produced by heat generated within the sample, or by heat "flux

paSSing: through the sample; as in the Hot Plate Met:hod"5 8.7, B
Since the temperature dlstrlbution does»not vary w1th time the

rate of change of heat stored in the sample is zero (1 e. pch - O)

and thereforef»the volumetrief.heat Qcapacit;;'.pc;' cannot be =
'determlnediluslng -steady' state methods ﬁoWeVer by ch0031ng an
approprlate geo’ﬁl"y for the sqnple an analytlc solution for the
.temperature dzitrlbutlon ‘may be derlved and_ the thermal

"conductlvity'of the:sample;can be found; o |

- . s .
j Using' transient 'methods one cn determine ‘all the therma1.‘°
. : I

”properties of a samnle TranSLent methods usually 1nvolve changlng .

the heat of the sample and measuring these changes 1n heat along
' . N

*xulth changes in the temperature dlstrlbutlon of the sample as a

function of time. A'Simple’example of avtransient'méthod used to
”determine the volametic heat capa01ty, pc, of a hdmogeneous sample

involves changlng the heat of the‘Sample and measuring the change

-“Nancorrow, (1'933")‘ o Lo ' L
5. : : o e L
Cervenan, Vermeulen, and Chute, (1981)

°Lillico, (1986)

®ASTM, C 1044-85," (1985)



equat1on of heat conductlon 'equation (2 2)

.

sample and w1ch rgspect to C1me,

after solving for pe. I v

‘. the sample then

N

in'thebtémperéturé of ﬁﬁé'samble

f’AT(r,c)'av ‘

‘; ‘,7« R . ‘
J-J (kv? T(r t) + g(r t))avat _
- . (2.3a)
I J - avat | -
MEGH N\

o

v,i

where AE(t) - the total change in the _heat of;

-

. o _  

. che sample as a function of time.

t(s)

AT(r t) - the change in the temperature"'

; RN R
(OC) ofs he sample as - a

function of p051tion r(m) and

“time t(s)

'

AE(E)

: (va)AT(c) a

(2.3b)

By integrating the differential

one obtains the following result

over the volume of the__~‘



v

N

. where (VOL)f- the total volume of the?sample

@)

5,

This method'is very similar to the'transient heat capacity method

5

used in this research and will be discussed in more detail later xn

this thesis ‘Two difficulties with this method are the accurate-

- measurement of the change in the energy of the sample AE(t) and

the production of a uniform temperature change in the sample More
elaborate transrent methods ex1st which can measure all of the

thermal properties of the sample.“

-

Pl

by monitoring the temperature response, at. the .center of spherical
samples, due to a -step temperature change'at the surface of the
~ spherical samples.fo using an‘approximate.analytic solution, the

"-thermal»conductiyity of the oilsand samples uas determined.

v

' . . 10 . s | k
‘Glatzmaier and  Ramirez used the transient hot wire. method,

~which is very similar'to the'transient’heat prohe method:(refer.to

2,1_ TranSient Heat Probe g'thod), to determine' the thermal
i conductivity and diffu51v1ty (ratio of the thermal conductivity ‘to
* the - volumetric heat capac1ty) of “glycerin, unconsolidated, oil-

‘shale, and’glassvbeads,'ln the transient hot wire method a-very

~ N

- ‘ S >
*Hanafi and Karim, (198%)

°Glatzmaier' and Ramirezgp(1985)

. Hanafi and Karimg‘measured the thermal conductivity of'oilsaddsu{



L

5

'small,zdigﬁeteru wire .witn; a ifinite' electrieai eonductinityn_is
uinserted int;ia’cylipdrical sampie. The_wire.is-eleotricalij heated
by »passing a ourrent-vtnroogh' the twire._ Ey 'nonitoring' the

.tenperature'rise ofithe ﬁirei.nd/or.sample;‘tne'thernai!properties{?o
.:of ithe simpie,.can?’be 'deterz;neL pVOther researchers Sandberg,
.Andersson' and BACkstrom .- also used the transient hot‘wire method‘\f
to determine the thermal propertles of glycerol

Iida Ohtani and Stephan_v eveloped a very ingenious tran51ent

method whlch 1s capable of measuging the thermal diffusivity and

-.\
=

. conduct1v1ty - of cylindrlcal sand/salt water - sampLes. vThey
eleﬁtrlcally heated a cyllndrical sampleé by passing a current fv
through the sample and monitored the“temperature rise of the sample‘

‘ using.several thermocoupTés located‘with}n the sample‘ By taking
the Laplace transform of {tbé temperature responses of tne
thermocoupies and u51ng ‘an vappropriate analytic solution; the
thermal diffu51vity ‘and - conduetivity‘ of the samplev‘could: be;
determined, o o _.. | | |

A.final example of'a transient‘nethod is theitransient heat
probe method which is used in . this research tov determine the

, thermal conductivity of shale Under appropriate conditions the
transient heat probe method is capable of measuring a11 of thev

3

R

11Sandberg, Andersson, and BACkstrom;:(1977)

*1ida, Ohtani, and:Stephan, (1984) -~ .~ -
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? A3 14, 15
Ié

thermal propertles of a samp ; however, these-conditions are

-

difficult to achleve‘ in actual experiments
1

.,Probe Method thls method w111 be dlscussed in deta‘ll

A thlrd category for determlnlng thermal properties of materlals "

’

involves nndlng the comp051t10n of” the mater-1a1 bejlng tested.' The'_ :

effectlve heat capac1ty of the original compos:Lte sample can then,_'5

"be dete’rmlned.'_ by f1_nd1ng_ “the ,we;ghte»d- average of the».‘heat

' capacities of each component in the - original® ,composite' sample,

.

i acc_ovrdi,ng tow. the'compo.sition of_‘theJ o}_'i'g_iﬁaﬁ c,o'mp'os'ite., s-ampl'els'l?.'
For example, for a mineral sample containing water,
c - (%waterv)c§ . +(%minerél)c : (2.5)
.at_[ 7, . water mineral °
where Coee W the effecti\fe specific heat of the
cohposite sample [ i—} .
1 . U Y -4 C Aad ‘
. %water and smineral ére the composﬁ:lon ’
by mass of the dompos&}te sample
P

Bruijn, Haneghem and Schenk (1983)

“& ia };.‘ > ) o, » . '\ vt
“k v" - . :
. . - ! ~
ﬁz»&. B '»\‘ '
dkepler et al, (1985)
17W60dsi<{é and Messmer, (1961) . - .

In -2 1 ‘Transient Hedr

A

100



.‘vu".

o~

‘e and ¢ p» “are the specific heat o L ,_%_
. viat.et E minerql oo :
“ef." the water- and - "mineral
. components of the sample { 1%;-]
: : : g C.
Slnce the ﬁurpose of thls research was . to. determine thé thermal'
properties of shale it was ,be11eved that _transient .methods,
‘lasting approximately 10 seconds to 10-minutes were better than
« 7

s*oady state methods which can require several hours to make a

' measurement.. Shalei samplcs were usuafly 100% water ‘saturated o fr"

however ‘the moisture in these samples very ea511y evaporates when

..‘.'.';;Qare exposeé to the atmosphere With transient %ethods the

’ sample ,w111 have‘ 1ess tlme to 'change phy51ca11y durlng the

-

experiment -1i.e there is m1n1ma1 water R}gration or evaporation in

'the sample durlng the experiment The following two sections will.

-
. .

_present the theory un rlying the two - transient methods which were’

”4__used’in‘thls research} o ’
‘

' L. . . . ' :

2 1 Transient Heaﬁ Probe Method e e

. .
V-

The transient heat . probe method is bglieved to have originallyu -
been deveIOped for use in geophysics for,xhe in- situ measurement ‘of

o thermalv properties 'of rocks, and soi%s, 1 Since then the basic |

principles.ofbthe heat probe method have found:other’applications*\;

' “’Devris and Peck, (1958) . . . . oo
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8 R ) . . R N . . . T -
. .

,./"

o

:'Fdrllexample,: these pr1nc1ples have been used to determlne theli‘“

o thermal propertles of 11qu1ds . 51ngle crystals of 5111con or;'h

S J‘alumlnumzaf and bu1ld1ng materlals such as brlcks capcrete and“

. »
.a'

R 21.
"r_fibrous.lnsulatlon :

. L S w
R . . . 3 . N L . . 0 -
v . A s . ‘=

2 1. l Physical Description of Transient Heat Probe Hethod

:d- In the tran51ent heat probe method a probe Jggﬁllar to the one

'»;shown in Frgure. 2 l isf 1nserted .Lnto a: sample whose thermal f’h

(f L properties are’ t be determlned The probe is, energlzed by
leﬁ'. \fsupplylng a cons;"t 1nput power to a heatlng element 1nside the
. : o -— - ;;

-;probe ‘and the tempera*%re of the probe ls recorded as a functlon ﬁ

» oL

";of time by a thermocouple usually located at the mid length of thenﬂ

L*-)’ ,0. . _\,.

- ~

_'can“ be- determlned.- The_ deSAgn ‘and constructlon‘ ofg the probe P

illustrated in)FigurefZﬂlawill be,discuSSed in'Section 3:2}'

&When' the' probe' is 1n1t1ally turned -on, the. temperature .ish

uniform along }he entlre probe length As t1me passes end effects

@ ok

’ begin to create non unlformlties 1n the temperature dlstributlon of

: probe. By recordlng the temperature response of the probe and the‘:

- power supplled to ‘the probe the thermal propertles of the sample L

L7 A

‘Ehe probe These are lmportant -as the analytic solutlons which

O e E S A RN SR

: - ’
Erdman and Schilmoeller (1973y :

.4

fjiié , Batty,-O’Callaghan; ang Probert_ (1984)

yé
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are used to estlmate the’ thermal propertles of the sample from the o
S experimental probe temperatures are based upon an inflnltely 1ongf‘

frheat prodg;_Such an 1nf1n1te heat probe ‘has no end effects and

.hence has a uniform temperature distrlbutlon axially for all tlme

Therefore, ‘the analytlc solutions are only va11d at the center of

" the real probe durlng such times when the end effects are

: 't’.- . . 3

vexperimentally neglr‘mb}e Crltegia have been developed to try toy

determine at whlch'thxes»dur'

end effects are 1mportant
-

> P 22,23, 24, 25
what probe configurations _

Since tNe analytical criteria only VapprOXimately_ descgibe 'thed

Ty

actual physical situation, the Criteria have generaliyubeenvuery'

—conservatively chosen. . LT

‘2231ackwe11 (1954)

23, | S DU
: Blackwe11,~(1953)‘, - - : . N
~Blackwell, (1956)

- ®Jaeger, (1955)

‘g the measurement procedure and for'_

14
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' ,2 1.2 H&thematical Description'of"Transient ﬁeatfProbe-Method

~ The heat probe method is based upon the analytic solution of a -

"3cont1nuous 11ne heat source 1n an 1nf1n1te homogeneous medium In

! <

eylindrieal coordlnates -a’ contlnuons 11ne _heat”*isourcel‘ of -

_'vanishlngly small diameter placed”aiong'the z-axie, is tutned:on

1 . - . .

at t1me t-0 and produces ‘a heating rate q(W/m), along its entire

§\

1ength From symmetry, heat flow into the sample 1s 1n the. radial B

¢ ﬁ.dlrectlon only For this 51tuation the infinite homogeneous medium

nwxll have the followlng temperature dlstribution T "’f
IR '(( SR S
o i%mfE] esmes T G0
(e - awK.‘¢_4ht, . | ..(2.6)
0. ... othervise :
A .

where T(r,t) = temperature in the f'infinite,’

- . medium (°C).
-f:'f:tadial“.distance ?fromt the"line
E " source (m)
i t = time (s)
L S \ q - heating "‘rate‘ -.suoplied '-tto.'
R ‘_.— . - o . ) . - -
e . JcontinuOus line sourge per unit . S
. Sy $#
o 1ength of line sdhrce (W/m) \
- S . ,/-7;, .
.pr ' -
' Carslaw anﬂ Jaeger ppxl 262‘ (1956) | '6 - '
‘ B \,:':" ; N J*



’VK'euthérmal condﬁctivity‘qf infinite '
TS0/ A homogeneous medium [ > ]
. . - A e o C
D = thermal diffusivity of infinité
:;Homogeneous;mediQm:(ratio:ofithe;
thermal = . conductivity -  to-

e o j\" '._.yoluﬁetric hgét CapacitY)_(mz/S)
. R . . '

L=y : . B )
w e - y q s . A

~ du which is . the .
x-u - - R . :

'.,.' : ';E;{-xj ;:J

. exponential integral.

- Using the first two terms of a series eXpaﬁsion of Ei(-x),

©

Ei(-x) = y + lox - X +‘%Xf '+.‘,.°°5° @

 _ where ﬁ - 0.57722 , which isiEu}er's.qonstant . S

‘e

équatioﬁ.(Z;G) be@omes o S

o . ,.‘g

S T(x,t) T_AnK[ln[ rz]‘ K J-_ t large ‘(2.8)

. .‘\ : . . :J- .
' Noticeithat‘a;'a fixed radius the temperature rises lineafly with

In(t) and the slope of this line is Z%R["If the heating rate q(W/m) .

s knowﬁ,vthe thermal condgétivity, K, of the infinite quégeheous“

: @ediﬁm"éan be calquléted from this slope. Once the thermal
. o e o R N 5
. conductivity, K, is found the diffusivity, D, of the infinite

homogenebusuﬁedium‘can be,fdund using equation (2.8).

N



The - analytic solution, presented above 'is for an idealized
»-experiment z{"real probe has a'finit’e leng’th a ‘non-zero thermal

.2

’ .-heat capac1ty, and a finite thermal oonductivity This causes probe '

R AN

end effects as well as probe thermal inertia and also results in’

= thermal contact resistance between the probe and the sample In 3

addition _in lagoratory experiments the sample cwill have finite_

: _»dimensi'ons Consequently vhen the heat front’ that emanates from the o

_'probe reaches the‘ outer edge of the sample equation (2 8), which

—— ’

1s valid for large time 'in an infinite sample will no longer hold

B].ackwell developed a more realistic analytical solution which
S

'takes into account the thermal heat capac1ty of the probe and

,. .

contact r‘e‘sxstance at the boundary between the probe a.nd external

.,A.‘—

k medi?g’“ The

continuous line source is replaced by an infinitely

1;

—

. long cylindrical probe of radius a, specific heat cl, mass per unit

length Ma : and n\lnfinite ' thermal conductivity '_.(i.e.‘ uniform

B temperature distrlbution in the probe) Initially both the probe

£

and external medium are at zero temperature and at time t-O the

probe is turned on. producing a conStant heating:rate per unit

¥
I

length q(W/m) radially along its entire length "For - large times o

D.t.

s (1 < Lz where D, is ‘the thermal diffusivity of the | external

a .
oy

" ‘medium) - the 'temp_eratur’e .of .the .probe is- -

PBlackwell, (1964) - o o T

¥
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[ Inax) =7 o

B <SRN IR SN s TP
???Kt)ﬂféﬁxz[ In(4X) - 7 % g g

pc .. R SO
15[ Cne 2 )
2 [ 0o )

L

(véiid for;I<X)‘:- ;f g, 

where X = ——

- K efthetmalfcoﬁductivity"of_ the me&iﬁm
.t[’rW  ] SR B R
,moC,” AT o :

'y = Euler's constant: " _“‘; e i

pe - volimetric héat'cépacityuéf'tﬁefpiqﬁet: :

p ¢ = volumetric heat_'gapécity '”of‘. thé_

' ei:e;ﬁalvmedium [.'3; ] 

T3 o .
La¥c

H = thermal  conductance -at. . boundary
- . . : . . . .."_"

betweeri’ probe and' external” mediuﬁ‘;

=)
. mZ?C" .

‘q'é heating rate--produced by ‘piobe .pet

o unit lehgth’of_probgf(W/m), : ”
a = radius of infinitely long cylindrical

probe (m) .



R : SR D'zt S
Fot small times —;.5 1 .
. a?v J-

q .- Hma 2. 16H"a/nD  siz . .
[t,nctflsncxz?'
“171 1Ty

-~

e %o(_ts)'] ST ean

#{(valid for X<1) -l

i . . . : . .

~ where -M1C.1-' the. vOlumeﬁricb'heét__ éapag:i.ty of the‘.v'

-, . probe 2 per
oL .

»Iengtﬁ Cof
o . probe {—i‘]’} ;
\1 . ) o . ‘ .m_C‘ '.' K

>

19

It should be noted‘_~that‘ fér 'very 'L'arge' 'gime _[1 << —E;] . equation“.;»

a

(2. 9) ylelds results that' are identical to the continuous 1ine
' - Dt

'source result of equatlon (2 8) - i.‘ . ,for 1'<< -—2—2- equa_tion (2.9)

‘becomes ;

' o 4Dt R R
T(t) o Z'q— [1n[ ] - 'y~'] t bla'rg'e B 2.1y - ¢ ‘
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R T™

_Vc'>s28 suggests the follow1ng crlterion fgr kqu&%ipn (2 3;1) t:

v .valid P | N

1] B 2
-
, SQ ﬁ< t
DT 2 -
N s ?
' 3
of a probe with finite thermal conductlvity To mkusl '::’repvlaced a 5&«
E OB S 172
the, 1nf1n1tely long perfectly conductlng probe w‘if~ w),gw probe. ’

¥ ryo . RS
hav1ng a mnon- zero thermal heat capac:.ty and ‘a fln'i@‘ \the'rmal-

[,,4 *

-CQnductivity Otherw1se tﬁfs model is ideihtlcal to. the prev1ous-

model.‘ -.4For ‘-_th‘is improved model‘.Bl'ackwell found that the, ’.L_arge‘time .
solutien?'}i's 'identic“ai t."ov the large t'i‘nle'soldtibbn'_of. the pr_e\}iods
'» 'niode1. up to the }l( term‘ rn the eefies..: “The shall time 'solution'
however changed con51derab1y and this >1nd1cates that - for smalll‘"
times the temperature of the probe'l.s'very dependent upon “the
de‘51gn oﬁalhe probe used in the exper:.ment Fortunately, the ‘small :
- time solution is. onlyqvalldg for the first few seconds of a typlcal» .
shale perim_ent, 'and ,___as a’ result , thls exper-lment’al _data_. can be B

igno_ted. To illnetrate 'bt;his consider the‘folldwing‘.‘ T'y.p‘ic,a_l thermal

properties for shale ere'_ ‘

Byss, (1955)
oy - . E



W',_r

| x-17c023 |
T2 ° .
R ‘mC : _
pc ‘,4@10 “to 3.4x10° U
4 22 i 30
: Y4 3 o . : C ) L
*;( v_‘, . A . . N -

: «Dz"_-_s.ox;o’- to 9.2x10” E h

..

Since the small \time solution is valid for X<1 or t < % L -with
$a =L inches = 0.
2 T 1 MheRes T OVON

;srﬂ@_.l time soliution ¢

16 metres one obtains t < ~% seconds 1f th'e'f
be derlved for a given probe design, the. °

q sol'ution viou_l'd be.ﬁal.i' for only the flrst %seconds of a typical‘

“shale experiment. .

o OEher,'anaLytic models‘.v have also been deveiop‘e‘dL ':DeVr'isﬁ'a_nd Pec}cz9

used ~two infnutely long conc'entric cylinders with ~'dibffer:ent

thermai 'propertles, and a continuous li?te heat ‘source. alohg the

e g'._'.axis of the cyli ers in thelr analytic model For-very 1arge time,_
R Dt [ - -
T (e, 1 < —2—2 s the asymptotlc log ~linear region of Blackwell,, s,-—_

~and- rnef continuous -Ii’n'e source models) t:he“ DeVri's‘-.-'Pe'ck' model :
———— ‘v-produced results whlch are identical to equat/ions (2 8) and (2. 11)

Indeed Blackwell s analytic models, the DeVris Peck analytic model o

‘ Mo :
) and the continuqus line source modeL all produce 1dentical*sults‘_

for the temperature of the probe at \’!ry large t’imes (equations

.-

IR

s .Z?DeVris_and_. Peckf (19§8‘) :




. (2.8) and- »(2.11)_). It would appear that the temperature ‘of. the =

o probe, -at -very -l'arge btime's ' 'is : i;ndependaﬁt of ‘the"' deSign'of the
. -'probe and that accurate estimates of the thermal propertles of the
medlum can be based on equat1ons (2 8) and (2. 11)

. The prev1ous models however, have not cons:\.dered the f1n1te

:'.length o_f real _probes and 'the hxial heat 1osses whlch ‘are’

large tir_nes;‘dur,ing. an experiment equations (2 8) and (2 11) no&

‘longer hold and, therefore, the experlment must be termlnated

R R o 30,31,32,33 ' P
Many analytical models have‘ ‘been use‘d_ 32 @ accognt for end.

._:veffe'cts . and there have_.alsd ‘been bhysic'al ‘eXperimen'ts with

vprobe'su,'_”'ss. The b"asic idea 'is to feduce the end’-‘effects to the

... . point where they are experlmentally \ﬁgxectable at- the center of § \‘

the length of ‘the probe for a tlme interval that 1s su‘ff:.cient{zfor

‘conducting the experlment This will allow equaticms (2 8) ar.hs

- o
N
N . , .
Blackwell‘, -(1954) . :
Blackwell (1953)“ S A -
Blackwell (1956). o
¥Jaeger, (1955) _ :
:“J_aeger. (1959) a
”Batty, O'Caliaghan, and Probert, (1984) e
. . R . ' : ﬁ)‘ ‘ .

*®yechsler, (1‘97676) o 3o

associated'vith them. - As axlal heat losses become signiflcant at -

—



t%

'(;2.11) to -be valid at th'e_A center of the probe while the‘_endleffects.

arenegligible . = B

AY

Onegof the most elaborate analytic models was developed by ;

'5~
Rk 4

, Blackwe]:l . His model account;s for a.xial heat flow in the probe and
_sample, whereas other models have ignored ‘the axial heat flow in .
' .the probe Blackwell placed an 1nfinite1y long cylinder of radius'
"'.'a, thermal conductivity K and thermal diffusivity D in _an

infinite\nedium w1th therma)lproperties K and D and allowed only'f'

.a finite length of the 1nf1nite cylinder between +L and L to be

heated For thls model Q}ackwell derived the following result
N

. a’

temperature of the -probe' "ri‘ses lin‘earlygwith ln;(t) lin .previous

- -models) on the surface, r-=a, and at the center of the infinitely

‘long"cy_lindeir,. z=0: = R . R RN “ e ’
aT - """' q »' o o e, :
me | ‘MKR K. e '(v2v'1_3') .
S v . :
: z=0 .
Lo g .
(valid for 1 << —t—z—)
N ‘ 22

where R = a factor causing the tem'perature at the -

- cénter of the length oif the probe to

e

_dA\ate ' f_rom' the ideal eolution ,Vdue_i to .|

g

- YBlackwell, (1956)

-
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| which is wvalid for very large times only (1 e. 1 << —2—2 , where theA



‘Blackwell shodza‘thé;

 whefe X = -2 as preﬁiously defined - sde

LI

oy

axial losses, the presence of the °probe,
contact resistance, ‘ahd_‘bther- factors.
Notice that for R=l, 'which is the desired

result, equation (2.13) produces a .result

‘which'is similaf to .equations (2~8) and’

- (2 11) a8 expec?ed R-Ts-a—éuactlon ofi

the length to dlameter ;atlo ofhthe probe

- én@ . the . - ratio - of' Lhe_ »chermal;_

-
) s

conductivities and heat capacities of the

probe - and ‘external medium. . By

manipulating theéé_parameters\the ideal”

result of R=1 can be approached.

AR = 1-R SN

o

[

gx%/2 aH

D t

2
.a

equation (2.9)

.Af-‘%_the ratio of léngth'ﬁo‘diaMeter of

' tﬁe‘probe

‘ Zﬁf(;ﬂ[_ln(a:o -y 4+ -——2” (2.14)
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of the. finite sample must be con's:idered.' “When . the heat’ _fr'on't.'_.

‘reaches the ‘outer surface ofvthe eample", ecjua'tions -('2'.8)'andj(2.11)7"'.-'--

.dimensions ' of the sample,,.tf,or a’ snffieient time{_‘perioo, ~for: .

'obJectivev-ié to keep the heat front :fromv reaching the outer

\ . . o
L d - ¢ t
) 'Kl S : T
ETR the ratio - of the ’ thermal
2 S NS
' c'ondupti\iities of probe and infini't'e
v . .-, - : . IR
medium - - ;o
R IR S s L T
no= the ratio ‘of the heat capacities - - .
o P _ e A T
. ) B . . o . . . Rt
SR f’of the probe and sample ‘ o ) K
A ) . Lo - ) . ot ’ o ’
S 2d[ 1 - —d] z'é for hollow probes T
boed el 2a ‘ a - o
Sl AN for needle probes
d - thickness of probe wall (m)
¢ ’ ' ’Y ~

Using equation (2 14) one can. estimate the deviatféon in the actual', ’

temperature of the probe from the ideal solution of 'tions (2 8)‘

and(211) TR e

Finally, the effect of the heat front reaching the outer surface -

s

¢ B &

are no longer va11d and the experiment must be stopped Hence “the -

. s

( _equeti_ons : (28) and (211) v;to be u_sed to determine’ the :t‘he:rmal

increasing the size of the sample There are many possible criteria o
available to predict when the heat front reaches the outer surface‘p

of the sample

: properties of th'e" sample. In general" 'this is. aoc‘omplished b\y



e

K'Ffam‘éa£513w aﬁdﬁjééggf"the teﬁperature dlstrlﬁutlon due to. en-;
instantancous ’-PO’int'"scu'r:_c-e-'r.?fg..hézat E Joules._‘,‘ r?—leeS‘_‘-d at a
*position rlin ‘an finf‘;nite mediui is '
iy , 1 _

‘T(r,t) = —-——~—————+n exp[-_f—————]b ‘ (2.15)
' ' 8pc(7rDt) ~ Lo

s Lo ' S
where T(r,t) = temperature ( C) .at time t(s)
’aﬁd'”_positiOnh 1r(m) -~ in the
1nf1n1te medlum

E = ihe ‘heat J) feleased at time

vt-O and p051t10n r.(m)
.

D = ehe thermal dlffu.snrlty of the '

. 1nf1nite medlum (m /s) _' ‘141 ;f':"' o \"’

N .' ' :»ebc-- the volumetr}c heat capacity,pf'

SR the infinite medium ( 3‘3 ] o

,At,'a’ fixed time-' t; the radlal temperature dlstrlbutlgp is as'f

deplcted in Flgure 2 2, and at a flxed radlus ",4the1£emgerature.'

4 . -t
Ll

' response is as deplcted by Flgure 2. 3. o o é@j§k%«

i b4 ku .

aeCarslay and Jaeger, pp256$257;'(19565:,
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‘ Ir’rll ‘ S
where 't - - - (2.16)
6D -
and T = ——E——-—{ 6 ] .exp[-i_]- C@an
front : -
. 8pc|r5ri[ n L2720 v

L

1f omne deflnes the heat front from the 1nstantaneous p01nt source

East o (see Flgure 2. 3) then usxng'equatlon (2.16)'one knows

'front

when the heat front reaches any p051t10n rin the infinite medlum

To estlmate when the heat front reaches ‘the. surface of the sample‘

: one_cpuLo find'the_shortest’diStance; Amln between the probe-and‘
the outer surface.of’the finite'sample Then equatlon (2. 16) may- be'

used as fOIIOWS ‘to estimate when the heat front reaches the outer

)

surface of‘the Samplet"

~

ot~ @D _ B - _'(2.18),

'7where'Amin = minimum distance (m)3hetween~probe S
and outer ‘surface of . the finite

sample‘

‘D= diffusivity of the. sample (m /s)

A modification to this result is to consider an instantaneous line '

source instead of an instantaneous point source. If this. is done

a

Bs)
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‘
.

equatiohd(2.18)fbedomes 'Loiw"

- (aminy®
"_'4{);

!:ont

A'ffurthefﬁomodifieatiod to

. this

L (@819
- . - o
‘replace"

method . is: to~

“instantaneous liné source by an instantanséous cylindrical ‘surface.
. ne source by reaneous  cytindricat surlace,

sourcedofuradiusfa:'Equatioﬁ (2.19§;then becomes S

I ()

o

More

£ becomes very dlfflcult : fﬁ - Lo R

"“front

. 40
Vos -

front reached the outer dlmensions of a finite sample '

functlons of zero and first order

1

39Carsiaw‘ehdf3aeger, pﬁ259;,(19§6)_"

yos, (1955)

b_v/

and 1 () are’ the modified Bessel
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compllcated modlflcatlons may be develbped but solvigg‘for

P e . o
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Lp

' which is similar to EQUatlonS (2 18) and'(2 19)

DeVris " and Peck estimated When’ pbeyhheat 1osses from the f

'Asurface of the sample become gd?flcdht and used the folIOW1ng

result

ERraRRe I e e T
exp[f\———4 ] =-0.02 '-:a e j". i(2722)'

whére_ t. ff the max imum hcime”(é)!;dufing"gn
‘é*éerfment befdre'heatwloéses.from i

. the sufface.ofhthggsémple hecqhéh

J»signifiéént' ; |

‘b = radius of sample. (i)

30

Us-ng a numerlcal 51mu1ation program 1n the Sectlon 3.1 MEGAERAV-

o Testlng of the Traas¢enc Heat Probe Method _all the eriteria.
'presented~here (equations.(2.12), (2}14),fand (2 18) to (2. 22))

were tested to determine which criteria are.most reliable.

I
i ’ o
v
¢ ]
o & |
<
. _
w .
> ! . P 4
Ce s
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2 1 3 Summary of Transient Heqt Probe Hethod

To summarizé how the previous results can_ be used to determine.””

"the thermal properties of a sample a transientfheat,probe and -

B R A

.aample (see Figure- 2 1) e considered' kwhich- setisfye:

conditions given by equations (2 12), (2 14),‘and (2 18) to (2 22)

.The~conditions given by equations (2 12), (2.14), and (2 18) to

(2. 22) are very. conservative 1n some cases and therefore 'not all

PR

4of the conditions given by these equations may be met by a. given'

heat probe-¥ see 3 1 MEGAERA Testing of the‘?ranszent Heat Probe
. S 57

‘Method Moreover 'the ultimate ;est of a given heat probe is ‘to

RS

3

vtest the. accuracy of the probe using a sample with known thermal"v.

s

‘properties, with the probe inserted {n._u

hole in the sample
o :

_shown in Figure 2 1, the probe is turned on at time t-0>~by
;supplyingla ‘constant 1nput power per unit length q(W/m), to the'
probe The temperature of the probe 1is recorded as a fpnction off

:vtime as shown in Figure 2 4 Using equation (2 8) or (2 11) one can. .

determine the thermal conductivity of the sample from the slope of- .

the.log-anear region, c'- £ tor ,'in Figure 2 4.

min . max

ety B R N
e e o
-where AT = the change in Vtemperaturep (?c).IOf

.;fr}:'l-théﬂprobe between »tines ti(s) and

h bté(s):(seefFignreiZ.A).
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YL small time |__linear. |_heat fosses
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: » end effects .

Amid ;4 .;ihox
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. Figufe'Z}d_: Temperature. Response of “the Transfent Heat_Probe

hIf conditions’_ink:theu'actual' experiments satisfy Blackwell S"

enalytlc model for equatlon,(Z 9) equatlons (2. 8) (2 9) and/or'

(2 11) may be used to determlne the diffu51v1J§ of the sample

v81nce Blackwell s analytlc model assumes-;the_ rad1a1 thermal

conduct1v1ty of the probe 1s 1nf1nxte,vactua1*probes must have -a

very high thermal'conductivity radially fThis condition ié usually

o 'satlsfled by u51ng a metal tube for the wall of the probe as dhown

.,

-~

in Flgure 2.1 To~ use equat1ons (2 8) or (2 9), the thermal,_xm\\

Conductance at the boundary between the probe and sample must also

’}ﬁ‘ﬂ> afég



.ﬂy,f

- when correctly designed energy losses from the apparatus can be'

" be very large or. infinite In some cases, such as liquid or certain '

s | . ¥

100% saturated samples~ the thermaI’conductance may,be assumed to

LR v

be infinite For other.cases,_the thermal conductance must be known

i

and equation (2 9) (or a truncated version of it) must be used to

- - e

determine‘ the .diffusivity of the sample. Sinoe :e thermal
» conductance between the probe and sample varies from experiment to

experiment the thermal conductance can only be estimated “In-

‘3} N

addition ‘to use equation (2. 9) the effective heat capacity of the =

probecis required. The probe, however,.is a composite.device and,t

not.easy. .. . . - R PR :

Y

- Since the conditions presentedvabove'can'not‘generally be met

determine- the diffu51v1ty of e'.sample.. Only the thermalpi

conductivity of the sample can- be determined from the slope of the -

»log linear region of the temperature response curve for the probe

-

2 2 Transient Heat Capacity Method

B

' therefore, determining the effective heat'capacity of the probe is’

',”eduations (2 8y, (2 9) : and (2 11) usually can’ not. 'be used to.

The transient heat capacity method used in this research is’

similar to ‘the transient method presented in 2 0 Theory and '

Literature Rev;ew (refer to equation (2 4)) Some of the attractive

features of this transient heat capacity method are its simplicityi

and very rapid determination of the heat capacity of samples (from’

Cow

~10 to 100 seconds for typical shale experiments) Furthermore,

41-,

.neglected; The following sections~ will give a physical 'andf o

AR

-
L e N
v

I



3

v. ﬁatﬁematic@i déscripéion of the tiansieﬁt heat cép;éity method. : o
2.2.1 Physical Descrlptlon of the Transient Heat Capacity Method !
A homogeneous cylindrical sample is unlformly heated by pa551ng
aﬁ electrical current thrbugh the sample as shown,ln_Flgure 2.5..
» \—Electrode
. \\\ ',}——T__hermocouple" ' : e
N ST , o ~
TR ) ¢ ss<,— —Sample -
! >< B Constam o
' 0o ></ . ‘L\Temperoture
= / * ...l Surface
.(J e ) ' - ST J
. ) ; - v S '. ]
,,\5 ¢ v "\El,ect_rode ,
v ,v R oy : : ... _u‘ . e R |
E Figure Z«S'Aﬂﬂimﬁ}iﬁied Diagram offTranSientheat'Capacity Method
£ J‘ i ) o a‘ T S -
S N ST : o R
Fromv the electdical energy suppLied to. the- sample and the
\ ) o :
temperature rise mgasured by several thermocouples 1ocated 1n51de
the samplef the’ v?lumetrlc heat capacity, pc -of the sample .can be -
| , . . . - v N N
found. - . )
R/ o
o o
) - 8E '
PC = AT (2.24)
, ave
o = Lo
v y . N
N o; Lo ” )
5 ‘ : ‘ o
g



- When _ electficalt energy -isb first :supplied. to: the sampler the

' passes : heat' 1osses from"theh surface of the sample‘tcauSe‘

'.'will »not; be'fexperlmentally notioeable at  the thermocouplez

. oy
where]AE'-'the electrical energy suppliedf}per}“v"
'funlt vqume (J/m ) :,‘

,ﬁATAQ;f the 5 avetage:-5uchange o in;_‘_the'

-temperature(od) of“the’thermocoupiesf

- pe = volumetric heatn capacity of . the-

c

‘temperature rise of . the - sample is’ initially  uniform. As tine'

PR

- -

'vnon un}form1t1es in the temperature distribution of the sample‘
‘Thls 1s sxmllar to . the end effects 1in the transient heat probe.‘
‘method which occur because of ax1a1 heat loss’ from a finitely long:

_ heat probe If the sample is large enough and the thermocouples are”

R a

'posltioned well withln the sample the heat losses from the sample':

flocetions for a. tlme 1nterva1 which is sufficient for equation'

(2 24) to- ‘be. used to determine pc., Ideally,‘the temperatu%e at the'

. center of the sample should be used in equation (2 24) however in

actual, experimentsa the sample may be non-homogeneous.'and,

-,nthetefote, it is unwise ,to‘ rely on only one thermocouple

.1';E

Lo
Ce g

'I.;_4;3 Testfng of the Transfent-Heat Qapacity Apperatus»and Methodg

1measurement Since this method assumes the sample is homogeneous

the effects of a non- homogeneous sample and 8 temperature dependent

S35

electrical conductivxty'have to be considefed This will be done in“"'

o v



 2.2.2 Mathematical Description of_Transient Beat’Capacity Method

Using the integral:transform method. described by Ozisikﬁz-_the

: ,author derived an analytic solution (see Appendix F) to a problem p

N ,1

with greater heat losses than in actdﬁl experiments ‘Consider the>

follow1ng problem

’

At time t-O a constant heating rate Q(W/m ) is produced 1n51de'

36 .

a finite cylindr1ca1 sample of radius b(m), length L(m)" thermal_ :

W
mOC

30 ] , and difquivity

couductiv1ty K[
- m C

] , heat,capacity pc[

D(n? /s) Initi311Yf the sample-is.atfoocland all surfaces of the

O

"sample are held at O C (see Figure 2. 6), however ‘any ref§fencef

1

?temperature could be used by sxmply added a constant to equatlon-

(2. 25) . whxch is presented below By 1mp051ng a constant temperature

'boundary condition on all surfaces of the samplef heat'losses;from”

: . . N N - ‘(« . .
" the sample in this- analytic model ‘are -greatertnthan in actual

~

,nxperiments In, actual experiments the sample is reld in a sample-

holder and thfs sample holder acts as a partial 1nsdl or ' For this

"c. . : ¥

analytic problem the sample has" the temperature distribution: given

by e quatlon (2. fB)

Yo

*?0z1sik, pp522-593, (1980)

.
Y
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. 5 N /f—Somple wulh . B
: T Tempero!ure T(rzi) S N
: 1 - Thermal properhes K pC 9] ' '
o . . Initiol temperature ZERO (°C)
I H - ”Surfoce,of somple held ol Z[RO (°C)
P ‘ Heofing. ro!e (W,m )
l

z-ﬁ’ v; o ‘i  A . ‘, A | o | L .' i_‘gﬁ.

’ )

'Figure2.6“: Analytlc Model fq% f/;nSLent Heat Capacity Method  .'

s “s
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T(r z, ) =T T S exp(-DA? + B0
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e

- where T(r,z,t) - temperature (°C) inside sample
. at r(m) and z(m) and time t(s) -
A - %E are the z éigenvalues ‘
m . - S , -
B ~-.are;thé’roots‘of Jo(ﬂﬁb)ro and
no PAA T e
are the r eigenvalues’
b = radius of sample’ (m) = *
t -:length of sample (m)
_ 5‘é thermal diffusivity of sample
o - K f'thermalfignductivity of sémple'
' ' .Q = heating rate in sample (W/ma)

38

Al

The typical shape of T(r,z,t) as a function of time at any positipﬁ  i

r,z inside the sample is as fdlldwsﬂ L



A R

hwﬂhjm:
hcoiipss‘;

|___lineor ___-
! region .

i N
. »

Figure 2.7 :vapical Respdnse'of Thermocouplés in Analytic Model

. '; .ﬁsed for Ttanéieﬁt Heat Capeeitbeethod :

Ny

39

In the lineaf region:of Fighre (2.7), equatien (2;24) is veiidfahd

4 T

‘can be %sed to calcalute the volumetric heat capacity, pc _of thefv_ =

<3 ﬁ{

tlm%“{ wHen the heat losses become SLgniflcant at the

’r‘o gs

4'samp1e

:f\‘

0o



. (Amin)*
front - - : 6D & e '

where Amin --:the :short:’t_ast‘r c_h.stance . from -the.
e O o thermocouple locatlon to the outer
o \' . SN

surface of theQ'llnder (m)

D - dlffu51v1ty of the sample (m /s)

1

In . actual -experiments _ an addltlon'al problem arls,es._"The

40

'thermocouples used . to ‘measure . the temperature rlse of the sample '

yha\'e noise and a lag in thelr response As al result durlng actual.

experiments “one requlres a temperature change in the samﬂe Whlch

- m e

,' is large enough to. make the n01se and lag in- the thermocouples

.

’responses negllglble By way of illust:rationl consider a typlcal

experlmental run If one uses data obtalned from actual experlments.

'_and proceeds to calculate the volumetrlc heat: capac1ty of the

é

sampl-'e, .pc, u31ng equatlon (2 24), one obtalns the result deplcted ’

1nFigure258 S L -




PCexpt ~ IR vancs SR

& | Region _équh‘ R egion °

"Flgure 2 8 : Typ1c31 ‘Heat Capac1ty Results ggom an- Actual Transxent.

. Heat Capac1ty Experlment N ’

v & ..

In Reglon 1 of Flgure 2. 8 noxse and a lag in the response of the.

}241‘__’," o

thermocouples causes the apparent heat capac1ty of the sample to:-'

‘./

fluctuate greatly In. Reglon 2 the lag 1n the response of the.

thermocouples is’ negllglble in comparlson to AT - the average
® ) .V.

;change in the temperature response of the thefmocouples. Hence inJm’

-‘thls reglon,,the volumetrlc heat capac1ty of - the sample 3 c7
: Xp

f:can be determlned using equation (2 24) The ripple on the qurve ina

:lReglon 2 is. due to noise in the thermocouple readiggs Finallyzin‘v

Reglon 3 heat losses from the sample are now significant and the"

'experimenx must be termlnated

YN

To ensure that Regions l and 3 do not overlap, -one has to .

- E W

vy ’ R




»:_ . ' ;‘4 v. /‘ e
o _ d lag, t .-,”in,'the“f
; expe'r.imeni}a,lﬂx. determlne the no:Lse AT mx‘, and lag,. t |

response of the thermocouples Once thls determnatidn has been

. + . . " _’___. S
v made,. one can then estlmate the end of Reglon 1, t v -,§,S:, St
. 227y R
. s 4 - . o ;; Lo - ' . ':'1 ;;‘,
g : S e U S Fo
", - .where pc f't‘f‘le 'vo_lumetric, heat capacity ¢f the - .
R o Q - the volumetrlc heatlng rate 1n the
B R sample <W/m> e AT i
Q: - ’v‘l'/ .
' The endf vof. R’e‘gi'oan can b.e"estimated'u_sing 'eqﬁa,.éien (2.2‘6). As' long
as. the end of Reglon 1 15 1ess than the encL £ Reglon 2 Region 2 "
. R should e‘xist“ - - ' .

e A P : . . N ‘f‘ -

?'.;,,2 2 3 Summary of the Tré.nsient Hea/t (fdpacii‘:y Hethod

oy

;)T'his method for determlnlng the,ﬁeat capac1ty of a sample is a

"-‘.‘.-‘:".u"5.';’gvvery reliﬁble fa/st and s1mﬁ%ev method A cylindrical sample is
) h - Jﬂpﬂ’
' ',"electrically heated by passmr;g' a current through the sample -The

; . : (average mperature rlse{;wofé the : sample due to the electr-lcalv -
T I : AR » : 'S e
¥ energy, i"s :recorded' ? several thermocouples inside the sample S

‘-:-From the average tex’ﬂ'perature rise of the sample the heat capaci.ty_‘

.,_.':.&of the sample can be determmed using equation (2 24) The greatest
l '4/;) . . ' .
e »:advantage of this method Qver other methqu fo‘r _deter_min'ing heat







3 O Design and Testing of the Transien Heat Probe Apparatus and

Hethod

.:.'
¢

The objectlve oF thls research, .was-. to determine the thermaZ

- S

prqpertles of 100% water saturated Clearwater shale samples When

. mgasuring he' thermal properties of mate>\azs;’7hlch contain

<
3,

noisture,'one has to be concerned w1th sample changes during the

éiearwater shale.sanpie~begins'to evaporate'immediatelyﬂuhen the»
Zisanple is exposed to the atmosphere at room temperature Within-85
v?few' minutes .the-‘surface of,;the"sample'; sh completely dry

.Consequentlf, one av01ds exposrngbunprotected Clearwater shale to .
'ithe atmosphere vwhenever p0551b1e liand. tran51egt measurement

o techniquescare preferable_to long term steady‘state techniques;

LR

For the  transient heat probe method'to work -as descr{hed in.
‘2.1_Transient-.Heac,'Probe Methodn many conditions. have' tohﬂbej
’satisfied, ‘In order to verlfy that the tfansienti heat; prohe

satisfies these condltlons- and produces acceptable results, a

simulation program; 'MEGAERA; was utillzed and many probes were

43,44

_butlt.'The simulation>program MEGAERA was written by'A;,Hlebert =T

and simulates'uthe électrical heating, - by electrical"conduction

N

“Hiebert, (1983)
“Hidbert, (1981)

44

course of experlments, M01sture at}pthe surface of ‘a typical L



B currents, “of ;composite materials bwith temperature5 dependent';

'ielectrical condﬂbtid?ties _The actual probes which were built were

“'«:«

‘ tested “on materials with previously published thermal properties'

and used in numerous prelimi‘hry experiments on’ Clearwater shale;

' samples untﬂl satisfactory rgsults were obtained

©

L The presentation of the design and testing of the transient heat-

,'MEGAERA srmulations of the tran51ent heat probe method are given inr

® o
probe apparatus and method is in. four parts First, the results of-.

Section 3 1 Follow1ng this a description of the actual probe and"

‘*method used in experlments are presented in Sections 3 2 and 3. 3

;Fourth experimental results on omlsand and dry sand samples are

3 *

' presented in Section 3 " and compared with previously published'

o results for these types of material After it has been demonstrated':"

:that the tran51ent heat probe method produced satisfactory results.f'.

- in these preliminary .tests-A the resultS‘ from _Clearwater' shale

'.experiments are presented in Section 3 5
ek -

& .
" . : .7', 5 ‘ o N “ ._,,.

r\ - __(_ nﬁ‘ - ',:

6 1 MEGAERA Testing of the Transient Heat Probe Hethod

Initially 1t was de51red _to - use MEGAERA to establish new'

empirical design criteria for the transient heat ‘probe method '

{:'

..K/

Howevepz the 1arge ratio of the various dimensions of the probe and‘f

- sample (from tenths of a millimeter for the probe .,‘diameter,. to_'v""

g3 o
several centimeters ‘for the probe and sample lengths) made it 2

iy

:
- Ky & :

problems i& enough detail for empirical design criteria ’to be".',"

found If empirical de51gn criteria are to be found it is b}l

R ‘:}" . .
T T

; <rﬁ\;"

difficult to use MEGAERA to simulate actual transient heat probe K

ieyedz



it

that a.new numerical 51mu1ation program,.whichlis dedicated to t@ﬁpi
: 1vptransient .heat probe' method and capablﬁkwof J:ccounting -for the - B
‘detailed structure of the probe includingfi% large length to _A
ldiameter ratio, -would have to be.dgveloped. , | :

. Fortunately._by using MEGAERA to simulate a 51mP11f1ed transient i~b
3heat probe problem which is described belowi the criteria presente;}pﬂ
iin_ 2 l 2 Mathematical Descrlptionl of ,TranSLent Heat Probe;
v(equations (2. 12), (2.14), and (2. 18) to - (Z 22)) were tested and :

Q
'-the most. rellable cr1ter1a determined In addltion by 31mu1at1ng’

fan appropriatevproblem the-end-effects of theA51mu1ated probe can-
' bevmade more severe than the end effects of actual probes. Hence
bif it can be shown that the transientﬂheat probe method can-pg’vide
o reliable results for such a 51mulation problem one jcan expect.j B
,}actual 'probes;_ »'pr0v1de reliable resultsf also, "Consider. ‘the -
following problem used to evaluate the criteria of Section 2. l 2.

P

The tran51ent heat probe was. simulated by a solid cylinder of

bferadius 8(m). length 24 (m), ‘ thermaln conductivity K [ W ]}
) . " R - . K . N . -v ) : : m C

’ volumetric‘heat'capacity'p c [ 7o ], and was heated at a’constant:

\'\ : B ‘vm C.‘ R

uniform_rate~Q(W/m3) This solid c linder was® then surrounded b -a

cylfndricalf.sample ‘with .radius qbém), 'length 26(m),' thermal

“bl.donductivity K, [ f ']{:Volumétric héah capacity P,C [."J

Pvs '],-and o
~m G m- E

C.

e

"the outer surface of the sample held at. 20 C From symmetry,‘ax1al,
_heat flow across the midﬁle\of the simulated probe and sample would'
" be: zero and, therefore only half of the problem needed to be

"simulated as shown in Figure 3 1 This allowed the 1imited memory



g .'-:e:so'u:‘:‘ces Cof EIEGAERA" to be used ""mo're eff'ec'ti{lely». .

' 'Surface thermaly — —b—] .
~insulated o S (

‘Figure 3.1 : Trsnsient Heat Probe Problem Simulated by MEGAERA

Iy SR

’n these
~

/simul'ati.ons '.':.Furthermore the - performance of real ptobes should be B

:‘_better than predrctgd by these sunulatmns because the real probes |

" were made from hollow brass tubes whlch were: f11Led w:Lth a low

o . .
. e

thermal conducthlty adhesnre' -’Aremc,o hlgh temperature -,oeramlc.":

o adhes:Lve CeramaBond 552 - ", while the s‘imull'ated-wfobe -fw'as' .a" soli‘ L

, cy11nder As a resulm, ax1a1 heat losses from real prob?s should be

. . i ’
. . . . L ‘. B R
less than those of the 51mulatlon KT

st

Surfoce held_"
at 20 C ”

v-'~; —— Slmuloted
thermocouple

.

| Lo | | I : o
In the evaluatlon of the criteria (equations (2 12), (2 14), ‘

(2. 18) t (2 22)), the_..ob_]ectlve was to determine the valid .‘

Sl

log linear reglon t-.-' t © ot as shown in Figure 2 4 (where‘-v‘

AR B min : .MAX

equation (2 23) is valid),‘ of each simulation and examine the

R



'effects of varying the parameters K1 . p'cl, .Kz,f' pC, , '.Gi;- 52:,'-

= “.b,v which wdre 1npu

"__region d each si"_ Iation ‘was fv?)?l” usin?

'to the &AEM 51mulations _The "lqg-fl.»'n;e'_a.f

(s

fitting routin (see A@erﬁhx’ A)Y" to flt eq" S
'. $oo . Ad
'below. to various parts of - fxe temgegature versug ]&‘i(time) cu
. . &m
' ok - a o S
of the slmulated probF k ‘, RN
..1. ¢ -t
p

_ Tempe'rature_'(‘time) - A.",ln_(»ti‘nie)._-+'.B}'¢;";'_'Pv - (3.1a)
. \f'v s . SR R . o

' o
' whefe A and B  are constants found by the ®
y I curve: f&ting routine.. -

v

‘ 'The part of the temperature versus ln(tlme) curve which best’ fitted

:equation (3.'1a~) was’ ¢ sen-'_as " the logfllnear reglongSincel there '

- 'was _‘vrouhd-.off' ierA .(jﬁa‘n'tiization' error in the :smu-laté tempe'-rattire
:res‘po‘nse-'of themprohe. ‘a range of thermal. conductlvities was..
'b'est:imat‘ed 1n this 1og linear reglon by fitting equation (3 la) to‘_b' '
varlolis -parts of thls 1og linear ;egiqn From the slope A,‘of‘

»

4‘equation (3 la) the thermal conduct1v1ty of the simulated sample-'

~

could ‘be estimated u51ng

5.cﬂ

gl



pr

 error in the out

. . : . s
“h . Lo AP

- where K . --estlmated thermalf conductivity S
es a PR

' ‘ .:w- . :

of the sample [_] RO L

' L me S R R
q - the heatlng rate of the probe (W/m) e

A= the slope of equation (3.1,a)v (°‘C) A

1S
[

Ideally, .Ke'st spould be equal to K however ’n‘umer.'ical' round-off* -

t from MEGAERA simulation program cause K t‘_and

K2 _to differ; One the log llnear region t . .-to 't v was found
. ' . ! mn ERA

max

) -»the ’c"rj.teria’ giv n-by e-quatmns (2 12y, (2 14) and (2. 18) .to

4

49

(2 22) were: then caICulated and the results compared with either‘ ‘

-

S IR v : e Co .’-e.

't'-."'ort C

min_ max . o s
Before proceedlng to present ﬁe s1mulation results, it may be'

'v.useful to recall the factors whlch effect the log linear region

e

St 3 to t ""."'of F:Lgure 2. l; _ Ideally one. would like‘ to use al“

min ‘max’

contlnuous llne ‘source - as a transient heat probeJ in -an infinite ‘

max .

sample k mediwn.‘< + For thrs : case ’ tﬁm- : would ,oceur when
I}« [ln[. A—Q—Z‘- ] as 1ndlcated by equations (2 6),, ,(2._7),,’ and

Slapeh b - e

(2. 8), while t would ‘be 1nfinite However, ‘ th’is ‘ideal case can '

PR

= experiments

Using a flnlte probe and sample, the beginning of the log linear

oS v'region, tn;i'n,» is effected mainly by the design of the probe For

» 1nstance, a large diameter probe with a. 1arge t:hermal mass will

.'.'take a longer time to heat up and respond appropriately to the '

,.‘r"::.-") L e

_only be approx1mat:ed by a f1nite probe and - sample in actual.' L

o f',thermal properties of the sample than will a’ smaller diameter probe L



-

AT

E

~‘the thermocouple,IOCaLion'on the probe,

pr

Y

'with‘a smaller thermal mass . The end of the log linear reglon

max

R, occurs because the ‘heat . front from the probe reaches the‘

n}outer dimen51ons of the sample,'This event,:in turn,'is noticed at’

L

a

Heat flow 1n the tran51ent heat probe method can be divided into

two components dhlch are rad1a1 and ax1a1 heat flow

E)

For radial heat flow ‘1n-an infinite sample‘medium there'ls no

"reach, and therefore, t - is inflnlte In actual experiments

max

. R .

outer radlus of the sample for the heat front from tKe probe toh-”

however, “the ‘radlal heat front will eventually reach the outer o |

"radlus of the ' sample and the effects of thls occurlng wlll be
:noticeable at the thermocouple located on the probe When ﬁthiS‘

B happens, the end of - the Ebg llnear region éﬁ , is reached and the"
. X

»

experlment termlnated Dependlng on the boundary condltlon at the,

radlal surface of. the sample ‘the slope of the temperature responée

.

curve for the, probe may 1ncrease rapldly or decrease to zero: 5ff1
'the bouﬁﬁary condltlon 1s\an 1nsu1at1ng materlal the slope of the,

temperature response curve w111 increase because heat - enexgy w1ll

?

a”cumulate in ‘the sample For a constant temperature or convective'

¥

;bourdary'-COndition, the sample will approach some ‘steady state
temperature distrlbutlon and hence, the slope of the temperature '

“nespone'curve will-be,zero ‘The - speed or. dlffu51on rate of the heat“

frmnc is dependent on the thermal propertles ef the sample

Recall that the analytrc models developed for the transient heat _

1

probe method are 1nf1n1te axxally and therefore‘ there is no ax1al.

heat flow In actual experlments _axiah

g

“’na

9

of I

; heat flow: is 'Lnitially‘.'



s
b

" discussed.

'Tables»3n1a) by,

"-estimate of the the ”'

' T . .o : '

U negligible and equation (2.23) can be used to estimate the ‘thermal

ending the experiment Again dependfgg on the boundary cdndition

“at the surface of- the sample the temperature response .éurve’ for

the probe 'may. increase or ‘decrease"in'jslope,'was previously » o

~

‘Twenty-four of the simulat'ons
, and d) The first four runs shown in ?ables

3 1 were used to verify that the problem simulated by MEGAERA was .

1

an acceptable representatlon ‘of" the transient heat probe method
.

Surprisingly, the lst:run Jin which L -L and hence’axial heat.

v

?

satisfactory estimate for the thermal conductivity of the sample B

.which was only 8 3% 1n error. The’ 2nd run was enother extreme case,;.

in which L and i were both 1nf1n1te -and consequentky‘no ‘axial

heaiﬁflow dr losses were present An' error of only ;&:6% in the .
Lu T S e

g
”ionduct1v1ty was found for this simulation

-, o

o For the 3rd run a- very thin 1ayer of sample covers the ends ‘of the

: pro.be

. conductivity{of-the sample. As time passes, axial heat flow becomesf{

I8

'losses from. the probe were maximized was capable og'producrng a

probe@\xthe error in- the tbenmal conductivity estimased by the f

RS

; ,bvégpansient heat probe method"decreased from 8. 3% in the lst run to

pe
3 6% for/the 3rd run. Not surprisingly, by increasing the sample

= material covering the end ofnthe probe to 0. 5 cm in the ath run,

the _error 1n the estimated thermal conductivity decreases further_'

to below 2 0%

. . o ‘\f
cond&cted are summarized n

lfvsi_vi

d,significant,and’the”end~bf logjlinear region tmn .is”reached‘
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RUN

AN

 Log-Linear. Region
. ar ,

s

e AT S

T max

sy |

Estimated - W
m

Thermal .. 5
COnductivity. C L

' | :'ff'b.ﬂ“*’v”
"Kz ° " érror(%)
"mC:,:

s~ Wi )

80-90 | . 1.83 1.69 | . 8.3
| 170+ .68 to. 1.69 1.69 | -
110-120 74t 1.75  |'1.69° |

. to .
170+ 71 te 1.72 | 1.69

T o
WO
0 o oV

:t_:b_ _"0 8

w

to' 1.

U

230 | 10.11 010,18 - |.10l0. | 1.1
20-30 |  10.04 to 10.07 | 10.0 |- 0.

co

17-20 | ¢ 14.98 to 15.04 | 15.0 | -0.1 to 0.
17:20 | 20.13.t0 20.17 ° | 20.0° { -0,7 to- 0.
“3.5:4 | 986 to 99.4  |100.0 | --1.4 to -O.

10
11

. 3

60-70 | 10.60 to 10:70 | 10.0 | T6.0°to 7.
17-20 | 9.58 to 9.73 | 10.0° | :-4.2 to 2.

12.

13

20-30 | 10.08 €0 1009 | 10.0- | ¥ 0.8 to 0.
30 | 9.89 to 9.96 | 10.0.| " -11 to -0,

14

15

{2030 | 940 ¢ |10:0 |, - -6.0

o

- :

L

30 | 1043 t0 10066 | 10.0 | -4.3to 6.

s B

16
17 -

18

20-30 | . 9.54 to. 9.57 [10.0_| -4.6 to -4.
_ 20-30 9.84 to  9.90 . 1.10.0 | -1.6 to -1.
No Region - | = 11.56 to'I1.67 7|.10.0 | 15.6 to 16.

NOow

19
20
21

| 17-20 |- 10.03 to 10.07 | 10.0 |
40-50 | © 9.91'to- 9.98°" | 10.0 | -
- 30 . ~ 19.63 to'19.82 = | 20.0 | -

oo
(- R-NW)
: ot

o

1

o

“ORY N

22
23
2

Table 3.1b).f.§og-Liﬁéar Régioﬁ'QfﬁﬁheﬁTemﬁe;gture:Résponse.

A

30 10060 - - 100 | . 04
30, | - 10.04 to 10.067 | 10.0 ‘| 0.4 to

20 | 10.31 to 10.3¢ [ 10.07 | . ‘3.1 to

8

of the ‘Simulated' Probe. and. thg iEStimatéd'

wo
R

Thermal 'Cond&ctivity’ Found Using -Equation

(3.1b),
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) Notes ‘eduaﬁiéﬁ-(Z:IS) used: >timéf4. oA ® .
b RS oL (b‘-a..)2 2
eq’u’a@%bn (2.19) ‘used: time -7 -
S AT o .'(.b'-a).z S SRR
_ ﬂlceq‘uation (2.21) used: time = 0,.6—40— . o IR
“DeVris-Peck ',:equa_tion‘ (2.221)‘; i's‘_ Vso.lv:ed for tlﬂ%
°equati.oﬁ.'(2.20) is nqméfically's',oived_'_fo'r time, ./-‘fpr‘

the :various simulations. ‘

& . -

,%qu‘at;ibn ‘.(2_.'18) used: ‘time -'._v-l

i

4 ,_"I_!.'iaq'kwé.ll"s ) —e’qua_ti-j.

T g
- for time with AR -,-:'0'..9%‘

’

"Estimates for t . from Table'3.1bJ

. . S R ot
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Once 1t was verlfled that MEGAER%could simt?late the transient
. : v-#*

_'heat probe method the effeot oé varylng the input parameters K

V-pc . Kzi, pc -,j Lli_'.,"l,vz,_ a'~: and b on the log linear region (see Figure

‘2 4) could be studled and the., analytlc cr’iteria given by equations
(2. 12), (2. 1&), and (2 18) to - (2 22) could be tested In assessing
'4the data presented in Tables 3. 1 Runs 5 and 6 generally can be

’ 'used .as base cases for comparlson with the other runs in: 'I‘ables o ‘v‘

R

3.1.
i

"By 1ncrea51ng the thermaI" conductiv1ty of the .'samplle.?from-.‘,,»_

1.69. T in Runs 2 and 4 to 10 ——, 15 - 20 -—6—, “and '100 —- in¥
' TTmC . _ . mGC mC mel o mC °
" Runs 5 and 6, 7, 8, and 9 respectlvely,,‘ the thermal diffusiv-ity of :

oY .‘°_ ."4‘..)."
.t L

R the sample is. also 1ncreased and as a result,,,._ the temperat,ure
; .j-'distrlbution of the sample changes more, rapidly This causes "t _' o
: : . . e T OB

and t a; to decrease as. shown: in Tablﬁ 3 lb), “ »‘,.f & ,-";,‘.' u_.l";

. . : ]
i . ¢ .Aa..,_ R
i .

Slmllarly, by decreasmg the heat capaci,ty qu the sample from

‘in Run 10 to 2115~ tn. Runs § and 6 ~and i 75 2 Cane el
A : E N T m C _"“- o
Run 11 the thermal dlffusnr:.ty off the :sample gagain idcr@ases and ‘

g

30
‘em C o ... cmd ¢.-

I

. *
't .. and t~)i decrease as, 1nd1cated,;, in Tablo 3 ‘lb), Tt should be
ma_ .

min
: ',v. . .~.,‘

noted that 1f the heat: capacity of' the jample 1s made much less ’

o . :,-4..\\. ’,- v_\‘ L )

-than that of the p];obe ‘the texﬁperat&re response’ curve for the
' probe w111 inltially cross the asymptote to the log linear region PR

4 .

: vbefore approaching a 1og linear response | as shown in Figure 3 2
“and by Vos (1955> Sy
) . L T *. e

Y



osympiotit region
(equation(2.8)) . -

Figire 3.2 : éffect'of pz-o2 <<_plc1_on,femperature‘ReSponSe of the

Transient,Heat‘Probe

2.

)

and 13th ‘runs. were dlrectly'compared w1th each other .a slight

increase.in t was: notlcable as the thermal conductrvxty of the
max

probe decreased Th1s can be attributed to lower ax1a1fheat losses

3o

from the probe as its thermal conductlvrty decreased

When the heat capacity oﬁ the probe is 1ncreased Runs 14 and

'15 ; the thermal mass of . the probe also increased It then follows

d

.

that the probe should heat up more slowly and consequently respond,

" more slowly = i.e. -tmhlincreases as shown in Table 3. 1b)

‘Asvthe radius °£;ﬁh? probe decreases, Runs:lﬁ and 17, the probe

-

- intt) Al | E

D5gl



Lo

gfrom tl're

',sample- l:;*.' o

reliability of these cr1ter1a 1nvest1gated

“responds -faster-‘ and, ’the‘refore,, .tm;h'gf décreases . while e

s 1ncreases very rapidly and very large tempera gradients tend to

force moisture away from the probe For the 18th run the radius of;,

the probe was’ too 1arge and no 1og 11near region was found

By increasrng the radius of the sample, Runs }9 20 : and 21 the

‘.._, -

B

¥

robe takes longer “to reach the outer surface of the'

' ‘:increa_se"s.' Unfortunately, wh'en ‘the "adius : of_'va real probe-']ﬂ

_decreases the temperature gradient at the wall of' the probe' e

'end of: the 1og 11near region also 1ncreases because the ,heat front PR

- Similarly, by varying the length of the probe and sample Runs 1.

- .and 3, and Runs 22 2'3,_ and 24, the end of the log linear region -

-max

tl f again can be varied:- For instance,- by increasing the length

bof the sample and probe t x is also increased RS

. - Cog .
U51ng the results presented 1n Tables 3 1 the criteria given by

' .L\.

Foxr the runs in Table 3 1 .1n which L and L were infinite :

-
-

only radial heat flow was prnsent and hence the radial criteria,

-, v

equations (2 18) to (2 22) were examined By bco‘nparing'the t

e

finds that the 1ine source criteréon,, equation (2 19),, and the'- e

the- line source and instantane‘us cylsindrical surface criteria,'

.-

"equations (rZ 12), (2.14) and (2 18) to (2 22) were tested and the'p':,

results 1n Table 3. 1 w1th the resuLts from the radial criteria one o

vinstantaneous cylindrical surface criterion equation (2 20) ‘were : ‘
" the most reliable Therefore the effects'of t:he heat front_,."

_reaching the radial surface of the sample were best predicted by "




'-JtV . When the probe is’ inltlally turned on the probe and sample,‘

appear to be 1nf1n1te at the thermocouple 1ocatLon on the probe lf‘nff

;thehlsample,, and/or:_axial' heat; flow fbecomes 51gn1f1cant As gp
result, -the
,independent”ofy

’ ) g e
- hence, all the MEGAERA s1mu1at10n runs shown Table 3 1 could be ,;*ﬁ.ﬂn

-These factors were not taken into account by Vos s crlterlon or the

'MEGAERA simulatlons

-

",
1.

| equatlons (2 19) and (2 20) respectlvely, whlle the other radlal 5an;,;

3

fcriterla were generally far too chservatlve In other words, the ﬁfgf"‘

. . L3 . .
. B . _‘1.,:

effective"log-linear' regloni_extends' much further tﬁan thege,{Iuﬂ

‘~'v ) . Lt

crlteria would predlctA s ’f e jv:;;f[;j

Vos s"crlterion,.:equation (2;12), hfoff'the.

e - T s

logflinear'regioh ut'i was the only crlterlon used to estlmate“’?
m h .

PR -

min

\* -

until the heat front from the probe reaches the outer dimen51ons of

l EER

jal. temperature'fresPonse' of thej robe ﬂis;“fA L

ﬂbexternal dlmenslons of the probe and sample and 'f‘-gﬁu

o ' e

« S
- . - . - R}

used. to"evaluate Vos s’ crlterlon When thls was‘~done Vos s }" R

i

criterion fOr t was found to beftOO‘conservative The 1og 11near
n

‘region extends to 51gn1f1cant1y shorter tlmes than predlcted on the"‘

vba .

,basis of Vos s crxterlon ngever 1,1t should be noted that 1n

actual experiments' t“. is -llkely-fvery dependent on the~'probe,.
- min : —

et N \ .

‘de51gn ‘and the contact re51stance bethen the probe and sample

/¢
\

'
3

In order to test the ax1al criteria given by equatlons (2c14)

9 '

.-and (2.18), runs in. Tables 3. 1 where axial heat 1osses occur before y°

radial heat losses ‘were utilized These runs were 1 and 3 where;‘

‘LI-yL. and L and L differ by only O 0625 cm, respectively, .

Run 2& in whrch the %gobe and sample were only 2 5 cm and 3 5 cm ’“”h“ﬂ_

1



Rd

R

Jin . length To test Blackwell s.criterion for axial heat losses,_

"‘;dprobe from the 1dea1 solution of equations (2 8) and (2 ll) was"

”~farbitrarily chosen however any small dev1ation (less than ~10%)

’;1n Table 3 1c) From the results for Runs l

‘ggcriteria available in.the literature gﬁy the radial line sourceif‘:rf-”‘

" while the MEGAERA 51mulatio;‘:

SRR

.‘_

”:l.should- have"been, sufficient' for -axial heat losses qto, be'

::;significant Therefore equation (2 14) was . set equal to 2&.(1 e

PN

" that Blackwell s criterion for axial heat losses was unable to
cm ] A

»

' con51stently predict when ax1al heat losses became significant For‘

. Runs l and 3 the estimate for when axial»losses became significant

- ma

'i f ) was to&)large, while for Run 24 Blackwell ‘s criterion was
i.too conservative One p0551ble explanation for this discrepancy iS{

that BlackWell s. analytic model for equatlon (2;14) :does-vnOt'

.-

:'faccurately represent.a finite length probe Recall that Blackwell s

4
>

‘only a finite portion,,as previoust described in Section 2 l 2

@

length Similarly, the p01nt source criterion equation (2 18), was‘

I

v"fand was* found to be too conservative fog Runs l 3 and 2&

1 - 4 ‘ [

From these MEGAERA simulation tests of the various design_

: l'.., .
e o *

.v-‘ »

a

. and 24 ‘one‘sees

'3'g1ven by equation (2 14), a 2% dev1ation in the temperature of the_“”

A AR = 0 02) and numqrically dolved for time The results are listed,f'

e'analytic model used an 1nfin1te1y 1ong probe which was. heated overb L
‘ctually modelled a probe of finite""

‘. ,also unable to predict when axial heat losses became significant-"‘

and the instanﬁaneous‘ cylindrical surface criteria,‘ equations,;i"”‘

'1

‘f'predacting when radial heat losses ‘were . significant The other

el o ; 4',‘» .»=,,4

IR S

o (2 19) and (2 20)8 respectively, were found to be reliable for!im d:ﬁibm




N 'criteria for both rad1a1 and ax1a1 heat losses were found to be too ‘
o - / L e ’«\
BRI : P , »
all the crlteria giVen by equations (2 12),

':conservative' 3how' .'7er

"‘(2 llo), and (ﬁm to (2 22) can st111 be used 11n the des:l.gn of the

I

: transient heat probes w1th the understandlng that they zare very, : /

..r,

conservative - In-, additlon these ~24EEGAERA ! simulations of . Re .
- ".‘ . / . ) B B ' - . ‘
tran51ent heat probe method were performed over a, wide range of :

e

'thermal prooerties and physmal dimens;Lons with generally good

g ) e
VA

Vg .
estimates for the thermal conduct1v1ty,‘ KZ, of . the 51mu1ated

'_'.sampl'e For Runs 1,3, and 24 in which ax1a1 heat flow would be in
i

xcess of the ax1al heat flow in_ actual transient, heat probe
2 . '/ g ' .

exp'erim'ents MEGAERA demost.rated that the trans:Lent heat probe
; j .

method was’ stlll capable of produc1ng acceptable estimates for the ,
-
thermal conductlvyty of the sample MEGAERA also 1nd1cated that

axial heat loss could be signlflcantly reduced by sunply coverin‘g

RS the ends of the probe with sample mater1a1 as Ademo,strated,_ln Runs

1,3, and 4 of Tables 3. 1 Wlth ax1aL heat 1oss 51gn1f1cantly

. .;/ J . , -‘/ i l‘ v
. reduced the effects of the heat front reaching the outer surface

Ll . 4

- of the sample would e the dominant factor effecting t and the .

line source and 1'stantaneous cyllndrical surface crit?rla were

' found to be reliable radlal criteria for predlctlng when this

i v - i "‘ .
"oc.cutred.» Furthermore,' to en,sure' that the : actual .transient ‘heat
probe's would‘ also ,pr'oduCe good results, these 'prdobes'were 'designed

l_so as to perform better than those used in the MEGAERA simulations

g

(‘This was. accomplished by usmg hollow probes which we%e longer than

.'those in the MEGAERA simulations and hence had lower axial heat .,'

: flow The dimensions of the sampLes used in actual experiments were
. . . DA 2‘ L - .

.1'

CEe L.omlo



K (e
!‘g\ "

'valso larger then thti;?i the simulatiou.and,-therefore, thebheat

i

the next sectionﬂ=‘

3 2 Physical Description of the Probes

Several probes were bu11t and tested before an acceptable probe_
Y:was developed Inltially the probes were 0. 2381 cm in diameter byd
10 16 cm in 1ength. and O 2381 cm in’ diameter by, 12: 7 cm in length'

‘»'w1th a thermocouple soldered to the outer surface of the braSS'

tube. Although these probes produced vacceptable' results the
. v

"thermocouple junction was. found to be too fragile and broke many'

: times .during experlments. As a result it was decided that the’

.‘h‘

: lthermocouple would have to be placed in51de the brass sheath

The probes as- finally designed (see Flgure 3 3 which is'a repeatdlr

'of Figure 2.1) were bu11t by first cutting a l2 lﬁ cm length of‘_f:l

0. 3175 cm O/D by 0. 2388 cm I D brass tubing which .was used as a S

-ubrass sheath. A small hole was drilled through the brass sheath at'**

- the m1d length of - the probe This hole was later used to mount the.5

thermocouple‘ junction Twenty two. AWG copper wire was silver

vsoldered to one end of the brass tube and also to an ’appropriate.

L@
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~System. .

Y

length‘:of 'nicke14chroMiumI'wire which was iused '85 -a fheating

"<jelement A thermocouple Junction was soft soldered into the small

¢

holev' prev1ously' <drilled through ' xh = braSS'eisheath The

2
nickel chromium heating element'was then positioned along the axis

of the brass sheath and held in place using clamps and'shims

‘Aremco high temperature ceramic adhesive Ceramabond 552 'was'

. inserted into the brass,sheath_using a syringe and the‘probe_was
. . r w o - . . Ce

placed'in an oven.for 2 hours at ZOO'OF to cure the Ceramabond4552,

)

: Once the Ceramabond 552 had opred the nickel-chromium ]heating‘

element w\s '511ver, soldered r%o the brass sheath Electrical.

L]

1nsu1atdrs were placed over the _copper wires and resins (Torr Seal
'.and Orthodontic-re51n) were‘placed-at the ends of the probe “as
shownxin Figure.d;l' to protect the probe duringvthe experiments
During experiments the probe was connected to -an. HP 62748 .DC
' power supply and the voltage and current delivered to the probe
were monitored by two Fluke 8000A digital multimeters ‘(see circuit-
_fdlagram in Figure 3.4). Fortunuately the electrical p;operties of'
l"the nickel chromium heating element remained constant as. it was f

heated Therefore it was not necessary to adjust'the HB 62743 DC-

gnl

, power supply during the experiments -‘The temperaturerriSe of the

~probe was monitered by an HP 3952A Automatic Data’ Acquisition‘

Y
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R Fluke 8O00A
St e multimefer

- HP62748 5 Fluke 8000A
OC Power /- multimeter

Csupply |

o

7

_Figufé 3.4 : Circuit Diagxgm for Transient Heat Prqbé Method (i:j:/’\“-

SE e : . ' , SRR J

" The probe waslinsefted'iﬁgghalé samples, which rahged'in'length

. from 13.4 cm to 18;8 émi~with-'a radius of 3.1 cm. ' These- shalé L

samples were placed in. a PVC tube whlch was sealed u51ng wax’ as"

‘

'111ustraced 1n Flgure 3 3.

,,When the probe de51gn criteria given . by equatlons‘ (2. 12)

'(2.19) and (2. 20) were calculated and a MEGAERA sxmulatlon done .

}.
'with the followxng estlmated thermal and phy51ca1 propertles foa
the probe and samp‘e "\ '
K, =110 - N "ks‘-19al
mC S o S o mC )
pc = 3.311x10% —L ¢ C pe. = 2.99x10% —J_
ST . 30 , . ) o 3o .
: C . : _ . m C
a=0006m , | b=-003nm

the following results were'obtaiﬁédu

wahe_MEGAERA simulated temperature response of the probe.isigiﬁen ‘

-

¥
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in Figure 3.5. From this temperature response curve, a log-linear

o

regiOn'Qf 15 s t01350 s was determined using equations (3.1a) and

-j;(3,1b)ffés_‘previqusly"outlined, ‘and’ thevAéStim;Eéd._thermaL

conductivity of the sample in this- region was found to be’

67
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Figure 3.5 : Temperature Response of Probe in MEGAERA Simulatiqn
’ ’ S .

For - the ‘line source and instantaneous cylindrical ‘surface

criteria, eqhatioms (2.19) and (2.20)'respective1y;zthe follovingf

‘estimates for t were .calculéted. "It  should be recalléd that

max
.. ) . .. » Iy . . . ) '. » o . .
" these two criteria were found to be. the most reliable criteria

dhring MEGAERA simulations of the transient -heat. probe method.
; : e v ; . e
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o ‘Equation 't ' (§)- S e
. R max
| ‘ T(2.19), 330 o '
T (2:20)7 3700
; - ‘ - o -~ . . . '.-' AU I s
Using _Vos s, Ve y.': c'ons'e,ryatiye-"cr‘iter-‘ion for tm‘n, equation :
. A e ' NN P R
(2 12), one. obtalns S e T ) S e o
> K L . | E S
o « Lo Qi . .
v R e . .t x4l s '
: Sy : Ras < " min
- '-"‘ ;
R The reSugs of the crlterla glven by equatlons (2 12) (9 19),
. u @ .
and (2 20) 1ndlcate that a log 11near reglon “of . approx1mate1y 41 s
to 350 s should be expected durlng actual experlments on "Glearwater '

o "'s shale From actual experlmental re‘sults “on Clearwater _shale

: -
l

& samples ' é.zveh in APPENDA E%%plcal log 11near ‘re.g'lons averaged .
87s to - 515 sy .whlch compar;s favourab‘ly w1th the log 11near"v‘ =
’ 'regions pred}.cted by MEGAERA and the crlterla gtven by equahtilons""v
‘3, . 12) (2 19) and. (2.20). . S
P

e = T

o L ' “ The »ifoll‘owinl’g"»gectioﬂn wwili.» outiin"ej‘-the}f‘actual ,fnethod _used° doring'.

. !.} ~: . experim'ents . - | T ‘ ' o | ) o , M-‘ ' . o .(’; ‘
3 3 Description of the Experimental Procedure for the Transient L
e ' R L. e . D R . . . ;

s KA \_f .‘ Heat Probe Hethod

The prodedure used 1n the transient heat probe method underWentl a
‘ many modlflcatrons before a satlsfactory approach was established

. 4. .
Initlally the probes ‘were successfully tested on wax dry sand '
. , .

. & . Co
N and oilsands samples However when the pro'bes were then usec{ on /.
oo ‘ : S ‘ . .




ale samples additional problems ‘rose Mois:ture“migration in 't“.’hev

shale samples appeared to be a ma_]or problem For example : when'

'-shale sa.mples were 1nit1a11y tested the power supplied to the;_ 

Tl

j.probes was foun& to be too high ThiSrseemed tocause moisture m"

\,.

the samples to be driven away from the probes As ‘a. result, " the

thermal conduct1v1ty of the sample adjacent to the probes would"_""‘

.

decrea'se creating an artiflcally low t'hermal conductivity region "

' In addition this 1ower thermal conductli}t‘y reglon would cause the

'-probe to heat up very rapldly, resulting in- higher than usual ax?al_ '

"‘ . .v'. . . N > '. )

heat losses and non—unlformities» Mn "the" axial : temperature :

s p.rob_:ei

: thermocouple readin s was found t be due to the Hﬂ- 3952A Automatic""“:. o
. g

: "thei-moc aple :

"j.:’_""distylbution along the probe Ther'efo‘re the power 'supRlied to the: .

"é‘d to be reduced ;the -p01nt where noise and drift in, the._

;.readlngs became sxgnificant 'I'he drift n 'the,'f v

[

n

v

o Data AchiSltlo’n S—ystem slowly heating up when initially turned on.

'.When the HP 3952A system was )(eft turned on; overnight this drift

t

- d'isappeared However 1eav1ng the HP 3§52A system on fbr extended

‘ perlods of time was - deemed to- be an: 1mpractica1 solubion Hence to.

. . - s

L . : -t

° ‘ b gt (% # : il'

e X faccount for the drift 1n the thermocouple readings ‘a reference

Y . ' W ‘ e L e

» thermocouple‘ 1n 1ce water was: used . yg oy .‘,z?;'-.f e j._,:-»_

Y' Th?f{llo‘dlng outline 1s fo‘r the final procedure adopted for the RRT TR

tran51ent heat probe method - . ;)' ) o :-._ ‘ t
e Procedure o S L s A
1)"A shale sample is selected ' s
The Clearwater shale samples used :ln this research :_,\f

Lo




. &t

¢
AN S

tsyncrqde mlne 51te at Sectlon 8, Township 93

- ‘were obtalned in: Januapy 1985 from*two.syncrudeb;
_”~Canada Ltd wells de51gnated as  34- 51 0-0 .and

- "36-51- O O These wells were located northeast of_l

'[fRange 11 west of the 4th Merldlan The depths of'

W

_"'twent.}.'-ei_ght, 1-'.‘5 1ong X.6.35 cm d'i;amécéf puC o

h"the wells were 15 2m to. 53 9m for 34 51 0 0 and'

s

long x 6. 35 cm dlameter PV@ tdges whlle the shale ‘d_’

cores - from.' well 36 51 O 0 were‘:f;'sledu;.ln

o

‘11 3m to 50 9m for 36 51 0- 0 The shale cores from-

Twell 34~ 51 0 O ‘were sedled in twenty nine, _l.Sm l:’

o tubes’- These .tubes were stored in Ja constanc v

4. Y * T o ..v~. o R s
. temperature/humldlty rooml at .,~8 G o prevent

mo1sture 1oss from the Shale"cores.l'Before .a

fselected shale‘ sample could be. tested .dthe

o ,t ‘,. T . K

f:room and the core d1v1ded 1nto smaller 1engths of

2 -,

..
—

".’ "' ke - Pad R .' nﬂ

e o

placed back 111 the constant temperature/humidity”—

_ approprlate PVC tuhe contalning the shale sample.f‘

. was removed from the constant temperature/humldlty :

:25mm to 250mm These smaller core SAmples were then »
ﬂ:separately seaked in,wax to prevent"m01sture lossic‘i”.

+and’ labeled The samples not’ immedlatelynused were“'"

; .room, :At~typical 'sample‘ identifrcation. label is

’..' “ -
.
.
‘e
[
)
o
..
R
FASN
.‘," -

' showngbelowg

'.‘ 3 /_o -
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Sl N " AMar 3/87 _:_~<= dat:e tube wes opened
| e .-", 3!& 51- 0 0 « well J.dentlflcacion number

| ':'-lea,-r:»z_\\ <= tube number (p29) and sample. L
v,. ' - : ("A") from tube | o ‘ '
| '52 4 53 3m ¢= depth at whlch samples 1n i

Lo

. chJ.s tube were obt:ained T

: r 2) | CompbgiQibn of ’_Shal'.ev _’Slalmli.;vle. is, -f'de‘t?minéd“' before .

. experiment. T

.~?

‘1e lS weighed (M&hum‘) usiug aii i
W¥¥mass ba_lénce, with a resolution of
1 ng ' and a maximum capacity of 16 g

- b) Small pieces of the shale sample are cut off and' *"L‘- E
SR plaeed in. nh_e‘ | “paper. | thimble and we‘ighed"

o e . MOy l.."qu,"'._"; Lo B '; -._' o RPN : : P .

IR S ST _';(Msonal g L e " B T R W

;x s ’;". é) ‘I‘he paper thlmb’ie *contaln:m‘g t.‘he small pieces of

Sl Avshale 1s placed 1n a Thelco Mo\ﬁel 14 oven to 2 ,,

. ° . .A‘ ) \ . ¥
v, — RS
S evaporate all t:he mqisture frqm t:he shale

d) Onc"\< the m01sture has -completeLy evaporated fram'

.
. A
< , Y et

I"'";,'.,-"'T"i‘ the sam 1e‘ t;he paper t‘himble contaihing the
PR S : Y

-;: R w .-'

. o - NEY
s ~ .




':J,Q . :

. . R

oo M T M g o
‘. . Todrie E : . Lo

tmineral = &= T — - (3.2)

C “total - thimble

[y

’ .. : totall - dried -
e Soswater = -
i B totel' thimbls

3) The shale sample is placed in t " PVC Asample holder
" as shown 1n Flgure 3 3, and sealed in wax B .'.

' a) The mass of the PVC sample holder (M ) is

!

determlned u51ng a trlple beam mass baLance,-. -
wlth, ‘a 1resolu_t1<m of 0. 1 g' and ; a max1mtgn

©

capecityv»of 2610 g o af « :

- -PV.C_ sample _ holder Slnce th of1g1nal core
sainples were only slightly larger 1n‘ radius'
: ﬂ" o

3‘(3 175 cm) than the PVC sample holder a.na the :_5;i

Uradlal surfaces o“f the cores were covered w1t1'x

“ M R

"Alnserted 1nto the PVC sample holder by s:mely‘

,.“

S@a e

.v Y - ;-_4_,-,, S

'soft drllllng mud the shale‘ ‘samples '-could‘ be LT e

- ST « .._‘. R

'__-.;applyxng pr.essure _,t_o _oﬁe end of the shale -:-f r E

"j v sample

‘e a

g c) “Aﬁger,plaqgng t:he sample mta the PVC satmple T

N
o

d e

W holder, Athe mas‘s of the P\l(i sample abolder with
'A.‘Ll“.‘ ‘,
;.the sample inside is dete_rx;(lned (r{: v,r uéing

L TR AN
H , .o o

), the mass

v

Lral - Lo




" sample total:

RRERT U

. L SRR

SRR . “.

G s s Paampre
. samp

S St e TR LTI T

4) The probe is 1nserteﬁ iyte tﬁe sampLg eiﬁf'

§?§é hole “Is, hang drllled aléng the axis of tpe

V‘ng

fsg"cyllndr}cal sample The reasqn for hand drilLing

thls hore, rather than ueing an electric drilr

*;frdm it This 1s done to make the shale sample

N I

the probe and sample Since'the samples'we

d)é.’ The sample j_s sea ed in w:ax‘ ‘ tO prevent: . the. oy .
'“Vi,ﬂlﬁ v;~m01sture from leaving the sample and to allow»ﬁf

.:the experlment to be repeated several times on -

stick to the probe wben? it is inserted and e

3\ consequently reduce contact resistance between j:“

.‘%; I




‘:'that 3this pfoCédmre‘fshould ;ﬁdt 51gn1f1cantlyﬁ'v
ﬂﬂ‘ R . ‘g R T L;}u.v.
f\affect the sample U51ng water is much simpler«f s

'Jthan 1ntroduc1ng ‘some . foreign substance, such as-
. fa thermal;compound vinto the-sample,jto:reduce

.'contactﬁresistance Moneoyer, the'use-of'water;7
- - ‘ -
;to reduce contact resistance was' found to be so.

succeszul that the shale samples sometlmes had‘

e to be destroyed 1n order to remove the probe

o ] e . ‘ -Z, ; SR
‘v-from the sample.}Jjwf,b o o S

'.c)}ThecprobeVis inser;ed:into_theghole.-

d),The wax- around the probe 1s re melted to ensure}'

*that”the sample is completely sealed " g{i 4”2;' »ﬂ_; {g:'f;:h

. .;.‘ : » - e

v""

Le el

5) The probe is connected to the DC power supply ahddi

HR,SOSZA Automatic Data Acqu151t10n System lﬂb::f.'

R

a) An HP 62743 DC;pQWer SUPPIy 1s Set to a VOltage‘f‘; :h._ﬁ ;T'h‘v

_ ) "5, T L -
] ”_whlch w1ll produce a heating rate of about 2 to j»‘;’.a ’ -
4 W/m 1n the probe R :i‘ - ;

b) The probe is connected to the power supply as*d

lfi' shown in Figure 3 4 and the thermocoup&a,chated“iwﬁ”

R .

L :.q”yon 'the prober LSu connected to the HP 3 2A‘“;j LT
N ° h . - . S " S - ri_l' :; h T . -

Automatic,Data Acquisitiou System."

15c) The'-ice 'Water which is uSed' as a constant-ﬁj'lr;,fﬁf
reference temperature is prepared and a second7'7fﬁ73jf“ -

w, S . ..»;v . ,.,0. T L

thermocouple also connected to the HP 3052A; .

l'SYQSEm 1s inserted into it 'fff ,31_*.;j*; Ll T T
. 5 N B A
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6) The actualn thermal coﬂduct:.vrty measurement begins

- s
"""‘ "‘E

under program control is - used to monitor'and

r."--' nae e

Ca

the 1ce water thermocouple

’

Stal‘ted (see Appendlx ’B for the program) and
begm,.s‘to record the response of the probe and

‘u

N

every 10 seconds for the next 1400 seconds

b) 'I‘he HP 627413 DC power sypl)&.which heats the

probe -is turned on . ;ﬁ - e

,_"-,

pro‘b,e'-- two:' Fluke : 8000A d1gita1 mult:imeters
H'~ probe - refer to Frgure 3.4, Smce the length of

a’,,

the probe is known the heating per unit length
of probe 1s easily determined

‘d) After 25 .minutes the HP 627&8 D&X power supply is

seh

Oy

_ -. A E A - PR .vu_/,
turned off _‘, e LI
R e) 'Ifhe program th“en.; proc‘eeds from' ' h dar.a i
| E -" collected calculate a.nd print: | out the
temperature o£ the probe and 1ce vater. _uith und
\ uithout drift 'correccion in the temporptu_re'

c) In order to determlne the power delivered to the

monitor the voltage and current supplied to. the '

The HP<.3052A Auéomatic Data Acquisitlon System,_f.,‘,_","‘" i

' ,1ce w’atEr thermocouples every second for tl:re

flrst 1.00 seconds of the experiment and then

S

record the response of the probe the‘rmocouple and S )

a) A program controlllng -the HP 3052A system is




- be reduced to. the p01nt where noise ‘and drlft in the

-temperature~readrngs,became.§ighifi 3

‘;temperature-measurements;are*very nois

?'/

.'exp riment. per day, on’ the same sample 1s'to

7_the m01sture in the sample whlch may have mi

) near the probe ‘to redistribute _itseyfn uniformly

’“determined after che experrment is completed :',”’

. avay, for the probe due to large temperature gra

'throughout the samplev?wff.';

4 readimgs.

s;;z)iAs prevrously % mentloned 'afj‘_th beglnnlng qufvi

Section’3;3' the powe

[N

L.
A4

6) are repeated 2 to 6 times once pefv

ot

‘to obtaln an ‘average thermal conduct1v1ty value for.:

the sample., The ‘reason»_for performlng onlyf

»,‘\‘x,v‘

:

Compositlon and'wa er saturatlon of the Fample are"

w o e

»

'a) The sample 1s removed from the apparatus and the

composition of part of the sample s found using
. k /' .

-

) the proquure of sbep 2) Tﬁe rest of/the samp e

e

e is saved if possibler hy sealing*it 1n wax for .

Y e . : b
gty , . Ve o4

future analysis 0‘ SRR n,;

. N . . . . ce
° - P . - LI R

-yb) Tbe water sncgracion,‘ S “bff’thé__eémpieigig*'u',

: -
e sttmacod as’ follow . .

. R } '

o o |

. . ]

. R 1 .

. R N ,
S TR RS

4‘upp11ed to . the probe “had to ;_*

_Srnce the

steps '5) and

76




or S =

Ain

‘ _[-Vclume “of wéc;r‘] _-

e

~the . sample

s =

we [Total void volume] ;,-i.l' v . - -' o
: ¢ : R
: % &

within' the sample] & f;‘fl : o
| S R |

p'

R .r“" ;'\'!¢‘

(%water) ST " - o }

sampl S (3.6) - “

where p
. - sample

%wager

.'}d Sihce. o ,"’13”
" ) : sond'

P (%mineral) RS e : ﬁ\

-ﬁltﬁe :density~ of the éappigf;

‘3 comp051tion of the sample

W: by mass - see step 2)

L
solid

‘!!m‘P &

”‘aﬁiolgay

(g/m ) -sgé;step_3d)‘;'?lk_:';;~[;i.' i
4fand ,’%minefél':”érexjéthe |

:—'.,

-'2 g/cm ﬁstimatedf?-w
'densi:y of H the' shalez

v

. 45¢
vparticles,

b . Vha o

bhly .esfiﬁated chis equation j‘;;7 R

can only estimate the waser sacuration and ;
t R
cherefore one can obtain values for s 5reater L

than 100%

M & -
; . R
Al . A
: 3
CO
Y .
. Twlt
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et

v
.

* (- »

.best‘ fits equatlon (3 7y is! chosen. as rhef

‘obcain 'a range o£ 'esclmates. for .t hé thErmal

conduccivicy oi’ the sunple

Varlous parts of the temperature response curve': fore_”‘”

eqdation,-whieh'is similar to equation 3.la), using

least fequaresakcurve fittIng techniques - see

‘Appendix A for program.

[ . . L -

() = AIM® B (3.7

whefe T(t) = theﬁtenperature (PC) probe'ac
S © o time t(s)

A and B are constants found by the -
PR 'cﬁrve‘fitting method.
;

The part of the temperature response curve whlch

e S

£

1og linear reglon Slnce there rs ‘noise assoc1ated'

with the chermocouple response equatlon (3 7) is.

,h.
-

fxtted to various parts of the log linear region to}

R ) g : :-.‘

Cele e -'s'. v

v

. ) N 1.

equation (3 7) constant -fA, the, tbermal

conductlvity of the sample can be fOund Thus

ke oy

expt  AmA

Frgm che slop&b ofie .

‘ the probe‘areﬂnumerically fitted pouthe«followingp‘“y”

.
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. where K - the i’;estihated : thermal
T8 R oxpt oy pated, i [Fhemh
] . 'conduetivity_of"the' sample
v ' -%d - the, heatlng rate of thed o
SR probe . (W/m)
‘ ’:ﬁ' -

5

: ii’:}.
e

‘3.ﬁ%ExperiMent§l Results on‘pMaterials' with;VPublished' Thermal

[N
@L‘q. :

.3_ o

'PrOperties

' In order to further test the transient heat probe method
: . -'EE)'A .

eiperlments on materlals 'Wlth publlshed thermal properties ‘were. -

‘ ’J ',‘;-;

o o

e o I . o s @z

\

e Dry sand (>325 mesh) was 1oose1y paéﬁed in a 2000m1 beaker with
-:dlmen51ons of 12 7 cm in dlameter by 16 5 cm high The’ probe wasf

'then 1nserted into the dry sand

% BT g

The density of the 1oose1y packed sand was estimated twice by :

' measuring che ‘mass and volume of sand poured inco a graduated

_ S

'cylinder

Density of sand:_ L = 1,&7~topl.56 g/cnﬁ

R

The porosityp qfﬂ~the sand - was estiqapedi'USipg .theilfpliowing

79

,performed The resultc of two of thesé‘%!p&rimeﬁts are shown below L



: st e
) l' . 80
2 . N o
’ N @
L R
‘equation. 8
g=1-2 “ (3.9) L
P > : ;e
o . \\\ ‘ s . -
' o AN
- where p = 2.65 g/cnr‘.- the den'sicy‘ of the solid

partlc.les of sand

¥

Using,equa‘t‘ion (3.9) one ‘obtai’n‘sb,v »hf R

. Porositsf’%off é_;an_d:; ¢ =~ 411 ,.tob' A{;.S %
A previously publlshed vai”ue for the thermal conduct1v1ty of the ’
Wowdp |\ o WY

dry sand was found u31ng the emp1rica1 relatlon glven by equatlon

(3 10) Somerton et al performed‘ many ‘thermal conduct1v1ty o

/ﬁasuréments on dry sand and sand fluld syStems u51ng the hoc plaCe

m t:hod in order to develop this.- emplrlcal relation:*

. y .
ek a1 2.25¢ + 0.39K/S  (3.10)
KRR = - Somerton R = . AN . .
: . ‘
*®Holcz ghd..kovacs pqlﬁls (1981).
: .f.l"somerton.u)(eese.,' and Cﬂu, (1974)



e S .

.

O
-
’

-

'whéfe.K‘-— 7.4 —%—‘? thérmalchnductiﬁity:bf‘-
. _the»sdlig‘phase of the

Y 1 I . : . :
sand . ) . o P

'andivsw —'O;O %

B It follows that o S s
TR [N . : o PR ' oy

A 0.27 to 0.35 -&, L o
L . . Somerton IR

nC R

LS

Two experiheﬁ;s werg .conducted, at-different probe b0wgr levels.
_ The results are shown. irxwrigﬁré; 3.6a) and b), and ekpqiimental_

. were calculated using the curve fitting routine
p - e o ‘ S

_ -
in

¥

 App§ndix A

T L L . -
;s . _ Kexpt - log 11nga;_:ange 

E] -[‘j } | I(_S)
m o mC . :

1 12.76 - 0.31 - 0.32 :30.0'- end of run

2 3.60. 0 G031 300235 4

Co. . . ,'.‘:7

e

v
v

L e
.

*Cervenan, Vérmeulen, and Chute, (1981) .



340

—
O

330

28/0

L;mpérbtuha(CpLsLusl
30.0

A
3.0 .

2.0 -

4

Figure 3.6a)

30,0

St e e
R timelsgconds) . . e l

i v N

N

. - e
'y

lst:Run .

= J. - .1 "
. T -

R

;iTemperéture Requnsévof Pr6be”‘f§r _Experimeﬁtr#'BB;,

2.0

.28.0-

™~
—
f

temperoture{Celsius)
2.0

6.0

25.0

ar
-
~l

‘ 'Figufep3$6B)"

e \ | tise(seconds)
‘e . e T S ‘ .

w0 et *10"

f‘Temperatu?e ngﬁonéefbf:Pfobé' foi Expéfime

énd~Run _ Ry

nt

B

.jg ?isg_fﬁ . a.~



o S S

-

r'ireadlngsrf‘whtth——are apprGXLmately +O 1 C and »upf to i‘l*?cf

N ]

- respectively, are negllglble _ : ol

The _exper1menta1 and Somertan' values _for " the . thermal
“cOnductivity"offthe dry sand agree very well. .

T

[y

et ‘ L o N
B T Ly
"= Oilsand experiment #70
» g o ) e . ’ R . ' o ’ ‘ Lk

« B
3

’ % Orlsand ‘was packed 1nto the PVC sample holder shown in Flgure'
3 3 (the d1mensxons of the sample holder and probe were given in ~

Sectlon 3 2) and the thermal conductlvity probe 1nserted as ..

described 1n 3 3 Descrlptlon of the Experlmental Procedure for the

»

2

‘ Transkent Heat Probe Method

. w 1 'H‘

compositlonal analy51s apparatus In thls apparatus_toluene vapor7

.1s flushed through a known mass of oilsand causing the water and

: B ' ) :
~1(Flgure 3. 6b)) AS‘a result n015e and drlft in the thermocouple

The comp051t10n of the sample was . found u51ng a Dean Stark"

Notlce that ﬁﬂb 1ncrease in: the température of the probe 1s'

'@10 C for the lst run (Flgure 3 6a)) and ~4 C for the 2nd run;;

hltumen .in the oilsandasample ‘to. be removed The water wh1ch 15:'

I

removed frqm the sample 1s collected and later used to. determlne'

the mass fraction of'water in the oilsand sample AtLer all thev

0

e watef and bitumen has been flushed from the: sample only the minerali-

component of the 01lsand sample remalns and the mass fractlon of

mlneral in the oilsands can, be determlned ane the mass .of the‘f

_ water and mineral components of the sample are known “the mass of

e



ﬂ the bltumen 1n the sample tan also be detefﬁ d'End thus the mass

:‘_ COmposxtlon of the sample is known For the sample under test

[

s

water . #,'5;8% e

-~

"\4-_”';:]_ . 5";ninera1‘=l83.l% :

T .". .

n _

o the densityof sample was . . T '
" ‘ o N . N

é‘ﬁ_l;éélg/cma,

_the porosity of cthe sample (Gsing equition (3.9)) was

59 .

-and the water saturatlon of sample (uslng equation (3 6) with

:f¥5: -p;ond & 2 65 g/cm for the solld m1neral particles ) was

S w3978 . ot

Two previously published values for . the thermal conductivtty of .

.o1lsands samples are given below . - R _ s

. L ——

L.
P

AN TR

e S bltumen &9, 1%_'.5 o B .‘l -



, . t . -
W + . i .
; . E L] . :
fe : : A \ LT
B

Using'r Somertoﬁ’s j emplrlca%_ equatlon ) (3;9) . to. ‘

> o

Ch ‘de:ermine the thermal conduct1vity of 'thek'oilsand
X o , Yo odrsand
i sampl under test ylelds .-
y S “. .
' o K T = 2.27 R . B
e = Somertonv T .mOC . ."3_;“ T S
SRS .;L;«' .‘ S ;" T ' v
v R (Note thét equatlon (3. 9) does not account for
. - , s
o i;:_f_.‘ - the bltuméy in the sample The»work of Cervenan
: 1et a1”® suggests that for the water saturatlonﬁ

jf"' S L exhlblted by the sampleA Somer on s expre551on‘

pvleads to a value of thermal conductiv1ty,that"

PO

' ,may be sllghtly’moo 1arge )

- ‘
- 2) The second publlshed nhermal conguct1v1ty value for

01lsand ‘was ~determined »byv Seto3 . Seto 'used ‘the

Y

trans1ent heat probe method to determlne thls valueA
.. (4

‘of thermal conduct1v1ty for -a Water- Bltumen saturated
'compression test cell Thls test cell was- capable of-
"producing confinlng and. fluld pressures up to 10 MPa

‘.and had a temperature rqnge of &? C to: 200 %c. For a'

-5 ) w4 .
- - “\ N

< . b

5'OCervem’m, Verméulen; aqd“ChUte,:(l981)

f? "- *S;Seto;t(1985)' . o c }.i,-_,-ﬂi.’_;: ;'JaFA

”01lsand sample_ wh1ch fw held in al’triaxial, '



‘

: . & . - ’ - T e S
oL . . . . S ! i

Cvater - a5y
1mineral - 83.2% .,

O s o . Lo e b
X B S B O . 3 . .

" . S . s ..\_. A. - . X . - ) v
and whoseywater Saturation was-. e
) N 4 .. - ’ - e ‘.

o O T fﬁ".'__‘7; | -'!-"\1{"
- S e e T

\

: K -2009-—‘ . @20 ¢ LT

v Seto L . . : CL . "
D ‘ ©m C- ST SRR 3 :

‘f(Note:fthati.the composltlon of Seto’ s sample wasa

£
s

sllghtly dlfferent from that qf the 'sample under.vv-

»

'=conduct1v1ty o

T . .

reSults w111 then agree more ,closely with the '

i _:" w Rl

\results of“‘his experlment which are given below )
Two exper1ments ware conducted at different probe power levels

The results -are; shown 1n Figure 3 7a) and b) 'and'experimental

'.results for K f were found using the icurve fitting routine

i~
n

presented in Appendix A R ‘7,.f; n'

bi"m_en_-' 12'.3.%"5-.' ST

- Weto found a therﬁelhconduCtivity of .f'ﬁ‘ﬁt“”f‘ . '} ,;._,('

: test As the water saturatlon 1ncreases the thermaF?A f{ o

‘the orlsand increases aﬁdr*Seto”S‘ Ll

-
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1n the lst TUn wWas - corrected using an’ ice oy

°
e

g -vand Append% vﬂ,,,r\\?hlle for the. 2nd TUn, thermocouple drift was not
: corrected Nd, ﬁ ;\ai? due,‘,to this drift the end o’f the temperature
) 1 l !b : -J : -~ .
" 3 5 i .
@re 135 7b) is bent down

,n/‘*: :

h Also nbtio@éltk}at ‘the increase in the probe temperature is less

t\E"’

fgﬁ.ﬁ@hereﬁre . noxse and drift §
SRR O [ w0 . .
b@ ‘r},'“’isignificant. '_Asl mentioned before, . a_' small

in ‘the thefmocouple

ess’af%’libo avoid fluid migration near the probe

LR
seen that the Somerton and Seto values for thermal
. conductivity of the’ oilsand agree well with the experimentally

determined val‘!e In 1nter§,neting this result it must be borne in

g . -mind that

v ' : W :
that of the sample cons‘idered by ’the author end that noise and

drift in the thermocouple readings may have affected the values of

-

'thermal conductivities measured by the author.

L . A 8 e . S ’ s N

Successful experiments were also "conducted on wax samples These '

v . were preliminary experiments using th@‘x}ransient heet probe method



RN

Tt o

a

in which the probes were. 0 2381 em ‘in diameter by 10 16§cm 1n _

leng@. The results of these trans:.ent heat probe experlments, when

compared ‘with steady state thermal conductlvitx-fesults obtalned
. ‘. I

- i
:.for wax. using the hot plate methoé agreed well. Slnce the phy51ci}

1

oy

vwere of llmited use. Consequently, the results of these experlments

. u\ o

~

The steady state hot plate method produced the follow1ng thermal'

4 s‘,' ’fr"<
] : S~ it
K ~=0.29 —0%+ 20%

"_v,wax v.moc - e .
From the transient heat probe method the %ollow1ng results were
“found. - IR : :
- - . ") ‘ ‘
o i . ‘ » . . .\ . . -
N\ 4; , -‘ S . L _‘J/ - !
. K = 0 30 —~—'(exper1ment #13) o
—— Cwax :
MY C : : e e
‘ O 29 —g— (experiment #15)
, . . * m C-
. : ; he T

é?CerVenan?-Vermeulen; and Chutelz(l981)‘. g . : - _.‘ -

Cprpperties of wax are very d1fferent from shale these experlmentse‘;

. o . . .
. . e s
R ) T X , .



¥,

The experimental results obtained‘for dry sand o?)sand an&\ugxl

o )

.'samples gave confldence in the reliability of the heat probe

"shala samples

S

5.5_E#perimental Thermal'Conductlvlt§_ResultSTOﬁ,Shale_ e

' and b) is glven in APPendlx E; Y

.90

lmethod ’whlch was then applled to oRtaln thermal conducutivity of ;?ffp

The.”followiﬁgf tables summarlzea~the' experimental -théfmélf

conduct1v1ty results obtalned on Clearwater shale samples A hore-

;thorough descrlptlon of the experiments presented An Tables 3. Za)”'

For well 36-51-0-0 . .. .

‘Exéeriment 15 Sample‘ x| z R Co@position.§y gsss,:‘
Number - | . ‘mwC tMineral | “sWater
C7L) | BasiM | 1.74% 8% 8.5 | 155

72 | - P9 ,D | Q.76% 8% [B1.2 to 79.1|18.8, ¢ 20.9
73 -l P16,D | 209+ 7% |86.4 to 85.5[13.6 to 14.5
75, | T P26,a | 1.99%12% |76.2 to 73.1{23.8 to 26.9.-

oy

’Table 3.2a) : Thermal Conductivity results for-/well 36-51-0:0



R -
f‘:For.wéll 34-51-0-0
oo TN S
v»'K; WY b Composition by Mass 5
B ° %Mineral A ,%Waterg R )v

; . . m C<l'
“N P28)T- | 1.76+12%  |90.3 to 88.
.o [ P21,C 1.70%10% * {77.2 to 75. o
C % P29,G | 2.26% 3% |8876 to 87.5[11.4 to 12.5 .
| PB,D- |.2.23%5.4% |86.4 to 83.0}13.4 to 17.0

LT

9.7 to 11.9
22.8 to 24.2

"°v*78b‘
79

Q.00

L T [ T P S S ; I .
’ T§8{5?§;2b)‘5 Thermal Conductivity results for well.34-51-0-0 -
ATl .

These results for Clearwater shale may be compared to Frev1ously

- . -

‘publlshed results for shale Somerton (1958) found the followrng

thermal’ conduct1v1ty value for shale u51ng a steady state thermal

measurement méthod. - -

e x -1 69 -

, N S :_ e .
'TwThe shale used by Somerton' however is belleved to be different

. . N
,"from the Clearwater shale used 1n th1s research Somerton indlcated
.that his shale samples were hard and 1am1nated w1th a por051ty of
, 7 1% { The Clearwater shale samples used iq\ thlS research were

'»generally soft with a cons1stency simllar to cheese and a porosity

4of about 20 to 30%
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4. 0 Design "and Testing of the Transient Heat Capacity Apparatus and

: description of the final versgon of the heat capacity apparatus, an

7'out11ne of ‘the method used during actual experiments Mgggults from

within the sample.‘

! -‘ M \ . L ‘v‘. V‘?\A.\ . : o ,‘." v
" e : v . : ,. * . . . R .

. . : L <

Kethod R . e

Several versions of the transient heat capacity apparatus were

'.'built and tested. before a: flnal satisfacipry configuration 'was

7

‘ found The follow1ng three _seqtions will give a physical'

x' .,

a numerical 51mu1ation prOgr

a~.and experimentalJme;”'H' for
‘materials uithvpublished the al_propertiesj :
v ‘ . . o ' S : 1» R - s o ~

.4 l Physical Description of the Transient Heat Capacity Apparatus_

LFrom Section 2.2.1 the heat capacity of a sample is determined
ab

by electrically heatlng a cyl)hdrical sample and monitoring the

temperature rise of the sample u51ng several thermocouples located'

- Al
C e .t A

L To:.accomplish this in actual experiments ' shale Eamples .of .

C '
radius 2 54 cm and length 8.9 cm to ll 3 cm . were held ‘in a =

cylindrical plex1g1as sleeve w1th electrodes placed at the’ ends of

the sample ras' depicted 1n Figure 4. 16The sample was then.

"electrically heated by passing © current between 'the’itwog

Velectrodes ’Ideally, to reduce heat losses from the sample and'

.

~ :
en the linear region of Figure 2 7 an insulating

'Lould be used instead of ,the plexiglas _sleeve. However,
St .-'g\x S : Sy @
’ _— L : ot .. C . :

-

R4
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.to” ensure'"good' electrlcal contact «between the* sample 'and

resistance of the:. varioe

‘,4'

e

' electrodes pressure (~ %'3 MPa) was- applied to the glectrodes and

‘ .

'1nsu1at1ng materlals generally ‘are not strong epough to withstand‘”ﬂ

Y

i

this pressure Even though plexlglas was used an aluminum cylinder__

surrounds .the plex1g1as sleeve to prov1de add}ﬁional mechanipal.ﬁ

.

strength. To' reduce -ax1al heat losses frdm the . sample a'the

L .
electrodes were made from copper clad fiberglass epoxy, rather than_

. z . -"‘0 .
solld copper dlsks whlch have a much higher thermal mass Thef
- - S . X '

nelectrodes were strengthened by. gluing them to Delrin pistons and a‘

e —

~divider network {see’ Figure 4, 2) was connected to the electrodes to -

\

monltor electrical voltage and current delivered to. the sample For

°. ) E——

-;'the shale samples used‘during’these measurements}the electrical

to 500 Q.. . o
.To monitor the .temperature rise of ;the sample, " nine

thermocouples were 1nserted radially, approxxmately 1,25 cm, - into

.\

the.sample and held 1n-positionlby screw clamps. The response of

" the nine thermocouples was recorded by an HP 3052A Automatic Data

Acquisition System

e

The. next section wilrﬂ outllne the actual procedﬁre used to,

‘determine the heat caﬂac1ty of the shale samples :v'f‘ vv e

<

"samples.rangedtfrom'approximateL%’ISO a -

. -
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Figure 4.2 :'Circuir Diagram for Transient Heat -€apacity™Method .

Capacity of Shale

The follow1ng is a detalled outllne of the procedure ‘used” to

.

2]

‘jé 2 Experimental Procedure Used to Determine thp‘

-

determlne the’ thermal heat capaclty of shale- samples

Procedure: -

e - I

1) ‘A shale séﬁﬁle.is selected.

¢

’

vy
4

-Thermal Hea:,'

95



.
. e.

]'2) The‘compositioh of thejsampleils determined before.5

‘experlment u51ng the procedure outllned in. step 2 of

. l\

iSectlon 3 3

—

" 3) The shale sample is. installed into the sample holder -

and,sthe electrodesviare placed at the ehdsf of the

.

Samli_le_.

a) Thé, m§$§_ of ‘the heat Capacity 'apparatus"

'-b- . vt . ' y ..'. S el
- (including :electrodes) is ~determined using 'a

app‘hriitus

b) Using a ' custom “built 'extrusion ;'device

v (Flgure 4. 3),,the shale sample‘is extruded into '

are generally soft with‘a consistency'similar

. ;to- cheese : and dare e3511y shaped by a sharp

obJe;t By plac1ng the shale sample in a PVC
gulde tuhe and applylng pressure to one end of
.‘the lsamplew- the sample s ‘forced past a
cylindrlcal brass cutting blade uhlch'reduces

vthe diameter of the sample to the same’ diameter

L as that of .the heat capacity apparatus

- triple beam mass balance, with a resolution of

o 0.1 ¢ ‘uamd ‘a maximum capacity of 52610-g

the heat capac1ty apparatus The ‘shale samples B

9%

-



.

Brass cytling blode ... -

“shale core somple

- i‘:; T B
'j?igure'4,3 :?Ektfusion’Device S
- Tc) After . extruding the sample- into. the heat

capacity apparatds; the ends . of the §émple are

USﬁallf unéven'énd haveJt§'bé ?1ahed beféfe:the 
electrodes can be;ﬁlaéed_bn;thg gnds.‘The ends
b-of fhe sample;gré-pianéA‘uéing é scaipel.‘ ’

(Noté, duringv Ehié. Rgocéduféi’théi‘éuffacen_of' §He
.;amplé is:exbosed tgtﬁhe étmosphgréJfof as:sho%c'a‘
v»ﬁétiod offtime“as.psgsible ﬁd‘avoid d;ying'qf,the 

. sample.)’ ,

STV

.

4) The mass of the éhale samplé‘iﬁside-the_heac»cﬁpaciCy
'apbaraths is determined.

a) The mass df;the.aﬁparatus (including electrodes)
withAthé.shaie sample inside the”appafaiusvis
measured using the triple beam mass balance used

s . -

N7 a : c. < - g B . /(

'Segment of rough

4



T 1 ste 3a S . j" .
’ n P )' total” . " o

b) Knowxng the ‘mass of ‘the apparatus (includlng'

electrodes), M ,,f . from step 3a),'thefmasslh

apparatus’

- of'the sample caﬁ'belfound.
.M PRERE RS S

R ‘- M
sample. total ' = apparatus

«

. S) Thermocouples ar “linserted» into the;isample and

pressure is applled 50 electlodes -

a) Nlne thermocouples are inserted radlally to' a

‘depth of about 1.25 cm, into. the ~sample, and _l
S - .

held-in posrtlon using screw clamps. The exact

13

these eXperiments‘ and” if thermocouple is

_dlfflcult to insert, a sharp metal rod with the

u N

same diameter as the thermocouple, is used to
‘make a hole in the sample for the thermocouple

. b)_Pressure (~1.3 MPa) is applled to the electrodes
: , . -
'using a hydraulic press s

0

) The thermocouples are connected to an HP 3495A _."'

scanner which is part of theHHE-QOSZA Automatic -

scamner are rated at 40 Volts peak to peak To
‘ .

. rensure that the “HP 3495A scannet wlll not be -

position,ofﬂthe thermocouples ls‘nbt crucial in’.-

‘ 'damaged during the experiment‘the thermocoupsles

-

el

Data Acquisition SyStem Inputs to the HP 3495A:ﬂ
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. _ ) . . : .o .“ -: k o -
~are,. checked.  ‘for = short ' .circuits. - ‘The

T s O I R D
".thermocouples are inside a metal-sheath as shown .. " . ' .

- in FigUrev 4.4 .and ére:ﬂeieCCricallyf.iﬁsulatédi

from .the metal sheath.

3

- Thermocouple -
_Junchion

y

."’ ,‘, | L E .":‘ p) S 'Tﬁgfchoupie )
Electrical —@/ . ST - Wires
Insulator ™ Lo . TR

' Figﬁré &;4_;)0iégram oflb’ThemeCOUple i Used in’

  Trans1ent Heat Capac1ty Method

- J_Durlng a typlcal experlment the metal sﬁeath may
‘,flpatlng aé' ~100 YS?ES RMS ‘whlle "Hé.x
tﬁermocouplé3 in51de,'is -at ground potential
L ‘Cbnseqﬁentkj,.if:che'éiectrig ;nsg‘apo; insidew. <
ER ithe metal. sheath falfs gheE HP 13A§5A séahner'

>'~-;_v» would be damaged : .‘ R o B S o : .

. 6) ‘The §61ume'and denSity of the sample are determined. -
a) ‘Knowing the ‘dimensions of the apparatus, the -

)
- . S

JEETEN
~



7). The electrlcal resxstance of the sample is determined;

S

B b)pFrom s?ep 4b) the mass of the sample

draws "

volume - of  the sample; V-, can ‘be
’ S ' o i H‘ © 'sample . .
{-determined . . '

~‘lnmh
is known ‘and the density of the sample can be
found u31ng S

B ‘ ‘sample . : . N B

PR sample \Y/ -
B S . ‘sample’

oy -

L

The electrical res’stance of the sample is required ‘

‘ ’ ' ’ -

so- that ap appropriate initlal power (approximately‘i

R

40 watts) &an be delivered to the sample In these

S

) experiments the sample‘ is heated. by applying a f.
constant’ voltage across the_ sample -“As :the

‘temperature of  the sample increases its electriqal:

- .

resistance

Ce

:fapproxim:tely 40 ‘watts ‘ to:vﬂ6QA_'watts ,'over

voltage 2 which is‘ necessary,‘_‘tne v electriéhl, d'

samp e, so as,to avoid heating the sample Once the{;

b

sam’le resistance is known the electrical power v

]

. : . Voo
decreases and, as a result, the sample
R : A

nlore  power.  Power  increases - from:

s

ply 3 minutes. To determine the constant_~ -

deot



: as shown‘in Figure 4.2,; _ivw'
8) Actual Measurement of Heat Capaclty the,’ beglns

~under program- control is. usgd ‘to monltor the

>exper1ment and calculate the heat capa01ty of the -

v-connected to. a 2 1 step up transformer - see Flgure ;

‘dh 2) can be set to- the approprlate voltage Once_

-

- the Varhm:Jpower supply is ‘set to the correct
'ivoltage the Varlac power supply and heat capac1ty“

-.apparatus ‘are then connected to the d1v1der network'.

“ v

“",a‘( "
An‘th 3052A Automatlc Data Acqulé}tlon' System

7 CH

,'sample;'.

"a) A program controlllng the HP system is started

(see Appendlx C for program)

b) The program records the 1nit1a1 temperature of

sample; to be.turned’on.
program begins recording the response of the

nine thermocouples and divider network

PR

d) When the temRerature of the sample reaches «40°c
the Variac power supply is turned off by the

' operator

the n1ne> thermocouples ( 25 C) and then _waits

for the  Variac. po*er supply, whlch heats the'

¢) The Variac power supply is turned on and thef

101 -




d

~

e) The.vprogram.:theh' prOceeds_ tc'jcalculete' the’
specific heat of the sample as follows. First,

the average temperature rise of the> sample is’

calchlated;na;ia»fpnction of time, by.ayeraging

ﬂthefln{ne .thermocouple responses Nekt the . =~
'.electrical power delivered to the samplé is alsb

calculated as . a function of tlme Once vthe

-

averagb temperatuép rlse:‘of the sample cndh
electrlcal-energy deliveredcto'the sample are‘
hhown; the computer prompts the operator for thexf
',massvof~the'sample, and proceeds to calculate'

 the specific: heat of the-sample, a&.a function;

of'time,‘usingp‘ . ‘
. v AE. o E
C - - v o (6.3)
AT - (MASS) . ' BN N A
ﬂ.V." . ) o - :'
wherelAE'-_the electrical energy'aelivered to
the sample {J)
ATA;' - aVerage temperéture respohse of.
. e .
.,
: : the nine thermocouples ( C)

MASS - mass of the sample (g)

P

The - volﬁmetric'~heat capacity <can’ thch:‘he

ldetermined by simply multiplying the - specifici

- heat Ly of the sample by the density of the

Ve

02

-~
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‘Sampler psuviq. S Lo B o
A . o
.‘9) Theucomposition and'water saturation'of:theasﬁmple
are determined after ' the 'eiperiment' has been
completed oo _ ,
4' o L

"a) The s;hple is removed from the apparatus and the
.-Comp051tionJof_part of theAsample;is found u51n5
the‘proceduﬁe_presented'ix; step 2_>of1$ection
fﬁlj;3.i The rest of ithe‘ sample, 1is’ saved, "if.
‘possible; ‘hy sealing it  in wax for future

“analysis{

)

ix " b) The :water' saturation Sw, of the Sample_'is

'.}estlmated u51ng equation (3. 6) of Sectlon 3 3.

[P .o ~

a .

'_4 3 Testing of the Transient Heat Capacity Apparatus and Hethod

In Section 2.2 the theory used to develop this method was based

N
upon homogeneous samples whlch are invariant during experiments
: .

‘The samples used in actual experiments '_however,' are genera11y4

M

nonfhomogeneous _ Hand' their . properties: change during * the -

s

experiments{ As a consequence ‘the - transient heat capacity method

‘had to be . tested to verify that it wouldugzgguce useable resultss

-

for .mon- homogeneous samples which vary during experiments To’

;accomplish. this numerical slmulations were conducted with the'

L [
5

program MEGAERA’ As<we11; actual experimenES3 using;the-transient}

.« o7

7
<
3

"103'._' )
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.

‘heap,éapaéity_methb&; were perfbrmed bn'sampléé with;pfevio@siy »

e
L aws

Apubliéhéd. thermal propértiég; 'Thé' results of ;hesef'téstS“lare

'?Ptesented.Below;; o ' ' . e

A ‘a

4.3.1 MEGAERA Simﬁlétions of the Transient‘ﬁgat-Capacity Method: . -

"fAs*préViously'méntioned in Section 3.1, MEGAERA was Vritten_by

Co L 53,54 -
A. Hiebert '

B , ) ) . . :... . .O . . - o : . ) X ‘.. . ) . - N
~mon-homogeneous: materials with temperature dependent  electrical

v bonductiVitjeg?'The électrical'ébnducéivityvbf the sampié§ varied

1iheafiy with tempéfature i these simulationﬁ; : '
Oy~ (1-a (T-2°C) (4.8

v\. l

':wherevd(T) - che'electrié conducfiVity (S/m) A Qégél"’

| S Cat a Cempéfatufé, T‘(OC)' L : : "”; o
. ! P

24

o - ﬁhe electricalfednducti?f&yY(S/m)' iy
at 26°C v | ' ' my

. . i . o N ‘ . " v "‘::’.::'\- .
a = an - ‘experimentally detérmiﬂﬁﬁ;},
. . - . . o RN g%

»;témperature CQefficient (l/éC

AiThis.ptogram,waS'uséd to simu1ate thé-t:ah51en; h Vt;capacity’

M T

Syiebert, (1983)

" *Hiebert, (1981 - -

vahd‘simulates the elec@riéalvheatiﬁg oficompoégpe'orvf

104



' fv: ‘: L . | . o ._,‘1, . | -‘v T ’ioslﬁin

1'method with ,homogeneous 'and non-homogeneous -samples -which - have

: temperature dependent electrical condtctiv1t1es The program was -

.~
I

J'*.used. to predict. the temperature changes. in the sample -‘These :
temperatures vere ‘1n -turn used to estimate the valumetric heat
"h capac1ty of the sample 1n a manner analogous ‘to the experimental,

determination procedure descrlbed in step 8 of Section 4 2. The ,
.“result was’ then compared to the actual volumetric heat capac1ty
| 1nput to MEGAERA for the - 51mu1at10n 1n the first place ’Ideally,
the two values of volumetrlc heat capac1ty should agree exactly,_
however quantizatlon 1n the temperature response given by "MEGAERA.

causes these two values to differ.

Unfortunately, MEGAERA does not allow;the thermal-properties'of

B . . v R ) Ce B - ‘e "

. , R e 0
materials to be temperature dependent. Hogever, Hepler55 determined

that‘pthe .heat»lcapacity‘ of..other 'reservcir"minerals, such‘fas
_',Athabasca\fine solids‘vhich were.mostly'clays (<325‘mesh):von1y
varies by approx1mately 5% over the temperature range involved in
the experiments described in this research A 5% variation in the
heat capac1ty would be - undetectable in actual experiments whichl
.are estimated to be accurate ‘to approximately 5% to 10% Thew‘

T Qaccuracy-of,the tran51ent.heat capacity»method.was eétlmated'by
. \ : .

- comparing the results produced by thi;<—ethod on materials such as
' water; sand/water anqdnilsands samples. with previously publlshed

thermal properties for these same materials

*Hepler, (1985)
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T weg,

1 .-

»

The. homo'gép_eohs :;')rvqllyllem- sixﬁpl ted"’by"MEGA'ERA ‘is the ‘fblll.oy:.i'n'_g. A

eylindrical .éampie‘ 10 cm Ain iength_'énd 2.5 cm in radius, with

4

thermal’ - ;condu'ct:ivity' ‘ L. 69 =~ _and volumetric heat  cgpacity
2.15 'jo , was electxical'heated_by electrodes placed at the ends
.em” G ‘ ' : e R

" of the sample (see Flgure 4. 5) To monitor the temperature i‘ise of"
3 : ,

'the sample f1ve smulated thermocouples were 1ocated P 25 cm f"'om-".

-

106"

the axis of the cyllndrlcal sample and equally spaced 2 cm . apart, -

\ S

ax1ally The . average temperature of t:he sample was determlned by.

- averaglng the 5 51mulated t}xermocouple responses

1.25 4 .
. o r cm J e . T
o= - ~—— Electrode - . o v
T o l (netd ‘a1 20°C)
Tcm : 1. . : .
, ] - - _ _
2em | - : Theemocouple
- 2cm N " Je——S5urtace of sample
i : neid ot 20 °C 2
10¢m B i e e ] D '
2cm | 'S [
o — e — —_A() »
2cm . ) : '
. - R
A O
. 1
) s o -——tle;lrodc R «
N o . : .
. . o __2_,(,,,_] . tneid 01 20 cf

Figure 4.5 : Homogeneous  Heat Capacity . Problem = Simulated “by

7o ... MEGAERA -

;- . o .. '.‘_" Ty

" In . this simulation a constant ,temperature ‘boundaty condition was '

s



.,‘

holder msed in the actual heat capa01ty apparatus acts as a part1a1

thermal~1nsu1ator heat losses from actual experiments are lower '

I

2 than predicted by thlS simulation. Note that although there was- no

thermocouple lag in the 51mulated thermocouple responses there was

\ T

quantization error in- these thermocouple responses In other words

: %3 simulated temperatures were only given to a tenth of a d'egree.

This quantization ferror in the thermocouple response 1n1t1ally .

caused the heat capac1ty results presented in Table 4 1 and other
MEGAERA s1mulat10ns of the transient_ heat. capadity' method, to

<

1mposed at the, surface of the sample Since the” plex1g1as sample:

fluctuate“greatly until the change in'theYSample°temperature was

]..

. - &
' great enough for quantization error to. be negligible This lnltlah

e

fluctuatiﬁn Ain the MEGAERA sxmulation results is 51m11ar to Region a

1l of Figure 2.8 in which noise and thermocéuple lag caused the

"initial estimate. of the heat capacity of “the sample to- be in error

- in actual experiments v E ' - _ I
o - ¥ P S ' .
The results'of this simulation are shown in the following table,
‘ 0
wﬁere the heat capacitles.were calculated using equation (2 24)
£ TR A
’ 1ﬁt should be recalled is Valld only s0, 1ong as heat losses

ghe sample are negligible In Table 4 1 Ehe data bétween the

A dﬁggdﬁtfines rbpresent ‘Region 2  of Figure 2. 8 where valid

esti£§Ce§uof the heat capacity can be made The beginning oﬁ this

S

' 107

region was determined by simply examining the Heat capacity valgf:_’/,

in Table 4, 1 and observing when the . oscillation in the heat

'
>

capacity values became a minimum Similarl\, the end of this region

“was chosen by - examining when. the heatacapacity values continuously

-

~

P



” Sl e e SRR T R

— - time- ”Tgve_ . Electrical pc [ J } .
, (s) . ( C). Energy (J) cm3°C ,
0.5 | 20.10 25 1.2732 .
..1 . -20.20 " 50 2.5465
2 | 20.40 100 25465 ~
3 20.50 250 1.9099 - +« 0
47| 20.60 200, 2.0372-  °
5 20.70 250 2.1221
6 |-20.80 300, 2.1827
7 .1 720.90 350 2.2282
: 8 | 21.10" “400 2.2635
. 9 21.20 450. 2.0835
‘ B Lo T /3 R T R B 50077 271221 7
P —11 21.40 | 550 2.1546
8 ©12 | 21.50 . 600 2.1827 .
' . 13| 21.66- 650 2.2070 .
14 -l "21.76 700 . - | 2.1476
T1577|7722730° ""'756"'ﬁ‘t~'2?i763fv '
20- |- 22.32 1000 "1 2.2143
. 30 4+7R3.34 1500 12,3010
3 . 40 »’/igb\ga, 2000 v 2.3470
50. | ~25.:16 | 2500 2.4675
60 | 25.98 3000 - 2.5550
C0 26.66 3500 2.6765 :
. 80 27.30 | - 4000 - 2.7907 '
: . +90- [.-27.92 | = 4500 | 2.8937
‘ ~.' 100 |, 28.48 5000. "3.0029
110 | 28.96 5500 | 3.1263 R
. 1200 | 2944 | 6000 M| 3.2371 T
L 130 | 29.86 6500 “3.3574
' ».-140- | 30.28.| 7000 x| 3.4680
.0 150 | .30.60 | 7500 | 3.6035 _
o 160 +30.92 4+ 8000 - | .3.7311
. - 170 | 31.20° 8500 3.8652
. - 180 | 31.52 |  9000. 3.9789 ,
' S o Avéraging‘pc~betweenblps and 14s *one obtains - . ;.,\S\~
- . Co o g R
| J? ' i ‘f ef"t f 21$63 cm3°C'b | ‘
R 4 EEE s

- Table 4.1°: Results of i MEGAERA - Simulation of Transient Heat
Capgcity'Meﬁhod for a:HoﬁogéneOus Sample with -a Heatﬂ
-~ Capacity of 2.15" jo . Co ‘ ;f -
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increased due to heat‘loéé@sgf;omfthe samnle;becoming significant;x,

"\From thiS"simulation ~one-.can"~see\ that the tfansiént’aheat

*capaélty technlque produces approx1mate1y the correct regult even. .

.;»

'w1th the constant temperature boundary condltlon 1mposed at the
S

- gsurface of theA cyllnder In 'other words heat losses from thev
_ sample can be neglected wlthout 1ntroauc1ng serloyA'error in ‘the

‘.determlnatlon of the heat capac1ty of the sample The dlfference

DY . K

SRR between the estlmated heat capac1ty, ;- 2 163
St e ‘4.\ ‘ e o ; v e . : - . cm C

;.and-theb'i

actual heatbcapacitf?of:pc = 2;15.1.J

is only 0. 6%
» ﬂs .cm ¢ .

*

As the d1ffus1v1ty of" the sample decfeasps the length of Reglon ’
2 of Flgure 2.8 becomes longer becausehheat IOSses from the sample-

‘déﬂrease "For 1nstance by doubllng the heat Capac1ty of the‘;; N

dsample;dpc -4.3: (or decrecs1ng the dlffuslvity by a factor;bd

cm C

',5.*? of two) onhe obtalns the followxng results shown in Table 4 2
R J s : .

Notlce how the length of: Reglon 2 has 1ncreases from 10 l& s to'

©7-50 s when the heat capac1ty of the sample has been doubled to\‘b

3 :
& 30 J . The dlfference between the SLmulated heat capacity and o

. Cm c . N P . k . - . ‘ . ' B ./ ‘:::' X

., - actual heat capaclty 1s agaln less than 1% T fm*



A
time | " Tave ',{Electrica 'bc {A J '],
(s). | CC) | .Energy (3 emd®c)
9.5 ~20.00 25 « B
1 20.10 50, 2.5465
2 20.10 | 100 5.0930
3 20.20 ~.250 3.8197
4 20.20, 200 .5.0930
5 20.30 |, 250 -~ 4.2641
6 20.40 300 -3.8187 -
TP 7200407 00 3507 °770° 4145637 . 3
8 20.50. 400 4.0744: 0
9 20.50 450 | 4.5837 o
10 20.60 500 L 4.2441
. 11 20.66, 550 4.2441
12 20.70 600 - | 403654 0
13 20.80 650 4.1380 - .
14 20.80 700 - 4.4563
15 20.90° 750 4.2441
20 21.20 1000 4.268)°
30 21.76° 1500 4.3406.
40 22.30" 2000 4,4287
50 22.86 | 2500 4.4519
607 |TT237327 7T 30007777 4.6021°
70 23.88 3500 4.5942
80 24.34 4000 4.6940
.90 .| 24.80 4500 4.7747 -
100 | "25.16. | 5000 4.9350
110 | 25.58 {=. 5500.% | 5.0199
120 | 25.98 6000 '5.1100
. 130 | 26.30 § 6500 5.2546
140 | 26.66 7000 . | 5.3530 '
2150 ). 27.02 | . 7500 .- 5.4412
160 | 27.64 { ° 8000 . 5.5813 -
170 |.-27.64 8500 '5.6663 5
180 | 27.92 | - 19000 15,7875, -
Averaglng pc between 10s- and “14s one obtains -
pc = = 4 328 e
est O :
cm G /. '
o

4Iab1e'4.2 : Results of a’ MEGAERA Simulation of Transient Heat'

| Capacity Method for a Pomogeneous Sample with a Heat

. Capacity of 4. 3. io . '-l ;'”:: ',"’;f . fyi‘
cm C o L '

A ST
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.

.

C 111

To simulate thé response-in a. non-homogeneous sample, the sample = -

was. divided into 5 regions of equal volume, as shown in Figlre 4.6,

The properties of each region were: arbitrarily chosen. However, the

variation of these pr

.

. »
e
¥ -
B . - g

operties are believed to be greater than the

o variation of these ‘safie’ properties. in getual shale- samples. -

o
‘2 \ .
2 . “ v‘; <
N\ - Electrode - A
\ (hetd a1 20°C)
. . PR - e y 1 cm Ty B .
\Ve Zem | Region (0] . T
’ - —t 2cm - e )
- ) ’ L 'i Thermocouple . .
2em Region (2] (f ) R
) ‘ ’ — 2em - \ PR I
. . ot n *————— - - Surface of somple e .
(Ocm  2em | Region(3} o T hetd ot 20 °C - - ‘ s
. . ’ 3 . o o ' -2
e — 2em L
= . ;-
»cm | Region(a)l -4 BN S
e N . o
N - . L . N ~ ‘\ .
" Region{5)| -~
' v ¥élec1fod‘e )
. —25¢ : ¢ .
g —25 "‘_+ o . (hetd a1 20 °C) .

_Figufé & 6

Kl

 MEGAERA .

>

: Non-.Ho‘mogene’o\us Hea;_Capac\i_t:y Ptobﬁlém S.Lmtiiated by |



. The “properties selected for each of the regions were:
e T : SRR oy - C

i an
-

et =02 S
3e S RS Looom
N k-2 . 5 | a-003 % e
s - . .mC oo Sl T

‘Region (1) 'pc'f"2!3

:‘Regiqn (2) pé_i’2.225: e ] o = 0.2125

e K = 1.875 a=0.03 °c*

o = 0.275

glwn

 Region (3) pc = 2.15 -

. Region (4) pc 4_2.075

‘Region (5) pc =2

=]
a

. . -
v - .

 ‘Lf‘;One~ pfobéeds .to 'qaicdiatg‘ thé -heatv,capaciﬁy.,éf the -

.
/ e o Pe s

L ) : § L
.-non-homogeneous sample, by using the averege:

8

Lemperature rise of ~ - ¢
5 . S - .

':EnyEGAERA, one obtains

o e ‘,-, R . oo '
the thetmocouplesrwith'time,has p;gdidte
avefpgé‘héat céﬁacities as shown in Table'4.3.

A v ———
- A .
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AV, R ,
time | - Tave \| Elegtrical . [L J )
() | oy | Energy (1) | P 3o
0.5 20.06 -25 - 2.12200 -
. 1 20.12 . 50 2:1221
: 2 20.26 100 - 1.9588
3 20,34 250 2.2469
“ 4 20.46 200 2.2143
5 2058 250 2.1952
6 20.70. | 300 . 2.1827
7 20.78" 350 2.2853
i 8 20.92 | 400 “[ 2.2143
TT9TT 21006 AR T T 2.1621°
10 21.18 . 500 2.1580
R 11 21.30 | 550 2.1547
127 T 217407 77 600" """ 7|° 2.1827°
13 21.52 650 12,1779
14 21.60 700 1 2.2282 R
15 21.72 750 12.2208 ‘
20 22.78 . 1000 | 2.2338
30 23.32 1500 | 2.3010
40 24.22 2000 2.4134
50 25.08 2500 12.5064
} 60 25.84 | 3000 2.6162
70 26 .54 3500 2.7256
80 | 27.18°| 4000 2.8373
o S 90 | . 27.76 4500 - | 2.9534 N
_ 100 28.28 5000 . 4 3.0755
S © 110 | -28.78 5500 - 3.1903
120 29.18 | . . 6000 .| 3.3287 .
130 29.64, | . 6500 . .| 3.4305
140 30.00 7000 3.5651
3 150 | 30.34 | 7500 3.6941
160 30.64 8000 3.8293;
170 '30.94 8500 0 3.9571 .
180 | 31.22 9000 £.0853
 Averaging pc between 9s.and '1lls . one obtains
pc . = 2.158 3
' est . . 3o _ -
cm C

®

.Taﬁlé 4.3 : Results of a MEGAERA Simulation of Transient'Heét\\’

~‘Capacity Method for a Non-Homogeneous Sample. -
o ' o _ S



Forh'hOthomogeneous samples,‘ an vaverage -or’ apparent heat

"v'capac1ty must be deflned To deflne such a heat capadity consider

'vthe follow1ng

Assume ‘that " f%g a. -non homogeneous sample the, temperature is

‘"Ehanged- from 'onew"unlform temperaturev distribution to another»

114

unxform temperature dlstrlbution The change in the energy of the' -

-

 AE = pc: . AT (VOLY - . S (ss)
. . ave . EE S -l . .
figyhe%e,hE.- the change in thelenergy.(J)_of""V
" the entire sample
~,pc;m‘i,average };‘or. apparent ~heat ‘

B §$ 'capacity of thef entire sampie T
- .l //' o ma.oc L - | SR .’ : i

AT = the changefin”the'temperaturev(éC) !

EERtEaN

of the.&ample
. o N :
" (VOL)= volume of the'Sample_(ma)'
‘For each region 'irt {n the sample with uniform volumetric heat

: tcabacity, PC,, the change in energy is

: AEvi‘ - pe, AT (VOL) _ o (6)
RS

- where\AEiT-fehange'in(ehergy‘of region i 3.



R I3 o .
S ) . SRS
B - ) ’.‘!_ (3
o S P LT SRR S PRI
. L pey = volumetric : heat  .capacity. ~of -~ = - o
T - ;regibn'i [. 3,J },;' L S ‘ \
| . . m C o L e
R . AT = change in temperature of sample s ’
| ‘ '(VOLE)-fvo%umevof regicn_i-gma) VLY " :
i 1

‘Now equatiohs:(a.S).and (4.6) cah-he ecuated,as‘folloﬁs'_‘

/. BE=T8E 5 pc_ AT(VOL) -2 pci‘AT(VOL;) o

(VOLl)

vorpe, = pe; ROR IS
‘ (VOL) SR

P
r

. For the MEGAERA 51mu1at10n the volumehof each reglon is the same.
Therefore the heat, capac1ty of the sample is the average of ‘all S

reglons or pc, - 2 15 3 oA N
. ave 30 . . ’ e T
. _ cm - C . S SRS :

The temperature dlstrlbutlon of non- homogeneous samples w111

- ‘o .‘#

generally be non-unlfonn. Hence an. average temperatur@ change
- AT ;;must‘also be deflned ThlS average temperature change 1n a

ave

.hon?homogeneous'sample'is defined such - that

‘ ,. 'AE - pcaveArave‘(VQF) N - C : (48)



: ,,,4-, |
. .where - pc L~ the - average heat Ca'pacity e
o ave - . ) . N
[ o ] of v‘the ' samp‘lE\
U m C t

deflned in equatlon (4 7 .l\y'
" AE = the total change ih“_ the
o -

energy (J) of ‘the. sample

AEi .. pc'iA"Pi(VOLi")'. : — o (4-,9\?

Whex"’e_'. AE‘,i = change in. en_.ergy' of region i I

3 pe, - volumetrict = heat’ . capacity  of )
region [ 3‘3 } ' o
vA P 4“ - m C » . ‘ ‘ ‘ .. K
) ‘ A'I’- change in temperature of Tegion i . '
e E - T .

- L% 0) - ‘

- } , _

: (VOLi)- volume of regien 1i )y

-~

Equatlng equation (lo 8) and (4. 9), where each . side of the latter 1s

Tes

fsummed over the entire sample and solvi_g for AT ‘one obtains

L 3 pe AT (VOL) - o
S AE =F 8E 9 AT = L. 10) .
ot ; - we .

pec (VOL).
ave . .



y T
“. .
. ¢
. R4 N
8 IO
c s (3
P
te

‘Substituting equation (4.7) into (4.9), AT

3

R ETpCiAchv0Li)f”
AT!VB . - . -
~ - ¥ .pc (VOL)
. : i i :

In actual experlments the average~ tempérqt;re .of the lsampiehﬂy?”A 
cannot be \.fc-sund u51ng equatlon (4: 11) sinf:e_- O_ne'_h'as ‘-no_ prior.v ..
’ ‘;kﬁpwl_e'dgg ‘re'g'ardingm't;he di‘s_tpibucion of ~hon4ho@0geﬁéit'ieé in th"ei
svamplé.‘ Experimeﬁta'lly then, thé ’a\!erage terﬁperacure Of the sample

can at best be estlmated by 51mp1y averaglng the thermocouple'

readlngs Thus

<

. .> . . N . . » . . ) ‘ .
AT'e‘ves _'__'N?_AT;Q;“ , R (9.‘12)
-and therefore’
pC‘v t..- . e o A . (413) ‘
Y oaT o (voL) L
- : "‘. y
© When N\ AT _— AT - o e )
. o ve . ave . . . o S '
R ) PéiAIi(VOLL) S SRR .
or . § L AT e ey

equation (4. 13) will produce an aceurate escilnace for the average

heat capacity of the sample pc.v.B pc.xpt 'I'he non- homoge\‘}ty« Jof



L I

[ 4

that in

experlment Hence ' 1f

an’ _aetual equation :

,'sat;:’,sfied in-. this ~simulation

'factual experlment In thls srmulatlon at time t-lls .AT

- ave
,

ave

A\T . the two sides of equatlon (4 14) dlffered by only 1 3%, even L

{hough there 1s a 1&% varlatlon in the heat capacity of the sample

as shoswn in the follow1ng table

At time t-li seconds
el;e‘etrical energy = 50 Joules ' R SRR

(4:14)° is.
it is likely to" hold true. in an

'.ana,_

VoL, = 2.5%r2 = 39.269Nen’
Region ~ AT L pe ¢ VoL - ,pc;Ar;(vor;)'
1 1.9 .7 2.3 - 90.3208 Co171.6095 i
2 1.5 . 2.225 ' 87.3755 . 131.0 B
312 215 84.4303 101.3164 = - . &
4 1.0 -~ 2.075 .  81.4851 - 81.4851 .
5., ,%0.9 2.0 " 78.5398 . 70.6858 . . -
; 6.5 221515 . F5E6.T60L
co 0 556.1601 . ..ol o o
. Mo azrams - LA
e .

Table 4.4 ¥ Verification of equation:(4.14) by egample.

”7rom ‘the results presented in Table 4. 4 it would see

that equation (& 12) provides

‘ (

»averp&e sample temperature

.

“h

o Moy

AT -.T-]'B C

ave

It should be noted that 1n act:ual

an adequate definition for , the

118

the problem 51mulated by MEGAERA is beheved to. be - greater than o




e

"'51gnif1cant1y dlffer from the true average.‘temperature} AT} ;

*experiments :the locatlon of non- homogene1t1es(§n the sample w111‘

be. unknown Consequently, when thermocouples are 1nserted 1nto the

sample ‘they may not be located w1th1n.a11 the non- homogeneitles in-

the sample ThlS may cause concern that the average temperature
M

ave

. AT . of- Chef.sample 'as_ calculated by equatlon (4.12) may. -

ave -

“defined _by,_;.eqﬁat-lon~ (4.11).  However, the  variafion of

' non-homogeneities in ‘actual samples are believed to be less: than

L

those'in the MEGAERA simulation problem,above. Therefore;'in view.

Ay

- ;, ’ - .
‘of the good agreement between AT e ag% AT ; in the foreg01ng

example jequatlon (4, 12) should be adequate for calculatlng the

average temperature ‘of typlcal samples used 1n actual experlments

AN
119

The ultlmate test of the tran31ent heat capac1ty method for as“'

N Ay

. non-homogeneous sample is whether or ‘not it produces the correct

A 1ess than 1% dlfference between the Value of heat capacity deduced

.

values for heat capacity From Table 4 3 one can see that there is

from the temperature rise computed by MEGAERA, pc t--2,158 g; -,
: , v . '°f' ' cm” C
~and the actualsaverage yalue'of heat capacity, pc -2.15" jo '
. ' . R - : . K :aveb ', cm’ C
of?{he materialsgin’the'simulated~sample. :}ﬂ'

L 4

v453.2<Transient Heat Caparity Experiments'_on‘.Haterials with

Published Thermal Properties ‘

4

The transient heat capacity;apparatus and]method were tested on

materials with known, Tor approximately known, thermal properties

: Specifically, these materials were homogeneous sand/water sampbes

(7 - : iy



B

tap water *sampleéﬁv and 'oilsand. saﬁples. The resuits of theSei

experiments are shosn below. ~

For the homogeneOUS sand/water sample .the apparatus and method

. @
5 ?

“120.

presented in the previous two Sections a 1 and & 2 were used and o

| - N

‘the follow1ng results obtained. \pr”v,- Ty

Homogeneous sand/water experiment # 53 R B AT . [

Composition of the sample-by mass

. ... Dbefore . . after . - ‘_ S o
e T expt . ‘expt :
twater =  3.7%  (3.3%)

%sandh.ft 96.3% (9647%) g R ’_j. S,

W

.. Density of sample' & -39 B

cm

A publlshed value for the heat capacity bf the sand/water samplep

was determined using the compositional average specific heat (see

equation (2 5)) based upon - the component-values by Hepler . The'
‘specific heat of the sand “used’ in this experiment was estimated

‘from Table 5 of Hepler et al (1985) using the source Athabasceh

£

_coarse sollds mostly 510 >325 mesh ’etﬂ27 C,»and the following“

L B o7

®Hepler; (1985)



' o TRt
For water<the specific heat value used was

. after the experiment one obtains . .

‘value calculated. - . S S,

. . S : . B ‘."

e = 07556 -

G
o

.

1 . .'J~ . ) o
c . =4 18 = . (from 16 C to 61 C) = ¥
.wat.er‘ ) .g°c-. o . s )

-

s  \

and averaging the measured composition of the sample before and.

:%Water = 3!5%

~ %sand - 96§§g e s
. s e L ‘ . o .

' USing equ;ﬁion (2.5) one bb&ains the foliowing estimate for the

Ghéét caﬁacity of the sand/water saﬁple at327éCl>_ ’ -

Copap = 08755 ==
epler g’c i

*’CRC Hamdbook of Chemistry and Physics, 55th Edition, (1974-1975)

r.

a
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,_Résultsvfrom

—
3

experiment

! time .’ Tave Edectrical |- - i
sy | Coy | Enprey @) | .
2 .1 25.70 8450 | 0.9642
"5 7 .1.26.08 - 211.87 -, 0.9331
-7 26.40 , 0 297.49 '} 0.8635
10777 268077777 426777777 7{770786897 .
12 27.11° 51327 0.8470".
13 =~ [27.52 643.52 0.8523 .
=17 - .| 27.80 730.76 . 0.8523 4o+
20 | | 28.22 862.08 . 1 . 0.8517 0«
23| 28.64 . 994,38 10.8514 %
25 28.92 1083.24 £ 0.8536
28 29.28 1217.26 - 0.8670
30 ] 29.62 1307.06 . 0.8563 .
33 30.00 | 1442.79 - 0.8641%
35 | 30.33 . 1533.44 - 0.8571
38 30.71 1670.10 0.8663
07T 30.97° 7| T 17615877777 T018694"
43 31.38 1899.75 0.8736
46 31.82 2039.28 0.8728
48 32.09 2132.56 0.8750
51 32.50 2272.70 0.8784
53 32.79 1 2366.73 | . 0.8784
56 33.14° .2509.51. -.0.8887
58 33.47. 2605.23 0.8849
61 | 33.83 12749.21 .0.8930°
63 34.10 2845.68 . | 0.8958
80, 36.47 3679.71 0.9090.
96 38.56 4492.96 ~0.9329
113 40.89 " 5385.32 - 0.9490
129 | 42.97 6254.17 . 0.9710
146 ] 45.18 7205.10 0.9936

Averaginé c

I3

”ﬁc

Table 4.5 :

between® 7

¢t =086

expt
< t

.= 1.49
expt

s and .385
g’c

g C

one 6btaiﬁs

‘on Homogeneous Sand/Water Sample.

R

Results of Heat Capacity Experiment # 53



Y

J

'Thé heat capacity, bc ﬁ¥eﬁ1;&9' ‘V, found“by expéfiment‘# 53 is -
B S ST * cm™ C Lo - : SRR

2% less than™he Hepler result of pc_ .. = 1.52 - .
‘ v . » o ‘Hepler 3°C .

L
By

PR L Sl g T
A .further - experiment on avsaﬁd/water“sgmple, described below,"
producéd”Similar‘résults;_y-‘

PR

‘vHomogenebuszSahd/water_expérimenc # 54

Cbmpositipn of the.sample by has§, g

I _before  after v

' ‘ _expt: " " . expt
gwater = 3.6% (3.4%)

. “ssand = ,9f.4% (5669 '

zDenSity of sample - p ='1.77 eﬁs

S s em”

" An estimate of the heat;capacitj OfZSamplé_

‘using'reﬁults from Hepler et'al (19855. R SRR

4

- 1. 514

. J
CH 1 »

"he ar ~ B .
. p . . .l cm - ‘.C .

b @ 27°0)




“Result from exp'e_rimeni

| g C

Table 4.6 : Results of Heat Capﬁéity Expérimént # 54

time | - Tave | Electrical" c [ J ]
- (s) (€ | Energy (3) | 2°C
R 2 "24.59 | 82.39 - | 0.8660
: 5 2497 | 206.41- . | 0:8716 .
o 7 25.28 | - 289.59. .0.8221
o 10777725766, T 415711777717 008458 7
: 12 25.97 498.92 - 0.8254.
IR 15 26.35 625.02 0.8361
/- 17 26.61 120972 " 0.8426
20 27.03 837.58 . 0. 8405
23 27.45 966.51 - 70.8383
25 27.73 1053.12. - 0.8392
287 77| T281087 7777 1183783 "7 |°° 0.8561°
30 28.38 1271.47 . 0.8500
33 28.76 | 1403.91 0.8584
35 29.07 - 1492.64 0.8530
38 29 .46 1626.50 0.8593
40 29.76 1716.16. . 0.8558
43 , | 30.12° 1851.42 1 0.8656
46 30.39 1942.12 0:8681 -
48 30.79 2078.85 ©0.8723
51 31.21 2216.52 0.8723
53 31.49 2308.68 - 0.8736 .
56 31.84 2447 .57 0.8825
58 32.14 2540.60 -0.8808
61 32.51 2680.81 - 0.8877
63 32.77° 2774 .84 . 0.8904
80 | 35.05 3590.69 0.9073
.96 | 37.09 | 4382.40 © 0.9306
© 113 -+ | 39.35 | 5252.04 © 0.9476
129 0 1 41.38° 't 6093.90 079685
' Aver.?gi_ng ¢ between s and 255  one. obtains
=o0.84t
expt ' v gO,C
. - J -
pc.xp; - 1.48 o

”Q_pn'HbmogénépusaSand/WatqfvSample,

Lo124
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S J

For . this expér{ment‘the?heat capacity, pc . ?- 1.48" -, is 4% -
. N . e . - expt .30
BT e - o em™C
, L o ' DU e : I, _ .
- less than the theoretical value of pc =-1.54 A . .
. . . ) ... Bepler 30 L S L,

. cm G
» .

Experiments ‘on tap water samples were done on a prellmlnary heat

.capacity apparatus,' which falled because the apparatus was not-
stroog enouga‘to'withstand the pressure applled to “the - electrodes‘
Thls apparatus cqn51sted of a,yery th1n 0. 1588 cm plexiglas sleeve
surrounded by Styrofoam 1nsulat1on The results of experlments wlth .:

this apparatus were, nevertheless, useful' in the de51gn of the

- final apparatus. The heat capacity of tap water  used was

-

(from 16°C to 61°C)
water ! o i

g C

For the_Water ekperiment # 42, shown in Table 4.7, -the heat
.capacity of ‘¢ = 4,24 — found in this experiment is 1.4%
. expt - °% = S
~higher than the theoretlcal value of ¢ or 4, 18 —;—'. A second ,
A ; | ‘a‘er g c .
experiment, Water experiment # 43, on'artap‘water sample, produced
vsimilar ‘results. Table 4.8 contains the reSults. from this:

._.experiment which produced a‘specific heat value,vc - 4.09 —;—‘,
S . o PR expt- 8 c

that is2.2% lower than ¢ . = 4.18° ———-.

) " . ] . . ‘water g C '

**CRC Handbook of Chemistry and Physics, 55th Edition, (1974-1975) S
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i

- Water experiment # 42;?‘

. time Tave " "Electrical 'c [. J;,}}

() ¢-C) - Energy (J) .

22.78 |7 < 76.48- 37.0005
122.86 | o 191.47 7 | 10.2924
©23.03 | .325.90 | 6.0642
123,19 - 460.39 * | 5.3032 © . .o
. 23.34 | - 576.49 | 4.8930 - ;e o o4

3.49 . .712:23 | 47857 gL
23,67 - 848.46° | 4.5609 - .

23.83 | - .965.74 - | 4.4077
'24.00° |--:1103.10 | 4.3388 . .
2415 4| 1221.11 4.,2809 R
2432 |1 '1359.42 . | 42431 (:; 3

H
o0
MO OUNMUNOOUNOOWLNODR
N
(S)
£
(Vo)

025956 | 2419.32 0 .| 42255 . " .

~1'25.66 | 2540.89. .| 4.2535: % - .
25.82 . -'2682.80 © .| 4.2555 [ ' o

25.97 | 2804.92°° | 4.2406 @ oot

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

[o-]
Pl
S O DN o O
N
o
v '
~ ~Ir K
(™
w
wu
O
~1
(o]
&
N
~J
~J
wn

Averaging‘;lbetwéeﬁ 38s-and.»74;55,-dﬁe'§btains:‘ f1§ ‘ “:; A
e . =4, 24-—5—"~]" LT e T
expt

g c . o ‘ ) e
, . n . ! =g Mooa 'v .
V.
. 4 .
: % it
% 3 ) :
N ‘4
- ¢ '.'
- - g ‘
N - ‘ &~
- < . ' R
. " " . v L.
. . £ i
o .

'Aféb1¢'4ﬂ7 3 Results of Heat Capacity Experiment # 42

L BT
oo AN B o DR m

on Water ‘Sample. - - R o ’ _

- PR AL AU
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Water e&periment_#»43v LA ' v
time | Tave Electrlcq; ;/"{fﬁ _
)('S) A, ( C) Energy‘f (3}‘“ ) N *
2.0 | 30.24 | - B7. 1€¢ ' .
5.0 | 30,42 | F18.11 "
"85771730.597 7|77 371'36""
12.0- |:30.76 .524.83 _
15.0 | 30.93 656.63 ' ' :
18.5 | 31.11 - 811.18 !
22.0 .| 31.28 1965.97.
- 25.0 | 31.46 1109895
28.5 | 31.64, 1254 .86
31,5 | 31.78 1389.10
- 35.0 | 31.96 1545.98
38.0° | 32.13 1680.56
41.5° |32.29 1838.30 :
T4570° 7732748777 1996.45° "7 |7 472178
© 48.0 32.61 L 2132.527 & 4.1939 -
51.5 | 32.78 2291.87 4.2159 %
55.0 | 32.95 - 2451.76 4.2362
58.0 | 33.13 2589 .44 4.2039
- 61.5 | 33.31 1275043 42109 .
“64.5 | 33.46 2888.90 __-| 4.2224
68.0 | 33.65 - 3050.98 4,2173
71.0 | 33.82 © 3190.42 "4./2087
74.5 | 34.00 © 3353:56 L 4.2141
78.0 | 34.17 3517.12 4.2327
"81.0° | 34.33 3657.85 472336
84.5 | 34.50 3822.59 4.2514
0 134,67 3987.78 4.2683

'Avéiaging‘cvﬁétweén '5$'aqp 41.5s one obtains

¢ . =%.09 L
°xP gcC

W
. V .
l

w‘fgfgable_a;S Results of Heat Capacity Experiment # 43

‘on‘Water Sample

..

A



’Fmélly', ‘ 'an experiment on aﬁ ©0il sand samp‘le was done 'wit'h the

'w.-'.

- same: apbazatus that was used w1th gter samples However in th1s

011 sand experlment the thermocouples had an addltlonal plastlc'

,\ - ,w\

'sheath over the metal sheath as. shown 1n Flgure 4 7 Plastlc sheath'a

- "

vthermocouples were’ inltlally used in prellminary transieht . heat

'capac1ty experlments protett sge thermocouples from »short

128

c1rcu1t1ng Wlth the sample. It wasiflater *discovered ehat the:"'

. when approprlate precautlons as ,outline,f 'Seotlon- 4.2, were
taken.“;.'_ ‘ p.'_ o S e o

ot ! : ’ . -

" Thermocouple
Junction

" Electrical—
Insulator

e T - Plastic - Sheath .-

'Figu:e14.7l: Diegtamfof'Plastic Sheath Ihetmoeouple-_

This plastic sheath causes the response of" the thermocouple to be

::very slow ag% might be expected to cause considerable error 1n the

-Thermocouple  wires:



heat capacity measurement. -

demonstrated that even with these plastrc sheath tPermocouples
' whlch have a very slow response

produced heat capac1ty results whlch were acceptable

Oilsands experiment # 40 ‘

o

of Hepler
f‘Table 1 of Hepler et al (1985), using the source Athabasca, from

Alberta Research Counc11,;Petro-Canada{

Thls “oilsand: experiment .;Lesented en the - follow1ng pages,

.‘.Cbmpositioﬁ;pf the sampie byfmass_using the

Déan;Stark’compositiénal analysis apparatus:

L}

An estimate of the heat capacity of the sample using the results

Density of sample

. w1th the speciflc heat of the bitumen estimatéa from

the heat. capacity apparatus st111

" dvater é‘7g01%;

p-204—5—

-and Syncrude,‘at 36_C:

59Hepler, (1985)

/
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o m’ e 1 7361 - SR
. T i umen . / -
For the spet’lflc heat of the sand Table 5 of Hepler et al (1985)
'u51ng the source ‘Athabasca flne SOl.LdS, mostly clays, <325 mesh. at :
‘36°c"
e, =0.8325 —
. sand °
o T 8C
’ te ) ) o
'.T_he_ specific heat:of water \ise_d k}es, T L
R B o Jo R SR
R . ¢’ =418 — » (from 16 C. to 61 C)
. ., water .o .o
s ' g C °
U51ng equatlon (2. 5) one obtalns the follow1ng estimate for the
- ;heat capac1ty of the sand/water sample J ) .
s .
H L --1 141 —O—
ep er g c
S J
.R‘Cvﬂep.lolr' -,'- 2'.3306“?3.?.0‘ |

1300



@

Results from expéfiment“'

"~ time Tave - Elec;riéal
(s). (C) . Energy (J)
T 6.5, 26.29 | . 421.29°
10.0.7 26.64 | 609.34
13,5 | 27.01 799.26
165 [l 27.36 |  963.71 .
19.5 27.72 | . 41129.59
- 22,5 |1 28.05 | 1296.49 :
26.85 | -28.40 1491.86
729.5" | 28.79 - 1689.24
32,5 29.18 | -1859.78 ;
/35.5 1 29.56 - 2031.75
.5 | 29190 | . 2205.15
0 | 30.27 | 2409.05
5% | 30.68 | . 2614.37 o
.5 1:31.06, | - 2792.06
.5 | 31.46 | 2971.18
T54T57 7318 3151786 7 _
.0 32.22 3363.79 ;
8 32.62 3576.52
.5 -1 .33,03 3760.76
® | 33.43 3946 .25 g
.5 33.79 4133.65
.0 [ 364.19 = 4354,59
.5 -], 34.62 4576.99
5 |/35.03. |- 4768.94
.5 | 35.46 4962.35
5 35.84 5157.18
0.0 36.26 5386.19
.5 36.70 '5616.63
.5 37.61 6081.97
10.5 | 38.98 6762.17
57T TA0I287T T 74597857777 TT1T2414
5 41.67 -8173.47 1.2421 # ;

.'Aﬁeragingfcybetweéh‘YSI.Ss and‘:110;55f_one‘obfains‘

o=loa L
SXPE gec .-
L e N masiol o
. . !ép . .em C

.,,_“ - ."Q

 Table 4.9 : Resulfs of Heat Cépacity'Experimégi.# 40

on an 0il Sands Sample.




B ’=ummary of the experlmeqts presented in Tables & 10a) and b) see

L4

' method

The experimental ‘estimate of the heat capacity of this oilsand

N sample ‘was 8. 3% higher than predicted This relatively large error :

K

- was . in. part .due to. the delayed rise in the temperature of - the “

plastlc sheathed thermocouples ‘Such delays will increase the heat
{ \

capac1ty value that is’ estimé‘t&d from the transient heat capacity

~

.:.. : : . o

" In conclusion, MEGAERA simulation and experimental results on |

[y

sampl'es with . known, or approkimately' known, ther-mal properties;'

demonstrate that -the . tran51ent heat capaclty method used in this

research is capable of predicting the effective heat capacity of

materials with acceptable accuracy

4 4 Experimental Heat Capacity Results on Shale'

The follow1ng tables summarize the experimental heat capacity

results obtained on Clearwater shale samples ~/For a more thorough

‘-

&

132

~

Appendrx E. The,.c" values in the following tables are \.

mineral -
\

estimates for the ‘heat capacz,ty of the mineral fraction of the

Clearwater shale samples These ) estimates for ¢ ‘were

v mineral _

determined using equation (2 5) where c, 0 aﬂd .,,the compOsition of

tl%;e sample were experimentally found and the specific heat of
J

_ water was 4,.18'-0—. . Equation (2_.5) could t‘hen ,be solved for -

u

Voot g% L

c
minoral

'experimant and the results ‘are: listed in Tables & 10

‘using the composit‘ion of “the sample 'before .and "aft.er the



. 5 o R - '
Table 4.10a) . Heat Capacity results for Well 36-51-0-0
. - . . . : [4 B

[ ':.I"
" For well 36-51-0-0 e ;
L L g (.3 ]|Composition of .Sgmplé
- ‘Experiment|Sample |pc|- jo 1 aral ‘i Cgmpo§ o? 0 amp”e
Number em” ¢f| """ g )| $mineral . gwater
50 | B4 ,A| 3.17 {0.74 -0.81 [80,3 - 82.1]19.7 - 17.
55) | P4 H | 3.06 | 0.74 - 0.73|79.2 - 78.8[30.8 - 21.
58" | p27,E | 2.70 | 0.80 : 0.89 |87.2 - 84.9(12.8 -"15.
61 |-p23,¢ | 2.49 | 0.73 - 0.79 {89.2 - 87.5[10.8 - 12.
64 .| P19,L"| 3.02 | 0.86 - 0.91 {85.2 -"86.5/14.8 - 13.
65 | P9 ,E| 3.11 |'0.8L - 0.92 [80.7 - 63.5/19.3 - 16.
66 .. | P16,B | 2.96 | 0.80 - 0.86.[84.4 - 85.6[15.6- 14.4
69 | P25,M | 3.04 | D.85 T°0.94 |83.1-- 85.4/16.9 - 14.6
74 | P24, | 3.20 | 0.77 ;0.88.079.9 - 82.5/20.1 - 17.5
. =o0.82 L
mineral, ave o
v g’c

2’

: . n . ’ ¢
For well 34-51-0.0°"
v-iExpgfiﬁeﬁt Sample |pc »io o ' | i Compo§i;ion of Sa@plea;
Number: - em® Ccj| "R g C}| %smineral | swater
56 | P17,A | 2,87 | 0.74 -0.79 |84.2 - 85.2|15.8 - 14.8
57 P2,C | 2.78 0.73 - 0.75 {84.3 - 84.0[15.4 ~ 16.0
59 P21,B |. 3.35 ,0.83 - 0.90 {76.5 - 75.0{23.5 - 25.0
- 62 P29,A Y 2.90 0.69 - 0.85 [82.5 - 86.6{17.5 - 13.4
67 P16,H | :3.23° 0.75 -0.90 {80.5 - 84.2{19.5 - 15.8
80 P8H | 2.9 0.77 - 0.83 '183.4 - 84.9/16.6 - 15.1
e x 0.79 -1
. mineral,ave o .
: o g C_Z e
~ Table &.10b5 : Heat'Capécity resultsmfor Well 34-51-0-0°
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These results for the volumetric heat capacity of Clearwater'

. @
"shale are hlgher than . a prev1ously published result of SOmert:onO

m\

: However as mentloned at the end ¢f Sei:tion 3 5 . the shale used. by'

‘whlch was determlned u51ng a Bunsen type cal,orimet:er and is

C

y
Ao
-

pe = 2.13 ———-:_' ‘,
cm C R
) )&" B

FURR

: Somerton would appear to dlffer from Cleaglater shale.

The aver-age spec1f1c h;eat‘ va‘.,lu’.jé‘.s _for: m;neral fractiofi of the
) 5 ’ . /,li‘“3i$ Ly } i . .
shale, ¢ ineral 0. 81 -——-, howeve’if" did agree ‘well with published

gC

esults of Somerton for the mineral’ fraction of shale and Hepl_er

f( At:habasca flne solzds aﬁoscly clays <325 mesh, at 27.

»

r-"

. k - 0. 80 —_ (Somerdon) L e
. Lo ®%.~ mineral : \ . : .
B . o g C : . i : .
7 - J ._a'
ST o cmiheral 0. 82 o .(“epl .
g o : : g C e
4
e, emedn ‘ . |
- _,_v_Sovmerton, (1'958) -
b

%

Somerton (1953)

Hepler (1985) IR a R 1'_-* , 'h . E’
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v o

o . . : ) B -~
5.0 Conclusions andeuggestions for Further Work

Two methods*, one - for measurlng thermal conductivity and the

- other for measuring heat capac1ty,v were studied by meani w

@mmerical simulatlons to galn a thorough understandlng of their

"llmltatlons. Concurrently, experimental- apparatus -capable of

' measurlng the thermal conduct1v1ty and heat~capacity of Clearwater'

shale samples were deslgned and built. U51ng these apparatus the

o thermal conduct1v1ty and heat capaE(—y of Clearwater shale ‘were

experimental apparatusr:As well, thermocouple placement in the case

.determined from temperature w1th1n carefully chosen 1ntervals 1n

the experimentally obtalned temperature versus .time data -to yield

3

_results that were. unaffected by inherent shortcomings of the

'

o

" . of the  heat capacity measurements was _ judiciously selected ‘to

‘capacity apparatus.

. L . . . . . v - . . o . .
" minimize errors due td‘floss of heat from the transient heat

Values of thermal conduct1v1ty and heat capa01ty were obtalned

for Clearwater shale samplesv from‘ two Syncrude Canada Limited"

vwells ~34-51- 0 0 and 36- 51 0 0,, located northeast of the Syncrude

mine site at Section 8, Townshlp 93 Range ll,,west of the &th

i
‘n

Meridian These values were

olz

K = 1.7 to 2.09 for well 36-51-0-0

=]
(@]

5 . 1.70 to 2.26 -%-. for well' 34-51-0-0

E-o‘z
(@]

pc = 2.49 togB.23 for well 36-51-0-0

3
em C




2.78 to 3.35 —;— for well 34-51-0-0
‘ ém” C - : :

.

'Using the‘weighted auerage method .equation (2 5) for determining

‘the effective heat capac1ty of the mineral component of Clearwater,?

shale yields the follow1ng average specific heat value’

I

e leml o
. mineral,ave . () . .
: b R g C

U51ng the MEGAEKA numerical program, numerical simulations of

the apparatua- used 1n this research were condﬁcted for a muchf

RIS

greater range of conditions than those’ present in actual physical S

’—l.

experiments ’In numerical 51mulat10ns of the transient ‘heat probe.‘

"lu

' method axia&‘heat frdw was srgnificantly increased by using solidv,.

" the simulated samples were smaller in

dlameter than actual”&&mples This greatly increased the effects
: L}

"that are caused by the heat front from the probe reaches é:l outer'

surface of the sample. For the transient heat capacity' method

“,problems were simulated with_samples which'had larger variations.in
. X . " . . .'_: .

-non-homOgeneities ‘than actual ~samples . Furthermore,‘ heat *1osse§

from the sample were made larger than in actual experiments by

imposing a constant temperature on ‘the outer surface of -the-

Lo

%
'simulated sample Both the transient heat probe and heat capacity

.simulations produQEd internally consistent results under these 'p

‘conditions, and increased confidence in the methods andjapparatus
. ‘ ; . o iy o ‘




,.debelepedLIY

o tﬁernal properties of shale. "* . . ' e .

’ 137.'?

For éyture 1nvestigat10ns of the thermal conduct1v1ty o¢_sha1e -

thh Athe tran51ent thermal conduct1V1ty' probe further accuracy

could be%galned‘by uslng a mere sensitive temperature.measurement-

device.

Future inyestigatione~»should;,cgn§ider;<;fn ”addition* to* tﬁe: 
_mEthcds presentedvhere, the technlque developed by Tida et al

' whlch was brlefly descrlbed in sectlon 2 0 of this- the51s This.

'tran51ent ,method,‘ by Ilda et;al; “allows all  of‘ the.'therma1 

4.

. prqpertiee :of a .sémple to -bef determlned SLmultaneously Very S

accuracy placement of thermocouples and frequent monltorlng of thej_'

“-thermocouples- is, however;,rneCessary. %uch a methddf used{ in

Y

: ;conjunction with xhe methcds_ described -inm thiscﬁthesis, could

'pro;iqe1iva1uable ~.additional data- in.‘the’,deferm;natidn of the

.
1

Ilda Ohtani and Stephan (198&)

’
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‘thermal conduct1v1t1es in thiy

P

'APPENDIX A ?

Thermal Conductivities ‘ %* %

The following progrm? lasting’is ‘for the least squares cdfv€“}3

;pfitting routfne used to: determine the- thermal conductivity of shale )

samples in this research Thls program was wr}&ten in BASIC and

N .

, reads an 1nput f11e containing the temperature and time data of an_'

vexperiment The program then plots the temperature versus jn(time)v

,data-oq_the computer monitor ‘and prompts the user to deflne'various -

. vy .
regions of the temperature versus ln(tlme) curve, for whlch the

curve f1tt1ng routlne ‘should determine the thermal conduct1v1ty of‘

‘féhe sample The thermal conduct1v1ty of the sample is found u51ng

equations (3 7) and (3. 8) . o ’ "’ . "&

Based on ‘the results obtalned w1th this program when used on a

';‘personal .computer a log-llnear -region -w1th 'a correlatlon

t

' coefficient greater than or_equal to. 0 95 is found and a range of .

v'The;follouing is.a:listing‘of the program: |
'initiéiiie.Variablés
'DEFDBL az

DIM t(240), tp(240)

;a ?.'The following two functions are used to plot the
S 'temperature vs log(time) data on . the computer s
monitor S
- DEF FNx(t)- (500-10)*(LOG(t)-xmin) /(xmax-xmin)+10
DEF FNy(y)=(15- 175)*(y ymin)/(ymax ymln)+l75 '

pi-3 141592653589793#

R -'Open and read the appropriate data file containlng >
.5 ' the temperature tp(i) and time t(i),1 data

1og llnear telgion is ddtermlned Y



INPUT"flle" f11e$ .
(OPEN "i*,#1,"dfl: expt"+f11e§

‘.‘._ ,:A,_.‘-“ ~,‘

'! . —_— i T . A LT -

CINPUT#1q,dE

fg imi+l
. WEND

PRINT q, dt '

iml

WHILE NOT EOF(l)
INPUT#1,t (i), tp(l)

mn=i-1

‘Close the daté}file

-’To correct for the actual experiment not starting»

3 n1—24:n2-34” .

Y

)

.

. ’the actual data !

CLOSE#l R _ '" @%

'at tlme t-O the time data is shifted by dt o

- *

. FOR -1 TO mn,

“t(i)=t(i)- -dt
NEXT L

[

'Start least squared curve fittlng of data between_,
'times t(nl) and t(n2) and’ calculate constants (a:

'and . 'b) for ~fit,  thermal conductivity. '(k), ~

correlatLOn 'eoefficlents (rl and . r2), and the
'average error (min) between the fitted curve and

- start: . .. o B

Yo

:1.
=3
P

*x=0

x2=0 .t _,‘ S ": R e
y2-0 o R .
xy-Q

n=0 ’

* PRINT "Calculating new’ log linear fit"

_FOR f=nl TO n2 . | -
xx-xx+LOG(t(1)) S : EEEET S
‘yy=yy+tp (i) ' ' o

ifg ,x2-x2+Loc(c(1))*Loc(t(i))

y2=y2+tp(L)*tp(i). B

xyhxy+tp(i)*LOG(t(i)) ' ) C

n=n+1 L - . _
NEXT , " ek A

(SN

d-x2*n XX*XX o e o '_' ;,. g %:g\,.

IF(d = O1) GOTO errr

R 1-*_'; )

n'  e



4T
Y

 PRINT USING"tl=##s#.#

‘LINE(FNX(t(nl)) FNY(Yi)) (FNX(t(nZ)) FNY(YZ)) 1

a=Cxy*n- yy*xx)/d coT oo
b=(x2*yy-xx*xy)/d o -l : e
vIF(a = 0!) GOTO errr - . ‘

fdd-y2*n yy*yy , S
IF(dd = 0!) GOTO errr ' N
da={xy*n-xx*yy)/dd _ : :
- bb=(y2*xx-yy*xy)/dd SN ' : :
‘IF(aa = 0!) GOTO errr SR el

°

-k=q/4/pi/a
rl=a*aa .
2-4a*bb/b'-»

min=(y2- 2*a*xy 2*b*yy+a*a*x2+2*a*b*xx+b*b*n)/n
min-SQR(min) ' :

CLS o e '
LOCATE 1,1 - - - 5 S -
L Tle=ssste #";t(nl) ,tp(nl).
PRINT USING"t2—####.#, T2=### . #"  t(n2) , tp(n2)
PRINT USING" a=##. ###e  bestttt ####4"2,b
PRINT USING" km##. ##sas#t  mine ##,#sss" k min -

PRINT'USING"rlh##.####### rz-':## #######"'rl r2

*'_fFind maximum and minimum extent of input data and
“'plot it on the computer s monitor

_ FOR i=1TO. nn'_”

IF 0#<t(1) GOTO skipl
NEXT .
skipf: T
,min-LOG(t(i))
xmax=L0G(t(nn))

© ymin=100": ymax=0

F@R i=1 TO nn .
IF tp(i)<ymin.THEN. ymin=tp(i)
IF yma§<tp(i) THEN ymax-tp(i)

'h;EXT i . Lo -

FOR i-l'TO nn .
IF t(i)<=0# GOTO skip2 K
x=(500- 10)*(LOG(t(i)) xmin)/(xmax xmin)+10
y=(15- 175)*(tp(i) ymin)/(ymax ymin)+175

PSET(x,y),3 , el L

- .skip2: SR "‘-~ 3 ,,?ﬁf.b S T

 NEXT - “ e L et

.yl-a*LOG(t(nl))+b . s s,xf; S e
y2=a*LoG (t(n2))+b WEen e ;

'The following code reads the mouse position and
‘buttons, and finds the new region over which the

/

5
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_‘p; | ;, , ji :_, - é},t‘
. 'user wancs'tp ﬁit'éq%azion (3,7) R
-.‘agaln ) - :
-PRINT "Ready for new. linear range“
CALL range(tl,xmin, xmax) o -
ALL - range(tz xmin, xmax) S Lo e e e

. FOR 1-1 TO nn : o S _ 3
- IF t1<t(1) GOTO sk1p3 o
- NEXT : :
_sk1p3
nl=i
_— o - FOR i=nl TO.nn .
S : . IF, t2<t(i) GOTO sklpa
R NEXT, . .
sklpb R S s
n2=i ' ey
'GOTO start

)

'errr ’ _—
PRINT "Bad . 11near range Try again™
GOTO again T : ‘

N SUB . range(t xmip xmax)STATIC

_WHILE (O-NOUSE(O)) _ _ L : N
.WE‘P- LR N B ‘xv‘ ' I iy e ' e
. %=MOUSE(5) " * . ‘ : R -
£=EXP ( (x- 10)*(xmaﬁ§’ﬂl
WHILE" @0<>MOUSE(GY5 \ 4 T R
WEND, o e S o
. ﬁyk ﬁ .. N 5 | S : : N
: END’SUBP: .

i

' g;f;z»

¢




temperature rise of the probe and temperature of the ice water

RPZI
Lo R

APPENDIX B : Program Used 1}1 HP 305@' Automatic Data ‘Acquisitior
System for Transient Thermal Conductivity Experiments
. . c . .-r'-—-‘
The following HP BASIC langugge | program was -usedi during
transient.ggthermdl conductivity experiments.-‘tov “monitor,A the
reference, which was used to correct for drift in the thermocouple

readings.

Gerieral Algprithm of program:

) zetro.
A

3) 'Program stops -and waits'for-the.user to restart it,

when tMre ready to begln the actual thermal_

Y

conduégﬁﬁi measdrem&ht The program is restarted by ’

probe is’ turned on., -
.ﬂgs 7 .
h and“gce water temperatures

_the us%£ ??sgmbgfoi.

i-ké) Begin»mpn torlng t
o 4< :
. I', .

_every second for th-;, st 100 seconds and then every
':10 seconds for the rext 1400 secqnds

5) Print uncorrected probe and ice water temperatures

l,“ GLVSince the thermocouple readings A E% during thee" o

;s OGRS
' experiments the temperature of the probe must be
corrected This is accompfﬁshed by fitting d stralght o

i

line to the measured ice‘ water temperature whlch

should be constant but instead Can drafg b"rqp to

—-\ i

el C The slope of this stralght i newis_then USEd-‘k°
Mg R ] .

i "..'.
.
. ml
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Y A

~
0 e
L]

. . SRR
J"g -150 . -
-to correct the tran51ent heat probe temperature at a
given’ time by subtract1ng (slope)x(t%me) from thev7
- measured tran51ent heat probe temperature at this'u*
*‘;time
) Print  the corrected probe ~temperature andﬂ the ‘
correctlon factor applled to the probe temperature )
‘ ;‘ N
. The follewing is a listing of the actual program: .- - = . % -
. ‘_-»iv ) o ST N
Set-up' variableé 1n1tH§llze HP 3052A systeﬂ and ‘<5_
"breSet clock to, zero :4‘.“
1: dim T[4: 5,251],%X[3:5, 251] wisy o L o
2: cll 'init” s ! RS E I S oo
3: wre 708,"T" = _ Ve : : .
, ) o ?,‘ ; 2
"Read " reference ‘themistor- and wait_ for user: to
restért program when they»are'ready.. . .
- 4: O=rl L : i _ e
5: cll 'dvm (4 7) L . -
- 6: cll scnl‘(O) -
©.7: wait 100 . A
8: 'ref jetn'(’'rdvm’ ):R 7
9: "hold": '
10: stp- B

' Start clock “and’ prepare to read thermocouples by
setting D. V M to D C volts.

- 11t wre 708,"R". . 5;
12: cll ‘dvm’(1,7) |

Begin reading probe and ice ‘water temperatures

,everyleecond'for'100vseconds;'






15L

13: for J=1 to 100 . - \NA i
"'14: 'clkred'sYy ’

15: if frc(Y/lOO)*lOO+frc(1nt(Y/1OO)/100)*6000#J gto 14
16 cll ’dlsp10' S _

17: next J

N se

"'Begin “reading probe .and ice water ' ‘températures
~every 10 seconds for. the, next 1400 seconds.

~18: for J=11 to 150
19 'clkred’ #Y !
20 if frc(Y/lOO)*100+frc(lnt(Y/lOO)/lOO)*SOOO#J*lO gto 19
. 21:.¢1ldisplO’ - -
©22: next J -
*23:. dsp "dome"
.- 24: beep
' 257 stp - . -

N . : S : .
‘Prepare to print ott results
'[ . : | :
26: ecll 'print’
27! stp
~ Routine to print out results and corredt probe’s’
- temperature - .

28: "print":

Pridt uncorrected'probe and icefwater.temperatures.;';
29; for J-l to 236 by 5 S
.30:fmt 1,85.0,£6.2,£6.2,2" S S
31 fmt 2, 5.0;f6.2,f6;2“ L
32: for M=J .to J+4 .. . IR
331 X[3,M]=Y -
34 M-J+1aL
-35; frc(Y/lOO)*lOO+frc(1nt(Y/lOO)/lOO)*6000¢W[L]<
_,*36: next M .
37: for P-O to 3.

38: wrt 706.2 W[P+1] 'r[5 J+P] T[4 J+P]
~39: next P o .
40: wrt 706.2 w[5] T[S J+43 T[A J+4] B v

41: next J :



.62: next M-

64: wrt 706.1 W[P+1] A*xts TipY,
.65: next P Yy vawk

L Begln to eorrect' drift’ .in _ measured' prObe'
temperature by flttlng straight 1ine to iCe water.‘

-results 'The probe!’ s temperature is then corrected'-

descrlbeg ei algorlthm “and eprint out
results ; i
d2: wrt 706

43: fpt 1,£5.0, fs 2.£6.2,2

44 fmt 2,£5.0,£6.2,£6.2

45 0sr1:0sr2;05r3: Onrh: o:fS"
46: -for . J=1 to 240

47 X[3,3]sY - '
<48 ,frc(Y/IOO)*lOO+frc(1nt(Y/lOO)/100)*6000aX[3 J]

49: rl+X([3,J]*X[3, J]érl N
50 r2+X[3,J)sr2 - RERET
51: r3+1lsr3 | ' s '
52: r4+T[5,5]#K[3,d]%14

53: r5+4T[5,J]sr5 \

54: néxt J . - Lt e

55: rl¥r3-r2%r2sD .

56: (r4*r3-rS*r2)/DsA R e
57: fmt 3,e.9 B P
58: wEt 706.3,"A=r, A ' S A

'59: for J=1 to 236 by'5

60: for-M=J ‘to J+4 .- .. - . -
61 X[3,M]+W[M- J+1] ' ‘

63: for P=0 to 3

'66: wrt 706.2 W[S] -A*X{3 Tty r[a J+a] A*X[3 J+4].

SL67 next J . .
- 68: stp - f'; IR  __f Th

r

’

".The;folléwing’are-HPblibrary foutineelreﬁuifed&tp T
‘ 1.initialize f‘the HPa3052A= yeystem, ‘ read“;fthe

T L
.thermdcoupleﬁ etc.

69: “inmitmy 0 .
70: if ;pO=0;rem 7; clr 7 ' s

71 fof 9,f;dev "clk" 708»#8 netrn 725»p9 "dvm"

722»p10 "ptr" 715»p11

71*7§$jdev sen”,7092p12, "scnl"'f10~p13. scn2"' *.Jb‘

711$p14, scn3" 712»p15

a .

%[4 J4é]=A*X[3'J+P],

.’ 9
.[: : o
“il . ii
. "(/'\
-



"-‘ 'i }" ) .
' .73:‘deV/4§vﬁﬁ,72a:p16;8:p7
74 wtb”pp7 rds(7,p3,p4,p5)=p6; :
. r0+2” (p7- 8)bit(2, p5)¢r0 1+p7:p7
75 'if p7<17 gto -1
76: wtb :"ptr.9", 27 69
S 77: ret ' -
78: "clkred":
©79: fxd 0
80:. 30¢p6=p8ap13=p11=p16
"81: 312p7=p9=pl0spl2=plé
. '82: 284pl5;0=pl7 :
'83 -18-pl=pl8; p2:p19 .
84: if pl8=17;pl9- 1:p19 -
85: pp18+p19:p19
. 86: p18+1¢p18 .
- 87:if pl8<=17;jmp -2 :
88: fmt™ 8,c2;wrt "clk" "RP"
89: 1=pl8 .- o . ’w'
90: if. p18>p19 Jmp 3. -
91: fmt 9.£4.0;wrt-"clk.9" "D"
92 p18+14p18 gto .-2
©93: p3=p21;0spl8

t
Mfa: gto +1;if pl8<p21; fmt19 “H" Z;wre. "clk 9" Lol
- \1+p18#p18 gto +0 - - o
+ 95 p4¢p21 O+pl8 . =~ v s

k96 gto +1;if plB<p2l;fmt- 9 ,"M",zjvre "clk 9n;
o 1+p18:p18 gto .0
. 97: pS#pirO:plB , LT
- 98: gto +1;if p18<p21 fme- 9 "S" z; wrt "clk 9" .
' 1+p18:p18 gto +0

99: ret ,

"~ 100: "dvm":
© . - 101: O=pS5; fmt 9.,f; clr "dvm" wrt "dvm. 9" "T3" . R
102: 4if pl<l or pl>5;1=p5; lspl . e

- 103: if p2<i or p2>7 p5+2=p5; 7=p2

- 104: if p3<0 or p3>1 pS5+4=p5;03p3

. 105: 1if p4<0 or p4>1; p5+8:p5 O:pb

-106: fmt 9,"F" f1. '

- 107 wrt “dvm 9", int(pl) 1nt(p2) int(p3) int(p&)

. 108: ret

7 109: vscnl": : S S

- 110: if pO-O wbb "scn scnl, scn2 scn3" clr 731; ret
111: fmt'9,"0,1,2,3 AQS 6,7,",z; fmt’ 8 £22.0, z

112: wrt‘"scn 'scnl,sen2 scn3 gr N
113: if p0=0; fmt 9,f; wrt "scn, scnl scn?, scn3 9" ret .

- 114: if pp0>319;p0-1-p0;gto -1 '

~ 115: if pp0>239;wrt "sén3.8" ,pp0- 240; pO 1¢p0 gto -Zf
116 if pp0>159 wrt "scn2.8",ppO0- 160; ;p0-1=p0;gto -3

» 117: 1if pp0>79;wrt "scenl. 8",pp0 80;p0-1=p0; gto -4

. 118: wrt "scn.8",pp0; pO 1=p0; gto -5

- 119; ref. jetn":

©*.120: ret 5041: 6/(1n(p1)+7 15) 314 052

©121: "rdvm":



e S 1se

- iaua%

122: trg “dvm"'fmt 9,f; red (éﬂh 9".p1

123: ret pl = » Lo
- 124: "temp J": . N

©125: if p2=0; pl:pZO gto +3 o L
126: 0¢p3 5.0373743el=p4; 3 0167011e 2»p5 7 Q293513e 5¢p6
©127: 'poly’ (p2,p3;p4,pS5,p6)/leb+plsp20 .
- 128: ' -.048868252p3;19873.14503=p4; -218614. 5353~p5 .
129: 11569199.78=p6; 264917531 4a3p7; 20184&13144p8
130: ret ’'poly’ (p20 p3 p4,p5,p6; p7 p8) Lo
131: "clkred”: . - St e
. 132: fmt 8 2%, £10. 0 red "clk 8 p1 ret pl
133: "poly".
1B4: if pO<1l; gto 2 Lo ‘ g
-135: (((((((p1p18+p17)p1+p16)p1+p15)p1+p14)p1+p13)p1+p12) .
. pl+pll)pl=sp20.. I
136: ((((((((p20+p10)pl+p9)pl+p8)p1+p7)pl+p6)pl+pS)p1*p4) ERTE
_ p1+p3)p1:p20 S
"137: ret p20+p2 .- - ‘;'_;f,;‘.' S 'g-'_';,;iﬁ '
138 “_displo": ) . o . L B A ) .h-ho'.f::'-:'.':.'. .
- -139: rl+lsrl Co R R B N
" 140 'clkred'sY o ; - L . '} SRR o e ,
1417 for I=4 to-5' S ’ S Tl v :
142: .cll 'scnl’(I) IR ~=j""“- _',:RN'waz
143: 'rdvm'sX[I,rl] ' SRR
144: 'temp J* (X[1,x1],R)=T(L, rl] Lo
- 145: next T . '-”'vt“f VoA
© 146: dsp T(4,rl],TI(5, 1)’ A I
147 Y=X([3,rl] - C, IV o
148: ret - B B R R . o
seeln e : R L Ve
o ,/ m‘k‘ 1 _qﬂ : P -
£ v, ; .



?PENDIX C: Program Used in HP 3052A Automatic Data Acquisition

System for Transient Heat Capacity Experiments .‘

_Thef follow1ng HP BASIC language program- was used. during

transient - heat capaclty e "JL to monltor varlous responses of

the apparatus and to oafiuraikﬁzhﬁ heat capac1ty of the. samplei
1
General Algorlthm of program
fl) Reset clock to zero.
2) Read reference'thermlstor; which is used to calibrate

the'thermocoupie responses; S

&
s

'3)'Read 1n1t1al temperature of the sample

- 4) Walt for power supply whlch heats the sample to be' '

,turned on
5)
record the,v sponse :J' the drvider network (see

‘figure -316) and the respon” ‘ 'the 9 thermocouplesf

invthe sampleaevery'3 to‘3.5 seconds >This\is-done
- untriffedtherf the apower Supply, whlch heats the
hsample, is shut.off' or ‘the memory of the computer rs"
: . S e AR L e :
\ GX ane the heating of  the sample ’hasl'stopped; the
E pprogram_tgen proceeds to calculate,and printfout'thei
f,té@ﬁgxagure rise»oﬁ.thedQ thermoceupieSLEthe pouerv
: E‘and: energy deiipened 'to‘-the 'sample "and the"heat hv
:capacity ‘of the ‘sample The heat capacity of the‘

'sample is found using equation (2 24)



Q

The'following ie e;}isting‘df the»actuel;prograhf\ﬂb

E Set—up 'variables | 1nitiallze -HP 3052A syétem and

o5, ' reset clock to zero.

0: dim T[5 14 60] V[60] I[GO] Z[13 60] c[60],"
' 6[50] Y[60] X[50] A$[10] E[60] e o
1: clg fhlt" , L U
: wrt 708, "T" a ' R IR
A 3; O=rl -

N

‘Read reference themistor.. D VV_ »" B A

Dell 'dvm’(4,7). “
: cll 'senl'(0) - S Lo : o _
twait 100, o - SRS

Oy L P

: Readv initial 'sample temperature and display' on

compute* L.E. D dlsplay and also on printer

8 dsp "please walt"
.310 wre 722 "F1 R7 T3 M3 A1 HO" L R R RRA
©11: for I-5 to 13, . el L E

12: ¢ll “senl’(I) . . e _ :

13: ’temp J'('rdvm’ R):T[I 1] e e T
L6E QETIT,LeQ e
15: mext I - . ,e~i R e

o 16: Q/9Q s

- .17: dsp “initlal sample temp ",Q _

.. L 18: wrt 706, "initia:. sample teup " é}

Yoo~ 190 fotl /,fS 0,z t, ' S :

T L 20w fmt 2,z,f7.1,2 S ' L T
21: fmt 3,2,£5.0,£7.2,z » LT g ’
22: fmt 4,z,£7.2, Vs : -

23: wrt 706 1,0 . RN

247 for I=5 to 13 = -

25: wrt 706.2 T[I 1] . C {'ﬁ

: 26: next I . :
C. 027 wrt 706, 3,0,Q , S
L - 28: wrt 706.4,0 - : AT

e



jWait' for "poﬁer - supply 'whfch *heétS"sampieV'to 'he Y
e R ! T _‘ S s
~turned on, by monltorlng the current dellvered to SRR A

& ¥, :
B v AT
. LT e
.the sample _ N _ Do mod, B
: Ny L S , - A .
N . . . . ) R

29;_c11 *dvm’ (2,7) - o A S T
-30: c11 'senl’(1l) - B TR NP S
oo 31: 'rdvm'sI[1] LT e e T T e

032: if abs(I[l])< 1; gto B T PR R P R

':Start'élock. o e R o o

.33; wee 708, "R”

.’Start recor 'Sab%he response of the 9 thermocouples ‘ -
in the sample. and th drvider: network whlch' '

fmonltors the voltage and current dellvered to the"“
h‘sample. Thls ‘is. done unt11 the power’supply whlch'f"'

‘*jheats the sample is turned off or the computer s',

- memory is frlledr b' o »»,,ﬁ'

"34: for J=1'to 60 - . 'W DR R S
351 if J>25;wait 15008 - . . o .o
36;.J¢r1 L o - '

- 37: clkred éZ[l rl] , c ‘

38: wrt 722,"F1.R7.T3 M3 Al HO"
~39: for I=5 to 13 )

. 40: cll ’scnl’ (1)

" 41: 'rdvm’ =Z[1, rl] ‘ _ U R T
42; next T . . Lo T e Ty e e e
43: 'clkréd's2{2,r1] = Coae T * ' a
447 wrt 722,"F2 R7 T3 M3 Al HO“

45: ¢l1 'senl’ (1); ' rdvm’ #I[rl], clkred :Z[3 rl}

46 c11 scnl (2);! rdvm aV[rl] clkred'»Z[a rl]

If V[rl] is: 1ess then 0:1. volts "the power"euppiy ‘fwf
.was’ shut o- ﬁherefore 'ﬂthe} proéremh*stoos »,'
recording responses of the eoparatus and prepares' o
" to calculate the results of the experiment . éfiihh”.

st



SN rae S r

‘”';qﬁ

47:
.48
49

”Z_§0:~

Ly

L1

79:

158

if abs(V[rl])( 1 ;gto. +5

! temp- J’(Z[9 rl] R)#T[Q rl] . o
dsp T[9‘r1] S R T
next J.’ : L S ‘

tﬁenptogram.ever reaches this point, the memory -,2;:*

the computershas been filled and ‘as & result

- heating of the ‘sample must be stopped and the"'

. 'resu;ts of the exg.;iment calculated

B N

'_51& dsp "memory Full"; 13- 1=r1 rléN wait 1000 gto “print“'
52; J=rl; JON - : . , o
©53: - Ifrl- 1]:I[r1]
* 54 V{rl- 1E§V[rl] S
55: (z[4;¥1-1]+2[4, r1])/2=2[3 r1)
561 2(3,x1)a2(4, rl] :
v, 57: “prlnt""’ : .
' ‘Set-up'fb:mat'statemehts fof,printerf-
o "58:~dspv"press contlnue to get print out"
.59 stp. :
; " 60: fmt' 2, 3x “tl Sx "2" 6x "3" 6x "A" 6x "5",z
§ 61: wrt’706.2 " _
¥ 62: fmt .2, 6x "6"<6x "7“ 6x "8" 6x "9“ 6x "10" 3x
L el 3% "Tave"'3x time"
- 631 wrt 706.2 | o
B 6h: dsp "WAIT A MINUTE e
. 65 fmt'l,/, fS 0 z B
&, 661 fmt 2 z, f7 1,2
#67: fat 3,z,£5, 0;f7 2, 2l e e
68:ifmt byz,£7.2. . AT e 7
" 169 fmt 5 / £5°0, f8 4 £7. 2 f5 0 z ST o
. 70% fmt 6, z,4x, f7 4, f7 20, 2x £10.:2, 4x £10 2 1x f5 1
71 fmt 7 / £7.2, £7. 2 f10 2 0 4, zu‘:gh. ~ :
. 72:: fmt 8,z, 4x-f7 bz N ~‘f‘¥u" T
T3 fmt 9,z; 2»:f10 2, 4x £1 2, lx f5 1 -.*;,’,f. Yoo
L ' R e ”‘l SR L
L Chlculéte temperﬁterejoffthetsample,, ;4f~ ;
S Ya;ﬁfor J-l to N ’7"f°uff'f:‘ﬂ'w' D T
L7751 for 1<5.t0 13 TR "7f“‘ B PSR AL PR
: 76: ‘temp.J’ (Z[1, J] R)¢T[I J] S
077 next.TI, ';',._ R R PR LR
78 next T . - ' RTINS ERTRTE RIS Ao

.for” J-l to N S

e



i
S ;,81 frc(Z[I J]/100)>100+frc(1nt(Z[I J1/100)/100) =
‘ i *6000:2{1 J] . . o L
82: next I . C AR ST -
" 83: next J EAN v s = v
Print out temperature rise of the s .
84: for J=1 to N E e .
85: wrt..706.1,2{1,J] ' i
86: 0=T[14,J] S o oo 2
.87: for I=5 to 13. SRR e oy
88: wrt 706.2,T[I,J] ~ ., = R R
89: T[14, J]+T[I J]:T[la J] R S I R e
90:.next I o STy L e

91: T(14,J)/93T[14. J] _

92: wrt 706.3,Z[2,J%, T[la J]
93: wrt 706.4 (Z[2 J]+Z[2 J])/2
- 94: next J

Calculate the"current and voltage delivered to the, .-

N
' . 1.,/' .
’samplef |
C 95: for I~l to N ' v o ’. ;7 ._
96: L{I]*.7781- 0019:0[1} - oA
971 V[I]*78.9965+. 4229:A[I] W
- 98: next I - ,
Calcui.ate..tﬁe vp.o‘?e.r dei‘ive,red‘.t_d‘v .Fhe':’"::‘.ampié‘- o @ |

99: 2[4 1]¢X[1] S T o
7 100: (C[2]-C[1])/¢Z[352]-2[3, 1]):5 o ' o e
-7 101: (S*(X[1]-2[3, 2])+C[2])*A 13#Y[1] R e
, 0102: X[1]*Y[1]=E[1}] - o
’fg;*gflo3:.for I=2to N-1

cos 104 Z[4,T]eX[I] o '

105 (C[I+1)-G{1])/(Z(3, 1+1] -Z{3,1])=S
ST 1061 (S%(X[L]-2[3, ;d)+C[I])*A[I]:Y[I]

. 1070 next I

J

“-ﬁCalculate the» energy dellvered to the sample by

6;1using an Hp numerical integratiop routine

T 108: Z[a N]éX[N]" . . ,
109: A[N]*C[N]=Y[N) " . . .
- 110: E{1]+(X[2]- Xlll)*(Y[2]+Y[l])/2*E[2] . e
111: NaM;le-69E .= . ‘ e S



113:
114
‘115:
116
C117:
118:

119:
o 4x‘"ch2" 10x, "P"‘
120:
121:
“122:
0123
124:
1257
126:

Program needs to know the _mass of the sample,

"for N=3 te.ni
.gsb "INT™

2
for J-1 ¢
;wrt 706.5,

6

A+Y[1]*X[1]:E[N]
next N .
N-1=N

wrt ‘706;wrt 706 -

.,

fmt 2 3x,"tl", 5x "I"'ﬁx "v", 5%, "t2" y 7%, “c‘l"

wrt 706,2 . S ‘
fmt 2 , n o _ E ’ t"
wrt 706.2° ’

3,71 m[J] A[J] z[a J]
wrt 706.6,1[J) ,y{J] Y[I], E[J] 2[4 J]
next J»’ ) .

e

order to calculate the heat capac1ty of r.!’le Sample

~127:
'128:
129:
\3130:

ent Vmass M . IR
fmt 2," time  Tave . E c"

wrt 706;wrt 706

wrt 706ﬁ2,5

A

zACalculation of the heat capacity of - the sample in

performed using equation (2 23)

i 131:

132:
133
134:
"135:
136:
- 137:

138

~ The

‘required to initialize

" the

et cetera,

ffor Iél:tO‘N,l

(Z[1,1]+2{2,1])/22A

GZ[1,1411+2]2, I+1])/2=B

(T[14, I+1}- T[lh I])/(B A)*(X[I] A)+T[1A I]¢T
E[I]/M/(T-Q)=C

wrt 706.7 Z[A 1],T, E[I] C ;

next I

:'stp

following are HP 1ib ary routines which are

in

he HP 3052A system,_ read

' Printfdnt energyfandgpeﬁer deliverEdfto the'semble.v_

A

thermocouples, .do the numerical vintegratien,-,

160



139 "init":
140: if p0=0;rem 7; clr 7 ; '
141: fmt 9,f;dev "clk" ,708=p8, "ctr" 725:p9
. ."dvm",722=2p10,"ptr",7153pll :
142: dev "scn",7093pl2, "scnl”, 710:p13 "scn2" 711:p14
- "scn3" 712:p15
143: dev "svm",724=pl6;82p7
. 144: wtb. pp7 rds(? P3,p4,p5)=p6; -
, r0+2° (p7-8)bit(2, p5)=¢r0 1+p7=9p7
S 145: 4if p7<lgto -1
© 146: wtb "ptr.9" .27, 69 . L
: ! ret o S
: "clkred": e '
: fxd 0 o
: 30:p6:p8¢p13#p11:p16
1: 31=p7=2p9=plO=pl2=pld - 152: 28¢p15 0:pl7
: '18-pl=pl8;p2=pl9
1f pl8=17;p19-1=p19
: ppl8+pl9apl9. .
6: pl8+lapl8
2 1f pl8<=17;jmp . -2 .
8: fmt 8,c2; wrt "elk" "RP"
: 1splé
): if pl8>plY; jmp 3. L .
: fmt 9,£4.0;wrt "clk. 9" "D"'f
: pl8+1=pl8;gto -2
: p3=p2l; 0=p18 . ' -
: gto +1;if pl8<p2l;fmt 9, "H" z; wrc "clk 9"'
1+p18=pl8;gto +0
165: p4=p21;0pl8 : ‘
166: gto #1;if pl8<p2l;fmt 9 "M",z;wrt "elk.9";
: 1+p18:p18 gto 40
167: pS=p21;02pl8 T
. 168: gto +1;if pla<p2l; fmt 9 "S",z; wrt "clk. 9"
.- 1+pl8=pl8; gto +0 : .
169: ret
170:- "dvm": °,
© 171: O=p5;fmt 9,f; clr "dvm" ;wre "dvm 9" "T3"
'172: if pl<l or pl>5;1=p5; lapl
1731 1f p2<l or p2>7;p5+2=p5;7=p2
174: if p3<0 or p3>1;p5+4=p5;0sp3 . - _ '
175: if p4<0 or ph>1; p5+8ap5 O#p& s S e
176: fmt 9,"F",fl = '
177: wrt ”dvm 9" int(pl), iﬁt{pZ) int(p3) int(pa)

s

178: re .

179: "scnl": '

IBOinf pO0=0;wbb "scn,sc¢nl scn2 scn3",c1r 731 ret L C
181: fmt 9,"0,1,2,3,4,5,6, 7 v z;fmt 8 ,£22.0,z - . i
182: wrt "scn,scnl, scn2 scn3 9" : - T
183: if p0=0;fmt' 9,f;wrt "scn,scnl, scn2 scn3 9"“' et R 3

‘ 184:_if pp0>319,p0 1¢p0 gto -1

R
T rove . N AN ~A A - - - - s



187:

188:

189:
.190:
191:
192:
-193:
194
195:
196:

206:

207:
208:
- 209:

- 210:
o 211:

212:
213:
214:
. 215:
216:
S 217
'218:
220:
221:

;1%2:

if pp0>79 wrt "scnl.8" ppO 80; pO lﬁpO gto_-&
wrt "scn.8",pp0; pO 1=p0; gto -5 e

"ref jctn":

_ret 5041. 6/(1n(p1)+7 15) 314 052 .
rdvmll . o
trg "dvm";fmt 9 f red "dva. 9";p1
ret pl i ) )
"temp Jr )

if p2=0;pl=p20; gto +3 . ; :
02p3;5.9373743el=p4; 3. 0167011e 2%p5

. -7.4293513e-5%p6
o197
©198:.
199:
200:
201
;7,202

- 203
204
205:-

'poly’ (p2,p3, P4, pS p6)/16§+p1¢p20

-.048868252p3;19893.14503%p4 ; - 218614 ,5353p5 5
11569199.78+p6; -264917531 . 4ap7; 2018441314¢p8 o

ret. 'poly’ (p20 p3 p4 pS pé, p7 p8)
"clkred"'

fme 8,2x,£10.0; ;red:"clk.8. pl ret pl

"pOly" . .

if. p0<11 gto 42 ’
(((((((p1p18+p17)P1+p16)p1+p15)p1+914)p1+p13)

pl+pl2)pl+pll)pl=p20
((((((((p20+p10)p1+p9)p1+p8)p1+p7)p1+pG)P1+p5)

pl+p4)p1+p3)p1¢p20

ret p20+p2 .

"INT":1=1

lf (I+ksI)>N-1; gto +3 - N
SS(X[T]-X[I-1]=X)/X[I+1]- X[I 1]»H)»B[I] °

2(C(Y[I+1)-Y[1])/(X[I+1]-X[I])- (Y[I] Y[I 1])/X)
/HsT)=S[1];3T=G(1];gto -2
(03S[1]2S[N];8-4=W :

0=U; 2] -

W(- S J- B[I]S[I 1]- ( 5- B[I])S[I+l]+G[I])¢T
if (abs(T)=H)>U;H=U _
S[I]+T=S[1]. Co T

if I#N-1; I+1#I ;gto -3. ‘

if U>=E;gto - -

.if (I+1=2I)>N- 1 ret

A+( 5(X[1+1} X[I]aH)(Y[I]+Y[I+1]) (1/2&) o
T 3(s [1]- S[I+1]))»A gto_ -



'._APPE.IWIISIX- D ':‘.C.a‘librationv_of Ath'e."Di’.vid:er _Nev’tivoxv'k.-Used:;‘in the Heat

| vCabacity‘Egééiiments o |
To ensure that t:hé div‘ide;: ;lxetw'orjk,;s‘hown_ in rig&é 4.2 correctly
'-'monitofs the: vol;aée -and »cﬁrégnt fdeliVeféd ﬁo 'thé__;ample, »ﬁhe

divider network was calibrated by -applying voltages and currents,
- at 1eve1$£fto "be 'éxpéctédh in the actual experiments, and by
monitoring the response offthé;aivider network. The response oﬁ;the .

current monitof,_Vl; and voltageﬂmonitor,‘vz, were tabulated and a

“straight line fitted to the fe#ults._

. FOI I . L ) . . o
o sample ) . ot
. 1. sample . ] ' R L X
0.272° | 0.210 . - e SR
0.385 0.297 ' v '
~0.518 0.402
- 0.663 0.515
0.667 .| -0.516 . a
. 0.517 0.400
0,425 0.328 .
10.272 0.210 -
- . Y
. . L.
. Using a straight line fitting routine
i
sample 0.7781 V1 - 0.0019 A X . (D.1)
: ‘ . °



For V &
. snmplg

v
2

) sample

682
w967.

.676
.680
.300

OHKFMHMHMHOO

.681

o1,
PiIN

Using a_s;raighc‘}ine fitting rol

v

.297 |

067

.54,
.76,
103.
132,

o132,
103,

B4
54,

-

N NW OO

RS

-

LT 78.9965 V. +.0.4229

semple

g

~
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V-‘APPENDIX E. AE;tperlmental Results e

. RO . S B ‘
The experimental results presented here are. d1v1ded .to.tiermal-%

S “;:conductlvity and heat capac1ty results .These results are then 17?'lfntp

if presented * iw‘ chrbnolaglcal onder. with appgoprlate 'commentsj

\4fregarding each experlment Tbe numbering system\used toArdentiff

\\m. - C-y
4.“. * R .

,each experiment starts at 50 because many prelimlnary experlments
. . - ) o« 0 . . .

..were conducted in order to developfthe final apparatus and methods

-

.ﬂThls numbering syg.gm is malntalned here tso that the reSults

s . L
. v

“presented 1n th1s Appendlx caf ea511y be referred to the orlglnal 'lb“~‘;;i

. : En
" . . . S . P

more complete experlmental data results e S
L R

’ N ~
G (’<ﬁm_._ e “'.—r'rﬁ—;—rf e e : . T O P o
. . ) T .

3 v . &

G E 1 Thermal Conductivity Results .
: ~j; i ﬂ; B prev1oust mentloned in: Sectlon 3 3 Uescrrptlon of chei’:
e Ewperlmental Procedure for the Tran51ent Heat Probe Method the =

. x N -

power supplled to the. probe had to. be reduced to the p01nt where ’

no@se \andv drlft- in' thé_ thermocouple readlng‘ became _very

< L . ) - -

signifrcadt Therefore the transrent heat probe experlments were

. N . . . J - . . . ‘ ) s . .
¢ .
TR performed several tlmes on the same sample and an average thermal

'.’.'-3 '

f‘A“3; conductivity for che sample calculated To estlmate the error.ln’gxxaf”
'%& ' l the aVerage thermal conductiv1ty result the max1mum deviatlon in_“_f‘

l‘the 1ndividual'thermal conductiv1ty runs from ‘the- average thermal '
N .

SR conductivity was used '

" The instrumentatlon used in thls researCh,_3to ‘monitor- the .
v. . . . ‘ v- ., . .> " ‘ ‘. ° " .‘ !
temperature of the probe Was‘only480curate to ~0.1~C.1To:reduce’

the error 1n the thermal codductivlty reSults | thermdcouple withAr”

better te‘perature resolution (—0 01 to 0 001 C) is required




Sk
-

e y oo
' ' ¥ S
2 'howe.ver the shale sample may change physically during experiments
R i [ . - . P
. As  ..a . result : very ‘accurate de»termination' .of 7 the"- thermal
) : : : \‘ iE ’ Y
L ‘conductiw.ty of shale may not be pos51b1e. The work done ,by other\ _
researchers was on materials which allowed a 1.arger tempeiature :
' g,radient w1th1n the sample than that within the Clearwater shale
) ),- {. .
samp‘les For 1nstanc’e. Seto used the transient heat probe method o
‘to, measure the thermal conductiv1ty of oilsands samples In Seto s \’ o
"_';'.,_'";experime,nts., he ensured that the sample ,,Wa.. - 100% saturated by AP
: co . . ) oY e . . ‘.‘. . -. B
foicing water into the sample and pressurizing the sample - Since PSR
' : 100% saturated g\d pressur.i-zéd, Seto- -was a_bl\é- to-*t L
. ‘ ;! ‘ . - . ) _..a : ',. .‘l‘ v, :
w0 'use higher tempq ature changes his’ experiments. without causing o
m01sture migration 1n the samples B e : :
SR The follow1ng pa;fes summarize the th\rmal conductivity results - A
obtained on Clearwater shale samples T '- i
: . . A Y M .. . Lo '.‘ . \ '.'-
. W . _ .
. a S v . R » . (
o a ~ ~ L M N -“,.
. o8 “ ' s ; . . N . : 'f‘
9 S e s e 2
e o A ¢ “ ot v 1 tf . e
o a3 _. — . / an ’ ‘ 1 * .- - v)
- '. . ‘ AI ,. —\ N - l. ; R < . . o«
: S e - S e S )
- . > . . . . N . '_‘, ‘-
- « : ;e P
y.-" ‘ D « A - ! v ! -
b ‘.

) T
> . .':w:'-‘_- ‘_,- '
v ) ha “
. 64“_'-» I" \ . _-. e . . v g ;v:”.. .-
o Msero,(i98s) o oot T




’ Dehéity‘of.sambLe:

. Experimental results -

-1

uShaletsamplef

r

Composition: of sémple:_“

oA

S

jEstimated7Water‘Sétdratioq:'

~"Run-: [ q -

)

N

-1.73
.21

A
U W N
DN NS N

© 36-51-0-0

33§

“May16/85 -

P25,"M" SR -
,147 152 ft '

p - 2 06 g/cm

mlneral - 83 S% .
- water = 15.5% -4 ‘;

S:' = B4%
w. .

- “log- 11near fange o - N
[w ] Lo .' . (S) }V_f :'.' . ‘_',‘ :‘ ' .‘ :‘i . \; ¢

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

; 2200 1.68 S:10 ;” 13 s_-_sso _.~ .
2 2.46. " 1.68 - 1.73> 5,5 315 " )
‘h1A9erage‘thermalfconduetigity‘ o Py S PRI R ;:

,v  gb@ments?

‘

.
¢

UK e 1374 % 8%

. - : ave

vl
\ t

PR

a)'Sempleffractured ra&ialif' e L e

b) Flrst run drift\xn thermocouple

c) It was believed that during

?’
probe

,I'.. '..f,,‘

power level was

< . -

(exé}udiﬁg'an run) L'.,.'_ ,}_2_.‘fr” ¥

L “ e.
- : BB - o
- " -
. ar N .
. R > M awyes N J
. R [E B . .
J b @ - . ~ q'
1 . . L e 0 ’ 1
0 » - - -
. T ‘e LR . v
i . Sl . e
. N N .

,’~_';- .

iot corrected

tze first run the L ;: - {,:
too high and_,caused> S

a

Ve e
WY



. /i

:ﬁoiSEuréfto be:evaﬁérQFed'from;dround the probe.
’Therefdfe:vbéfore:;hé third rﬁn-thevprobe:vas

-. removed from the-sample and water inserted into

-

.

hole. The probe was then ;einserted»intotsampie.
‘ T . - - ’

. : ’ v" . - ®.



C D

om0 ey

R 3

ﬁExéerimenp#727-- ' R i‘ . | : i' .'g L .rj'i E

‘Shale sample: ~~  Marchl7/87
S . 36-51-0-0
. P_9',"'D" :
: 72*77 ftv

1Dehsity‘of'§§mﬁie; p - 2.09 g/cm
4Comp9§itiéh“of-samp1e:- ‘mineral = 81 2 - 79 1s L
C o ' ' ‘water. =:18. 8 - 20 9% _ per
(Spread in?f_results ' dﬁé_ ‘to ‘;ﬁﬁ'.
- measurements - made before and - '

_after experiment.) ¥

-

Estimated Water Saturation: § = 1008 .

. - Rﬁn;ﬂ:qi _u»' S SN log 11near range [ ;_f_f:f,.u_”;:'{
I A A T
] RS WU A R

87 | 145 - ak0 Lt T A
727215 -°525 .. A
90 .0 -12.5 - 370 o AR |

B VR S

¢ ’ - - ) ’ v : - . T~ L. . B N
g Average thermal conductivrty - }l TSI I
ceoa ) . . _va'... ."- EE '." I R ( NI
e ="3;f'ﬂ=ﬁﬁ - 1 76 i 8% zexcluding lst run) L
LN bk . : P
o A f'._..l, ) S '.v‘v v T : o P ‘ ;
h ’ ’ - . _}’!‘ o ’ ] ; . ¢ ,;" 1 ‘v -~
- €. : : S . S X . ) )
Comments A

ua) During~the ﬂirst run the probe was not correctly

-t
.\ ﬁ‘- v

grounded St

R : - N
B I 2
{?/ B A



o

" Experiment#73 .\

‘Marchl7/87
. 36-51-0-0
<o PI6REC L
ST 112-117 fe

T SRR T

‘,Pie:"p - 2q17F§/cm3‘
T R T .
o] iC°mﬁbsﬁmipﬁgof“sa@ple¢f_ mineral = 86.4 -.8575% ..
e T SR - water = 13d - 14,

s »
Eebiiated boben e
"Estimated, Water Saturation: %5 -= 90% _ -

. . . . e sl
2 e A S |

. JF ‘ . # . = - -
g =, F o b 'v FE e - Co - P

r : ‘-::’ '."_ o Sy,
o ,4£?E#ig;
¢ 7. .Average thermal conductivity .0/

. L2 el e ek

U R 2009 k]
. - . . avp . ; . - Sl

78 | dexeludingSER runy

P T T R RS .S

Y A - . 3 L e
: ; 2 . E R . hd T
. N ¢ - - . o o, L - . ~
\ N A o : ‘. : "
- | - oo = >
N € * . N lv'. LN .
" B . . : :
" b v " ‘ ’ E
3 R -
L ~




~ Shale sample: . April28/87 & .~ °.
oo 36-51-0-0 Lt

Pza’ npn : )
142-147 fe <

g

' "Dénsify of sample:_‘ﬁ -'Z.ISZg/gmﬁ.i o

»  tombosition“Of-saﬁpierv ﬁiﬁefdl 4'?6,2 - 73.1%
S .- water = 23.8 - 26.9%

- s >° '

A e P, R

:;inpeiimental'fesuitsf RN

., Run

»

U oBWN
M.
mv
o
N e
N
W
]
,—l
O
s
’-I

F fe

ave

- 500

; AVerage‘thérmal'cqndd;tivity ni;(r.:"‘:"

' '-EStimatediwaéef Saturétioﬁ: ::S ;?124%“_‘
M - - . . ’ - ‘.wb '

675"
455 -

400 -

~

PR

Do

;--:;.IQgJIinéar”tange‘i,ﬁ

N Qs v
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O
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R > "‘ _:" el o ' '
- .vﬁ;xpezj.iz’_z‘ze‘x;t#Zé Y

R L . R . . i . : [ . LR s
> " S Vo . . . i .
[ : L o . e e . o E o B :
. % L 'f. N L Sy L . i . : . . el
e et ’ . . . . .

e §‘ha'1'e;s'émpie__.: L $No’x’716/86 S R ) S

O R _0, T e
Dens‘lty of sample 4 é -‘g/cm3

Comp051t10n of sample K ~“mineral = 90‘.4’3'.-—88.1% e

C e [ %

water = 9.7 - 11.9%

Ny e e

" “Estimated Water Saturation: s, = 118% » .
R R e L DA R

; ‘Exp’e:r'ime'r_itai result&s o
Rin q K 1og 11n rr%“
"2.58 . . 1.63 - 1.
©2.700 1484°- 1.
1
1

1

: L2

et 30 2,690 1,92 -
S 42,380 0 1,55 -

'Avérége.. thermal conductivity =~ . -~ .. ¢ - "

' Ka‘ve:‘-"l:."716 + 12% - ';2\i$_iﬂg' -éll‘ runS-) S,

.

. Comments - e S e R ot
el 'a)'-»-Sé:_nplé vgry ‘sandy. e

¢
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4uf*}Exﬁefi¢én§#77'

.- sShale sample: .. ~.Feb 6787 . :

T Tagls1h0-00
P21,"C" -
'139-143 ft

: ‘Densityzgffsamplef._p - 2.06 g/cm3

_’ Compdsitidﬁ of/;éméle: <‘minera1”-‘77,2 - 75,8%‘{E'_
: e o .o . water: = 22.8 - 24.2%
 Estimated. Water Saturation: s, = 109% ‘

. Experimental results .-

-Run

a0,

T
Qe W
NN RN RN
TNTW WL W
B S S R )

=

=)}

o

<I

[

o

)

ctivity e, o
L LKoo =1.70 £.108  (exclyding §th run)
. R N ’ . gvg’; B \ , . . ;_'. . "f,,-.,'; . .. )

AR

- Average thermal condu

o ox v [ - Lota

L AR T e
- Comments®: ' = .. T e
. . - D PR SRS v AR . S e

'é)'Nqne ,

°
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. Ekpefiﬁen¢#78 L

- ;Dehsity of §émpié:' p= 2 0 g/cm

PRI

- March'3/87. o ¥ N
dsio0 ST
P29,"Gr . e
172-177 £¢ . -

Shé}e sampler:],

CompOSLtlon of sample m1nera1 - 88.6 - 87. 5&_, o
‘ . 'water- = 11.4 - 12:5% o

,_'Estimated‘Wéfet78afurafion§; -S‘”# unknown

‘Experimental results ~ e

Pl

Ren' g K loglinear range’

¥2.22. 2,27 10,5 - 450 "+ |
2.30--2.33  615- 528 . ot

0.5
‘ 6.5

12,21 - 2.30 . 7.5'-250
0.5
9.0

G

02,19 < 2.25  -10.5-- 500
+1.85.-'1.96 " =300 -

o
wR W NS
N NN R
®ON P O
K> 60 i~ = U

Average thermal conduct1v1ty ,"i,;, fi

L ; ;fv;i_}' ‘- 2 26 (excludlng Sth run)

ave :
.

i...

i:Q ¥;a 'aj'Sample very sandy with bitumen traces ';57 ]

s

Yo - e . P A"" NI i el o, L .
. - v P @( R . R Ll L , e
. [ . U R R . 5 SRR Ll .
ot X EE - C . L KR B . . . »

";:j 'ﬁ) In the fifth run the probe current drifted by 'fliﬁz‘

E 174jf]"



B Exberimenc#79

SR ¥ j

Shale sample: ' hay20/87'

K e - :34-51-0-0 .
S i P8 ; ."‘D "

f:577;32 fr } '§§?}' 3" .{}5-' |

‘.Denéity of Sample \p - 2.22 g/cm:~

_ Composition of sample m1nera1 - 86.4 -°83%y
: | cwater. = 13.4 - 17%
Estimated Water Séch;¥t}on: 5, - 958
e _,\
' .Exper1menta1 results

7<

- Run ' ' q

2.10
- 2.31
2.35
2.35
©.2-.35

\f .  1og41iﬁear.rahge
oo o (s) ‘

o

—
ZZ
(]

;'\JOU‘NOE

235 N - 500 o

;. 9.18 - - 550 , ,
*‘-g\.ls ‘ 500 AR -
V21 Lo .- 500 : '

- ,2\3'2;_’-- 5.5 - 550

U e W e

R RN

N RO W

Wy oy oy

RCECRVEC NI
' .

l:. , . . \:
Aﬁgrage ?ﬁefmal;cbnductivity\\ - ;f-‘,"' .
’ KR = 2.23 % 5:4%° (using all the runs)..: ¢

.« " . ave

. - - % - e T ce ) e e <+

-« ‘Comments . "0 . L 7L

:a)_ﬁohe .

- - : © e . : - . %
- . . . R
- . N . i) .
. . L Kl

SR

FrE



b

C ,
mineral

E. 2 Thermal‘mlieat Capacity Results

Thermal heat capac1ty values were obtained experimentally for .

three substances these being tap water sand/water and oilsands

. , P
published values » in {}order to acquire some appreximate estimate of

These experimentall%obtained values were compared with previously ,

the accuracy of the transient heat capacity method used in. this

n .

"'b

..

the literature it ds thought that the experirnental ‘error in the .

;{ i
heat caﬂpac1t/y values determined by the transigeht heat capacity

method is 1n the nelghbourhood of 5%. o S

,'.I'he' heat capacity. of the mineral fraction of -the sample, l

e

. p.‘. -

was determined using equation (2 5) where the effective‘

heat capacity, © rr’ of ‘the sample was experimentally determined :
0 .

and - the "value used for -the heat' capac1ty*‘of‘._th_e vwater ‘was
: . v o TN K . ) ’ -

a mineral

.gC 4' .

composition of the sample measured before and after the experiment '

The fo’llowlng pages summarize the heat capacity results obtained

for Clearwater shale samples

, rgsearch A meanmgful comparlson can, however . only be made forv

:the: case of tap water Based on heat capacityWalues fo.r5 tap ‘water, -

176

(’ as’ obtal’ned by the transient heat capacity method and as’ quoted in" L

"4.18 —“:— o Two values for o ‘f’ere-’i ucalculated< using .thet';_;-'



»Experiment#§o‘
Shale sample: ' Aug2@/86':
N : ' - 36- SLAOxU‘ , _
_‘ - p4, L
© o 47-527f¢t ‘

.Density of saﬁﬁlef p = 2 24 g/cm 3

Composxtion of sample*’ mineral - 80. 3 . - 82. 1%.v
: oo L water = 19 7 - 17 . 9%

Estimated Water Saturation:' S, = 113%
wvin 'afv" T e

a@u !?'MS‘ ‘C'-%W

Exper1menta1 results

- 1.&2‘%——
. °

e .
**P g C
L e ; - 3.17 j
) . - e.xp 3 . N - . e

-08] t007QT
g (o)

. mineral
Comments

a) The metal sheath of two thermocouples in the

a

'sample were accidentally touching eaoh other

rThis caused very high localized heatlng rates at

/ o the thermocouple 1ocations and as a,;esult the

. response of thegeitwo thermocouples: ha to:be
”'fgnpted-ih the calculation of the heat c pecity

of the sample.

177



<<*nExperiment#55;

» ébal§ éq@)le:

<.

°
B

ﬁeﬁSitybof samplé:

Aug20,/86

36-51-0-0

P4, "H" K-
47-52 ft R ¥

1gm-72;69'g/cm3 R

.Compoéition of sample: ~i%1neral - 79;2V-:78.8%

. Comments -

a) None

‘water f’20.81-'21.2%

imated Water Saturation: ~ S = 106%
. . vE _ “w

T30
cm C

7

< 0.74 to 0-73 —%4,A‘,"

178



- Experiment#56 °

xperimentsS6 " e oL

¢ : <

Shalefsadplé: ~ Aug 1/86

LT T asiwe-0

g o RL7AT Ll
N 119-124 ££ 0 ¢

':Density of sample pi= 2 22 g/cm  ” f"
_Composition of . sample f mineral - 84 2 - 85. 2%
j.Eétimated'W;teQZSaturationilq"Sa - 101% r.

L. BT ' ¢ o L

3 Ekpefimgn;al résdltsl o N e '.\:

. oi’l .:‘ t « 0"

Tfﬁf ",-'*,’ Cerst = O 74 £0.0.79 L

mlnerul e

c
N gc

. water =158 % 14.8% .jf

YT ST



}EXpé:i@ent#§7'wf_,jf‘“ Y

_ Shage sample: »:rsebt30/8e
PO -+ 34-51-0-0
o - S 3 B - Pz ucn i »
e - 53.57 ft -
I T S S s
-~ Pensity of‘samplﬁe p= 2 17 g/om
"Compqsition-Qf'sample, '-mlneral - 8.3 -4%&% .
A L water - 15 4 - 16%
" .. - 'Estimated Water Saturation: S',— 97%
Pl = * . . . ) \ ‘» . B .

Experlmental results

o, * ' c - 1. 28 ———i
e et °

- SRR 3

—_— pc -2. 78

expt. IR 30,

2 0.95.t00.73 |
mineral : - RS PN
. © g G

"~ Comments

" 4) Sandy sapple. -
@) Sandy saple.

Cen®c
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Exberimeﬁt#58,

Shale sample:

© P27,
;1«62—167 £t

”['~ Density of: sample

Composition of sample“

‘\._..47,

Experlmental results

T N
LSl N : o,

Estimated Water Satufatioﬁ: S

Nov~ 3/86 .
36-5190- 0

Ll b -

o= 2 06 g/cm

mineral - 87 2 - 84 9%
. water - 12 8 --15 1%

- 748
w . v

¢. =1, 31-—.

.expt

PR " B Do ‘

S e, *772--7'0.‘

. expt -

o - . e 4__0
S ) R manl o

: Comments .

‘*, a) Sample very sandy with bitumen traces

g C ‘ R .
J.. - ' '

© 30,
‘cm c

89 to 0.80 —— .
S T C ’

s -

b




'Experiment#

'.pesha%eiS§ip1e:{

'AmDehsitfﬂ

"7.:C0meSit

14

. EStimate

1
s
.

: Expefime
B

oftsample:"p - 2 00 g/cm -

1;}.'
L pe *1- 3 35,

590 L

Febs€/87 . o o

- 34-s51-0-0 i
P21, "p" o el B} . o
139- 143 ft ' S '

SO\ T '

jon ofﬂsample: mlneral - 76 5 - 75.0%
; S water -= 23; S - 25 0%
ofwater'Satutation:Z ‘éw - 104%

S : o

ntal results ' o

t

J

axpt 3o
® i cm c

, 5\t%.--' | 3

Comments

. a)

Ty

=70.90 toqe 83 ———-fﬁ* g
T

]

mineral

PR R

Note that ‘the moisture content in this sample

*

vas. very high _and that this sample‘ualso

A

‘Aproduced tﬁe highest heat caoacity\ of aii :

¢

transient heat capacity experiménts performed on

1

'Clearwater sha}e samples. ‘v.V o o o

. -167—_* . " E A" - ‘

N

'1g2 '.:



ﬁ;:éhélévSampfe;. g Feb 6/87 :f _ .7.-q 

'r':'f;:  mixed with the sand,

ST .923 "C" 0 SR FETRISTINS
ai1  = 131:142 ft Zmi‘

1 ,'

Density of sample p= 2 15 g/qm -f”f . f

Compositlon of sample minefal - 89 2 - " 87.5%
Yoo s ~wét:er o 108 - 12. 5% )
Estim#ted7Watéf'Sacurapipni.”vs;ii-79%:i7
'f.Ekpéfimental‘tesﬁftsv.f B
LIS “'”z.. B 3f' ,l‘; o B .t
....Z, ° c t Lee [ . K e N X .
ST e g e
Copel =240 o e :
s PR - em” € N ' R

Yo = 0.79 to 0.73 S
- mineral - . v SO .
T g.C

Gﬂmments e f C ._'“ Nh;h“ e L ;

-a) The sample was very sandy~wi€h streaks oi shale'

. » N .
"“A I_) a .
. ; o
« . . e ‘,I'-’
4 .
. . . . u %
Y - : ! 'm
- - . X NS i
- . E : -k
. ’
< T ’i‘l"‘l 't-
* O ‘
.l‘ »
-




"-T'Densiéy'of,samp1e p = 2 2% g/cm N

- E*p

- ComﬁositipniofPSAmplg.-v mdneral - 82 5 - 86.6%

etiﬁent#ézf ’.4.’; .v s ;'§; ',.

B . . e .

'_s'_hale_s'am;ﬁe:{v. 0 Mare 3‘/3}";.4.'_’:“_,__ B AL S

34-51-0:0
e ‘P‘Zg nAn
S 192077 fe

....\

+ . water = 17.5 :.13.4% .

s

Estiméted‘Watér Saturation;g"gw'?fQS%

TN

— ~ e N . ]
- o . .

-~

T . ’ B . . N

Experimental results . E R PO

e =130 L
. v...xpt. .g.bc

pe - 2:90 ‘3’0 Lo . o
% . =0, 69 to 0. 85'19—. e
miner-nl . , e

: ~ g °c RN

.

.-

Commeg%s : | T ' ~',:‘T.. _ "“”; : ;;fj.h s

_ a) The sample was verv sandy with clumps of shale

mixe@,in‘and'bitumen traces presen;.:

-




mineral - 8,5 2 - '86;‘5%
= wa,ter ‘_- lls 8 13..5%

cmC

= 0.86 to 091 -h-

'3

c Al
minoral




Experiment#65 .y . . ¢

. EC

. Comments

_ Shalé sample: -~ Maf 7/87 T .

| ﬂ - ! 72- ;E"ft.. T

D‘en'sity: of ;‘amp;i_e:-, p - 2 13 g/cm

Composition of sampg.. D in:‘ln'e'i'alv - 80.7 ‘-.'_831'5%'
R water = '19;3 - 16.5%"

AL

. Estimated @atef Saturatiom 'S, - 96%

P

'Experimental results R T

c --1&6— ;e
expt - s

TN

pc t‘-‘-3.1‘1 ‘;0’
S SRR .cm C

‘e

e
’_mineral

gC

’

-

ca . . Sl
-.a) None - . - ’

- 0.81 t:0092__". SRR



SR T T\

B}

V"fxperihent#GS:,uj"

Shale sample: -~ Marl?/BI;ﬁff* B T IR
: 112 117 £t e e
Density of sample: p, -y2.22 g/cm R L g

'compdsitioh-bf'sample::' mineral = 84.4 - ' 85.6%
o T water - 15 6 .- 14 4%

.
. -

‘ Estimated‘Wgter Slturat}onj'v‘ ; - 99% " 5- - e e

) 's‘."

-

Experxmental results

: X C’t"'133—-?—' . P
‘.‘:.va . gc -

L ope =2 9 go" T A S
et T ew’®c T

o C eral 0 80 to" 0 86 R
,,_i..umm‘n:a y) ..._ gC

) 9 y% |

- Comments i:f‘

KR f . L BT
=
.

a), The meqﬁl"sheath of two thermocOupleS Vere T
. JJ“ : .

t: touching durlng the experiment and produced the- ':;’

E same effects as’ described in Experiment#SO o :j':fj, : ;(TTH

Y
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e U e . A

- . . . )
o — :

R PP LI ST
S BN S o T

- . . - L. P
’ . - - U

-.ShéLe ﬁgmplé?ﬁQ">' Marl7/86’f R
' X'r' . © . 36-51-0-0 - o 0T
» BN . . '. VP16~,"H" - "—"-3 ‘ -

112-117 fr
Lo N \
_Rensity[of sample: p ='2.28 g/cm
Y S . N . o
. Eptimated Water Saturation: S = 114

—— ’

" Experimental results . R |

: . : é - t::;il;;az '%é— B o ‘
SaTe L e 8 C T
N S ‘ “cm” C-

c. . =0.75 t6 0.90 ——
mineral . R 0

e o S - 86

P
[

* Composition of sample: mirieral = 80.5 - 84,28
T © water =19.5 : 15.8%

T I  EIREE IR SO TS S N L PP
 Experiment#67 . . . LT _4\): RN



R . M
D atinrand - . X

.,;5gExp¢rimént#69 .

‘... Shale sample: . Mayl6/87 : ST
. PR :s:- - 36{51‘040 i ::  . . o %
.‘ rzs;nun . »xva-  - .
- 147-152 £ ¥

2
wh
!

e ’ .
N -

 Demgity ofggample: p = 2.16 g/en’

L : o e R L

szompositio of saﬁplg:x mineral-=- 83.1 - 85.4% e U
R SR - water = 16.9 - 14.6% . SR

Estimated Water Saturation: _;S = 93%

'_Expegimental results -
e e e
o R SRR

c '\‘/),/B;BSitoa0;9A'-£e :d 4
mineral L . -0 T
. y S S C- {Q;i :

Comments - .- - A oEO £

. a) ané
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~

. Experiment#74. = . - L Ly

. -
, R

Shale sample: April28/87
L 36-51-0-0

B o :f§f,P2a1nDn Pl 5 L | }”,2-

142-147 ft

" Density of sample: 5 = 2.19 g/em’,

¥y

' Comﬁositiph.bf sample: 1miﬁéfai?%&ﬁ9.934~8215%‘ - 4
. S Al s

R RN - water .= 20,1 - 17.58 = . , )
Estgmateé/azté;‘Saturation:» ~S“ - 108% o .
\ . ' ’ i . . ’ ) o N
a4 . ' e s * N e I - . N

‘Experimental results

C; v 1.46 .-%_-’.: PR
pe . -A3'20 :‘;o ) 1.. N o R
. P em C U

03 N L 1:' ~
— . '
gc.

‘ f | | I {f\ﬂi .

Cc .
. mineral

- 0.77 to 0.88.

,

, Commenté; e

radially."

<

'a) The sample was very bddly fractured axially and

190



‘ : s Py

T -Experimental rééults :

N pc- - 2.90 J IR SR PR

ExPer‘imeqiz‘c#go LR
. i C L : .
.

-
&

‘Q S

.Shalé."_.s‘.aﬁp}e:é “ Maﬂ0/87 ‘? . L - ;-
Co ©34-51-0-0% o n

o e fPB an e o o

-,

; - ' 77;82'ft';”_ e /;;'

i A
ety ot st B 117 gt

'C‘bx‘r'nposition'of ‘-s‘ample: mineral -"83. 4 - 84 9%

water -16 6 - 15.1%
: B RN

P SN S |

~ e Q". _)1 34 J. R .. | .. o
. .' pr.t;. g C ...‘ .-:‘. . | . &4 -

expt . 30 } S
o xg' cm. C e . . .

C“"“"-077t0083—-— _ :
mineral ’ .
gCw o

e

(3

Comments . . S e

- _a) _None:*

Estiniatéd Watér.Satii?ratiom 0 :S - 96% ":»‘. ) R
L3 i - B . ; " e . <“ . 1." S ’ .




‘ APPENDIX F Derivation of Equation (2 25)
;T following dexlvation uses “the - integral transform. method-

. outllned by Ozisik For the problem .as de5cribed 1n Sectlon 2 2 2

L'the following partial d1fferent1al equat1on applie&

S a - P;,-,' |
xv T(r z, cj + q ac‘; ‘(.F..,’1_)‘
where. the p§£§méters-on‘thi§‘equa;ion are the

B Y
A

" same as in Seétldnl?.Z.ZQIl

:The.boggdary‘conditions forfthislprobleﬁ are as follows | . %

" :1) :T(‘r,_z,O)"‘-’ f(rr,z‘)..é-‘ o ' Rt (r.;za)
Cmreoem-o e by
. | 35'f(; iy o ‘; ‘v-'bj,;‘j.  v ; | n. (Frzéj
S wreeo -0 ey
L5 T(0,2,8) flnlte o pae).
el L ‘ ‘ R

For ,the 1ntegral transfbrm method the ‘reQuiEéd 'hOmogeneons ’

-

KPI(rz.t)meedt L . (F.3a)

~

30zisik, ppS52-593, (1980) 1 i

e



“or in cylindrical coordinates

“rerl oar) o8 Bt

~ Applying. separation of vafi?blegl.‘

T(r,2)t) = R(DZ(2)Q(E)

Eﬁuatibn:(F.3b) Bécoméé <

PO

18 [ ) 18z
f— | — +—-——--——

rR ar or

18 [_ aT']"  g’t “1ar.

2 e

B S e

‘"For.thg‘tihefsélﬁtion_Q(f)ilv
",‘ %Qe- -(ﬁ 2,y )QD " Q(t)

5 .= S

jFornéhe~a¥fal ¢om§nhent Z(i):

. dtz

i

5 .
& .

D(ﬂ Zex? )t

"déterqfhe&flaﬁetii

(F.3b),

-(F.4) -

(F.5)

(F 6) 

42 5% 4 (D) = Acos(z)) + Bsin(z)) (F.7a)

‘where A and B are constants to be

P

PR

193 -



E vaom Table ‘2.2 bf‘OéiSikﬁ -~

S el ‘z(z) - AsinGz) GRS

v

where A =g o R
Capd L 27 : .
an Koo T

- N . . v )

T © . (normalization constant)
" ‘and the A 's are constants 'to be . N
‘ he . A . on pe

., determined later.

' Fér the radial coﬁponent R(Z):.' “'"” o ‘P;ZJ'.‘

— ["V—i*ﬁzﬂ“f’»? R(r)=CJ (Br)+DN (pr)  (F.8a) e

. S - where C and D are constantsito be : Lo 1' »
o '-,detgrmiﬁed later. - .
"and J§()"énd No()'AIevBeséel aﬁd;7 

- T C P Neuman functions.

- From Fable 3.1 of Ozisik =
T \‘Rn(r.) _CnJo(vﬁ.nr)v‘w oo (EBR)

o o - R
where ﬁn"s are” the roots of

©

;; jA(ﬁhr)fp_,5' 
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1 2
2
1

* o and
2

wf«f."ﬁ_~uw>‘b (ﬁw'giyfh

(nornﬁlization constant)
. and. the C s are constants -to

be determined later

The “homogeneous solution is therefore

T(r z, t) - Z 2 C sm()‘ z)J (ﬁ r) D_(Aﬁﬁn).,t_r  (F.9a) -

[ T mu : N .

| “where C - __.ﬁ’__—‘r jrsin[z—-z].] (ﬁ r)azar (F 9b) . B .‘.
e ™ Lbawb>o_A " | | S

.,'.'

Using equation (13 15) from Ozisik the solution to_the original

p)’:%blem is obtained ‘
T(rzt)-Z):c sin(Az)J(ﬁr)e Nt
‘mm . ‘ A
K J' D(z\ 7ﬂ )t Bt o * (FIO) -
Solving the integral in equation (F 9b), ene.'_'Qb;ta'insb»"equa-'tien

(2 25) presented in Section 2 2 2.




