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L _ ' Absfract

v " Densitie‘s of aquebus solutions of AlCia (cont'aining dilute HCI) have been

'measured at 10, 25 ‘40, and 55°C\wrtl'r results that have led to apparent molar -

~

"voiumes The Pitzer ion interaction model has been used for anaiyzmg these '

apparent molar volumes to obtain corresponding stand'ard state pamal molar

'volur'nes ot AiCI3_(aq) Similar use has been made of published apparent molar

; l"“ i ’ ¢ ;
heat capacrties of aqueous solutions of AlCi3 HCl and Ai(NO3)3 HNO3 to

~
o

“A‘,}’Obtain standard state partial molar heat capacrties of AlCl3(aq) and

A Al \ .
¥ .
(NO3) ( q). The partial molar volumes .and heat capacities have be’en used.
\

- wrth the Helgeson- Kirkham semi-theoretical equation of state for aqueous lOﬂS

' to provxde a baSIS for est] matmg he thermodynamic propeﬁies of Al3+( aq) a
. )

.'high temperatures and pressures This work presents improved volumetnc

T

data for AI3+(aq) a phenomenologicaliy consistent treatment of volumetnc and

thermal properties ot a solution ?ﬁmxed aqueous electrolytes contain;ng a
_ X .
trivalent cation and the first semi-theoreticai representation of the temperature
3
' depender?ce of the standard state volume and heat capacrty of -a tnvalent

»
" cation. B - .-\
» N - . —- . n

T An aneroid calorimeter has been designed and built for measuring rates of

’okidation of bitumen in porous medium under nearly isothermal conditions in
~ the temperature range 155-320°C and in flowing gas atntosphere at pressures

iv
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'

»

fo 400 kPa absolute Rates measured at 155 and 210°C at several pressures ‘

of d’xygen have been used to assess the performance of the calonmeter and to.

\

defme the llmltatlons of \thls method A general method ot analysrs ot

thermokrnetlc data for slow exothermrc reactions has been developed

3

| Appllcatlon ot a factonal expenmental desrgn tomeasurements of the rate

.(\-f‘

) ot oxrdatron “of Athabasca bltumen has led to the lqentlhcatrontt two classes ot

W

L" v S

‘ reactlons occurnng in this temperature range wrth the "t{ansrtlon" temperature

near 285°C. Thls result has, been supported b)‘rchémtcal analyses and energy-
relatlonshrps “The combmed results lndlcate that oxrdatron (Jt bitumen at low

\

temperatures proceeds by way of oxrdatwe pyrolysls of the asphaltene fraction

wrth slmultaneous dlstlllatlon of the saturate an aromatlc fracttona At high

temperatures complete com’oustlon occurs Apparent activation energies,
reactlon orders for oxygen and pre- exponentlal factors tor both processes have

® o c‘%
been evaluated. } ‘
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Introduction

The work'presented here consists of ‘wo separate investlgations in/the
field of experimental thermochemlstry one concerned wrth the “equilibrium
chemistry of aqueous solutions of electrolytes and one- concerned ‘with the
kinetics of sIow reactlons involving a solid and a gas phase Chapter 1 treatsv
the first topic, the thermodynamlo properties of aqueous aluminum ion.
Chapters 2 and 3 treat the second topic, the ratg of reaction of bitumen with |
’oxygen at low temperatures The calorimetric apparatus: and method of
investigating oxidation kinetics are presented in Chapter 2. Appllcatron ot the
apparatus and method to the development of a kinetlc model for th.eoxldatl.on
of bltumen at low temperatu'res is presented in Chapter 3.

The oxidation kinetics of bitumen at low temperatures is primarily of
interest in connectlon with the in srtu combustion method for the enhanced ,
rec‘6very of oil. The chemlstry of aqueous aluminum ion at elevated.
temperatures is also ot interest in connection with thermal methods of ol
recovery slnce thﬁe )/ast majority of mlnerals in the crustal rocks are
-alumlnosmcates Reaction of these mlnerals with hot aqueous fluids’ produced
bzy steam ln]eCthl'l o/n situ combustion results in the formation of slightly
soluble oxides that may adversely aftect the hydrodynamlc propertieys'\'l”e
.reservorr matrlx The aqueous chemlstry of alumlnum ion is also lmportant for

x

several other reasons, some of which are cited in the mtroductlon to. Chapter T

? 1



CHAPTER 1

Densities and Apparent Molar Volumes of Aqueous Aluminum Chloride.
Analysrs of Apparent Molar Volumes and Heat Capacities of Agueous

Alumlnum Salts in terms of the Pitzer and Helgeson Theoretrc)al Models |

‘;b

Introduction.

o The thermonnamic_propenies of aqueous aluminum ion are needed in
applyrng chemical equnllbnum ‘models to mmeral water interactions relevant to
: gecthermal processes to /n situ - bitumen recovery processes and to sorl and
clay mmeral chemistry. Specific examples include lhe precipitation of
protec’nve oxide or hydroxrde on olherWlse reactive surfaces and the enhanced
solubility of aluminum-containing minerals due to complexation and hydrolysns.
equmbrra .
‘"- Some standard state thermodynamic properties (Gibbs free energy of
formation, ‘entnalpy of formation, and entropy) of Al3+(aq) at 298 15 K and 1 bar
| are already available (1).: To use these propertles for equuhbrlum calculations
'tﬁat apply to ‘r.qh temperatu‘re or high pressure systems, we also need the
_istandard state pamal molar heat capacnty and volume ~° A13+(aq) which are

the principal subjects of this chapter In addition, the neat capacuty and volume

*(temperature and pressure derivafives of the Gibbs free energy) are useful-in

¢ .
¢ RE 5

9



connection with theoretical = s aqueeus 'solutions (2-4) “that are
themselves applicable to the :lective use of tabulated thermodynamic
properties (298.15 K and 1 bar) for calculating properties at h,ighe.r
temperatures (5-8) M)fﬁ’ressures (8-10). | | |
Heat capagity data for aqueous solutions of aluminum chlorlde and mtrate
have just recently become available (11), but have not yet been considered in
~ relation to the Pitzer (2) and Helgeson (3-4) modelcs, which is done in this
chapter;/ F’revieusly available volumetric data are limited to relative densitjes at
3

18°C of aqueous 3olutions of aluminum chlonde and ofwalummum nitrate (12)
and of solutions of aluminum nitrate-nitric acid in the temparature range 0- 60°C
(12,13). Calculation (14-15) of the desired standard staie pa-tial molar volumes
| of the aluminum salts from these results.(12,13) is.complicated in the first case
by hydrolysis and |n the second by substantial mixed electrolyte effects.
Pos‘sib‘ly because of. these complicatierp or possibly because of errors in the
original experimental results, the standard state partial r:nolar‘ volumes of
AI3}+(aq) at 25°C derived from these earlier results differ by about 2 cm3 mol’. 1
New measurements of the densities Of solutions .of aluminum
chlorlde hydrochloﬁrc acid- therefore were made. Results of these
measurements of densmes and measurernenti of heat capacrtres by Hovey and
Tremaine (11) have been used for the extrapolation frem finite conce‘ntratlon to
the infinitely dilute reference state and in E)nnecti'on with theoretical models for
the concentration, temperature, and pressuredepende’tce of thermodynamic

~
<

properties of aqueous electrolytes. More sp%ifically, the "Pitzer (2)

X4



-ion-interaction model and the Helgeson, Kirkham.tan_d Flowers'(‘4)‘ egtended'
Debye-Huckel model have been used for extrapolation to infinite dilution, ar;d
'the _Hélgeson and Kirkham (3) electrostatic model has.been applied to the
{emperature depehdence of the standard state thermodynamic properties.
( 3.
» :
Experimental

" Densities of solutions at 10, é5, 40, and 55°é‘ were neasured relative to _
thc; den'siiy of pure water at the same témperature.w‘th a Sodev 03D vibrating
 tube densimeter (16) fitted with a platinum tube. A CT-LUPC-B tomperatﬂr_e
controller provided temperature stability of 0.001_-K. The densimeter was
calibrated with distillgd watér and standard solutions of 1 m NaCl prepared by
: : —
mass from Fisher AéS Cért_ifie:d cpystals dried overnight at 110°C. Densities of
0.1 m NaCl soluzio/ns prepared froﬁw thi>4i1dard were measured periodically
to monitor reliability of the instrument's performance. ,\Calibratic;ns at 25°C were
based on the density of water from Kell (17) and de’néit_ies of$solut_ions of NaCl
from Fortier, Leduc, and Desnoyers (18). Dénsities of water and solutions of .
NaCl at other temperatures were taken from Haar, Gallagher, and Kell (19),

gﬁd Rogers and Pitzer (20),A respectively.

A stock solution was prepared by dissolving appr_oximately 90 g of Alfa
Puratronic AICl3.6H,0 in 720 g of standard 0.015 M HCL Aluminum was

determmed gravimetrically as the 8- hydmxyqumolate with results from which it

was calculated that the stock solution was 0.4962 + 0. 0006 molal in Al3+

-



Preliminary pH measuremenis on a 0.5 m solution of AlC‘|3‘.6H20 in distilled

water indicated that the amount of HCI occluded in the solid was less than the R

—

A,

gstimated retative error of a gra_vimetrib chioride . determination. The HCI
standard solutron was therefore assumed to be the sole source of HYin the

: CIdIC solution of aluminum ch1or|de and the molalrty of chlorrde was

.calculated by drfference..‘ , , Q o

A series' of sglutions of AIC|3 in the composition range 0.03-0.5 m wa's

obtarned by diluting the stock solution by mass with standard 0.001 M HCI.
Volumetric data for ~aqueous HC! (18) allowed calculatron of solution
composmons on a mass (molalrtyl ) basis.

Water used as reference liquid and as solvent was singly distilied,
de-ionized, filtered through aotivated’ carbon to remove organrc contamrnants,
and boilevd to remove dissolved gaSes.

A

Y ‘Resultsand Calculations
For treatment of densities of the mixed electrolyte (AICI3 and HCI) we

follow principles summarized by Millero (21) in defining a mean .apparent molar. -

< P
» £

volume as
B Vg(mean) = (V- 1000V, )/Em;
in which V is the total volume (c'rn3) of a solution contain ag 1 kg of water, vy is

the volume of 1 g of water, and the m; represent molalities of solutes i. Eq. [1-1]
AN



leade to'

12 V g(mean) = [1000(d - @) + dy EmWi/fwZm]

in which d and dw-pepresent the densities of solution and pure water,

3

‘respectively, and ;he WI 'represent.the tholar ma'ssves‘ of solutes i.
Compositions and densitie_s of the soletjons are given in the firet thre'e

chumns in vT-{yI'abI,e 1-1, with mean ap‘pa’re_n‘t molar volumes calcu'lfated

according to eq. [1-2] given in the fourth column. |
éecause the fraction. of the total ionic strength due to the aluminum

* chloride greatly exceeds that due to the hydrochlonc acnd in our solutions, we .

-

* can attempt to isolate the deflned apparent molar volume for each solute by

application of Young's rule {22), which may be written as
[1-3] " (m;+ mk)V'q)(mean') = MV4(AIClg) + MV (HC)

where m; and my refer to the molalities of aqueous AICl5 and HCI, respectively.
8 ’ i

Use of eq. [1-3] with the experimental results (Table 1-1) and the volumetric

propertiee of aqueous FiCI from Akerlof and Teare (23) has Ied to the desired
values of V¢(.AICI3) that are listed in the fifth column in Table -1. We can in
. principle use these calculated values of V¢(AICI3) in an extended
Debye-Huckel equation of the form

[1-4] Vo= V¢° + A\,m”2 +Bym + . . . (orionic strength, |, instead of m)



4 .
BN

Table 1-1. Composmons and densmes of aqueous mixtures of alummum
chlonde and hydrochlonc acid

| (d- dw)_ (m;j + my)/m; A ’
m; _‘mk o x 102 X Vg(mean) Vo(AICI3) -

0.4962 . 0.0160 5.6811 1891 18.35
0.3456 00113 40114 - 1773 17.15

' 0.2015 ~0.0065 2.3764 16.16 - 15.59

04460 - 0.0053 17377 - 1530 1465

! 0.1073 0.0041 1.2855 14.74 14.06

00795 © 0.0032 0.9572 13.47 .

00481~ 00023 " 0.5858 T 12,41

0.0299 00017 03667 11.71

. Y]
0.4962 ~5.0160 5.6065 / A1 19.55

| 0.3456 0.0113 3.959% ' 1835
0.3456 _ 00113 . 39586 . ' 18.37
0.2015 0.0065 2.3463 7. . 16.77
0.1460 0.0053 - 1.7154 16.54 1587
0.1C73 . 0.0041 ©1.2694 1595 15.24
0.0795 . ° 0.0032 09453  15.40 14.64

0.0481 . 0.0023 "0.5782 1455 1366

0.0299 0.0017 0.3631 13.65 . 12:57

0.0299 0.0017 0.3627 13.78 712.70




Vo o
" Table 1-1 (continued) _
(d-dy) ) ‘(mj+mk)'/rﬁj %
m; - omy x 102, - X V(mean) VO(A@B)
o 40°C .
0.4962 0.0160 5.5745 20.30 19.74
0.3456 0.0113 3.9368 19.13 1853
0.2015 "0.0065 2.3360 17.39 16.78
10.1460 0.0053 °1.7075 16.59 15.90
0.1073 0.0041" 1.2648 15.88 15.15
0.0795 0.0032 0.9435 15.13 1435
0.0481 0.0023 0.5806 13.53 12.62
0.0299 0.0017 0.3628 13.22 12.11
85°C
0.4962 0.0160 5.6666 17.89 \N\_17.34
0.3456 0.0113 - 3.9915, 16.94 16.35
0.2015 0.0065 23623 15.42 14.81
01460 . 0.0053 1.7249 14.72 " 14.03
0.1073 0.0041 1.2793 13.81 13.08
0.0795 0.0032 ©0.9514 13.42 1263
0.0481 0.0023 0.5854 11.78 10.86

M~
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to obtain the desired standard state ‘partial, molar volume ,repTescented here by

¢

Voo. But there are ambiguities as to the appropriate use of the molality of AfC!q

* or the total ioni¢ strength and also other difficulties. Similar problems arise in
&/ connection with application of the Helgeson, Kirkham, and Flowers model (4).
It is therefore preferable to use the Pitzer model (2,24), which explicitly deals

with ionic interactions in mixed electrolyte solutions.

~As the first step toward applying the Pitzer model to obtaining the standard
state partial molar volume of the aquéous aluminum salt, VO(AICl3), from the

" - experimentally based mean apparent molar volumes in Table 1-1, we define

" the excess volume of a solufion as
(1-5] VEX =V snvoq)
in which the n; and V°(i)‘are the numbers of moles and the standard state

partial molar volumes of components ¥ respectively. Combination of eq. [1-4]

and [1-5] leads to

-

!

[1-6] . Vy(mean) = (ZmVO() +VEX)/Zm,.

We now go from the gerneral eq. [1-6] to the corresponding specific'

\‘\

equation for two electrolytes represented by j and k as in eq. [1-3].
Rearrangement of the resulting specific varsion of eq. [1-6] gives

(171 [ (m; + m)Vg(mean) - myVO(k) im; = Vo) + (VEX/my).

~

‘ . - RS ' ‘ .
The excess volums, vEX, may be represented” direcfly as the pressure



derrvatrve of the excess Gibbs free energy as developed by Pitzer and others

\
{2, 24 25). Fora ternary common ion system resulting from mixing elec’ rolytes

MX3 and NX 6f charge types 3:1 and 1:1, respecﬂvely the interaction mode\
"‘r’epresentation, per kilogram of water, may be written
(183 GEX/RT = 18X(1) + 2mem;(Bpax + Cux Mo) + 2MeM(Brx + Crx Mel *

i

34

N Mgy + Me @ MNX)

where | issionic strength, mjand my are molalities of electrolytes MX3 and NX in

A d

v ﬁ‘ . ( -
the mixture, and m is the molality of the common ion X. All other symbols are

as previously defined (24). Because the pressure derivatives of Cpgx and the

k 4
mixing coefficients, Oy N and gpN X are too small to be important in our

concentration range, we have assigned these parameters values of zero.

10

’ : ,
Substituting the presgure derivative of eq. [1-8)], modified as stated, into eq. (1-7]

and rearranging gives ¢
[1-9] - V‘D (mJ + mk)/m] - (mk/mj)[ VO(HCI) + 2RTmC(BHC,V + CHC.VmC) ]-

(AylIn (1 +1.21172) /(1.2 m)) = VO(AICI3) + 2RTmc Bac-

»

The binary interaction: coefficient, BV has an ionic strength dependence
B . .
' orig%ally defined for the osmotic coefficient (2). For the excess Gibbs free

"“r
energy the appropriate function is.

(-0} BGX=pl0) B[ - (1+2112)exp(-2 1V2) (2 ).



“"V*O:.éAlCIg,), B(”V, and B(O)V were evaluated at each temperature by

multiple Iineafri [egressioh analysis of the density data uéing eq. [1-9] and [1-10]

and values of Byc¥ and Cyg,¥ calculated from data (22 for aqueous HCI.

The Debye-Huckel siope, AV,‘is from Bradléy and Pitzer (26). Values of the

11

parameters for HCI are reported in Table 1-2. The desired resulting values of -

VO(AICl3) at the four temperatures of 'the measurements are lis}ed in Table 1-3.

"The values of' VO(AICl3) weré,weighted statistically and then fit with an

empirical function ot temperature. }Smoothed values calct ated from this
. N v
function were used to obtain final estimates of the parameters B(” and B(O)V.

The former was fit with an empirical function of}e_mpera‘ture, and the latter was

represented by a Lagrange polynomial. The result is thgt the temperature

dependence of the pérameters for volumetric properties of AIC,Ig'éver the range -

10-55°C may be represented by the folloWing equations:

[1-11]  VO(AICT) = aq + agT +a3T? ..

(-1 . Y

.

ag +asT + ag/(T-362)

(1-13) POV = ;73 + agT2+ agT + ayg

b

Values of the cbefficients ay .. . a1 are listed in Table 1-4. The temperature

dependence of the interaction parameters is shown in Fig. 1-1. -



Table 1-2. Smoothed Phzer interaction model parameters‘ for apparent melar

- volumes of HCH estimated from the fit to data from Akerldf and Teare (23)
: 1 - - —_

-

\

Temperature VOHCH) O ., B(”V o B(O)v cV
‘ o ©ox109 x10%. . x 108
°c - cm molfj._ . s
10 17.15 239~ -1563
25 .. 1795 - 008 -3 357 211
} S . ' SIS \ :
40 N 18.35 ° 0.07 ’ _5.99 : -4 43 -2.49
55 ' '18.34 - 0.10 - 6§.85 T -5.12 . -2.83
"Standard error of the estimate at the 95% cqnﬁdence level
- B

: R .
. M . N
v ! e o
v, . .
.

Table 1-3. -Standard pamal molar vojume of aqueous AICF3 obtained by
extrapolation’using the P\tzer unteractlon model ,

-
<

~

'Températur'é' 3 . VO@ACly) 4 | - o
°c ~cm® mor! .
10 | 825 | 022
25 - 881 025 .
40 805 028

55 6.05 1.05

“Standard error of the estimate at the 95% confidence leve!

¢



13

Téble 1-4. Coefficients for apperent molar volume of AIClg (eq. {1-11]-(1-1 3}

B *Coefficient
3 Mg

= —
) ;\{EStimate S
),/\. - B N _‘

a,  -23026x 102 -
‘ap R 1&5;36
a3 ‘] -%.719'3“0'3 |
ay .. -a8s7axi0% g
o ag T 46327x108
\ . i s o i N
ag - . 2.4396x 1072
i . | ' . a 1
| a7 -4.63825 x 10710
ag . . 430964 x 1077 e
ag < 35421104
aig° 7 1.38003x 1072
' . .
-

S
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'10-4

-20.

. Temperature (°C)

Figure 1:1. Temperature dependencerof binary interaction parameters
for the apparent molar volume of aluminum chloride from 10-55°C.
e ’ '
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A set of equatlons based on the Pitzer virial model can be developed_

srmrlarly for analyzing and representing other apparent molar propertres In thrs

- work we have carrred out such development for the apparent molar heat

/o

capacrty and have apphed the resulting equatrons to the data of Hovey and

‘Tremaine (11) for AlCl4-HCl mlxtures at temperatures of 10 25, 40, and 55°C.

‘As in the case of volumes, the mixing parameters»may be neglected. The

excess heat capacity is )
]

[1-14] CpEX = -T(aQGEX/aT2’)p,X.. .

Combination of eq. [1-1 4] and [1-8] with the general form of eq. [1-7] leads t0 a

regression model"fo:r evaldating‘ Cpo(AlCI3)’ and the second temperature

derivatives of-the interaction parameters: :

[115]  Cp g (mj + mim; - (mk/m>rcp (HC) - *2RT2mc<BHcr'+CHcr’mc>1,

e

S[AylIn(1+1.2 11/2) ]/(1 .2mj) = ch(AlC|3) - 2RT2mc [Baicr” *

. |
o C ey - (g Caci’ me )
/ - e - :

” Values of Cpo(HCl) and BHGIJ were calculated from the equations of

Ll

Tremarrte Swayg and Barbero (8) and are listed in Table 1-5. Data for

evaluatmg CHCl are not yet aVallabIe and this parameter was tentatrvely

. assigned a vyalu\e of _zere_. ‘Values of, C"p'*,q,(mean) were takerf«?aj reportad (11).

vy
e



16

The Debye-Huckel slope, Ay, is from Bradiey and Pizer (26).

In addition to the intetpept, Cpo(AICIB), which s-the desired quantity.. on|y“

\

the B Y term Was needed to fit the heat capamty data '

N

dependence of this parameter and also that of Cp (AIClg) were fit with the
following empirical functions: |

[1746] ~ CpO(AICIg) =by + bT +bg/(T-190)

n-17) gt = ,54 * bsT + bg/(T-190)

Values of the Coeffieients by ... bg are listed in Table 1-6. Fig. 1-2 shows tne .

temperature dependence of [3(1)‘]. Values of 'Cpo(AlCl3) at the four
temperatures of the measurementsare listed in Table 1-7.

Y i ;
We turn now to the representation of the standard state(propertles of

aluminum ion, VO(AI*3) and Cpo(Al+3), as semi-théoretical functions- of

¢ ~

tem'p"érature that can oe cembined with other data, as stated in the Introduction,

for use in equ;tibrium calculations at elevated pressutesand temperatures. For

this p.urpOSe we have chosen the equations of HelgesanTand Kirkham (3},

w'hich express the standard state properties of ions as the sum of. terms
.

descnbmg low temperature electrostrictive collapse of the solvent structure and

the change in hydratlon at hlgh temperature due to rapid decrease in the

dielectric constant of water. At constant pressure the gppropriate relations are-



.

17,

Table 1-5. Smoothed Pitzer i{w}@raction’model parameters for apparent molar
heat capacities of HCl calculatéd from the equations given by Tremaine, Sway,
and Barbero (8) - '

Temperature N CoHey (OM x 109
°C ,. JmorT K] ’
10 | 1483 " -8.48
25 o -126.6 -1.35
40 1155 0.03

55 411.7 0.19

Table 1-6. ‘Co'efficients for apparent molar heat capacity of AICl3 (eq. [1-16]
and [1-17)) ‘

- Coefﬁcieht_ | : _ Estimate
| b - 2.9801 x 03
by | -7.3388
| by, -1.3915 x 10°
by ., 43122x103 ?
b5 B . -8.6428 x 100

b - -7424x10°

le]
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Figure 1-2. Temperature dependence of bfnary interaction parameter ’

for the apparent molar heat capacity of aluminum chloride from
10-55°C. ' :
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Table 1-7. Standard partial molar heat capacities of AlCIz(aq) obtlined-~Dby
N : (.

" extrapolation using the Pitzer interaction model . ~
3
‘Terhperature Cpo(AlCI3)° o
_— §

°C o Jmor K

0 5918 - 16.8

25 _ -493.8 6.3

40 -4481 9.4
55 . -433.3 - 18.8

“Standard error of the -estimate at the 95% confidence level

o

-

Table 1-8. Coefficients for the Helgeson-Kirkham model for the standard state
partial molar properties of A13*(aq) (eq. [1-18,19]) >

- Cosfficient Estimate
i o1 . 43984
o 1.1606
dq 135.54 |
d  .28.988 . -
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[1-18]  VO[AIR+) =cq + CpT/T - 043+) - 0p3+ Q

[1-19] Cpo(Al3+) =dq +dpT/(T- 8534) - a3+ Tx

— —

in which cq, ¢p, dy, and d2' are adjustable parameters and 8,43+ is an

adjustable "structural" temperature that allows a srmple empirical description of
the rapid decrease in the standard state properties, observed for many ions,

with decreasing temperature in the low.temperature region. The terms in

wp3+ are hased on the Born hydration model and may be calculated from the
. -
following.relations defined by Helgeson and Kirkham (3):

(1-20] @ = 7 gy +0.947) - 5.387 x 104 7,
| Y
[1-21] Q= (1/D)(aInD/op)T

[1-22] % = (1/D)[ (@2nD/AT?), - (alnD/aT)pf]

o

in ,w_rﬁch n= l._66027 x 109 ,Xt cal mol1, Fytl IS the crystallographic radiusot the
ion, andJD is the dielectric constant of pure water. Eq. [1-18] and [1-19] in

principle apply to ionic properties calculated on either the absolute or the
‘conventional basis (assig'ning a value of zero to the corresponding property of

—_——— g

. hydrogen ion at each temperature). Because olthe additienal uncertainties

involved in defining absolute thermodynamic propertles of ions, we preterto

n, ,,\,_

use conventlonal values and have chosen the correspondlng torm of w;, eq.

[1-20], in which the coefficient of the last term is the absolute electrostatic Born
e ’



-

parameter for the hydrogen ion.

Combining the values of the standard state_partial molar properties of

’AIC 3 listed in Tébles 1-3 an_d 1-7 with these for_c,jhloride, jon based o‘ﬁ“the

‘values for‘HCl listed in Tables 1-2 and 1-5, conventional values of VO(AI3+)

21

[

and Cpo(Al3+> have been calculated. Table 1-8 repors the results. of tne\c

: C : o L :
simultaneous optimization of eq. [1-18] and [1-19] with respect 10 the common
) ! - B

parameter, 6,3+, using the Pauling radius of AI3* and va.ues of Q and g
Al

calculated from the equations of Bradley and Pitzer X26,. The _témperature-

" dependences of the standard state properties of aluminum ion are shown in .

_Fig. 1-3(a) and 1-3(b).

LI

8" Discussion

i

The quantity oﬁ Yhe right side of eq. [1-9] or [1-15] is eq}uivalent to the

_ difference between the apparent molér property of AICl5 as defined by Young'é

H

rule and that part of the Debye-Huckel term due to the aluminum salt. Values of

" this quantity calculated'from'the density and heat capacity data in combination

with the infgrmation in Tables 1_-2 and 1-5 and from the smoothed curves of the

4

capacities) are plotted agaihst molality of aluminum in Figs. 1-4 and 1-5. The
accuracy of the Pitzer interaction model correlation of the data as described in
. the preceeding section is within the limit of the overall experirﬁental

L]

uncertainjies. The quality of fit of the Helgeson and Kirkham model to the

globai fits “(e‘q.' [1-11] - [1-13] for volumes and eaq. [1-17] and [1-19] vfor heat

~l
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Figure 1-4, Apparent molar volume of aluminum chloride from 10-55°C,

corrected for the Debye-Huckel electrostatic contribution.

curves are calculated from the fit of the Pitzer virial model.
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standard state partial molar properties of aluminum ion is acceptable in the

case of both volume (Fig. 1-3a) and heat capacity (Fig. 1-3b). Because no

minimum relative sum of squares with respect to eAlsl_occurs in the objective

function for the volume, the optimization fs essentially governed by the heat

<« - R

capacity. The resulting value of 843+ (TaBIe 1-8) leads to values of VO(AI3+)
and CpO(Al3+) within 0.6% (0.25 cm3 mol™1) and 0.9% (0.9 J mai™! K1) of the
respoctive calculated isothermal values. These differences are small enough

that eq. [18] and [19] may reasonably be used in estirhating the pressure and

temperamre dependence of equilibria involving AI3+(aq) to perhaps 1§kb@ir and

206\0. Eq. [1-16] and [1-19] represent Cpo(AICIS) equally well; however, the

empirical relationi for V°(AICI3) (eq. [1-11]) is sLperior to the Helgeson-Kirkham
modeol for the purpose of data re\\gresentation.
Since only solute-solvent interactions contribute to the partial molar
properties at infinite dilution, it is intere§ting to compare tl're‘\\/alues obtained in’
\
‘the preceding section for AI3+(aq) calculated from the data for aluminum
chloride with those that may be “btained fro’m another aluminum salt. Using

the equations developed in this paper, data for nitric acid from Enea et al. (27),

and data for aluminum nitrate-nitric acid mixtures at 25°C from Hovey and
Tremaine (11), Table 1-9 has been compiled. Both Cpo(Al3+) and VO(AIST)

obtained from the chloride are slightly more negative than the corresponding

properties obtained from the nitrate, but both sets of values are coincident
. \'
r -\
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¢
within the limit of error at the 95% confidence level. The values of VO(AIST) |
obtained by this analysis are in better agréement than are those that may be

calculated similarly from resuits listed in Millero's compilation (13).

The values of the pressure derivatives of the interaction parameters for HCI
(Table 1-2), HNOg (Table 1-9° and AICl5 (Figs. 1-1,2) all are small and 'si‘_mrlar

2 §
in magnitude to values that iave been reported for other 1:1 and 3:1

electrolytes (28,29). The small-and nearly constant value of B(Ow'for AICl4

indicates that the volumetric properties of the solutions do not change rapidly

with temperature and that the predominant contribution to the excess volume is

the !ong range Debye-Huckel term.  Th- decrease in the value of B V above

M _‘consequence of the=shift in the temperature at whuch V‘D s a -
maxnmum to lower temperature with decreas?%nic strength; ,‘éombined with

the ee’é’é"ﬁﬁally constant value of the more important parameter B(O)V over the

temperature range 10-55°C. For electrolytes havmg a common anion this shrft :

'

°is correlated with mcrease in surface charge densrty of the cation (29a,b). Thus
frr aqueougchlondes of sodrum calcium, and the trivalem rare earths the

iemperature at which VO is maximum is 60,‘44, and 27-31°C, respectrvely. ‘

AIClg, with still higher cationic surface‘charge densify, fits naturally into this

-sequence, WitrQ/Vo maximum at 25°C. The value of [5(1 WV for the rare earth

’
-

chlorides at 25°C'is ap'b'roximately 2% 1074, while B“ v fgr/AICI3 réaches this

-

value only above 55°C.
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Table 1-9. Pitzer lnteracnon model parameters for apparent molar volumes and
heat.capacities of HNO3 and Al(NO3)3 at 25° C: standard state partial molar

properties of AI3*(aq) .

%

‘
Electrolyte . Coefficient(@) | Eafimate(a) o o(@P)  source of data
r "HNOg . VOHNOy)  ,20dy. 035 ref. 27
| (1)V cig REg ’
B0 8.58x Wae
OV ° 0
| CoO(HNOg) 72 - 05 . ref27 .
p(th | 0o | Q
30N ~ -388x10° o —
AINO )4 VO(AI(NO3)3) 43.47 - 0.77 ref. 11 éj
‘ : ' : . -
UAS - -148xto? ~ | 7
3OV . 0 ‘
voadyy (4413 098
Cp°(AI(N03)3) -327.2 4.4 ref. *1
s e qe1x107 3
30N Y ot1x105
'Cpo(l_\l3+) -110.0 45
AIClq © VO(AIRH) . 4504 0.27 this work
<Co0(ARH) 114.2 63 ref 11
%/{
i . —-
@) Units are em3mot-! and J mor” 13) 1
(b) Standard erf/or: of the estimate atthe 95% confidence level . .

4



’ K CHAPTER 2 :: -

. Construction and Testing ofan Aneroid Calorimeter&or
Investigating the Rates of Slow Reactions, with Applicatton to the

\ Low Temperature Oxidation of Athabasca Bitumen

\
<

_—

lntroduc'tio_n -
In the in situ | co.mbustidrt method for the en‘hanced recovery of bituman
and heavy oils,-air or ox'ygeh 'is injected into the tormation and part"bt:t‘he
organic material is burd‘éd, producing heat and a variety &of cttemib’al products.

Displacément of the remaining oil results from"a number of physical and

chemical processes, including reduction ‘in visgosity due to ‘increased
temperature and dissolution of COo, thermal expansion, distillation and thermal

Acracki'ng or pyrolysis, and increased pressure gradient due to the injected gas

'

- {30-36). Many investigators in this field of petroleum chemistry now recognize
at least three major processes cdntribut’ing 'to the global oxidation reaction

described above: duel (co'ke) formation due to .distillati?or't_and pyrolysis, ‘low

<
’)I

temperature osudatton" at temperatures below about 350°C, and "hugh
temperature oxndatlon" at temperatures up to 500°C Investigation of the rates

and of the associated fuel and energy relationships in these processes

provrdes somg of the mformatton needed to operate economtcally attractive in

Situ« thermat proje

28
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At very Iow or. at very high temperatures the rate of oxrdatnon is either too
slow or too fast to be ot much rnterest"rn relation to in situ combustron
processes. However the rate of. ox1datron at the lntermedlate temperatures
| charactenstlc of the developmg zone of combustron is of considerable practrcal
' importance. Earher efforts to mvestrgate the rate of oxrdatlon in this
" rntermedrate temperature range, Calted "low temperature oxidation" or simply
LTO, have focussed on measurtng‘%‘the rate of ox%gen coﬁsumptron and
collecting and analyzrng the produced gases (31,32, 37 43) o

More. recently dlfferentral scanning calorrmetry (DSC) coupled wrth
dutferentlal thermal analysrs (DTA) or wrth thermogravrmetnc analysrs (TGA) has»
been applred to. the study of the rate ot the gichal oxrdatron reactron over
temperatures ranging from ambrent to several hundied degrees Celsrus
(33-36,44 ’53) In‘the thermal technrques mentroned here, energy ctzranges in
the substance of mterest are measured cBntinuously as the substance is

‘heated at soms predetermrned rate usually on the order of *O°C/m|n over the

(4

desired range of tempeTature The dlﬁerentral technrques measure this change
relative to that of some standard substance. In general three peaks are
obse,rved’. one'nea_r 200°C attributed to the onset of LTO, one near 300—350°C
attributed to. high temperature oxidation, avnd one near 500°C attrtbuted to
thermal cracking. " Extraction .of kineti.c parameters‘ from the‘resulting ,
thermograms is not stratghtt“orward and requires some prehmrnary assumptions

about the sequence and relative importance of the vanous processes involved -

and about suitable kinetic models descnbrng these processes

¢
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Nearly all of the work cited here prpceeds on the assumption that the

" global oxidation reaction,
[2-1]  bitumen + 02; ------- > products,

Can" be represented as a sum of the major p'rocesses of thermal cracking, low
temperature oxidation, and high temperature cpmbustion, eac.h conceived as
v,an elérhentéry reaction for which the rate constant is»described by the
" Arrhenius equaﬁqn, | | -

22] k=A exp(-Ea/RT),

in which A is the pre-exponential or frequency factor, EJa is the activation

“

energy, R is the gas constant,_and T is temperature in kelvins. .

. Fassihi et al. (41) and Yoshiki and Phillips (50) hlave summarized the
results of a nu}mber of studies, both chemical and ihermal, and have rebort_ed
activation energies and cOrreg'ponding reaction grders with respect to both fuel
cbnecentration and oxygen partial pressure for the low temperature oxidation ot
various crude oils and bitumens. Activation energies rar~19e from about 45-90
kJ/_mdl, reaction ordeg' with respect to fuelaconcentration‘i’s varic;usly reported as
either zero or unityv, som'etimes two, and r’eactiop order with respect to oxygen
~ concentration dr partial pressure ranges from'.o.3 to unity. Some investigatérs

s
havj suggested that specific surtace area of fuel, rather than bulk fuel
concentration, is the more appropriate variable in the representanon of the
reaction rate (31 ,32,36,45-48,51) on the basis that products adsorbeq on the

-

surféCe may- hinder further oxidation or that the reaction occurs at the fuel/gas



interface.

Some of t"he discrepancies in reportedl values of the kinetic parameters
.may arise in part-from the differences in properties and compositions of the
individual bitumens and crude oils, including thermal and oxidative history.
Some of these discrepanoies may also result from the different thermal,and :
| oxidative histories |mposed by different experimental conditions. In the DSC
and other non-isothermal methods for example the LTO phase of the global
oxrdatlon occurs simultaneously with distillation anc 's completed in about 30
- min, whrle in the tsothermal flow method some distillation may occur pnor to
oxrdatron and reactlon trmes vary from several hours to several days. In
' addrtlon there is some concern that representative results are dlfﬂcult to obtain
bepause of the very small sampl_e‘ sizes (1-3 mg of active matenal for 05C, a
few tens of mg of active material for TGA) (54). A more serious difficu.”, with
non-isothermal methods is that the temperatures of fuel (coke) formatlon and
fuel combustion are not coincident. As a resulta these methods cannot
drstrngursh fuel availability from fuel consumptron Because both the amount
and the quahty oflfuel available change with temperature Bae (44) has argued
that use of an Arrhenius equation in this context is not justified, partrcularly for
low temperature oxndatlon |

To address some of these difficulties and unanswered questlor S we have
desrgned and built an aneroid calonmeter with which the rate of heat

' productlon can be measured under nearly rsothermal condntrons This chapter

grves a detarled desenptron of the calerimetric apparatus and method- -of
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- measuring rates of oxidation. In teging this method, the Arrhenius equatj!on:'.’ i

has been applied to the analysis of results of systematic tests of the apparatus

' . &
at two temperatures, yielding kinetic parameters for low temperature oxidation .

N
!

that may be compared with some of the published values cited in this

introduction.

U s N A
- P < Experimental .

_M&Q&%ﬁ v

The calonmeter (Flg 2- 1) consrsts of a thint walled aluminum combustlon
. ‘,’. -y
tube 5mm in L.D. and 40 cmin length mounted”lengthwrse through the center ot

¢

a cyllndncal alumlnum block 14 cmin length and 4 cm in dlameter This block :

)
7 p&4

‘has two holes, parallel to'the combustlon tube and dlametrlcally opposed

)

which caontain a heater for callbratlon with electncal energy and a callbrated

g
¢

platinum resastance thermometer for measuring temperature Two concentnc
‘ Y

cylindrical sbel’ls of pyrex glass 8. 5 and/6 Ocminl D and 20 cm in length both

wrapped with alumlnum foil, reduce convective and radlatlve heat losses from

the calorlmeter 10 the surrounding, constant temperature furnace A cyllndncal

aluminum block of mass roughly five times that of the calonmeter is mounted at |
each end of the combustlon tube to absorb thermal fluctuatlons ln the furnace

and to improue' thermal equnllbnum of flowing gas W|th the surroundlngsv.

L/

in order to -avoid uncertainties in our measurements due to possrble ‘
catalytic etfects of matrix mlneralogy as reported by others (45 48), the samples
used in this in‘vesti_gatlon were reconstructed tar sand" prepared by loading

B
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Figure 2-1. Partial section of aneroid calorimeter.
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1

Athabasca bitumen onto 60/80 mesh (250-30C u-m) Chromosorb-W
acid- washed chromatog%raphlc support matenal a substance of nearly pure
snllca Preparation of approxamately 100 g of tar sand was accomplrshed by |
adding about 87 g of the support matenal to a solution of about 13 g of bitumen
in toluene, folloWedJ,by flash evaporation of the solvent. The composition of the

}A sample was determined gravimetrlCally oy‘ashing in a muffle furnace at 750°C
for 3 hr. Smultaneous ashrng of bitumen and Chromosorb allowed calculatron
of the sample composition corrected for mass loss due to Chromosorb and
mass residue due to ash. Subsamples of the.tar sand were used in each .
calonmetnc expenment L

h Slnce the total heat released ina calonmetnc expenment depend!%ﬁ«kahe
mass of active matenal present and smce the ra’e at tv:/hlch this heat IS released

is expected to vary approxrmately ;exponentlally Wlth temperature the optimum

sample composition is that which has the maxrmum 'nass of brtumen per mass -

: of sand and which, at the same tlme does not have o} much brtumen that

displacement’by gas flow occurs. Thls_ 'Optlmum eon’tpo,sntlo.n was found to be

about 13% ,bttumen by massm A convenient 'sa‘mple size is' about 1 g,

‘& .
contalnlng approxlmately 100 mg ol active material. The sample is placed in

the combustion tube and held in posttlon by twe pugs of glass wWoeky,

™
3],
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. 'The combustion tube is connected with swaged brass ﬁﬁings to a stainless
steel gas train. This gas train (Fié. 2;2) allows either nitrogen or oxygen to flow
throygh the combustign tube énd througt; adsorption tubes that collect water
and acidic products evolved during oxidation of the bitumen. The volume flow
rate is measured prior to discharging the ex‘haust gases to a fume hood.
Pressure upstream and downstream from the calorimeter is measured with a
Heise pressure gauge (model 711B) with digital readout accurate to £ 0.1 ~Pa
over a range of 0-590 kPa. | b

The calqrimeter, charged with the reconstructed tar sand, is placed
horizontally in an ove.nA (‘i-i'otpadk," model 213023) and flushed with nitrog'en for
about 18 hr to remove all traces of air from the sampﬁe and gas train. . The oven
is then brought fo the temperaturé of interest. When the temperature of the
calorimeter stabilizes several hours later, oxygen is admitted to the sjystem and
thelresulting temperature rise 'due to heat prod d by oxidation of the bitumen
" is recorded continuously on a s{ﬁp chart until th:}mperature of the calorimeter
’ retu’rhs to the constant temperature of the oven. Thermal stability of t.he oven is

' N

+0.1°C over a‘range oi 40-350°C.

Calibrati .

_.dn _order to transform the record of temperature rise versus time into thé
. N ) . »
desired rerationshi_p‘t’)etween rate of production of héaﬁ and time, we have
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performed calibrations with elef:i'rical ene'rgy. The following discussn:on of the
calibration procedure refers >to Fig. 2-3 and is based oe a calibraticn at 210°C
in which 2( mW was supplied for 180 minute&

Dsmg a suitable electrical circuit (Appendn; A), energy is delivered to the
calibration heater.at a constant and precnsely lmown rate. ThIS power is
represented as a funct|on of time by the solid fine in Fig. 2-3a. Due to thermal
inertia, the power response of the calorimeter is not mstantaneous and the
temperature-rise response.lags the power delivery, as shovyn by the solid curve
in Fig. 2-3b. In agd.itien, there are heat losses. Fora particular \)alue of power
delivered, the rate of heat losses determines the maximum tempera{ure‘-rise'

observable.* Thus the power delivered, W, is recovered as the rate of heat gain

. .
by the system plus the rate of heat losses to the surroundings.

,-\)Ihi‘?e 'of heat gain by the system is p\\iportion'al to the rate of
o . , \\.) . )
temperature rise relative to the temperature of the surroundings, (TSys - Tsurr)

»

or AT, v

23] Wggin = C dAT/,

N

where c is the effective heat capacity of the calorimetric system.
Heat loss occurs by conduction, convection, and radiation. Rates of
conductive and convective heat losses are obtained from Newton's law of

cooling (55):

[2'4] N ch = ch AT
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Figure 2-3. Reconstruction of calorimetric records by calibration
with electrical energy: (a) time-dependence of power input and

power response corrected fqor thermal lags and heat losses (b) time
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(2-5]  Wey = Xey N

-
»

in WhICh Xed and K ére thermal conductances for conduction and convection,

respectively. Rate of heat loss by radiation is

[ 4

L 4
(36] " Wrad= olesysAsysTsys - EsurrAsurrTsurr4).

583 & the Stefan-Boltzmann constant and e;, A;, and'T; are the surface
. -

emittance, surface area, -and surface temperature-‘ of the system or

Since the geometries of the

simplifiea:

+
[2-7) Wrad = Krad (Tsys4 “Teurr):
For a small temperature rise of the system r@ to the surroundings, the
approximation, R
- (2-8] (Tsys + Tsurm2 = Tsurr
may be introduced (56) and eq. [2-7] becomes
[2-9] W ag=X'rad AT

[4

where_@x’rad =4 Kréd TSUFFB.
Combining eq. [2-3]-[2t9] yields the power delivered:

[2-10] W =cdAT/dt + KAT\



40

erl,vf".' ’

; X = IS ¢
jwhere'x = Xoq + Xy + Xrad,

The 'sdlutibn to the differential equation [2-10] is .

(2-11] AT =AT. (1-e{¥0 _ ;Q

where AT is the temperature rise approached asymptotically as time elapsed

since the onset of heating becomes infinite. Since AT, varies with magnitude
; ; 3 :

of heat losses, it is another quantity to be determined by calibration. Thus there

are three calibration constants to be determine! using eq. [2-10] and [2-11]: ¢,

X, ahd AToo ’ ‘ : ';'-: ;
Taking the derivative of eq. [2-11] and the logarithm of both sides of the

ok
) i

resulting expression gives

[2-12) In (dAT/dY) = In (/C)AT., - (Kt

Fr'o'm the record of temperaturé rise versus time, values of th (dAT/dt) at various

times are calculated and then plotted versus fime, ~otaining a line with slope ..

-x/c and intercept In [(x/c)AT,]. Combining-the slope and the intercept leads to

8

AT_. Referring to eq. {2-11], when AT = AT, t = = and dAT/dt = 0. Referring to

eq. [2-10], then, when AT = AT, we have

-

[2-13] W=xAT,

from which x may be evaluated since AT, is now known. With the value of k

\ .



!
¢ g,

known\ ¢ may/b calculated from the slope of the line represeniedﬂby eq. [2-12].

The power fesponse of the apparatus, correctéd for thermal lags and heat

~

losses as described by eq: [2- 10] and calculated using callbratlon conslaJs A
obtained in the manner described above, is represented by the opep circles in -~ |

Fig. 2-3a. The close agreement between this corrected response and power
e input observed in Fig. 2-3a shows that this simple method of analyzing the

recorded curves is-quitdf accurate. ‘{9
We turn now to evaluation of the energetics of the calibration based on-the

kinetit record. Since the corrected power response of the apparatus is

identical to the rate of heat production, tﬂe heat, Qq o, developed in any time

interval tq to tp, may be found by integratir% eq. [2-14],
) ,

th . _’
[2-14], Q1’2 = J'f W dt, :
!
in which W is given by eq. [2-10]. The‘resultis

t2
[2-15] Q1 2= CAT(2_1)\:§-‘ K J’f AT dt.

The subscript (2-1) on the first term here indicates that the value of AT at time t4
is to be subtracted from the value of AT at time to. The cumulative heat

developed (time duration tg to t) during calibration is p‘lott‘ed as a fdnction of

re .
. time in Fig. 2-4. Again, cloge a%reement between the corrected response and

input functlon&d)isplayed in this figure shows the high degree of accuracy in the
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method described here for ah'a_lyzing the recorded curves.

Oxidation of Bitumen

By app‘Iying egs. [2-1 'and [2-14] to the rec'ord of ?tem‘p'e?ature risé Versus
time obtaih'éd. experim_entall& as described above| Fig. 2-5 was constructed 10
illustrate the time dggendence of thé kinetics and enérgetics of the oxidation of
our reconstructed tar sand under the. experimental conditions cited. The
é:orrected power response shows the expected rapid decrease in the rate of the
oxidation as bitumen is consumed in some: overall proéess that we represent

here as
[2-16] bitumen + Op ----- > (chemical products) + Q.

" The rate of this overall process, ,expres'sed in terms of the rate of cevelopment

of heat, is
[2-17], rate =dQUdt=W = k(D)AP(O)]" p®

where Q and W are the instantaneous heat and calorific power developed, k is

Y.

the overall rate constant of process [2-16], b-and P(O5) are mass percent of

bitumen available fb'r\ oi(idétion (fuel) and partial bressure of oxygen‘at time 1,
andgandr ére reaction orders with resp’ectv to the reactants, as indicated. T’;le
. symbol, P, for total pressun:e is used throughout the follow{ng discus'sionslsinc-e
pure oxygen was used in"all ekberiments. o

Because the “Stoichiofnetryr“_of process [2;1'«‘6] is unknoWn, thje ratio of

oxidant to fuel is best defined under inifial conditions._ Therefore, without
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Figure 2-5. ‘Time-dependence of (a) power development and (b)"

_energy release during'LTO_df bitumen at 210 C and 12
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additional assumptions about the mechanjsm of the process, only the method

of initial rates can be applie_d.towardthe evaluation of kinetic parameters. Here
a number of conSIderatlons are relevant. First the initial concentration of
brtumen avallable for oxidation depends upon whether the reactnon with

@

oxyg’an is homogeneous or heterogeneous. In the former case,the bulk mass
petent of bitumen is the appropnate compositional variable if the reactlon with
oxygen occurs in the liquid phase if the/reactlon with oxygen occurs in the

vapor phase or at the surface of the, b@umen the appropriate composmonal

| vanable is somefunctlon of the specmc surface area of the whole sand.

N

Becakuse of this and “other dm‘rcultres discussed in the lntroductlon to thIS
'chapter we have r:ot;tﬁempted to determme q, the reaction order with respect
to fuel. ‘The effect of fuel concentratlon on the rate |s treated implicitly, by using
subsamples of a srngle tar sand prepared as descnbed previously in
performlng all calonme‘tnc measurements that are to be correlated with one’
'another A second consarderatlon a’néeé tro;n the small vanatron in sample size
from one expenment'to‘the next Slnce all ot the expenmental results are to be

: correlated the measured rates ‘are normallzed by dividing by the mass of
bitumen, my, present in each sample Finally, in testing\this-ca’orimetric

method we. choose a narrow range of tempera _ge near the Iow-temperature
limit of the apparatus and assume that the reactlon order W|th respect to oxygen
is constant and that the temperature dependence of the rate constant follows

the Arrhenius equatron [2-2]. On. the basis ot these conSIderatlons the

A
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normalized initial rate of oxidation, Wi ), may be e'xpresseﬁs

2-18) Wiy = Wifmp, = A exp [-E/(RT)] ['P(Oé)-]".

,,’

The subscript i indicates the rn"tral value of the appropnate quantity. Tt
AN
The initial rate of oxidation is found expen entally by evaluatron of the |
|

callbrat_ron equation [2-40] at t=0 (AT =0): - T

[2-19] W = c (dAT/dty_. )

N\ - . -
The kinetic parameters A, E5, and r fo- .ne reaction investigated are thus.
. ' . - ) . .

defined by the:initial slope of the record of tam derature rise versus time.

N

P s

~Results S FR R

Measurements were made of the rate of oxrdatron ot bltumen at 155°C and-

. atr210°C for several pressures of pure oxygen between 1 and 3 atmospheres'

mamtarnrng a constant flow rate near 13 ml/min., The results are summarrzed in

Table 2-1. Values of the calibration constants used are hsted in Table 2‘2 The

experimantzl uncertainties in the rate data collected are on tﬁe order of 15-20%

at 155°C and 7'10% at 210°C. In addition, whrle the set ‘of measurements at.
1 :
210°C shows a monotonrc increase in initial power with pressure of oxygen

thls trend is not apparent at 155°C due to both the small vanatron in, the

.‘
o

experimental vaiues of pressure and scatter in the data léor these reasons itis® -

‘not desirable to fit eq [2- 18] to all of the data mTabIe «8-1 srmultaneously.

“n order to evaluate the kinetic parameters tort e. oxrdatlon reactron we

first linearize eq. [2-18] by takmg the logarithm ot both srdes
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|
o] TN .
Table 2-1. Rates of production of heat during oxidation of Athabasca:bitumen
at 155°C and 210°C. Estimated uncertainties in these initial rates are 20% at -
155°C and 8% at 210°C. :

~
} Temperature P(O») flow rate ~ initiaslopg - - initial power
TTTTeC) (kPa) (mimin)  -(C/minx103  (mW/g bit)x1072
- 154,75 1419 125" 288 15
154.70 2000 = 125 3.48 © 19
156.31 200.4 2145 ¢ 255 \ 1.4 ]
18521 2505 13,5 249 1.3 ’
** 156.05 2509 128 | 293 1.6 ';
| 155.24 3009 x 133 3.59 20 [
4 155.87 026 185 258 | 1.4
‘ v ;, |
210.24 107.8 . 130 103 - . 85
S e = -
421023 1118 1300 - 115 6.9
. - [ s ;:.\\' :( . . , . \\
21050 - - 1243 140 1.6 7.3 \
21026 - 1248 135 123 8.1
21006 = 1510 125 16.4 10.6 -
. - ] . ‘ ,4. )
21016 158.0 135 164 - 105 -
YL 21004 2108 F 140 177 116
C21021 (3018 130 186 12.0
g 4
/" ’ \ €



Table 2-2. Calibration constants for use in e [2-10]

constant | 155°C - 210°C

4 " A ’ C*
c (J/°C) 342+ 3 o 427 +31
x (MW/°C) ' 1110 ) 140.9

* . . : )
average values and one standard deviation based on four measurements

g

Table 2-3. Kinetic paraméters forthe LTO of Athabasca bitumen

48

. Source  method or 4 Ea Temperature
(kd/mol) (°C)
] N
. . '
Ref. (50) DTA 098 +0.003(@)  64+3(@) 175-375
P '
Ref. (43) d[m(O,))/ct 1(0). v 80+ 8(C) 175-300
1(0) - - g7x6l9) 175-300
Ref. (42) d{m(Oo)}/dt variable | variabla\' 22-275
‘ W ' . .
L : Yao - ~ . \ .
This work  dQ/dt 0.62+0.15(8) si6(e) 155-210
B
<a)Sténdard deviation of two experiments ¢ (P)Assumed
b ' . .
(C)Single reaction model : ) (d)parallel reaction model

) e

(e)r calculated from 210°C data and assumed constant. Average value of In k
at 155°C was then calculated using this valué of r. E, was.evaluated from

In k at 210°C and 155°C. Later experiments (Ch. 3) confirmed r=0.6 at 155C.
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[2-20] " In Wiy =In A- Eg/RT +1in [P(Og}].
At each ternperature eq. [2-20] describes a line with slope rand intercept In .
This line was then fit to the data collected at 210A,°C, obtaining values of the
reaction order with respect to oxygen, r, and the rate constant, k, at 210°C. This
value of r and the data collected at-155°C were then used to. calculate an
‘average value of the rate constant at this second temperature Smce the
assumptron that the ‘reaction orders q and r do not vary over this range of
temperature is consistent with the assumptron that the rate constant follows the
Arrhenius equatlon we evaluate, an actrvatlon energy and a pre- exponentrali
factor, ast,antlcrpated in eq. [2- 18] and [2 20] Table 2-3 summanzes the results
of this analysis and. shows that there is reasonable agreement between the.

‘ WL o X

calorimetric” results of the - present study and the results bt two gmer

R % I~
'd“
~F

investigations of low temperature oxrdatlon of Athaoasca biturhen.
'The need for additional experimentation is urhgerscored by the resultsl of' a
thlrd study of low temperature oxidation of Athabasca bitumen.’ Using'an'
lnteyl plug flow reac:or under nearly isothermal condrtlons Millour et al. (42)
measured the rate ofwoxygen consumptlon in order to follow the progress ot
LTO at oxygen partral pressures between 200- 2000 kPa (total pressure = 4190
'kPa) over the temperature range 22- 275°C Their sample was tar- sand.

reconstrtjcted by loading bitumen, which had been extracted wrth toluene from

" a core sample, back onto the extracted matrix. Sample composmon was 13

O

'mass percent bitumen and included 4 mass percent water. Citing the work of .

L
AR U o
R ST A A

S



Adegbesan (57), they state that their flow method does not yield quantitative
results below 155°C because of very small oxygen consumption combined with

high gas flux needed to ensure kinetic control of the oxidation reaction. .At

higher temperature they found that the rate of consumption of oxygen did not -

follow typical"‘Arrhenius: behavior and that the rate of reaction was strongly

<3

dependent on oxygen -partial pressure at low temperature but almost

independent of oxygen partial pressure at 175°C.

Yoshiki and Phillips (50) used reconstructed tar sand prepared by loading

bitumen onto 60 meshaNorton alundum Sample composition was 30 mass
percent .bitumen and sample size was 1 g. In deducing kinetic parameters from
DTA thermograms these authors assume that tuel is in excess, i.e., that the
reaction order is equal to the reaction order with respect to oxygen. ‘While this
is true at thie beginning of the temperature scan, it may ngt be true in the later
stages of the scan, where"the extent of combustion is appreciable. lh"’vie’w of
their quoted precision in temperature ( 0. 04°C) their reported uncertainty in r

is underestimated by at lea e order of magnitude In fact, ‘one standard

deviation in a series of five dete minations of r at various pressures of air

‘%‘,“
_(101-6302 kPa) is larger than 0.01. In this same series.of five determinations

k4 .

these authors observed a slight but systematic increase in the value of r with
decreasing pressure. At the sarhe time they obser\(ed a slight but systematic
‘decrease in the value of the activ,ation. energy'and‘a much larger, but also
systematic dec‘rease in the value of the pre- exponential factor They

ooncluded that at lower pressures combustion reaches completion at higher

."

s

A
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temperatures Although this is equivalent to saying that the LTO is not a single
reaction, these authors did not pursue this lmpll,cation |

| Philllps and Hsieh (43) investigated the: kinetics of LTO ot Athabasca
bitumen- using an mtegral plug flow reactor packed with 100 g of whole onl
sands and injecting mixtures of qugen and nitrogen (400 kPa total pressure
20-90 kPa of oxygen). Observmg little of no, production of carbon oxrdes below
250°C and significant productlon of thes@ gases above thls temperature they
proposed @ parallel reaction model in which bitumen is s:multaneously
.convened to water and oxygenated hydroca(p'ons along one path and to CO

e’

and COy along a second reaction path. In the single reaction mode! and in

both steps of the parallel reaction model the reaction was assumed to be first
O ' _
order with respect to oxygen concentration and independent of fuel

concentration.

In discussing and comparing the four sets of results listed in Table 2-3
there are a number of sources of vanation to be conSIdered includmg chemical
composrtron of the various samples of Athabasca bitUmen mﬁx effects,
magnitude and range -of experimental vanables preclsion in measu'regrent of@“
- the depgnd?nt variable, and methods of data analysis El%gnental composmoé: .
of Athabasca bitumen used in the present work is reported n Chgpter 3
Distribution of asphaitenes and maltenes is 16 and 84 mass percent
respectively, and is similar to that of the bitumen used by Millour and coworkers

$~
(42). Compositions of bitumens used by Philiips and coworkers (43, 50) were’
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not reported out are assumed to pe similar, so that variation due to composition
of bitumen is considered to be minor. Variation due to overall sample

composition and matrix effects is more difficult to assess. It kaolinite present in

. the matrix used by Ref. 42 and 43 catalyzes LTO under the expe\rimental

conditions cited, this should“:bq evident in lower values of the activation.eneroy. A

The activation energy for the srngle reaction model of Ref. 43, however is

srgnrfrcantly higher than that of Ref. 50 or the present study. The presence of

" water in the samptes of Ref. 42 and 43 is an additional complication, since the

role of water in low temperature oxidation is not yet understood. Variation due

to the magnrtude and range 0oi temperaturé and pressure is equally difficult.to

assess. Implicit in the applrcatron of the Arrhenrus equation to analysis of the

S

kinetics of LTO is the assumption that temperature and pressure are
independent and that gases other than oxygen (No, Hy0) are inert diluents that

in effect simply alter the distillation characteristics of the bitumen. Since itis
probable that some or even all of these expenmental variabtes are coupled, the
choice, range, and magnrtude of experimental conditions are consrdered to be

major sources of variation in ‘the reported values of kinetic paranﬁaters.

| Because the rate of reactlon changes exponentially with temperature the error.

,
,,
2

1 *

in activation energy and reactron order due to precrsron in measurement of the

dependent variable is minor. uFor the same reason variation due to the use of\

rntegrated rate equatrons as in Ref.-42, 43, and 50 nF%ontrast to the differential

method applred in the present work is also minor.

X
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The two points to be noted here are that the oxidation kinetics of
Athabasca brtumen are by no means resolved and that althouph the kinetic

results derived in the present study do not constrtute a rrgorous test, they do

N

“show that the aneroid calorimetgr performs as desired.
Before extending measurements to experimental co_nditions\other than
those cited in Table 2-1, a preliminary calculation based on the results obtained .

here was carried out in order to estimate the maximum rate, and hence the
4 .
maximum temperature at which reliable measurements can be made with our .

calorimeter. First we consider that the time at which the maximum rise in"
temperature occurs dep@ds on the rate of the reaction. The time at which the

maximum temperature rise is recorded, however, depends on the response
5

time of the calorimeter, as expressed by the time constant, t

[2-21] T=c/k

In geheral the limit of precision in a time-dependent measurement is reached
mhen,the duration of the process measured is t/e. This means that the resuit of
q ' )

a calorimetric measurement gf the rate of oxidation is unreliable if the time at

which ge maximum rise in temperature is recorded is less than t/e:

Q

[2-22] ratemay = Qtotal/(¥e)- o | >
Stated another way, the maximum rate that can be measured reliably is that
rate at which the total heat is developec in a time equal to the time cbnstant of

Y

the calorimeter:
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2:23] Quorg = J Wt = A expl-E4/(RT)} PO <

On the basis of eq. [2-22}'the maximum rate measurable at 210°C is about ‘
9000 mW/g well above the experrmehtal values obtarned Based on data

| 'drsc%ssad in the next chapter the maXImum rate that can be reliably measured

33; ;320"'6 lrs‘about 50,000 mW/g From eq. [2-23]the upper temperature lrmrt "
can ?e evaluated and is found to be near 300°C. The very.small powers
devefitoped at 1 55°,Cand the resulting low precision indicate thazthe limit of
"detectlon for quanmanve appllcatlon is on the order of 15 mW.

A two- fold vanatron in ﬂow~ rate about the value of 14 mi/min used in the
test experrments hsted in Table 2- 1 was found to have no measurable effect on .‘
the rate of oxrdatron° lncrease in flow rate however rncreas(<dr13eat leaks fram
" the calorrmeter while decrease in flow- rate led to clogging of)/the exhaust line
‘ wrth condensed r;eterral produced by oxidation and dtstglatron A flow rate of
13 mi/min has there‘fore .beeh consrdered surtable in all subsequent,
measuremenrc. nf rates of oxidation. _ " o | ?

By ampli‘. .ng the/SrgnaI from the thermometer (see Appendrx A) greater
resolution of the rmﬁ’a{ slopee of thermograms at 155°C has been obtained. (Ch

3). These later resdlts support the assumptron used in testmg the calo,grhoeter

as descnbed in this chap‘rer that ris 0.6 at 155°C as well as at 21 0°C.

-~

&



CHAPTER 3

Kinetics and Energetics of Oxidation of Athabasca Bitumen

Introduction

"

Chapter 2 gave a detailed description of our calorimetric apparatus and o

method of measuring rates of oxidatior. results of systematic tests of the

apparatus at twp temperatures were tabuiated and analyzed, yielding values of

the kinetic parameters for the low temperature oxidation of Attabasca bitumen

" that are consistent with those of some published studies. The data anaIysrs in

\ o
all cases assumed that the reaction order with respect to oxygen was constant,

and that the temperature dependence of the rate constant was consistent with

the Arrhenrus equation. The requirements implicit in application of the

AfrheRjus equation to the low temperature oxrdatron of bitumen and the
corresponding experimental difficulties that arise were addressed.

A major conceptual difﬁcolty is that the Arrhenius equation'ie a good )
approximation only for processes that involve a‘single mechanism. Although it
has tong been recognized that lcw temperature oxidation of bitumen involves a

group of similar reactions in which substances of the same type are produo%d, it .

is worth ‘noting that even in the case of homogeneous gas-phase oxtdatron of

i1

srmplo hydrocarbons at low temperature it is well known that the Arrhemus

L}
>
- ' 55



equation does not apply over temperature rangeél

A@ﬁ-vlarger than 50°C, as is
evident from changes in product dtstnbutron W|th"temperature (58) %n,thrs
basis Newett and Thornes- (59), for example, identitied.two temperature
regimes of sl_ow'oxidatioh of 1:1 mixtures of propane and oxygen. Brad'cv (60)
also noted thjs behavior in his discussion of the combustion of hydrc::z:.cons.
Because of the complex chemrcal composition and tnterplay of physical and

chemical processes in the low temperature oxtdatron of a mixture such as
\

i

bttumen there is reason to suspect that neither of the two assumptrons crtedgn
above - thatt the 5eaction order with respect to oxygen is constant and that the
temperatur'et dependence of the\ rate constant foliows the Arrhenius equation -
is valid over the.range of temperature spanning the early and late stagles of low
temperature oxidation. |
g We therefore wrshed to test these assumptlons in a way that would ad 1o ‘
identification of the correct temperature dependence of the kinetic parameters if |
the assump_tions were in fact found to be unsupported. A suitable way for
" carrying out thi_s test is to-apply a statistical method of process analysis.,‘ called
the response surface or 'factoriél design method (61). This chapter'details the

application of this method to the investigation of the rate of the low temperature
. .

oxidation of iAthabasca bitumen.

Experimental
A new sample of tar sand was prepared as described in Chapter 2, and all

experim:ents were performed using subsamples of this new sand.
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/ .
A constant gas flow rate of 13.1 £ 0. 3 mi/min was maintained for all

expenmems
N Methods of measurement of mrtlal rates of oxrdatron and primary dataj'
analysrs were pertorrned as desorrbed in Chapter 2. Using a calrbratror; with
electrical energy for each expenment the records of temperature -rise versus
.trme were transtormed into records of calorific power response versus time.
-Heats developed in trme rntervals t i to t= were obtarned by appropnate
integration of the functronhdescnbrng power response versus time. Summation
of ‘th)ese "intewal heats" from t = 0 to t = t(final) yielded the total heat developed
in each experiment.v The. data are compiled in Appendix B.
Design of Experiments .
~The objective of the response surface method is to identify, by way of

effrcrent expenmentatlon a model describing the desired response y, as a
. ¥ .

function of the factors or independent variables, X1, X9, . . ., producing it (61):

" 3] y=bFebyxy +Dxp+ .
ln tt:e present case the d-esired response is the normalized :nitial rate of heat
productron and the independent variables . of interest are temperature and
partial pressure of oxygen Efficient expenmentatron is achieved by choosmg

combinations of values of the independent variables in a statistically prescribed
" way, leading to unbiased estimates of the model parameters, b; (61). |
. o -

~ During oxidation, bitumep is consumed in some overall process that we
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represent as
[3-2]  bitumen + Oy ----> (chemical products) + heat.

The rate of this overall process, expressed in terms of the rate of devélopr;went

of heat and applyihg the-method of initial rates, méy be written

[3-31 Wiy =k[POI"
, : g
~or equivalently

34 Wiy = Ink+1in [PO)] o
If r is constant and k varies with temperature as described by the Arrhenius

equatlon then eq [3- 4] may. also be written -
[3-5] In Wi(N) InA- Ea/RT +T In [P(Oz)]

AII symbols in eq. [3-3]4—[3-‘5] are as deflnedmoUély”.
The first-érder factorial design model for%o independent variables is

N

‘ givéq by the first three tefms of eq. [3-1]:

[3 6] y= bo + b1X1 + b2X2 :
‘ : : 1
Companson of eq. [3 5] wnh eq. [3-6] shows that, if both of the assump’uons that;

are to be tested are valld then the first- order model will fit the expenmental
data, with identities as follows:
[3-74] In»Wi(N) =y 1/T= Xy - In[P(O9)i]l = %o -

N

hY

[370] mA=by  EfR=by  r=bp

LW
J R



e
If eqs. [3-6] and [3-7'a]‘dofnot’ fit the data, the factorlal deSrgn may be
;ﬁ;ﬁ’ P N ,\; o ,a N , .
extended to second order sy o g
[3 8] y bo +. b1X1 + b2X2 +, b3X12 + b4X22 + b5x1);2

We requlre*? only ftve experlments to fit eq [3 6] and tour addmonal

experlmentsato tlt eq [3 8] Ftepllcate expenments at the center of the de5|gn (T

o= 225°g;,, P : 2‘l 0 kPa absolute) are mcluded so that we have a measure of

'//

expenmemal error By comparlng thezt)eStduaI variance of the chosen n*odel«

g .
wuth Vdnance dtJe to expenment the s?ghlflcance of the model at any deswed,

J, ﬂ/aa‘. .

oo ontldence level can be tested

. C ‘
RNt {3 A . ) )
R 44 [ L S
w N4 : <¥
‘ ’ . ‘.
: . - [

Results and Calculations

The data in' Table 3-1 were collected and analyzed usrng eqs [3 6] and

13 729 The resultsoobtamed are consistent wrth the previously reported results

LR
. &

..‘./’

,;* for nteasurements at 210°C and 155°as can be seen in Table 3-2. The
.V\ ‘% : ,
" analySIs of variance is presented jn Table 3-3 and shows that the first-order

model is not an adequate descnptron of the data
The tlrst column in Table 3-3 llsts the variations of interest. The third

column lists the number ot degrees ot freedom that belong to each vanatron
L o

|
1

The second Tolumn lists forleach parameter b;, the reductron in thé total sum of

squzres of /he residuals (dlfferences between the measured and predlcted

i

e~

~
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Table 3-1. Inmal rate of heat production during slow oxidation of bltu[nen Data |
were collected for a first-order factorial design model. ;

Experiment  Temperature Oxygen pressure Initial powWer

- number (*C) - : (kPa abs) (mW/g)x10'3
1 20505 2102 - 19t
2 - . 22542 | . o100 - 194 0,
3 22586 2108 005 o
e is499 112 2.23 : .
5 15493 7 397.1 N 4.50
s 31732 110.0 2207

7 ' 317.48 390.9 9786

"The estlmatelj maximum rella lerate at this. temperature is about 5x104 mW/g
(see p. 54). The result of experiment 7, however, is well correlated with the
result of experiment 6 and with that of the experimert at 317°C and 210 kPa
(Table 3-8), both of which are reliable. The result of expenment 7 therefore
appears to be accurate : . 4 ‘&»%

3 .

-1 C R

o F

A v
/'.I
b
-
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Table 3-2. Companson of kinetic parameters derived from ﬂrst- r response
durface measurements with those derived frum setg”of isothermal
‘easurements at 270°C and 155°C using the Arrhenius equation. The = value
- refers to one standard deviation. e

| Paframetef? - Arrhenius equation | Response surface method
A 19515 . 19.1£ 4.3
’ o . : - . . }
C o EgR(K) 7700 + 700 7790 £ 1270
r o 0.62+0.15 - 0.84+0.64
no. of éxpts. 15 S 7

- Table 3- 3. Analysis of variance for a first-order factonal decxgn model
In Wi i(N) = bg +b4/T #+ b2 In [P(OQ)] ,

‘Variation | - Sumofsquares DF.  Meansquares . F-test
by 1334 1 1334 significant
by | 2508 - 1 2506 . significant
bo 114 1 114 not significant
variation about zero 472.0 7 67.4 -
regression about zero = 470.9 3 1%% 3 -
lackofit  + . = 1.1 2 £ 055 significant
oxperimental error , 0.0025 2 00012 -
4 |

residual about line RN 028 ]

[}

b 4
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values of y) that would result if b; were independently removed from the model.

The next two entnes in the® second column are the total varlance to be
explained and the total variance explamed by the model. The next two entnes
are the variance not explained by .the model and'that portlon of.the unexplamed
variance due to expenmental error. The last entry is similar to that fOr the
vanatron due to lack of fit but drfters from st by two degrees of freedcm the

| number of re,plrcate expenments. The fourth column is the mean of the squares ,
of the residuals, the quantities to be used ~in the various tests of significance.

-

The value for each variation is the sum of-squares, in column 2, divided by the

¢

number of degrees of freedom. The results of the appropriate tests of

¢ I3

significance at the 95% confidence level are llsted in‘the last column

>

Accordrng to the model terms in bo and by - those describing behavidr of

~the rate constant - are useful in describing the"’data, but the term in bo, which

descnbes the effect of oxygen pressure, is not. Vanance due to lack of fit is
significantly Iarger than vanance due to expenmental error mdrcatlng that thef
model is not an adequate representatlon of tre data
The addltronal data listed in Table 3-4 were. then collected and combined. \Q

wrth the data of Table 3-1 in'a test of the second-order factorlal design model
represented by eq. [3-8], where the dependent and lndependent vanables are
'agam defined by eq. [3 7a). All data were werghted equally. The result#lg
analysis of vanance for this model is presented in Table 3- 5 In thls case,

N g

variance due to lack of fit is insignivfi,cant relative .tovarlance due to -
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" Table 3-4. Initial rate of heat production during slow dxidaticn of bitumen. Data
were collected for a second-order factorial design model. .

-
* *

) N |
Experiment Temperature Oxygen pressure ‘Initial power
number - (°C) (kPa abs) (MW/g)x1072
§ 17400 | 3200 . 66
o . 17396 1383 4.0
.10 .. - 28533 3324 . . 2376
11 - 28549 1360 134.2
5
'Q ?
7 5




Codas Analysis of yariance for full second-order factorial design madel,
i(N) = Do + D1/T + b In [P(Op);] + b3/ 2+ by (In [P(OQ)])2 +

" residual about line . | 0.063

Variation Sum of squares D.F. » Mean squéres F-test
by | 0.0066 B 0.0066  not significant.
by SR | 0.048 1 .0.048 not significant
'b2 ; 0.029 1 0.029 N not significant
'bé o ' " 0.046 1( 0.046 not sig'nificant:“‘?
by L 0027 1 0.027 :  not significant
b : & 0.039 1 0.039 not significant

variatioﬁ about zero 7420 | | 1" v67.5 '

regr'ession about zero .742.0 6; 123.7 -

lack of fir - o | 0.0GB 3 0.021 not significant

expe’rimenta] error 0.0025 2 010012

. 5 0.013 - -

64
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experlmental error, but‘the effect of removrng ‘anyrone of the terms"
independently of the other four is also insignificant. This crrcumstance

suggests that the model is satlsfactory, but overfit, so that at Ieast one of the

~ terms may be omitted.

Because the eﬁect of oxygen pressure on the rnrtlal rate of the redbtion is

much smaller than the effect of temperature we next tested the second-order
_model neglecting the term .second-order in In [P(O9)il, with results as

summanzed rn Table 3- 6 Agarn all data were werghted equally. Varrance due

to lack of ﬂt remarned msrgnlfrcant relative to vanance due to expenmental
N,

error, and each of the terms was found to be useful rn representrng the data.
According to this model the result of expenment 11 (T 285°C P(OQ) =136

kPa) is mconsrstent with the results of the other ten expenments and therefore

was given a small weight in obtaining the final fit:. The variation of the

normalized rate of heat production with temperature and oxygen pressure
,.within the limits 155°C < T < 320°C-and 110 kPa < P(Op) < 400 kPa is

represented by e
. : @ FORERe
[3-9] In Wi( ) bo + (b1 + b3/T)(1/T) + ( 2 + b4/T) In [ (Oz)i].

Values of the parameters oy -thrgugh bg and their standard deviations at

the 95% confidence level are listed in Table 3-7. The largest - residual
observed is 1.5% in In W) at 155°C.

Comparison of eq. [3-9] with eq. [3-4] leads to

Yo -
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Table 3-6. Analysis of vanance for second- order factonal desngn model
In W i(N) = bg + b1/T +bo In [P(Oo)] + b3fr +bg (In [P(O2)li)/ T

Variation

Sum of squares ~ DF.  Meansquares  F-test
299"__ 0.9799 1 0.9799 . significant
/ b1 1.0042 1 1 ._Qb42 s_ignificant‘
bs 0.3271 1 0.3271  significant
1?3 0.9677 1 | 0.9677 significant
.b4 0.1637 1 0.1637 sigrﬁﬁcant
. variation about zero 651..700 10 65.1700
2 regression about zero ~ 651.681 5 . 130.336
lack of fit 10.0188 -3 0.0063 not significant
experiméntal error _0.0025‘ | 2 e8‘1@012
" residual about line 0.0188° 5 00
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Tablc 5-7. Model oarametés far in ial rate of heat productlon during slow
oxid- zon of ditume, eq. [3-9]

Pz ameter Estimate 0o (95% confidence level)
— »
38.°¢ 75
04 320 5200 ©
b2 2.6844 0.92
b3 '  7.2509x 1068 . . qa4x108
by | -922.9 . 440 e

S

Table 3-8. Initial rate of heat production.during slow oxidation of bitumen. Data
were collected for use in isothermal evaluation of rate constants and reaction
orders with respect to oxygen pressure for the LTO.

O

Temp. P(Oy)  Wipy)® win)® Inkiso nkrs 1so RS

(°C)  (kPa) (mWig) (mWi/q) |

x10 x10"
154.92  210.8 3.2 3.3 28 3.0 0.55 0.53
173.95 2114 5.6 4.8 3.3 29 0.56 0.62
285.62 210.4 1749 1538 6.4 4.1 0.64  1.03°
317.47 209.4 4821 4727 4.6 48 1.15 1.12
(@)measured value (P)predicted value

For each of the four expenmental temperatures shown here, one standard
deviation (1SD) in In k based on 3 measurements = 0.02,0.5,0.1,0.03, -
respectively, and 1SD in r = <0.01,0.1,0.02,0.01, f%sp_e_cti‘vely.
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Analysis of the initial rates of heat production during lowfte:'mperature oxidation

of bitumen therefore leads to the conclusion that bath of the assumptions that

were tested are not valid it he logarithm of the rate constant is not linear in 1/T
as required,by the Arrl 2nius equation, and the r"eaction order with respect to

oxygen increases approximately two-fold over the temperature range from early

. to late stages of the LTO. The im‘plications of this conclusion and additional

supporting evidence will be-presented shortly.

Because the dependence' of the kinetic parameters on gtemperature as

) described by eq. [3- 1@4 and [3-11] is constrained by vrrtue ot the expenmental

LS

“design, these equations, and therefore eq. [3-9] as well are not expected to be

the best representatlon of the data. in order to assess the rellabnhty of eqg.
<3

fnd to determine more accurate values for the kinetic parameters,
four additional experiments were pen‘ormed, with condrtrons and results as
descnbed by the flrst three columns of Table 3-8. Values. ot the initial power

predlcted by eq. [3- 9] are hsted in the fourth column The Iargest residual is

-a

2.3% in In Wi(N) at 174°C and 211 kPa and is reasonable. The other th.ce

experiments are in excellent agreement with the factorial design. Each dt these .
four experiments may be combined with two experiments Iiste@t either Table

3-1 pr Table 3-4 to yield four sets of isothermal experiments from which four

'values of the rate constant and the reaction.order with respect to oxygen can be



1 9: L 8 o
.

| evaluated The resultlng values are compa“r’ed W|th he va1ues predlcted by eq.

[3-10] and [3-11] in the Iast four columns of: Tat;le 3-8. The values obtalned by
s
the response surface method are in agreement with those obtamed by the

' |sothermal method wlthlnthe limits of uncertarnty in the formet. The Iargest
dlscrepancy occurs at 285°C in the regton where the reactron order wnta

respect 1o oxygen is changmg rapldly with temperature. A more accurateH

| - representatton of all of the data |nclud|ng the result of expenment 1"1 thCh did .

not fit. well into the factonal desngn model, is given by the followrng emplneal

equatlons: o ))

a T

[312] n Wiy =ag+a1T+ ap/(595-T)2 + ag In[P(O)i] + a4 m[e(og)iy(eoo}gf) o

[3-13] Ink=2ag i'aJ_ + ao/(595-T)2

[3 14] r= 83 + 84/(600 T)

The largest: resndual is a few tenths of a percent in |n W; i(N)- Values of the

- _ )
coefticients ag through a4 at the 95% conﬁde_nce level are listed in Table 3-9.
| The dependence on temperature of the rate constant and reaction order with
: respect to oxygen is shown in Figs. 3-1 and 3-2. The rate constant has a
maximum near 285°C and is nearly linear wnth temperature between 155°C
and the temperature of the maxlmum The reactlon order with respect to
oxygen is nearl‘y constant, at temperatures below 285°C and increases

dramatically above 285°'C, /“ B ,

. et »
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Table 3-9. Coefficients for initial rate of heat production, eq. [3-12] rate
constant, eq. [3-13], and reaction order with respect to oxygen, eq. [3-14]

1]

Coefficient Estimate - ° + o (95% confidence level)
ag " 7473 1.18
aj | 0.02462 0.0017
a, 6889 18
. ag 0.4517 | 0.12
P 8.4855 208 '

[
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Figuke 3-1. Temperature dependence‘of the'g1dba1‘ratevconstant

for oxidation of Athabasca bitumen at low temperatures.
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'Figu}e 3-2. Temperature dependencé of the react¥on-order with
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Formatlon of coke

As stated in the Introduction to thi‘s-chapter,g a change in _mechanism with
increasing temperature islnot unexpected’ in the case of low temperatore .
o>'(ldatio.n of a complex mixture. of hydrocarbons such. as bitumen. Such a
change will be evrdent not only in the. klnetrc”"parameters but also in the total

~ heat developed in the overall process of combdstion, as expressed in eq. [3 2},
srnce this quantity also necessarlly reflects the type of reaction occurring. Thus
in order to investigate further the implications of the large change int observeud
i'n‘ Table 3'-8, additional information was derived from the total heats developed‘?
ln the kinetic experiments_, proceeding as Afollows’. | |

The records of temperature-"rlse versus. time for most ‘of the experiments
cited in Tables 3-1, 3-4, and 3-8, plus an additional experiment *at 174°C that

, was not surtable for use in the analysns of initial rates, were analyzed by
methods described in Chapter 2 to obtaln the total heats developed The
results, normalized in terms of the onglnal mass of bitumen present in the

| sample, are summan’_zed in Table 3-10.

Because%the Syste'm s Ope\n there is unavoidable loss of distillable
components pnor to lnmatron of the oxidation. If these compaonents would have

hmundergone oxrdatlon the total heat observed is somewhat too small.
-‘Alternatrvely, dlstrllatlon may occur also as the result of oxidation, in which case

- the total heat observed rncludes bath heat released by oxidation and heat.

absorbed by drstillatron Ciajolo and Barbella (49) have shown that paraﬁmrc

u

‘and aromatic fractions of heavy oils are volatrllzed at temperatures greater th‘an

-



“Table 3-10. Total heat produced during slow oxidation of bitumen

Experiment Temperature Oxygen pressure  Sample mass(a) He_at(b)-

-number - (°Q) .. - (kPa abs) (@) ‘ (kJ/g bit)
e o :
4 45499 . 1121’ - 0818 16
5 15493 © 397.1 08262 1.8
9 . 1739 1363 | }0.8116.. S8
oa . 17385 3275 08145 /7 46
8 17400 90 l', 0.7935 46
— 225.05 | 2102 07987 74
2 o543 2110 07985 73
3 | 225.66 2108 | d’_.'emz. 77
10 285.33 324 07996 9.5
14 o28s49 1360 07993 6.6
6 317.32 110.0 " 0.8039 7.3
58  i7aes 2114 08322 3.
f0a « = 28562 , 210.4 0.7968 -
6a  ai746  ‘oloa 08119 82

(a)(_oading factor is 0.1347 g bitumen per g sample

(b)Precrsron in measurement of heat increases with temperature and pressure.
Precision is on the order of 15- 20% at 155°C, 1 2% at 317°C. :

4
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200°C. Oxidation of these fractrons in the absence of catalysts occurs on|y at

3

- much higher temperatures (64). Loss of these fractrons dur:ng thermostattrng
therefore does not affect the heat evolved by oxidation and we rnay COnsider

that the total heat obseryed is due almost entirely to oxidation. -

| The obser\red normalized variation in.total heat from 155°C to 317°C'is
'nearly one order of magmtude suggesting that the overall process of
combustion consists of an |n|t|al process releasmg httle heat at low -
*emperatures and a second process releasrng consrderably more heat at high
’tevrrperﬂatures Since the only products directly accessible- in the calorrmetnc, | y
expe-iments are the total heat and the coked sand itself,.for convenience we .

gpresent the two processes as one in which coke is produced and one in

whic~ coke is consumed:

'3-*5a] bitumen + O -----> coke + (other chemical products) + Qp
3- 15b] coke + 02 ----- (chernicalproducts) ﬁQB"-_

The,total_ heat, Q, develloped in a single ca'lo'ri}netric experiment may then be

expressed as the sum of contributions from déposition and burning of coke:

. ) . [y

[3-16] Q=mpaHp + mpaHg |
. : . LY

where subscripts D and B refer to the processes of deposition and burning,”

' resp.ecth)_ely, m is mass of coke, and AH is enthalpy per gram of coke per gram

of bitumen.

Material balance requires that the mass of coke deposited be equal to the

mass of coke burned plus the mass of coke’ remarnmg as resrdue mR, on the
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oxidized tar sand:
[3-17] rnD=mB+.mR » S - __g‘

For each of the expenments listed in Tabie 3-10, the mass of residual coke was

)

determmed by ashlng the oxidized sample in a muffle furnace at 800°C for two
hours. K

a

It we assume that the enthalpies of combustion of bitumen, AHg, and of

deposition and burning of coke, AHp and'AHB,eare constant over the
’ . ' - .
experimental range in temperature, then we may write

[3-18] AHC AHD+AHB

In add|t|0n we assume that, of the processes [3- 151, only deposmon occurs at

155°C In this case mp = 0, mD me and eq. [3 16] reduces to

-

- 19] 01555_ mR AH@

)
- This.equation ylelds AHD smce both the total heat developed and the mass of

. residual coke at 155°C are known. The heat- of combustlon of bitumen is

available from bomb calorlmetrrc experrments (62), and therefore eq [3-18]
may be combined with eq. [3-19] to yield AHg.

Eq. [3-16] and [3-17]-are then combined with the calculated values of AHp '

'to obtain the mass of coke deposited:

320]  mp=(Q+mgAHR)AHG.

L4

Table 3-11 summarizes the results of the procedure outlined above. The
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A

amount of coke deposited decreases with increasing temperatur’el'a‘nd

.

, increases with increasing pressure of oxygen. The amount burnéd also
increa\ses with increaéihg pfgséure 'o_f oxyg‘e_n_aqd .Jin'cr’eas'es yvith increﬁsing
temperaturé. At 174°C Iess‘t_han 10% of the coke deposited is burned, and -
therefore t'h.‘e. assurlnpvtvion that depasition is the only process of interest at-
‘temperatures ub to 155°C is a reasonable approximation: Depasition is still the
predo’rhinant process at ‘225°‘C. At 285°C- burning of.coke _b_écomes mo‘re'
important, but approximately half of the coke deposited remains unbumed; At
317°C all coke deposited s burned.

.'JTotaI heats developed and mass of cqvké, depoéited, per gram Qf' bitumen,
are represented by thel'followihg émpirical va‘tjnctior{s: "
[‘3-21] | Q= qg + g/t + Plag =03t + aats
3-22] "”_‘D.= Mg+ Myt + oy + gt + mgt? + matd)
;Nhére' tis t.emperature‘,in °C and P is préssure of oxygen in kPa absolﬁtdg.s.
Esﬁmafed values of- the cheffic'ients.qQ-qA' and _ﬁ,O'mS a.t'the 95% con,_vfid\e.nc‘e |
level are_.give.r;t_@n-.Tables 3l’—‘12 .an'd 3-13.;{B‘oth quantities, Q and mp. are linear
(,in pressure;,,gf-vo;(.yge,n: .l!n additivon,-the_,-;‘a'irgéls“ure dépendence _of_ both quantities

P .

ie weak, so that mp is néarly lineag temperature and Q is nearly linear in the

"'r,e'ciprbclal- of temperature.

'S & L . ; sy .




Taﬁle 3-11. Coke deposited and burned during slow oxidation of bitumen

Burned

Expt. Temberature - Oxygen. - Residual Deposnted
no.: : '  pressure coke coke(@) coke(@)
- (°C) (kPaabs)  (g/gbit)  (g/g bit (9/g bit)
4 15499 1121 07098 07098 " 0
5 15493 397.1 0.7494  0.7494 0.
9 17396 1363 - 0.6641 oesez . -0)
5a 173.95 211.4 o.s%ooy 0.7055 0.0355
% 1’%:'3'._'85 3275 'O;'6869 07573 0.0704 .
8 17400 32’5?6' 0.6929 07615 - 0.0686
1,23(c 223\38 . 2107 - 04233 05750 0.1517
11 285.49 | 136'9@ 0.154 0.3000°  0.1459
t0a 28562 21045 . 0.1463 03278 01815
10 28_5.35 3324 01443 03427 0.1984
6 31732 1100 0 © 0.1699 0.1699
6a 31747 2004 O 049120 01912

(2)values were calculated using -43 kJ/g of bitumen as the heat of

combust:on and -2277 J/g of coke deposuted as the heat of deposition.

ek
B

(b )Calculated value is -0.0049 g/g bit.. Thus value represents the order-of .

magnltude of error in the calculatlon

, (c )Samples from expenments1 2, and 3 were pooled

Q.

*’4
‘93
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Table 3-12.. Parameters for total heat produced during slow oxidation of - -
bitumen, eq. [3-21] -

Paraméter ' . Estimate © + 0 (95% cdnﬁdencé’level) '
' : - - ‘ :z,g,
- . , L) N
%0 C1izsex104 - 036x104
qq  -1ss7T1x108 o 0.73x 105
do 77526 3
a3 074741 - 031 .
a 15179 x 1073  0.65x10°3
Ry
f.

"

Table 3-13. Parameters for 'd'eposi"tion of coke',, eq. [3-22]

. Pérapweter - Estimate ri_o (95% confidence level) .
ho a7 | | . 0059,
m 31944 x 103 | ozexiod
m2 8,448 x 103 29 X103
m3 | ~ 10821x10% - 0.30 % 10
my 41809 x 107 | © 7xto”

ms 51095 x 10710 . 25x10710-
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Analysis of cokes and drstrllates

Elemental composrtrons of some of the oxrdrzed tar sands produced in the

catonmetrrc experiments were determrned by mrcroanalysrs in order to contrrm

the gravrmetnc results in the case of complete oxidation 8f brtumen at 317°C

and, more importantly, to obtain some mformatron about the effect of &

~temperature on the compositions of the cokes produced and, by mference, on

the gross features of the chemical changes occurring in the depOsitionaI

process. Part (a) of Table 3-14 gives elemental analyses of whole sands
X . . .

before -and aﬂer oxrdatron ‘Part (b) gives the elemental 'analysis of the support

matenal and elemental compositions of the original bitumen and correspondrng

cokes produced. No material extractable wrth toluene or methylene chlonde
was present in any of the fully oxrdrzed sands

That complete combustion occurs at 317°C is conﬁrmed by comparrson o~f

the last row in part (@) with the first row in part (b). Complete oxidation of suitur

to volatile products occurs between 155°C and .225°C suggesting that sulﬁde'

Irnkages are broken and sulfur is removed as volatile products of oxidation in :

the process of deposrtron This result is different than that of Moschopedrs and *

——

Speight (64), who'found that sultur content rerqamed constant at

0 - .
temperatures less. than 256°C. The ,observed‘increase'in oxygen content and
decrea-se in molar ratio of hydrogen to carbon with increasing temperature are.

‘consistent with'the results of Ref. 64 and with those of others (30,32,41,57,63).

Since carbon is converted to oxide gases in'the complete combustion of

RS



Table _3-14.' Elemental compositions of tar sands and their constituents betore
and after low temperature oxidation at 210 kPa abs Op '

A

(a) weight % composition of whole sands

Sample N C H S coke

unoxidized © 013 11.51 1.28 0.98 -
~tar sand

sands oxidized at:

{ss55c 015  7.57 065 068 10.12
225°C 0.37 3.76 026 019 6.8
317°C 025- 0143 004 025 . 0

"(b~) weight %‘composition of tar sand constituents

Sample N C H S O molarH/C
chromosorb  0.19 021 004 027 - *
“unoxidized nil 8410 925 554 1.1 1.32

bitumen : o _

cokes produced at:

155°C nl 7295 607 432 1666 : 10

 gosc.. 310 5763 360  nil 3667 077

"oxygen content was calculated by difference
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-~

coke, the amount of CO» produced in the calonmetnc‘ experiments is an

|

~additional measure of the extent of oxidation. No CO» detectable by ordinary

gravimetric techniques was gvolved at temperatures below :285°C, in support of

the view that the deposition of coke is accompanied by oxidation of functional
. ) ! < . \ '
groups (32,64). This is consistent with the trends in oxygen content and molar

|
|

- H/C as observed above. B | ‘
Because all coke formed at 317°C is burned, its carbon content can only

be estimated. On the basis of the carbon content of the cokes, formed at 155°C

and the ratio of average mass of coke deposited at 155°C to that deposited at

,31790 we estimate that a smgle expenment at 317°C would yield onIy about
‘55 mg of COQ, if the coke formed at 317°C had the same carbon content as the

ﬁ
coke formed at 155°C. In view of the change in- carbon content with

temperature as in Table 3-14(b), the carbon content of cokes formed at 317°C
is expected to be much smaller. We actually measured 2?.4 mg of CO»s

released by oxidation of 0.8039 g of tar sand at 317°C and 11/ 0 :kPa absolute of
oxygen, Ieading to a value of 36 wt % as the carbon content of coke formed at
31 7°C -

As stated earlier, part of the bltumen originally present in the sample is
necessarily lost by dlsttllatron whrle the calonmeter IS brought to a constant
temperature of lnterest T‘hls loss nccurs in any open expenmental system such
as ours and presumably occurs as well in the in situ combustlon process in the

. field. Oxidation produces additional volatile substances. in our apparatus part
_ \
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of this volatile material condenses in the exhaust gas train and eventually
accumulates to the point where it must be removed so as not to interfere with

£l

' the regulation of gas flow. Although the apparatuswas designed ‘specitically 1o
.measure the rates of oxidation and is no‘tadapted to quantitative chemical
studies of tar sand distillates, some additional useful information may be
obtained from an investigation of»the disti lates collected. |
Following each calorimetric experiment the exhaust gas train was flushed}_
first with toluene and then with ethanol. The resulting solutions were combined
. and the solvents were removed by evapo‘ration. Since the amount of distillate
from a smgle expenment is very small the dlstlllates from all expenments at the
ame temperature were pooled to form a composite sample. The amounts of
distillate relative to the orlglnal mass of bitumen are llsted in Table 3 15 No
‘volatile material co -densable at room temperature is produced below 155°C
-~ The composnte drstlllat;*collected at 285°C was separated by chromatography

l«“l
on a column of smca gel elutlng successively with n-pentane, 5% toluene ll'l

T @entane methylene chlonde and 20% methanol in methylene chloride to
yield fréctlofhs Wthh we desugnate as "saturate”, monoaromatlc .
"polyarbmatic", and "polar”, respectiv_ely. Gas chromatograms of the saturate
and monoaromatic fractions were ol‘;‘t"‘ained. The FT-IR spectrum of the polar
fraction was also obtained. In order to interpret the results of these analyses,
bltumen ‘was extracted trom the tar sand and similarly fractlonated and
analyzed. The. gravumetnf‘ results are reportq?d in Table 3-16. - The GC of the
saturate fraction showed the sama features as that of the saturate fraction of the

7
1
e
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| € - | .
Table 3-15. Tar sand distillates collected at room temperature during low
temperature oxidation of bitumen ' o

-r
Temperatu‘re (°C) g distillate/g bitumen
155 | 0 |
174 015
285 . 107
317 | 0.56

Table 3-16. Fractionation of original bitumen and produced oil, expressed as
weight % ’ ‘

* Fraction Original bitumen(@ Qi produced at 285°C‘(b)5
saturate 276 | " | ..5'1‘\ O
monoaromatic | 18.8 17.7
polyaromatic \ 319 175
polar 21.7 - | 13.8

(@)215.0 mg analyzed

(0)231.0 mg analyzed
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original bitumen. Some SUostances having up to 34 carbon atoms were
observed to have distilled out of the oxidized tar sand. No carbony! or carboxy!
groups were observed in the onglnal brtumen but both were present in the
. polar fraction of the distillate. Sulfoxide was also present in thrs fraction of the
’drsttllate.
Black particles insoluble .in both'toloene and ethanol were present in all of
the distillat'es. Particulate matter has been observed by others in the products
_ of .low temperature oxidation of bitumen in closed systems and is thought to.
form by aggregatlon of_ polar by-products (49,63-65). The presence of* these
'partioles in the distillates'indicates that the particles are formed from volatile
p'roducts and therefore that their presence snould be anticipated in oils
»produced by in situ combustion. Because of the polar nature of these particles,
itis possrble that they will be adsorbed onto the reservoir material and by -this |

means reduce permeability of the tar sand ahead of the combustron front. .

o

Discussion
| The combined analyses of cokes and distillates have Ashown thiat the
decrease in conversion of carbon to coke from 63% at 155°C tg Iess than 8% at
317°C is accornpanted by a maximun't in the yield of produced oil at
285°C. Along with the kinetic resu&s this situation supports the conclusion
that the oxidation processes occurring at temperatures up to 285°C are of a

' fundarnentally dn‘ferent type than those occurring above 285°C and thﬁ'these

N
E%
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rocesses mask resented in terms of reactions leading to the formation of
Y A g ‘

%

coke and othcWigifgenated hydrocarbons at low temperatures and reactions -

-

Ieadir.lg to the b‘u>rning‘ of c'oke and o_tner-hydrocarbens at high; temper'atere‘s‘. it -
is now possible to trWhe math_erﬁatica! model oi-the'overall ra‘te‘ of.
,'oxidatien expressed in the empirica_l equationsv‘[s.-12]-[3-14]-int,o a chemical
modellbasedvon the two preéesses recognized. | | |

Let us consider again that the total heat released in the oyerall oxidati}on is

" the sum of contributions from processes of deposition and burning of coke as

expressed in ed. [3-16]. The derivative of this equation with respect to time

gives the relationship between the measured overall rate of oxidation, W(N)v- .

v

and the rates of deposition and b}ﬂrning of coke, Wp and Wg, respectively:
N

[3-23] Wy =Wp+Wg

LN

.AWHere W) = oQet o :
| wb - _AHD~(emD/dt) : R
 Wg = aHg (dmg/dt)

At 155°C only eepesitieh oceers and jherefore mpg = 0, de/{; 0, a’ne Wp
= W(N)-. The reaetion-erder With respect“to oxygeri pFe;s:u:e at 1is temperature

was found to be 0.55 and is now taken to be-the' reaction order with respect to
oxygen pressure for the deposition reaction. Combining the rate data for 155°C

~ with those for 174°C, where depositic)n still strongly predominates, allows
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evaluation of the activation energy and pre-exponential’_factor for the deposition

!

‘reaction. \
This n.  aation may then be used to calculate the-rate of deppsmon at.

225, 285 and 317°C at each of the experrmental pressures Comblnrng these

values wrth the measured values of the overall rate of oxidation yrelds the rate

of the reaction in whrch coke is bumed by way of eq. [3- 23] Here it is assumed

that the reactlon order with respect to oxygen pressure is the maximum value

observed, i.e., rg = 11 5. Ccrnbining the resulting values cf'WB at 225, 285,

 and 317°C allcws'evaluation of the activation energy and pre-exponentiai
" factor for the combustion reaction. | ; - N
The resulting cl:he_mical»model is represented tE e _tollcwing, eduaticns: (

“[3-24]. In WD‘ = In AD - Ea(D)/RT + rD In [P(Oz)]

[.3;25]‘ In Wg = In Ag - E, (B)/RT+rB In [P(O9)]
where _InAp =14.8 | o |nAB=:§1.s -
| E,a(D)/R=5147K S  EqyR= 1592 <
D L0585 | o N . rg=115

‘. Since the uncertarnty in.values of actrvatron energres is on the order of
109 30, the value of the actrvatron energy for the combustlon Fé‘actron found in this |
| yvork. 132 kJ/mot, is in good agreement with }the value of 145 kJ/mol obtarned
"by ‘F’htllips and Hsieh (43) and is expected since the value of r =1 assLm_ed by

‘these authors is very near the value r = 1.15 obtained here. The values of
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o a ivfation energ;y for tne de/positional reaction, 43 kJ/mrol in the present 'work
an v67 kJ/movl_inv Ret:*43, are signiticarltly different. Tnis is al$o expeoted onthe
basis| of tne diﬁerenoe in.the values of r= 1 assumed in, Ref. 43 and r= 0.55
obtained ln the present work. Hayaéhtt’ani (66), Haidar (67), and Yosniki and

'

Phrllrps (50) report values of approxrmately 200 kd/mol for the activation energy

A d )

2
for the formatron of coke. by thermal cracking ot Athabasca bitumen. The value |

of the actrvatronenergy for the deposrtron of coke by low temperature oxrdatron
found in ‘this work is considerably Iower.‘indi‘cat‘i’ng that low temperature
oxidation promotes depo%\ of goke and fna& Iead to reduced recovery in the
in sity combustion process. .

One of the mof'e?obvious implications - the model representged by .eq.

[3-24] and [3-25] is that, the maximum rate at whlch coke can be burned is the

rate at which- it is produced By comblnrng the two equatrons it can be sbown

\n

that th_e temperature of the steady state, -
dmp/dt = dmpg/dt,

- * .
varies inversely with P[Oz]o-6. This temperature decreases from 390°C at

P[O5] = 50 kPa to about 335°C at 600 kPa. We cap therefore account for the

~

shift, -observed in many DTA experiments, of peak combustion temperature
towards lower temperature with mcreasrng oxygen ‘partial pressure.

Frnally, we ‘consider the rnterpretatron of the results obtarned in-this study :
rn relation to.field process variables in the enhanced recovery of bitumen and

r~m Lo

heavy oils by in srtu combustron Among the factors to be optrmrzed are the

k4 A
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" cost in air compressron the desirable peak temperature recovery eftlcrency
. (ratlo of mass of hydroCarbons recovered to mass of bitumen orrglnally in
,place) and tuel conversion suffrcrent to sustain combustlon Because the

amount o‘bltumen cohsumed -as fuel is not dlrectly accessnble in the‘
»

calonmetnc expenments assessment of these factors requwes complementary_ | |
chemlcal mvestlgatlons that provnde thls information. One lmportant field

~ process variable that can be calculated usmg the klnetlc data’ obtalned in this

-~

study ig the lgnltlon delay or the time requrred to bring a unit mass (or volume)

o

of. formatlon from ambrent to combustlon temperatures near 300°C. Since

N

depositlonal processes predommate in thls temperature range, the ignition
(

delay is approxnmately equrvalent to. the time requrred to complete the

- ]

deposmonal phase of the global oxidation reactlon ln the absence of external
. : .
heat sources this time may be estimated in the following way.

Assuming adiabatic res_ervoir’c'ondit\lons. the heat available for raising the
- temperature of the reservoir in a time element, dt, is the heat released per unit

time per unit mass of bitumen, W . & €

[3-26] ‘heatproduced = Wt =k [P(Oo)f ct. . .
: - : 3
Part of this heat will-be needed to vapori-e the wa‘_ter in the tar sand and the rest
will be available for heating the reservoir:
LN ' ’

(327 Heat absorbed = f, AH/fy + (Cis/fp) AT

where f,, and fy are the fractions of water and bitumen in"the tar sand,

. Yoo
‘respectively, AHyis the heat of vaporization of water, and ¢ is the specific heat
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capacity of the‘tar sand. Achuatingg» [3-26] and [3-27], separating variables, and

-}

integrating yields =

3 28] =t AH /(fbk[P qu/ fbk[P(OQ]) o

-

Ae can be seen trom Fig. 3-2, ris nearly mdependent of temperature below the
combustlon temperature‘ and”for cdnvenlence may be held constant in thls
calg[ulatlon We choose r = 0. 48 the extrapolated value at an lnltlal reservoir
temperature ot 300 K. ThlS value is:in reasonable agreement Mh a fetlv values'
published by others (39 40 68) The flrst term in eq [3 28] is evaluated at the
tempelrature of the transmon ot water from lqu|d to vapor Flg 3-1 shows that
the ten;perature dependence of. the rate constant, k, below the temperature of

. the transition from deposmonal to combusuon propesses is glven by the first two

terms ot aq. [3-,1 3]. The second term m eq. [3-28} becomeé

1t PO 48) l (q k) dt.

"

' conuenience an upper limit of T'= 600 K lS'ChOSGn. Because of ;ﬁe |
exponentlal variation in k with temperature, the actual value of the upper llmlt
‘contnbutes negligibly to the value of the mtegral and hence is arbltrary‘

provnded itis far above the initial temperature of the reservoir. The specmo heat:

capacity . of. the resemvoir can be répresented as- .an additive tunctlon of the
1 .
specific heat capacities ‘of ghe reservoir components as shown by Cassis et al.

(54): S ‘ N

[3-29] Cts=fb'3b_+fcaccs+ fsCts + fwCw » e

S - . NN
'Y : . . & . -
i o . -
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wvhere, subscriptscs and fs refer to coars"e\a‘nd fine solids, r"espect'i\,lelys fi is the

- ' ¢

~

’fractron of compOnent i, and G is the correspondmg speciﬂc heat capacny

Us’ng heat capacrty data from Ref 54 for Athabasca tar sand and

,‘assumrng typrcal fractlonal mass composmons of C. 1T bitumen, 0. 69 coarse -

\

solrds O 16 fine solids, and O 04 water eq. [3 28 29] were combrned to. yreld the

-

srmple.expressron : S : ' S et

| [3 30] t= 1256/[9(02)]0 .48

!

”\Nhere P(Oz) 3 pressure of oxygen in kPa absolute andt is trme in days,

' requrred for cofmpletion of the deposmonal phase of the LTO process per metnc

_ ton of tar sand. This relatlonshrp% shown in Fig. 3-3. Beyond a few hundred
.kPa of,oxygen, the reduction in hme of deposrtron wrth rncreasmg pressure of
oxygen becomes quite small. " o ,.

The procedure outlined here may srmrlarly be apphed /to other tar sands for -

which the composmon as specrfred in eq. [3 29], constituent specific heat
capacities, and kinetic par‘ameters are known. It is imponant to note;tha_t the
form of eq. [3-30] is completely“'rgeneral. The values of the consjant' terrn in the

,} numera&or and the reactlon order with respect to oxygen, r in the denomrnator

are expected to vary only slightly from one tar sand to another.
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Appendix A. Measurement of power input to the calibration heater and of
temperature versus time : .-

]

Fig. A1 shows the circuit diagram and elements used to measure power -

inpUt to the calibratidn heater. This power, Wy, is the product of the current
through thé‘heater, Iy, and the voltage across the heater, V!
[A-1] Wh = thh.

'Thé total current that is supplied by a constant 30 V power supply, PS, is

’

regulated by way of a variable decade resistor, Ry, and measured as the ratio

e

R

of voltage to resistance of a standard resistor of low resistance, Rgq, In series

with 'R'VTI:
[A-2] 1=Vg1/Rgy.

A large series standard resistance, Rgo + Rg3. in parallel with the heater is

« used to measure |y and V. These.quantities are given by the following

equations: R
q/

l [A-3]  Iy=1I- VS‘Z/RSZI
B ¢ . ,4'

[A-4]  Vp=(- (R + Rsa)

Since the resistances of the standards are known independently, measurement
-ofthe voltages across/Rg1 and Rgp, both of which are 'on"th? order of a@\njv‘

allows calculation of the calibrating power by way of equations [A-1]-[A-4].

”

3 ‘ ’98
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i . _' ..
Using a desngn Simiiar to one described by Toéops et al: (69), a stabilizing

circuit is estabiished w1th a variable decade resistor, Ryo. ad]usted to the
-.approximate resistance of.‘the heater. With the single pole ‘sv.iiitéh- in the
S-position, .the pdwer suppiy"ié allowed to run ‘until_self-heating effect's in Ry
are absent. The switch is then thrown to“the M-position and a stop-.wa.t.ch.is

“started. The position on the strip chart corresponding:to this time is marked and

Vg1 and Vgo are recorded. The calibration is continued for 2-3 hr,Awiih lime
and voltages recordéd .. or three times during this period to cﬁgck '.i'he
consiancy of both.the power deiiveiy and the chart speed.

Fig. A-2 shovys the cir_cuit diaigiam and elements used to measure
temperature rise versus time. The current supplied by a constant 20 V powe‘r

. . : Y
,;sfu,‘pply, PS, is regulated at 2.000 + 0.005 mA by a large standard resistance,

Rg, in series Witii the platinum resistance thermometer, PRT. At the beginning
 of a calibration or an experiment th;a voltage across the PRT is offset by a
potentiometer, P. The output of the galvanonﬁetér is fed through an amplifier to
the stri'p-chért recorder. The bnasélirie voltége of the ciian thus cdrrespond:s to
thé‘voitage of the tiiermomete’r at t_huequilibriur'n temperature, Tsy.s = T.surr.' and
is identifiéd through the calibration corisiavnts of the thérmoméfef «t‘:orfibine'd with

easureniem of the voltage across the thermometer ieads Similar

-measuremnnt of iemperature during calibration of the salorimetric system or

during an experiment allows calibration of the chan.



Ve
s
) : » Rs] o
¢ WA
R R gl
\AWM— TMM_T_
'Rs3 RSZ
AWK
H
PS power supp'y
Rv]’ sz variable rasistances
. Req - standard resistance, 0.10
R§2 standard resistance, 100
- R . 'standard resistance, 100,0008
53 e
V voltmeter
.S stabilizing circuit
M measuring circuit .
H fheater

.»Figuré A-1. Circuit
+

“the talibration heater.

—

S v o - 3
diagram for measuring power input to
r - ’ L

(%]
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Figure A-2.
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Circuit diggram for measuring temperature rise.’
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Appendix B. Temperature versus time data for thermokinetic investigation of
the low temperature oxidation of* Athabasca bitumen ' "

. R ‘ v € ‘
Individual experiments are identified by temperature, absolute pressure of
oxygen, and sample mass. Loading factor is 0.1347 g -bitumen/g sample.
Symbois are defined as follows: !

i T ) temperature
P(Og) " - ~_ absolute pressure of oxygen
mg °;ample mass
Kk heat transfer coefficient
c - heat capacity of calorimetric syst;m
s . | chart speed
9\' . chart sensit‘ivity LY ’ _—
A AT max maximum rise in temperature
£ t _ time
AT temperét&e rise due to oxidation
e dAT/dt slope of temperature vs. time curve
W calorific power developed 4
- \
Q; j A .heat developed in time interval t=itot=]
Q ~ heat developed in time interval t=0 to't

1

102



(N .
Equativ

L i
R
el wlk oy
_ VA

‘as follows:

W =c (dAT/dt) s + x AT

Q; = (Wi + W)t

Q=2Q;;

Experiment1 -

T = 225.048°C
P(Oo) =210.2 kPa

ms=0

79879

AT qay = 0.528 °C

A

'Y

-+

y

-)/(2s), i <]

¢ = 0.802111 mW/mm
c=2110.5md/mm .

s =0.015222 mm/s
6 = 5.933 x 1073 °C/mm

n«:used 10 caicuiate" power, W, l‘interval heat, Qi,jv'f?”d total heat,Q, are

ATe(mm)  dAT/dt (mm/mm) W (mw) Q) Q ()
0 6 6.4095 205.9
T 80.3 80.3
6.4 35.4 4.5920 1 175.9 S
) o , 68.9 149.1
12.9 60.7 3.0497 146.7 |
‘ 61.3 210.4
20.0 76.1 1.7144 116.1
) 63.9 274.3
29.7 86.0 0.4799 . 84.4
44.6 318.9
38.5 89.0 -0.0508 69.8
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Experiment 1 continued

t (mm) AT (mm)  dAT/dt (mm/mm) W (mw) Q; i () Q (J)
C NS o 66.8 * 385.7
53.0 88.0 0.0000 70.6 b
: ' 72.7 = 458.4
70.6 86.2 -0.4369 - 55.1 )
- ' | 81.5 539.9
96.1 76.4 -0.5926 42.2 .
63.9 603.8
121.6 - 62.4- -0.4995 - 34.0¢ N
- o 50.0 653.8
147.0 48.3 -0.3994 25.9 : :
e | 38.5 692.2
L 172.4 38.0° -0.3199 202
. ‘ 30.7 722.9
198.0 30.7.  -0.2593 . 16.3
: ' 22.9 745.9
223.2" 22.8 02141 11.4 ‘ '
, | s 16.4 762.3
248.6 17.5 ©-0.1791 .83
. | « 11.2 773.5
273.9 12,5 -0.15°9 5.1 :
- L 7.5 781.0
299.3 - 10.0 -0.13C2 3.8
™~ | - 63  787.2
324.4 9.2 -0.1130 3.7 S
: 5.2 792.4
349.8 . 70 #-0.0988 2.4
| o 3.6 795.9°
375.1 5.8 -0.0871 1.9 .
" 2.5 798.4
400.6 4.5 -0.0773 1.1 .
1.8 800.2




Y RERGNDY 3! “V/J,; .
. pa /\:4 & 5‘,“ ‘/ ‘\' o 1 Oé
TS ey AN
/ o
Experiment 1 continued |
/ ) N - ‘ -@#: ,
t(mm) AT (mm. dAT/dt (mm/mm) W (mw) Qi () %&Q (J)
426.1 4.6 -0.0690 1.0
- 0.8 801.0
4515 2.4 -0.0621 -0.1 | ~
2 , | 0.9  800.1
477.0 1.0 -0.0561 - 1.0
-Experiment‘2
T=205418°C . x =0.775701 mW/mm
P(Op) =211.0kPa ¢ = 2248.5 mJ/mm
mg=0.7985 g | s =0.0154235 mm/s -
ATmax =0.510°C 8 = 5.473 x 1073 °C/mm
tmm) AT (mm) dAT/dt(mm/mm)  W(mw) Q) Q)
0 0 6.6061 2291 |
| ‘ 31.8 31.8
2.2 13.3 5.9413 . 216.4 |
. | s 30.0 61.8
4.4 26.0 5.3111 204.4 ‘
515 1132
8.5 46.6 4.2288 182.8 |
. 5§59 - 169.2
136 64.2 3.0499 . 155.6
3 67.1 2363
21.1 81.5. 1.6534 120.6




Experiment 2 continued

t (imm) AT (mm) dAT/dt (mm/mm) W (mw) .Qi,j (J) QJy
,_ . : 61.1 297.4
30.2 89.4 0.4981 86.6
: 36.6 3340
37.3 93.0 0.0072 72.4
. 20.2 % 354.2
41.6 93.2 0.0000 72.3
: 326  386.8
49.1 90.9 -0.2500 61.8
| 37.6 424.4
- 59.6 87.0 -0.5482 48.5 _
- . 54.2 478.6
79.5 74.9 -0.6493 35.6
~ 53.9 532.5
104.9 . 1.5 . -0.5150 29.8
‘ 45.4 577.8
130.3 50.0 -0.3900 25.3
: ’ - 38.4 616.3
155.5 41.5 -0.3003 21.8
32.9 649.2
181.1 33.6 ° -0.2356 . 179
o : : 26.1 675.3
206.4 26.4 -0.1895 13.9
‘ ' 20.3 695.6
231.8 20.8 -0.1553 10.7 __ )
. k 16.8 . 7124
257.2 18.3 -0.1295 9.7 ‘
_ - 146. 7270
282.6 15.2 -0.1095 8.0 -
. 11.3 738.3
307.8 11.8 -0.0939 5.9
- 9.0 747.3
333.1 10.1. -0.0813 5.0
7.8 755.1
358.5 9.0 -0.0710 4.5
: ) 6.8 761.9
384.0 7.5 -0.0626 ° 3.6 '
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Experiment 2 continved "~

s .

t(mm) AT (mim) ‘;dAT/dt(mh/ghwm) W (mw) Q) Q (J)

- | - 105 7724
485.0 5.7 :0.0496 2.7
e ' - 62 7786
4858 32 . 00403 11 |
- ' 5.8 7844
561.9 30,  -0.0306 13 |
j | - .30 7874
638.1-° - 10 -0.0240 . 0.1
‘ s : 0.4 7871 -
850.9 0 -0.0231 .08 4
. - » (
‘ >
‘ #$
| ’



‘.

T=2256
P(Op) = 210.8 kPa

éipw‘ment 3

62°C

- mg=0.8012g

~

x = 0.805013 mW/mm .

c=2139.7 mJ/mm

s = 0.015231 mm/s
§ = 5.544 x 10°3 °C/mm

108

t (mm) AT (mm)  dAT/dt (mm/mm) W (mw) | Qi,j (J) Q )
0 0 6.7754 220;3) ,
| 322 32.2
2.3 11.7 6.0343 206.1 _
. : 2 L/'/ 242 564 I
4.1 29.6 5.4849 ; 202.6 )
J 31.8 88.2
6.6 37.1 47664 . .7 185.2 |
~ / 33.9 1221
9.5 50.0 3.9980 170.6 _ "
| 41.3 163.4
13.4 64.6 3.0748 152.2 5
43.6 207.0
18.1 75.6 2.1298 130.3
o * 55.5 262.5
25.3 87.8 1.0397 104.5 ‘
54.1 316.6
34.0 93.6 0.2925 84.9 /
26.8 343.4
39.1 93.6 0.0000 75.3
- ' 55.8 399.2
51.7 90.2 -0.3983 59.6 \.
- 45.3 4446
64.5 88.6 -0.7078 48.3
| R ' 69.1 513.7
89.8 "69.0. - -0.6304 35.0 |
' , 54.3 568.1
115.1 57.0 -0.4742 30.4



Eipgrime'nt 3 continued”

109

t(mm) . AT (mm) AT/t (mm/mm) W (mw) = Qi () Q(J)
P
3 ~46.2 614.3 -
140.4 . 4538 25.2
| 39.2 653.4
166.0 37.7 -0.2753 21.4
N \ 33.4 686.8
191.4° 320 . -0.2178 18.7
. 28.4 715.3
216.7 26.@ -0.1763 . 15.6
. 23.4 738.7
242.1 21.4 -0.1453 12.5 :
» 34.6 77§\
292.8 14.5 -0.1034 8.3 \
. - 238 797.1
343.7 10.5 -0.0771 5.9 L
’ | 17.3 814.3
394.7 7.9 -0.0597 4.4
~ . 11.5 825.8
445.4 5.0 ©-0.0476 2/5 _
) ; 456 830.4 .
496.1 1.9 -0.0388 0.3
. - -1.6 828.8
563.1 0 -0.0305 -1.0




w
‘Experiment 4 g
E'4
T=154.993°C x = 0.058428 mW/mm
P(Op) = 112.1 kPa" ¢ =192.7 mJ/mm
my =0.8188 g ) | .?\a’so.msm 2 mm/s
"+ ATy )= 0037 °C e 6 = 5.401 x 104 °C/mm
\ | R | |
t(mm) AT (mm) dAT/dt (mm/mm) oW (mw) Q;j () QW)
0 0 8.3864 24.6 |
| : 4 | : | 19" 1.9
1.7 6.6 3.1061 9.5
- Y15 3.4
4.9 13.6 1.4214 . 5.0
. . . - 1.1 4.5
8.7 18.5 0.8646 3.6
| \ 1.4 5.9
15.2 229 0.5177 X
» . s 1.0 6.9
21.2 25.3 0.2819 - 2.3% S
R 4.2 111
46.7 342 0.2511 2.7
S 4.8 15.9
72.0 39.8 0.2228 3.0 ‘
\ 10.4 26.3°
122.7 47.4 0.1723 3.3 ,
‘ ' ' ‘ 11.4 37.7
173.4 54.3 0.1303 . 3.6 -
» 10.0 47.7
214.2 61.5 0.1026 4 3.9 |
| 16.1 63.7
274.9 67.5 0.0717 4.2
| : 13.6 77.3
325.5 68.5 +0.0000 4.0 .
‘ | 20.0 ,97.3
401.7 68.3 -0.0050 .40

1

«
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?’% - Experiment 4 contirued \ ke
tmm) AT (m., dAT/dt(mm/mm)  W(mw)  Q;() © QU)
i |
| q 7 19.2 116.5
477.8 64.0 -0.0104 3.7 '
| & . 184 | -1249
553.8 63.7 -0.0158 3.7
| | 12.1 1471
604.5 63.0 -0.0288 38 |
: -, 11.9 158.9 -
655.4 62.6 -0.0496 3.5 ,
’ 5.6 164.5
680.8 57.5 -0.0628 3.2
- 39 1684
706.1 472 . -0.4357 1.5 <p -
: 3.3 1717 4
756.8 22.6 --0.2881 - 05
: 0.4 172.1
807.7 56 - -0.1827 0.2 L
. 0.8 171.2~ )
883.5 18 -0.0778 -0.1, '
oA



Experiment 5
T-154.925%C « = 0.053879 mW/mm
P(Oy) = 397.1 kPa - ¢'=197.2 mJy/mm
mg=0.8262g s =0.015184 mm/s
ATmax = 0.064°C - 8 = 5.365 x 10°% °C/mm

a

t(mm)’ AT (mm) dAT/dt(mm/mm) W (mw) in'j(J).. Qg

o, 0 167336 - 501
B 3.9 8.9
1.7 10.5 6.1976 . 19.1 . . '
: v 19 = 57
3.5 205 3.7186 12.2
T S | 3.0 87
82 331 1.8189 72 ., -
- | - 33 12.0
16.2 435. - 0.9729 5.3 : |
; | ; 34 154
257 536 . 0.8600 55 |
S . - .50, 20.4
. 39.2 65.7 - 0.7613 . 5.8 .
= | » ) L 7.0 27.4
- 56.9° 779 06546 62 -
o e | 7.3 34.7
746 89.0 0.5533 . 6.5 - ’
' . . 673 42.1
91.7 96.7 . 04606 . 66 | '
o | o B - 10.1 522
1148 , 1050 - 0.3422 8.7
S SRR _ | 11.3 63.4
140.2 113.1 0.2249 6.8 |
. - o - 10.3 73.7
163.2 . 1187 -~ 0.1273 88 -
T - 1 , .~ 48 78.5
174.0 118.7 0.0846 . 66 ‘

. ,'f\A | | . L | ‘ »}%9 .9'1.4



-0.0080 -

Experiment 5 contim% ‘
t (mm) AT (mm) dAT/dt (mm/mm) W (r&W) Qi,j (J) Q (J)
: . \ -
2042 1191 .0.0241 6.3 @
; . 238 ) 1151
267.5 1022 -0.1500 51
' 2160 136.7
343.8 77.7 -0.2207 3.5 ;
| ‘ 21.2 157.9
4451 - .60.2 -0.1350 2.8 |
7 ' ‘ : : 18.2. 176.2
546.8 553 -0.1254 2.6 .
S | 14.1 190.3
647.8 . 35.0 -0.0800 1.6 |
» | | 53 1956
723.9 . 98 -0.0200 0.5 | o
. o . | ~0.9 1985
782.4 0.0 0 : |
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Experiment 6 e .
T=317.318°C , s x =1.207294 mW/mm
P(Op) =110.0 kPa ’ c = 2404.2 mJ/mm
Mg =0.8039 g . | - s=0.061258'mm/s -
ATmay =0616°C =~ « .. 8=5584x 1073 °C/mm
t (mm) AT (mm) .dAT/dt (mm/mm) W (mw) Q i (J) Q)
0 0 « 16.8860 2486.9 o
: . 24.] 24.1
0.6 11.3 16.5000 2443.7
23.8 - 47.9
1.2 241 16.2000 - - 2415.0 |
: . , 37.6 85.6
2.2 36.9 . 14.6102 - 2196.3
' : 30.4 116.0
3.1 57.1 12.7323 1944.1 -
_ ' o 74.8 190.8
6.0 79.8 7.5919 1214.5
: 38.7 229.5
8.4 95.1 ©4.3887 761.2
_ - 41.6 2711
13.5 107.5 0.7421 239.1 .
15.5 286.6
18.6 - 110.3 0.0000 133.2 .
: 5.8 1295.4
26.1 105.3 -0.7932 10.3 o
. ' 0.5 295.9
36.2 94.4 -0.8000 -3.9
. ‘ ' -7.1 1 288.8
61.5 ‘66.2 -0.7509 ® -30.7
-7.4 281.4
86.8 47.8 -0.4261 5.1 o
o 1.3 . 2827
137.6 29’6 -0.1871 87?2
' , 13.5 296.2
21.2 - -0.0819 13.5

213.8




Experiment 6 continued

0
ttmm) AT (mm) dAT/dt(mmmm)  W(mw)  Q;() QD
. ™~ ! B

. 25.6 321.8
3151 - 19.2 -0.0389 17.4
. | 38.9 360.7
4421 19.1 -0.0201 201 " _
_ 38.4 399.1
568.8 15.6 -0.0123 17.0
" 38.0 437.2
72100 ¢ 122 -0.0077 13.6 .-
R ‘ . 28.1 465.2
8478 119 -0.0056 135
| | 34.2 499.5
999.9 12.1 -0.0040 14.0
34.8 534.3
1152.1 12.0 .~ -0.0030 14.0 .
| 28.8 - 563.1
1279.0 11.7 . -0.0025 : 13.8 |
32.1 595.2
1431.0 10.3 -0.0022 12.1°
_ 29.8 625.0
1583.3 10.1 . -0.0020 1.9
- 246 - 6497
1710.1 164 . -0.0020 11.9
27.1 6768
1847.6 10.3 -0.0010 12.3
. 240 700.8
1967.1 -~ 103 -0.0008 . 128 »
, 23.0 723.8
2091.1 . 8.7. -0.0005 10.4
L 373 7612
2369.2 50 -0.0001 6.0 :
| 22.7 . 7839
2673.3 2.6 0.0000 - 3.1
: 7.4 7913
2876.0 1.1 0 1.3 ¢
29 7884

3071.7 -2.6 0 -3.1




=

%éiment 7

T =317.476 °C

P(Oo) = 390.9 kPa

mg =0.7942 g

ATmay = 1.060°C .

[dAT/dt]qax = 20.3 mm/imm

Winax

Experiment 8

= 10469 mW

T=174.003 °C

P(Op) = 329.0 kPa

mg=0.7935¢

ATrmax =0.143°C

&

. K= 5.86 mW/mm
¢ = 8400 mJd/mm

s = 0.061533 mm/s

8 = 1792 x 1072 °C/mm

x = 0.222350 mW/mm

c.= 598.6 mJ/mm
s =0.015184 mm/s

6.=1.978 x 10°3 °C/mm.

N ;‘,‘

o]

t (mm) AT (mm)  dAT/dt (mm/mm) W (mw) Qi,j (J) Q)
0 0 7.7640 70.6
. ' 4.7 4.7
1.4 6.8 3.2350 30.9 o
o0 5.3 10.0
4.9 13.0 1.3158 <149
: ) 4.3 142
10.0 18.9 0.7058 10.6
9.9 241
22.6 31.9 0.6664 13.1
: 11.5 35.6
35.3 40.2 0.5873 14.3 : ,
: i ' 14.6 50.1
50.3 48.0 0.4982 15.2 "
23.7 73.9
73.2 58.0 16.3

- 0.3709

X
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Experiment 8 continued

t(rﬁm) AT.(mm; dAT/dt (mm/mm) W (mw)  Q(d) Q)

249 988

96.1 65.2 0.2542 16.8
. 25.4 1242
119.0 69.7 ©  0.1480 16.8 ‘ .
22.2 146.4
139.2 - 72.0 0.0632 16.6
13.7 160.1
151.9 723  0.0141 | 16.2
¢ o " 269 . 1870
177.2 72.1 0.0000 16.0
28.7 215.7
2052 - 701 +-0.0500 | 15.1
. 30.7 246.4%
238.1 66.5 -0.1788 13.2
‘ ' 41.0 287.4
289.0 57.4 -0.1595 1.3 )
' ' 35.1 322.5
339.8 49.3 -0.1415 g 97
, ( | 29.2 351.7
390.5 40.3 -0.1249 7.8
e : | 34.5 386.2
466.5 31.0 -0.1024 6.0
>\ A 33.2 9.4
"567.9 21.0 -0.0769 4.0 C
o . . 23.4 4428
- 689.5 © 15.9 -0.0566 3.0
oy | 17.8 460.6
77114 - 124 -0.0415 2.3 -
13.7 474.3
8722 9.4 -0.0271 1.8
\ 8.8 483.1
973.6 4.9 -0.0271 0.8 ' |
' e 3.9 487.0
1049.7 4.0 -0.0200 QT
‘ 1.2 488.2 -

1108.1 00 00100 01




Experiment 9

T=173.961 °C
P(Op) = 136.3 kPa

“g = 0.8116 g
A max = 0-072 °C

x = 0.058358mW/mm

c=151.9 mJ/mm

s =0.015195 mm/s _
g = 5.878 x 1074 °C/mm

118

t(mm) AT (mm) dAT/dt(mm/mm)  W(mw) Qi (J) Q)
¢ ~
0 0 19.1454 44,2
4 14
0.6 10.1 11.9658 28.2" .
, ¢ ec 3.7
2.2 20.1 5.9829 15.0 | AN
R 2.4 6.1
5.2 30.2 3.0880, - 8.9 - ’
o 1.2 7.2
7.3 43.0 2.3067 7.8 _ .
| - 3.4 106 - .
14.4 55.8 1.5058 6.7 : 4
. 41 . 147
23.3 ° 68.3 1.3755 72 . - |
- T - 5.8 20\5 -
35.3 81.1 1.1879 7.5 -
o 5.7 1 26.2
46.7 94.6 0.9972 7.8 ' -
’ 6.7 32.9
. 59.4 109.5 0.7705 - 8.2 ‘ -
) 9.2 421
77.0 115.6 :0.4312 7.7 o
\ 7.6 49.7
92.2 121.7 0.1149 7.4 |
' 2.4 52.1
97.3 121.9 0.0039 7.1
| | - 2.2 54.3
102.3 121.5 -0.2782 6.4 .
10.6 64.9
6.1

127.8 116.5

-0.2858




AN
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Experimeni g continued

t (mm)

Q

AT (mm) dAT/dt (mm/mm). W (mw) Qi,j (J) Q ()
« : 9.9 74.8
153.2 110.0 -0.2918 5.7 |
- 11.7 86.5
186.1 - 99.0 -0.2971 5.1
o . ‘ o 26.6 13.2
- 280.0 72.3 -0.2974 3.5
o 13.8 127.0
355.8 45.5 -0.2815 .20
' . 5.5 132.5
4069 333 -0.2627 1.3
: 3.7 136.2
457.7 253 + -0.2374 0.9
v - ' 2.1 138.4
508.5 14.2 -0.2057 0.4
: -0.1 138.3
551.0 0 -0.1742 0.4
N——
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Experiment 10
T = 285.334°C © - x=0.989877 mW/mm
P(Oo) = 332.4 kPa ¢ =2215.7 mJ/mm
mg=0.7996 g s =0.061139 mm/s _
ATmax = 1.205°C " §=5332x103°C/mm .
-4
t (mm) AT (mm) dAT/dt (mm/mm) - W (mw) Oi,’j (J) Q)
0 0 18.8900 25589 o
1387 1387
3.4 21.8 . 17.7800 2430.2
Lo : 787 . 2174
55 472 15.5400 2151.9 | :
‘ . 50.6 268.0". N
7.0 72.5 14.0100 1969.6 . R
* " 433. 3113
8.4 97.9 12.6500 18105 - O |
: . 606 3719 -
10.6 123.2 106100 15582 , ¢ . - %
' - - 746 4485 )
13.9 1485 7.8100 1205.0 o
| . 66.4 ' 5129 i
17.9 1742 . 4.8200 825.4 ey
C | R - YAVER- 74 K A
25.6 194.1 ~.  0.3400 238.2 e
246 6045 .
32.0 220.0 0.1000 231.3 RS
| ., 465 651.0
44.5 2260 - 0.0000 .223.7 :
Y 59.4 7103
62.1 218.0 -0.2000 - 188.7 - |
. : 51.4 761.7
82.0 186.5 -0.4244 127.1 : ,
' 49.0 ~ 8107

11200 153.7 -0.8985 30.4 e




Experiment 10 continued

t (mm) AT (mm) dAT/dt (mm/mm) W (mw) Q|,j (J) QW)
¥ ‘
P 23.5 834.2
170.8 117.5 -0.6654 26.2 .
206 8548
221.5 87.6 -0.4670 23.5 .

, 18.0 872.8
.272.3 66.4 -0.3386 19.9 .

S 15.0 887.8
" 323.0 51.5 -0.2551 16.4 :
g ‘ 16.2 904.0°

393.0 36.9 -0.1816 1.9
. - . 22.2 926.2
518.3 20.3 -0.0764 9.7 ; |
26.0 952.3
o 7196 - 10.1 - -0.0290 6.1
| : : 23.8 976.1

- 1022.0° 5.0 -0.0103 3.6

| X 15.6 991.6
1326.0 3.4 -0.0048 2.7

— o 158  1007.4
1730.0 2.4 -9.0022 2.1

e : 10.2 10177
21340 = 1.2 -0.0012 . 1.0

- 41 10217

© 2486:0 0.5 -0.0008 0.4
o * 0.9 1022.6
. 2836.0 0 -0.0005 0.1 -
[ 3
R SR
3 N . 3 »
L
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Ex.periment 11

T.= 285.492°C . ) x = 0.955697 mW/mm
P(O5) = 136.0 kPa c=24083mJ/mm
mg = 0.7993 g . $=0.061270 mm/s
ATmax =0.945°C 0 = 5.682 x 10°3 °C/mm

Y

8

{(mm) AT (mm) dAT/dt (mm/mm) W (mw) q‘én Q)

: 5
0 0 9.7624" 1440.5

89.8 89.8
4.1 35.6 8.1923 1242.9
C 576 1474
7.1 60.6 7.1334 1110.5 |
: - | 655  212.9"
11.0 86.4 5.8703 948.8
. , 722 2852
162 1115 4.3859 ' 753.7
78.0 3632
23.7 1370 ' 26468 5215
61.4 4246
326  153.3 1.1989 323.4
: o . " 45.1 469.7
43.0 163.0 0.3539 208
37.4  507.0
55.5 165.5 . 0.0000 158.2 |
| | 31.3 5383
68.3 163.5 -0.1000 141.5 ,_
. 246 5630
81.0 158.0 -0.37¢5 96.0 -
24.1 587.1
106.2 1420  -0.7762 21.2 . ’
‘ 69 5939
131.5 125.7 -0.7320 12.1
- 55  599.4
156.8 111.1 -0.6223 . 14.4
~ 13.9 6134

2128 814 -0.4177 182 -
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Experiment 11 continued

t(mm) AT (mw)  dAT/dt (mm/mm) W (mw) }@i,j (J) Q )

-~

a | 234 6368

509.2 49.9 -0.. 309 136 ,
’ 17.9 654.7
. 4109 30.1 009 , . 80
| | ) 8.3 663.0
498.5 19.1 -0.0995 3.6 ,
) ' 13.4 676.3
757.6 7.5 -0.0300 | 2.7 :
| B 13.0 £89.3
1063.8 3.7 -0.0074 + 2.5 ,
‘ : 11.4 700.7
1370.5 2.9 -0.0044 2.1
- ' ' : 9.0 709.7 ,

1677;1 2.0 -0.0030 15 .
- 29 7 7126

0.0 -0.0021 0.3

wh -
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Experiment 4a N
T =154.923°C | x = 0.087112 mW/mm
P(O5) = 210.8 kPa ¢=268.8mJ/mm
mg = 0.7973 g | .§=0.015238 mm/s
. < T - : o :
AT qax =0084°C——" "5, - B%6.268x 104 °C/mm
9 F e

tmm) AT (mm) dAT/dt(mm/mm)  W(mw) Q) Q)

0 0 8.3438 34.2 _ X
S 31 3.1 (
18 114 4.2160 . 18.3
: 2.8 5.9
4.2 21.4 3.7293 17.1 ,
_ | . 3.2 9.1
7.2 31.8 3.1641 15.7 ».
N . 3.6 12.7
10.9 41.6 2.5333 | 14.0
3 L 4.1 16.8
15.7 52.0 1.8238 120 _
g - . R 4.6 21.4
22.1 62.1 1.0694 9.8
] 6.5 2/ 9
34.0 68.4 0.2481 7.0 «, .
o 45 305
44.1 70.2 0.1446 6.7
. o 10.4 42.9
68.9 65.7 ~  0.0806 - 6.1
19.6 62.5
119.7 " 63.0 0.0576 - 5.7
- 34.7 97.2
210.0 - 678 0.0191 6.0 !
, g - 33.8 1310
297.0 #80 . -0.0152 - ? 59 -
S - g 303 1613
- 378.1 655 . -0.0448 5.5 _
q o { 24.9 186.2



;

r\

Experiment 4a continued

. t (mm)

AT (mm) dAT/dt (mm/mm) W (mw) Qi,j (J) Q)
449.6 61.5 - -0.0689 5.1 :
| e 30.8 216.9
550.7 52.9 -0.0998 . 4.2 -
; TS 242 241.2
652.1 41.4 -0.1271 3.1
. 13.0 254.1
7282 - 31.0 - -0.1452 2.1
- 8.4 262.6
804.3 19.3 -0.1000 1.3
) 4.1 266.7
880.7 6.5 -0.0500 04
' _ 0.9 267.6
956.4 0.0 0.0000

4;o.o

~
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Experiment-5a

" T=173.948°C
P(O9) =211 .4 kPa

mg =0.8322 g
ATmax =0.111°C

« = 0.062248 mW/mm

c=173.6 md/mm

s =0.015188 mm/s

6 =5.704 x 1074 °C/mm -

t (mm) = AT (mm) dAT/dt (mm/mm) W (mw) Qi,j (J) Q J)
0 0 23.7'1"5%.1 625 -
R 3.6 - 3.6
1.2 13.2 10.7791 %, 29.2 |
| | | 3.8 7.4.
3.8 29.8 4.9408 149
v 14 8.8
5.4 41.4 3.7056 « 12.3 o
, , | | 2.7 11.5
91 . 538 23481 9.5
%& | 34149
14.1 66.9 2.5376 10.9 S
| 1.8 167
166  75.0 . 2.4419 1 - 0w -
S | 36 . 203
21.5* 877 2.2601 11.4 o
o : | . " ©39 242
- 26.6 99.9 2.0791 11.7 ‘
f A - 61 . 30.3
34.4 1148 1.8187 11.9 S -
’ o 6.1 36.4
421 1285 1.5811 12.2 ,
| < - - _ 102 - 466
548 1448 1.2311 1 12.3 o |
| 10.1 56.7
67.3 - 157.3 ©0.9377 12.3 |
, o Y 10.3 66.9
80.0- 167.7 0.6917 123
: . 10.2 77.1
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t (mm) W (mw) Qi,j ()
92.6 176.2 0.4993 12.3 R ‘
: - 16.5 93.6
- 113.0 184.8 0.2970 12.3
B 20.3 113.9
- 137.8. 191.2 0.2331 12.5 _
, 12.8 126.7
153.5 1936 * 0.1000 12.3
. ~ ' 37.7 164.4
204.3 190.7 -0.6125 10.3
| . 31.9 196.3
255.0 164.4 -0.5222 8.9
o o : | , 25.9 2223
305.7 126.1 -0.4421 6.7 , :
: , 21.8 2441
356.4 118.6 -0.3728 6.4 _
. . 20.4 264.5
 407.3 105.5 -0.3118 57 ;
- _ 17.1 281.6
4579 = 835 -0.2621 4.5 -
. 19.7.  301.3.
533.9 °62.9 . -0.2062 34 ‘
, , 16.2 317.5
610.1 57.0 -0.1730 3.1 ‘- B
12.1 329.6
787.7 236. -0.1400 1.1 -
» é 2.8 341.8
838.4 14.1 -0.1250 0.5
| ) 0.4 3422
.889.0 0.0 -0.1100 -0.3

o

Experiment 5a continued

AT (mm)  dAT/dt (mm/mm)

o
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Experiment 10a

/
T\= 285.615 °C

P(O0) = 210.4 kPa

mg = 0.7968 g

<

'k =0.981214 mW/mm

c =2426.6 mJ/mm -
s=0.061119 mm/s

6 = 5.699 x 10°3 °C/mm

AT (mm)  dAT/dt (mmimm) W (mw)

t (mm) Qi ; () Q ()
0. 0 12.6550 1876.9
~ 84.0 84.0
2.9 12.7 11.1275 1662.8
- ' 60.0 143.9
5.2 43.2 9.9867 1523.5 :
: : 50.3 194.2
73 68.5 8.9997 1402.0
' 586 25238
10.0 93.9 7.8073 1250.0
: 645 . 3170
13.4 119.3 6.4282. 1070.4 :
o . 73.7 391 ¢
" 18.1 144.7 4.7468 846.0
' : 99.2 490.2
271 169.9 2.2557 501.2
S 66.2 552.4
36.9 184.5 0.6316 274.7 |
| 48.6 601.0
49.8 189.5 0.0000 185.9 T
‘ . 30.1 631.1
62.5 181.4 -0.5000 103.8
. 132.8 663.9
87.8 170.8 -0.7607 . 54/8
. . 375 7014
138.3 134.9 -0.6500 36.0 | _
o 24.4 725.8
189.1 103.6 -0.5326 22.7
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~ Experiment 10a continue_d

t (mm)

AT (mm) dAT/dt (mm/mm) W (mw) Qi ()

;

265.3
366.8
4458

535.6

6379

"841.6
"1268.3
1655.3
2062.8

2571.7

og76.9 (.1 00 00000 0.0

§

, 28.3
71.1 -0.3172 2.7
' I 9.1

40.2 -5.1827 ¢ . 123

200 . 390922
L o 2O »
1354 " -0.0666 33,

- o T 8.0

75 -003%4 15"

7.7

. ; oo 11.0
4.7 -0.0200. 16 |
. g 12.8
38 0.0090 . 24 ..
L ' ‘ P 15.5
2.9 -0.0040 . 23
e 10.6
. 06 = -0.0020 03

: o | . 134
o081+ 04289 T . 84 &
' : C 10.6-

ar

0.7

754 1

783.2

- 796.6

807.2:

129

8150

822.9

1 834.0:

- 872.8

873.6

R

G

8623

8468



Experiment 6a

T =317.467 °C
- P(Op) = 209.4 kPa

mg =0.8119¢g
ATmax =0.941°C

K =1.157773 mW/mm
¢ = 2505.0 mJ/mm

s = 0.061295 mm/s
¢+ 0=5791x103°C/mm

130

W (mw)

t (mm) AT (mm) dAT/dt (mm/mm) Qi,j (J)
0 0 34.3380 5272.4
‘ 91.1 91.1
1.2 34.6 26.0000 4032.2
. 35.1 126.2
1.8 60.0 20.0000 3140.4
£ ‘ 33.9 160.1
25 . 855 17.5357 27915 ,
| 61.5 221.5
40 . 1107 13.7377 22375 - |
I < 67.7 289.3
62 . 136.2 8.9783 1536.3 . :
S | 768 3861
10.8 1563 = —~2.1432 510.0
- g . 29.7 3958
15.8 162.1 . 0.2000 218.4
17.2 413.0
21.4 162.9 -0.2000. 157.9 :
, 212 4342
30.2 158.8 --0.3000 = 1378 ) &
. ‘ - 68.7. 5029 ..
66.6 131.6 -0.3826 93.6 SR
| o : 75.1 576,0
142.6 87.4 -0.4798 275 |
| . , 47.0 - 6250
243.8 53.7 -0.21'35- 29.4
' : \ 33.9 £58.9
39.4 -0.1334 25.1

320.1




.n‘ .

Experiment 6a continued -
t (mm) AT (mm) dAT/dt (mm/mm) Wi(mw) - Qi () Q (J)
‘ 3{.0 689.9
aQ1.2 30.5 -0.0889 217 \
- | 37.7 7276
527.8 19.9 -0.0535 148
._ 7338 7613
679.9 15.1 -0.0332 12.4 :
| - 28.4 789.7
832.3 12.0 ~-0.0225 10.4 .
, 27.2 816.9
£ 984.2 12.1 -0.0163 1ns -
, T 266 843.5
1136.4 10.2 -0.0123 " 99 -
| . o 32.5 876.Q"
1339.0 9.6 -0.0090 9.7 fe il
, SR 14.6 890.6°
1465.7 ~ ~ 438 -0.0075 S44 7 .
\ v ) . 83 896.9
1592.2 > 23 -0.0064 17
v 23 899.2
1719.1 1.2 -0.0055 0,5 -
, o -0.1 899.0
17958 0.0 -0.0050 08
guk
S :
4 ) W
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