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CHAPTER I

INTRODUCTION

After primary production of crude oil from a reser-
voir, a considerable amount of o0il is left behind and this
necessitates the application of secondary recovery tech-
niques. The choice of, and time to initiate such secondary
mechanism will be determined by a host of variables. These
include: quantity of residual oil, the formation character-
istics, physical and chemical properties of the crude, and
production history of the field, etc. For most reservoirs,
the percentage of crude oil remaining after primary and
secondary recovery methods presents an attractive potential
for enhanced o0il recovery.1 The term enhanced or improved
or tertiary oil recovery is used to describe oil production
after waterflooding or tkat initial flow of gas or oil from
reservoirs as yet unproducible in the light of present eco-
nomic conditions and/or existing technology. The latest
estimates of American Petroleum Institute indicate there
are 299 billion barrels2 of known resources that will never
be produced under existing economic conditions and known

technology, and this value is approximately 68 percentage3




of 0.0.I.P. The difficulty of finding new reserves to re-
place produced 0il could be minimized by employing better
and more efficient recovery techniques since more than 50%
of the oil in the reservoir is usually left behind. The
challenging task has resulted in the development of newer
recovery techniques several of which show promise of com-
mercial applications in the oil field. Some of these tech-
niques are out of the laboratories and into the field for
pilot testing with possible large scale field operations.
The prominent ones are miscible flooding,4’ 5, 6 micellar-
polymer flooding, carbon dioxide flooding7 and in-situ com-
bustion. The major drawbacks to existing enhanced recovery
methods range from high cost and limited availability of
material to poor sweep efficiency.

In-situ combustion is one of the thermal recovery tech-
niques employed in recovering medium to low gravity viscous
crude oil (129 API to 35° API). This mechanism consists of
igniting the crude oil in the porous rock by means o%m;ﬁ”“
igniter and the combustion front is propagated through
the reservoir rock by continuously injecting air and/or com-
bustion gases. The heat generated lowers the oil viscosity
thereby resulting in a more favorable mobility ratio that
permits more efficient displacement to producing wells.

In forward combustion, the combustion front moves
from the injection well towards the producing well in the

same direction as the injected air. The fuel for this




process is a residual material known as coke and its concen-
tration and rate of combustion at the front are important
faqtors governing the air requirement for the forward com-
bustion process. As much as 300 barrels per acre. foot of
hydrocarbon may be consumed by the burning front and the
heat transport associated with the exothermic reaction is a
key and unique feature of this process. Fuel availability
has been reported as one of the most critical parameters
governing in-situ combustion performance9 because this
highly reactive hydrocarbon residium produced in the evapo-
ration and cracking region must be completely burned before
the combustion front can propagate to the producing well.
Thus, the ability to maintain self sustained combustion,
advance rate of the combustion front, and total air require-
ment for the in-situ process are all related to the fuel
nature and its concentration. The coke formation and its
subsequent combustion add a new dimension to the complexity
of this process since we now have to consider simultaneous
hydrodynamics of three phase flow coupled with heaf, mass
and chemical reaction kinetics. Thus, an adequate mathe-
matical description of the forward combustion process will
require adequate description of the coke combustion process.
As noted by some authors,lo’ 11 1ack of complete oxygen
consumption has been most troublesome. The vented oxygen
from producing wells represent a waste and thereby making

the process ineffective and in most cases, uneconomical.




Such poor oxygen utilization which is most critical at low
combustion temperatures could be speculatively attributed
to insufficient fuel deposition or explaired in terms of
the reaction kinetic process.

The main purpose of this study was two fold:

1. To investigate the adequacy of the model describing
oxygen carbon reaction of various types of coke formed under
conditions that simulate field conditions during in-situ
combustion and also, to determine the controlling mechanism
of the coke combustion.

2. To conduct experiments to explain the low oxygen

utility that is observed during low temperature combustion.




CHAPTER II

LITERATURE REVIEW

When combusting thermal energy is introduced into un-
derground formations to recover oil, the process is known as
in-situ combustion. The combustion process is most useful
in recovering low to medium gravity crude oils because of
the significant effect of temperature on cracking and vapo-
rizing the o0il; lowering the crude viscosity and causing
fluid expansion. The thermal energy is introduced into the
formation by igniting the underground crude and the generated
combustion front is propagated by continuous air injection.
In forward combustion which is referred to in this work,
the fuel for the combustion process is a residual material
known as éoke which is deposited on the sand grains during
distillation and cracking of the oil ahead of the combustion
front.

The effectiveness of this process depends on the rate
of heat generation by combustion process and efficiency of
the heat utilization. The rate of heat generation depends
on the reaction rate which depends on coke (fuel) concentra-
tion, oxygen partial pressure and air injection rate. The fuel

5




concentration in turn depends on the formation and crude

0il characteristics. The efficiency of heat utility on the
other hand depends on reservoir fluid saturation distribu-
tion, thermal properties of the reservoir rock matrix and

it§ surrounding rock. One can at this stage, begin to
understand the intricate interdependence between the various
process variables and it is no surprise then that the his-
tory of mathematical description and performance prediction
of in-situ recovery technique has been centered on emphasiz-
ing single factors such as thermal or hydrodynamic or kinetic
aspects.lz’ 13, 14 Likewise, laboratory research works have
only concentrated on simple models in which all the process
variables are held constant except the one under investiga-
tion.g’ 11, 15 Although these experimental works do not-
reflect real world situations where most of the variables
vary both with time and distance, they do however provide
comprehensive description of these subprocesses which aid

in adequate formulation of a comprehensive mathematical
model.

The mathematical models proposed by Baily and Larkin,13
Thomasl® and Chul4 emphasized the heat transfer by convection
and conduction and vertical heat losées aspects. The fol-
lowing assumptions were made:3

1. The effect of heat transfer due to flow of oil

and gas.




2. The effect of condensation of vapors ahead of the

combustion front and

3. Formation of vapor at the combustion front
were all neglected. In other words, the hydrodynamic and
kinetic effects were all neglected.

Wilson et al.12 concentrated on the hydrodynamic as-
pect and they developed a model for predicting the fluid
flow rates and their saturations in the different regions
ahead of an advancing combustion front. A steady state as-
sumption between the fluids was made and the concept of
three phase relative permeability was used. They ignored
heat transfer and kinetic effects.

The first serious attempt to consider kinetic effects
was by Tadema,17 who presented a differential thermal anal-
ysis study. The apparatus used was adapted for measuring
the temperature difference between an 0il sand sample in an
air stream and a blank sand sample where both samples were
being heated under the same conditions. Two different com-
bustion reactions were observed to occur at about 270°C and
4000C and analysis of the exhaust gas indicated that at
2700C, most of the oxygen was taken up from the feed gas
leaving behind a coke-like residue. Most of the oxygen
reacted to form water with small percentage traced as CO2
and CO. At the high temperature peak of 400°C, mainly COg
and some CO were formed with little water production and no

residue left behind. Thus, Tadema's kinetic analysis was



mostly qualitative and also, devoid of other process vari-

ables which were considered separately.

The first comprehensive model to incorporate the ef-
fects of conductive-convective heat transfer with convec-
tive external heat loss, phase change in water component,
three phase fluids flow and chemical reaction was by Gott-
fried.18 The chemical aspect of his model was most lacking.
since it neglected hydrocarbon phase change and variation
in fuel concentration. The model assumed a2 non-volatile
liquid o0il in which the reaction rate is proportional to the
amount of oil present and an Arrhenius type rate expression
was arbitrarily assumed but interestingly enough, he rightly
indicated that the correct procedure would be to write an
additional partial differential equation representing a mass
balance on the fuel (coke). Such an expression would account
for both the rate of coke formation and the rate at which it
is subsequently burned. However, quantitative information
describing the above rates are scarce and sometimes contra-
dictory. Bousaid et al.19 pointed out the scanty existence
of quantitative work on reaction kinetics in forward combus-
tion but noted the extensive work on combustion oflcarbon,
oils and carbonaceous residue from cracking catalyst pellets.
Dart et 21.20 demonstrated that the combustion rate for oxi-
dation of carbonaceous residue on clay catalyst pellets was
first order with respect to carbon and oxygen partial pres-

sure for carbon concentration greater than 2% by weight of




catalyst but second order with respect to carbon concentra-
tion for values less than 2%. The variation in order of
carbon dependence on the rate studies were éttributed to
thg aging effect?l of the fuel during combustion. Lewis

et al.22 studied oxidation of charcoal coke in fluidized
bed and indicated a rate expression that showed first order
dependence on both carbon concentration and oxygen partial
pressure. Both Dart et al. and Lewis et al. concluded that
the oxidation reaction of carbon in porous beds was chemi-
cally rate controlled and that the rate constant could be
correlated by Arrhenius equation. Determination of the con-
trolling mechanism by these authors was based on reaction
rates derived from power law type model describing coke-
oxygen reaction.

On the other hand, Strijbosz3 used cylindrical pills
made of inert ceramic material (pyrolith) that were impreg-
naded with Rhoplex, dried and heated to 600°C in a nitrogen
atmosphere to form carbonaceous residue. He showed that
above 660°C, the combustion process was controlled by dif-
fusion. Weisz and Goodwin24 conducted some combustion
studies on a porous catalyst and at high temperatufe (625°C),
found the process to be controlled by diffusion. These

23, 24

authors used unreacted2® core analysis model in their

solution approach to the problem. The above studies and
results were very revealing and important but their appli-~

cability was no doubt intended for the relevant subjects




studied and their applicability in the in-situ recovery pro-
cess is questionable.

More relevant data were provided by Ramey19 et al.
whp studied oil oxidation on two crude types at low tempera-
ture in a rocking bomb apparatus.and found the rate to be
first order with respect to oxygen partial pressure. They
also reported that on the coke combustion studies, for the
same two types of crude investigated, a combustion rate that
indicated a first order dependency with respect to both car-
bon concentration and oxygen partial pressure was observed.
They also showed that the activation energy depended on for-
mation type and the presence of clay reduced its value from
26,600 to 20,800 Btu/lb-mole. Here again, these authors as-
sumed a power law type rate expression model and concluded
that the coke combustion process is controlled by chemical
reaction. Some of the limitations of the work presented by
Bousaid et al. could be summarized as:

1. The condition under which the work was done do
not simulate the sequence of hydrodynamic and thermal eif-
fects occuring in the reservoir fluids during in-situ com-
bustion.

2. The cokes were made by mixing crude oil'and sand
and then heated in the presence of nitrogen only. This is
a representation of coke formed by pyrolysis and they do not
represent coke formed from low temperature oxidation (L.T.O.)

of the crude oil.
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The most recent work by Dabbous and Fulton?6 has
strongly indicated the need for more research efforts on
resolving the controlling mechanism during coke combustion.
Their primary interest was on evaluating the coke formation
reaction rate with peripheral interest on its combustion
process. They also reported that the coke combustion pro-
cess was controlled by chemical reaction but they also sus-
pected some diffusion effects at high carbon concentration
above 0.5 gmC/100 gm sand.

The lack of agreement in the published literature as
to the controlling mechanism of the coke combustion reaction
19, 20, 21, 22, 23, 26 ;¢

as demonstrated by these authors a

further indication that more extensive work is required in

this area.
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STATEMENT OF THE PROBLEM

At low temperatures the reaction between crude oil
and oxygen in a porous medium, leaves a residual material
known as coke. The reaction kinetics of this coke combus-
tion is the least investigated subprocess of in-situ o0il
recovery process and adequate description of the process is
essential for complete mathematical modeling of this recovery
mechanism. Depending on the line of attack, conflicting re-
sults could be obtained in trying to determine the control-
ling mechanism of this subprocess as indicated in the litera-
ture review section of this work.

This work addresses itself to the task of determining
-the controlling mechanism by considering two different math-
ematical approaches to the problem.

Furfhermore, this work also addresses itself to the
problem of high percentage of oxygen appearing unreacted

especially at low temperatures during coke combustion.




CHAPTER III

MATHEMATICAL MODELS

3.1 Chemical Rate Control Analysis

The reaction between the coke and oxygen in a porous

bed is a heterogeneous flow reaction. There are a number of

transport processes occurring within the reaction zone and

the slowest step has the highest resistance to reaction.

Therefore, such slowest process is the controlling process

in determining the overall observed reaction rate. These

subprocesses can be described as:

1.

Transport of oxygen from the bulk gas stream
through a thin boundary layer to the coke inter-
face by a process of diffusion.

Absorbtion into active sites.

Reaction with coke at the active sites.
Desorbtion of combustion prod;cts;into pores of
the coke matrix.

Transport of combustion products back into the

bulk gas stream.




ILLUSTRATION OF PHYSICAL AND CHEMICAL STEPS

Step

Step

Step

Step

Step

Step

IN HETEROGENEOUS REACTION

1(i) Transport of oxygen through thin boundary
layers surrounding the particle.
1(ii) Diffusion through blanket of ash to surface

of unreacted core.

2 Adsorption at active site.

3 Reaction of oxygeﬁ with coke at reaction
surface.

4(i) Diffusion of gaseous product through ash

back to exterior surface of solid.
4(ii) Diffusion of gaseous product through gas

film back into gas stream.

According to Levenspiel,25 when no gaseous products are formed

or if the reaction is irreversible, Steps 4(i) and 4(ii) will not

contribute to the resistance to reaction. A comprehensive

overall reaction rate can be formulated in which‘the above

steps are all considered but such formulation will be quite




complex and will contain so many variables, resulting in
questionable utility for such formulation.

Previous authorsl®» 20, 26, 27

studying the combustion
of coke in a perous bed had started with a model describing
carbon burning rate to be directly proportional to carbon
concentration and oxygen partial pressure. Mathematically,

this could be expressed as

Some of these authorsl®: 20, 22 concluded that such combus-
tion process was chemically rate-controlled and that the
rate constant could be correlated by the Arrhenius equation.

Thus equation (3.1) now becomes

Although not implicitly indicated in any of the pre-
vious research works, conditions that enhanced diffusion
process should have been employed and by using the model de-
picted by equation (3.2), observed experimental data should
not match this proposed model if indeed the overall reaction
rate was controlled by diffusion. On the other hand, if we
do not have a diffusion limiting process, provision for en-
hancing diffusion conditions will be immaterial and ineffec-
tive and observed overall reaction rate data will closgly

correlate the proposed chemically rate controlled theory.

In this case, the following result should be expected.
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K = ae”B/BT

log K = log A - E/RT

Slope = -E/Rr
logK

1

T

The above mathematics are rather trivial but the com-
plexity of analysis is in trying to determine the value of
K (specific rate coefficient). In the following sections,
detailed analysis on the determination of the variables r,
C, P, K is discussed.

The burning of a layer of coked sand in a combustion
cell should strictly speaking be considered as an integral
reactor and the kinetic data obtained, treated as integral
data. Levinspiel25 indicated that when variation in reaction
within a reactor is very large then we account for such va-
riation in the method of analysis. This is the basis of an
integral reactor. Since reaction rates are concentration
dependent, such large variations in rate may be expected to
occur when the reactant composition changes significantly
in passing through the reactor. For the integral analysis,
the rate expression to be tested is integrated and the re-
sulting concentration time curve is compared with experimen-

tal concentration data. If the fit is unsatisfactory,
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another rate expression is proposed and tested. To illus-
trate this, suppose r = -%% = f(k,c)

Then - —9¢ _ = dt
f(k,c)

«_de ot
_§}75737" Sdt =t

Accept rate expression
that gives this

BN
=1
“ . Reject rate expression that
74 results in this

If the physical situation involved in burning a layer
of coked sand is such that the reaction rate can be con-
sidered to be constant at all points within the reactor,
then differential method of analysis will be justifiable.
Such a physical situation is representative of the conditioms
involvedinaburning thin layer of coked sand in a shallow
small reactor. This is the basis on which the differential

method of analysis was chosen.

3.1.1 Differential Method of Analysis

In this method of analysis, we deal directly with the
differential rate equation to be tested. The entire pro-

cedure can be summarized below.




raw C vs
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Hypothesize a mechanism and obtain a rate expres-
sioﬁ from it.

Obtain raw data in the form of concentration vs.
time for all the variables in the rate expression.
Draw a smooth curve through the concentration-time
data and determine the slope at selected concen-
tration intervals. This represents the reaction
rate.

Plot the value of this reaction rate (slope of
curve) against evaluated values of the expression

describing the reaction rate.

an illustration, suppose r = a%% = f(k,c) then from

t data, obtain %% by differentiating C vs. t curve.

The slope obtained from the above is plotted against

f(k,c)

= - dc
dat

f(k,c)

The expression f(k,c) which yields a straight line is

accepted as the correct expression describing the reaction

rate under investigation.

The following procedural steps are involved intapplying

the above concept to coke-oxygen reaction.




1. The hypothesized rate equation under investigation
isr=-%%=KCme.

2. The raw data describing volume % CO, CO2 and 02
with time are illustrated by Figure 3.1. Convert
the volume % measurement to carbon concentration
C as indicated below.

Detected oxides of carbon produced during carbon com-
bustion are CO and CO2. Therefore, at any instant, volume
of carbon products produé%d =

[CO(t) + COg(t)] F(t)

Total mass of carbon burnt after t minutes = CB(t)

CB(t) = j[c F. (CO(t) + C02(t))F(t) | dt - ~ - - (3.3)

where CB is gmC/100 gm sand.

C.F. = Conversion factor (from volume to mass)
= 12 gmC/mol. 100 gm sand-
G.M.V. wt of clean sand (gm)
G.M.V. = Gram molecular volume of gases at room

temperature = 22,900 cc/mol at 72CF
By using C.S.M.P.28 integrator (Continuous system modelling
program), equation 3 was integrated for the duration of the
run and this yielded the initial carbon concentration CI.

The instantaneous carbon concentration at any time C(t) is

thus CI-CB.
tend

c(t) = g& F (CO(t) + COz(t))F(t)] dt -
LF (CO(t) + CO2(t))F(t) dt

tend = time to end of run
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Carbon Oxides in Exit Gas
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The oxygen partial pressure P was evaluated as follows:

P = Pin * PE where P;,, and Py represent the inlet
2
and exit oxygen partial pressures respectively.

Pin = Vol. % of inlet O2 * m where m = reactor pressure
100% in atmosphere

Pp = Vol. % of unreacted oxygen * r
100%

3. By using C.S.M.P. derivative program, the slope
of the concentration time curve was evaluated at
each time level to yield reaction rate r.

4. Plot 3¢ versus £(C,P) where #(C,P) is clpmh and

if a straight line through the origin is obtained,

then the rate equation is consistent with the data.

dt Slope = K

chpm
The task at this stage is to evaluate the function
f(C,P) that will yield a straight line as indicated above.
A non linear optimization technique was developed to give
optimum values of n, m and K. The reasons for using non
linear optimization technique are discussed later. With
various K values for different isothermal combustion temp-

eratures, the Arrhenius plot can then be tested to determine
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if reaction controls the combustion process.

For a reaction control process, K = Ae~E/RT thus log K
vs. 1 will yield a straight line.

As can be seen from the above discussion, determining
the controlling mechanism from this type of analysis is
quite complex. Since:

1. The correct rate expression is assumed to be accu-

rately known.

2. It is assumed that the global rate which we ob-
serve and compute is the same as the intrinsic
rate which we seek to determine. For a hetero-
geneous system, one would be ill advised to make
such assumption a priori.

As previously noted, the complexity of this analysis

lies in determining the value of K from the hypothesized

reaction rate involved in oxygen coke reaction:

dt

The following section describes methods that could be used

r = k ClpHt
to determine the constants K, n, m.

In 1956, Levenspiel, Weinstein et al.29 published a
solution technique which involves linearizing the above
equation such that the dependent variable is a linear
function of the three independent variables: K, n, m. By
logarithmic transformation, the above equation becomes

logri = logk + n logCj + m logP;
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Let Y; = logri, by, = logK, Xjj = 1logCj X9 = logPj

Yj = bo + nXjj + mXpj ———- @)

Summing equation (2) from i = 1 to N (total number of data

points on each run)
N N

2.Yi = Nbg + ngxli + m%XZi -------- (1)
1

£ =

Multiply (A) by X;;j and sum
N N . 9 N
SYiXj = bo X33 + n/(X1i)% + mpXeiXyj - - - (2)
1 1 1 1

Multiply (A) by X9; and sum
N N N

N
_ N 33 N, 2
2¥iXp; = bopXpi + n7X13Xg; + mYXp;)- - ~ (3)
1 1 1 1
Equations 1, 2 and 3 can now be solved simultaneously and
the values of K, n, m determined. This was done by using

LEQTlF30 subroutine and the following matrices were provided:

N N -
N 1X14 2%2i
1 1
- N N 9 N
A= | ZX14 Z2(X13) 2X2iX14
1 1 1
N N N 9
20N 2(X1i%53)  Z(X24)
|1 1 1 _
F N
1 0 0 2Y;
1
B=|o 1 0 Y5z




 —

The output solution was modified vector B

. .
- - - - n where b, = logkK
R [P K = 10°°
0 0 0 1

The above statistical solution technique is a standard
procedure for analyzing data but unfortunately, this tech-
nique failed to yield reasonable and acceptable results.
(See Table 1) The shortcomings of this technique could be
attributed to the fact that the method minimizes the root
mean square deviation of the logarithm of the variables ra-
ther than the variables themselves.

Previous authorsl®: 26 tackled this problem of evalu-
ating K, n, m from a very simplistic approach. They-re-

arranged the linearized form of the rate equation to obtain

2y

pm

log = logK + nlogC

By aséuming m= 1, (-dC/dt) was plotted against C on log-log
D 2
paper and the values of n and K evaluated. The initial as-

sumption that m = 1 is verified by now plotting log (-dc/dt)
: ca

against logP from which the slope of the resultant line should
equal 1. The success of this graphical technique depends on
experience and is subject to unavoidable bias. If the initial
assumption m = 1 could not be verified by the second plotted

graph, further trial and error attempts will be made to zero
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TABLE 1
COMPARISON OF NON-LINEAR SOLUTION TECHNIQUE
WITH STATISTICAL METHOD

Rin # of Mata OPTIMUM VALUES OF K, N, M

#  DPoints NON-LINEAR METHOD STATISTICAL METHOD
N sum o
K n m ()% error5 K n m
i=1
1 min-1 (min-1)2 (min~1)
2 (D 11 % .1 .3790E-04 (3.32)1077 -1.2 5.1
3 (8 1.2 .6 .8 .9358E-04 27.1 .87 2.2
4 (199 .4 6 1.3 .1072E-04 .0009052 .31 -2.0
5 () 1.5 1.1 .5 .2493F-04 2.91 1.2 .75
7 (12) 1.7 1.0 1.3 .1683E-04 .128 .8 .1
8 (7) 1.8 .9 1.2 .213E-04  2411.6 1.2 5.2
10 (10) 1.2 .95 .74 .2689E-03 .0000888 -.2  -3.1
15 (11) .97 .74 1.1 .3152E-04 6298 1.2 5.7
6 (7 1.9 9 1.0 .1610E-04 .605 .86 A4
17 (8) 2.0 1.3 .9 .2705E-04 20.77 1.5 2.1
1 (8) 1.1 .8 .6 .48%4E-04 .145 .65 .26
20 (0) 1.1 1.1 .74 .6194E-04 4.586 1.26  1.43
21 (12) .4 .4 1.3 .5004E-05 .00546 .32 -1.2
2 (1) .9% .77 1.1 .7002E-05 .561 .73 ° .80
23 (13) 1.23 .9 .8 .346TE-04 .106 7 -4
TEST DATA*
N
K= = F 2(Ei)2= K= n= F
' , T
(8) .01285 .892 .4168 .4946E-06 .0135 .933 .4588

*Data from Hydrogen-Bromide reaction Hg + Brg = 2HBr
. Page 79 Chemical Reaction Eng. 2nd Edition by Levenspiel.
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on the correct value of m and this would entail considerable
amount of work especially as there is no scientific approach

towards finding best m value.

3.1.2 Non-Linear Optimization

A new solution technique had to be developed to eval-
unate the variables of interest. In developing this new tech-
nique that has never been used for experimental data, some
theories were hypothesized:

1. The values of K, n, m are not true constants. This
implies that K, n, m vary with time during the course
of a run, and since r, ¢, P also vary with time,
then the hypothesized rate expression describing
oxygen coke reaction is highly non-linear.

2. K, n, m are also functions of_temperature and to
simplify our analysis, each experimental run will
be conducted under isothermal conditionms.

3. An objective -function-to be-defined later can be
visualized to be a response surface in which the
parameters are the variables (K, n, m).

4., The objective function is unimodal and the search
technique proceeds to a neighborhood of the global
minimum.

The non linear optimization technique used in deter-

mining optimum value of the variables K, n, m was a '"'steepest
gradient" method31 adapted from Fletcher-Reeves37 subroutine

package.
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Given rj = KCinpmi
Error function for the iR data point = Ei

®; =r; - KC;7p™;

3]

Thus 1= T4

€ =12

Kclnplm

Kcznpzm
€3 = r3 - KC3p,"

g = r; - KC;%p;"

Summing up all the errors for N (total data points in a
given run)

N N N .

2&;=271i -2 KCip;

i=] i=] i=1

An objective function to be minimized was then defined as

N
F = <IZei)2

ol 2 N i m,2
F=(%26)°=(2r; - 2KC{"p; ) - = = = == - = - (3.4)
1 1 1
Procedural step:
——
1. A starting point is selected Xo

2. The direction of steeprest descent is determined
by determining the normalized direction vector

components at the initial starting point

-y
%%%%%%r and then move to a new point location

X) at a distance d from Xo in the direction
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NFXo)
5= [VFXo)| s Si OF/dxi where 3F/7x;
[z (bF) :‘ are the gradient

vector components.

Thus %) = E, + ko)
17 % " [Nl
and in general, Xy41 = Xy + ]_fV ;g‘ ;”

_u= N, of iterations along direction of steepest
descent until a minimum is obtained.

If d is sufficiently small, selection of these gradient di-
rections will assure F(XU+1)ALF(Q). At anytime F(Xy41) >
F(y), the step size d is automatically reduced and a new
direction vector computed to satisfy F(u+l)ZF(u). When a
minimum is obtained, its precise location is determined by
computing a conjugate direction search direction at the new
point. When convergence is achieved, as determined from
specification of the expected absolute error in movement,

the procedure terminates.

Xn = Total no.
of variables

Start
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Applying the above concept to equation 3.4 .
Gradient of function =VF

VF = JF, OF , OF

——

2K 3n  Jm

(b_F> _,y
oK/, m 2_21(1{01 p;™ - ri) CiPp;"
1=

oF N

BF) .
= n m
(’On km o2 (KC;"p;™ - ry) KP3"C;™ log

’

OF N n
('b_m> = 22 (KC;"p;™ - r3) Kp;7C;" log p;
k,n i=]

Initial direction vector guess Xo = (ng, mg, kg)-
New computed improved direction vector ii = (nl, my kl)

where (ky, nq, my) = (ky, Ny, myy + d VF(k,, ng, mg)
[NF(ko, o, )|

An algebraic illustration of this technique is given
in the Appendix.

This solution technique is straightforward, objective
and is guaranteed to always converge to a global minimum if
the function does indeed possess a minimum. Although this
method converges for nearly any set of initial estimates,
its convergence can be agonizingly slow for multiparameter
problems. This technique like any other type, does not
overcome the disadvantages of haphazard selection of experi-

mental data and as such, the point should be stressed that
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an adequate understanding of the physical process with jus-
tifiable discrimination of certain data points must be

understood.

3.2 Diffusion Control Analysis

The proposed methodology for investigating the diffu-
sion limitation process is the unreacted core2d model analy-
sis. In this model, we visualize the reaction as occurring
first at the outer surface of the fuel (coke) and the réac-
tion zone then progfesses into the solid, leaving behind
completely converted material and inert solid (clean sand).
The zone of reaction in such a case is narrowly confined to
the interface between the unreacted solid and the product.
Thus, at any time, there exists an unreacted core of mater-
ial which gradually shrinks with time.

An alternative is the progressive25 conversion model
in which we visualize the solid reactant being converted
continuously throughout the entire particle and most likely,
at different rates at different locations within the par-
ticle. Wen and Ishida32 et al. studied various gas-solid
systems and concluded that the unreacted core model is the
best simple representation for a majority of reacting gas-
solid systems provided the following criteria are met:

1. Porosity of unreacted solid is very small and

as such, the reaction occurs at the solid-reactant

interface. In this case, effective gas diffusivity




in unreacted solid (De') is far less than that of
residue-free material (De) that is De'4 De.
2. Chemical reaction rate is very rapid and the dii-

fusion of reactant gas is slow.

UNREACTED CORE MODEL

Concentration of
Solid Reactant

PROGRESSIVE CONVERSION"MODEL %

Low Conversion High Conversion

/\
TN

/INITIAL, (PNCENTRATION ©__°
= OF REACTANT

* T

Concentration of : /\

Solid Reabtant
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MATHEMATICAL ANALYSIS

fall
- = COX

As oxygen diffuses into the 'coke,' it is totally consumed
upon initial contact. At any finite time when the surface
of the unreacted core is at r., the oxygen will diffuse
through the space Ry - r. and a mass balance on oxygen
concentration Cy; will satisfy the diffusion equation
szcox = 0. For spherical particles, this becomes:

2 g ¥om) 4 1 2

C 1
25100 be (5100 %%)J’ T25in20 '33%35‘ =0

1‘




Both oxygen concentration and boundary of the unreacted core
move towards the center of the particle but since oxygen
flow rate is far greater tkan shrinking of the unreacted
core, we can reasonably assume in considering the oxygen
concentration gradient at any time that the unreacted core
is stationary. Considering oxygen flux in r direction only
we have:
&

Rate of reaction of Og9 at any instant

dcC
2 OX)

-dNo - - =
3 = 4T1R%Qox Ro= 41Tc®Qoy r , = 442 Qgy .. = Const.

Qox = Flux of oxygen

Subscript Rg, re, r = Location of flux fromnt

Qox = D 4Cox

ar From Fick's Law.

-dNox - 4ur2D dch = Const.

dt
23
o =dNox | dr _ ,o
o s dt S r2 4‘D‘£3Cox
R
-dN 1 '
T (2 0) = 41D Cox' =~ = ~= = == == ———— (3.5)

Consider now the case in which the unreacted core
shrinks resulting in thicker ash layer which lowers diffu-
sion rate of oxygen.

Hence integrating equation 3.5 with respect to time
and other variables should yield required relationship.

Since above equation contains three variables re, t, Nox,




one of them has to be written in terms of the others or
eliminated.
Representing the coke combustion as
C + bOg — product
where b is the stoichiometric ratio of carbon burned per
mole of oxygen consumed, we can then say dN. = b dNyx based

on the stoichiometric relation of the reaction

_ - (moles O
Ne = ?cV (_?Tl?d) (Cm3 solid) = Qc %‘“rCB

dNe = 47 Qero2dr,

dNox = %i Fgrczdrc

Substltutlng above into equation 3.5
t
‘pc -— = —) rczdrc =bD C(')XS dt
. Ro
Ro L °
?cRi)z [ cy2 c\3
t - |- 3(:2)2 + 2( )
bDCqx Ro

For complete conversion r, = 0 and time required is

T = Lefo?
6dBCY
Extent of conversion =y a
] - y = Yolume of unreacted coke _ 3ire3 _ 59)3
initial volume of coke 4ER 3 Ro
3

2 2/3
t =T. 1 - 3(1-}7)34- 2(1-y)] =T 1 - 3(1- EC:%) + 2(1-%—?—)]
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Isothermal conditions

Anticipated
result:
~
>
1
i
N
IS
+
(22}
~
N~
>
1
i
N
m
1
~

The above analysis shows that to determine whether or
not diffusion is the controlling mechanism requires less

complex computation and analysis than the other methods.




CHAPTER IV
EXPERIMENTAL APPARATUS AND MATERIALS

Two sets of experimental apparatus were used in this
study. Most of the constituent components were identical
for both experimental set-ups: Simulation and Combustion

phases.

4.1 Apparatus for Process Simulation

The main components are as shown in Table 4.1 and a

schematic diagram of the process is shown in Fig. 4.1.

TABLE 4.1

MAIN COMPONENTS IN PROCESS SIMULATION APPARATUS

Fire Flood Pot Pressure Jacket.
Fire Flood Pot Linear
Temperature Controllers and Temperature Indicator.

Gas injection and Drying Systems.

o AW N

Fluid Separation System.

36




®
1
Const. Pres. 0 - 100 psi
(Fegulator
ompresse 1 . '
AT g qr]jjler . :
3 e L Temperature
Pressure - :n Controllers
Regulator ,2 » L[
lcgl_ - Te [r
Air : 1111
In .
ISwitch Temp.
Indicatoy
Const. Differential Vvent

L. Flow Controller

A
Separator
C— 0 ‘-SIOOlCold H,0
1. Pressure Gauge 1(?5 J_ A
2. Saturated Porous Media Condenser ' rjier ytie—
3. Fire Flood Pot Liner . i "
4. Brook Rotameter 4 5
5. Wet Test Meter NeedT
¢ = Chromel/Alumel Thermocouple (Controlllng heaters on K“°Cki0“t Valve
fire flood pot liner) Tan
Tc = Chromel/Alumel Thermocouple (For Temperature
Indication)
w
FIGURE 4.1 <

SCHEMATIC DIAGRAM OF PROCESS SIMULATION
EXPERIMENTAL APPARATUS
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4.1.1 Fire Flood Pot Pressure Jacket

Figure 4.2 shows the inner detail construction and the
outer jacket. As illustrated in Figure 4.2, the unit is
eqﬁipped with three bands of ring heaters on the wall, each
rated at 500 watts. An additional 300 watts heater is at-
tached'to the top of the pressure jacket. Each of these
heaters has a Chromel/Alumel thermocouple wire connected to
a temperature controller so as to control the heat output
from these heaters. Three additional Chromel/Alumel thermo-
couples are attached to the space between the side heaters
for monitoring the wall temperature of the jacket. The bot-
tom of the jacket is welded to a flange and the mating
flange has two %" S.S. and one 1/8" S.S. welded nipples.

The 4" S.S. pipples are located at the center and 13" radius
from the center. The 1/8" S.S. nipple is located at 1-3/4"
radius from the center. The 4" S.S. nipple located at 13"
radius has a 1" high perforated %" S.S. pipe for allowing
lair into the jacket. The heating jacket is enclosed in an
oute; Jjacket and all spaces between the two jackets insulated
with Vermiculite. A special 3/16" compressed asbestos was
used as a gasket between the two mating flanges. See

Figure 4.3.

4.1.2 Fire Flood Pot Liner

Detail construction is shown in Figure 4.4. For each

simulation run, the liner was packed with oil/water saturated




'FIRE FLOOD-POT PRESSURE
JACKET SHOWING CONSTRUCTION

FIGURE
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FIGURE 4.3
ASSEMBLED PRESSURE HEATING JACKET,

MATING FLANGE, ASSEMBLED REACTOR
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sand and then centrally mounted inside the pressure heating
jacket. The porous stainless steel plate supports the porous
medium and also, promotes drainage of the produced fluids
and gases to the producing %" S.S. tube and on to the prod-

uct separation system.

4.1.3. Temperature Control System

Isothermal temperature over fhe fire fléod pot liner
(Simulation process) or over the combustion reactor (com-
bustion process), was achieved within 0.5% accuracy at the
desired temperature by using Love Model 49 proportioning
controllers. This type of controller cycles the heat on
and off automatically at the desired set temperature. Each
of the control thermocouples was connected to a Love tempera-
ture controller and all the controllers connected in series.
The temperature controller wiring is illustrated in Fig-
ure 4.5. The other thermocouples from the heating jacket
and- combustion cell (g¢ombustion runs) or heating jacket
(simulation- runs) were connected to Love Model 101 Sensor
Switch. The switch has provision for 12 thermocouples, five
of which were used in this study. By connecting the switch
to Lovel Model 100 temperature indicator and with proper
wiring of the system, it was possible to monitor any tem-
perature from any of the thermocouple wires at any time.

A schematic representation of the electrical wiring system

is illustrated in Figure 4.6.
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Figure 4.5

Controller Wiring

Temperature
Controller
No. 1

120 Volt :{\’ 14 Gauge Wire

Line ///

Q

Lo pEHE

Control Thermocouple
Controlling Top Heater

Tempenature
Contrdller
No. 2

Q

38 3438
g N

Control Thermocouple

Controlling Top Side Heater

Tempezature
Contrdller
No. 3

48 85388

Q

A

Control Themrocouple
Controlling Middle Heater

Tempexature
Contr¢ller
No. 4

QO

§ 3888

Control Thermocouple

Controlling Bottom Side Heater
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Top Heater in
Fire Pot Pres-
sure Jacket

Top Side Heater
in Fire Pot
Pressure Jacket

Middle Heater
in Fire Pot
Pressure Jacket

Bottom Side
Heater in Fire
Pot Pressure
Jacket




Fire Flood Pot
Pressure Jacket

Figure 4.6

Electrical Wiring of Temperature Control System

.
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—

CTC1
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TC
Housing For Four
: Love Model 49
: Temperature
CTC3 N
o]
TC > Controllers
CTC4 N N
TC ( g
Love Model 101
TC Sensor Love Model (100
Switch Temperature Indicator.
TC
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EXPLANATION OF TERMS FOR FIGURE 4.6

CTCl
CTC2
CTC3
CTC4
TC

Control Thermocouple for Top End Heater.
Control Thermocouple for Top Side Heater.
Control Thermocouple for Middle Side Heater.
Control Thermocouple for Bottom Side Heater.
Thermocouples for Temperature Recording.
All Thermocouples are Chromel-Alumel Type.
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4.1.4. Gas Flow System

The gases used were (1) compressed nitrogen gas tank
equipped with two stage pressure regulators; (2) comnressed air
line connected to a constant pressure regulator valve;

(3) Locally made air-nitrogen gas mixture. This was made
by injecting air into a cylinder up to a given pressure and
then followed by further injection of pure nitrogen. From
the equation below, a rough estimate of the mixture composi-
tion was made but the accurate composition was determined

from chromatographic analysis.

Po2 _ o2 wt. %02 m.w. of Ng
PNg Dyy  wt. % N2 (mw. of 02)

Pog * PNg = 1 (System pressure).

When any of this gas was in use, it was made to pass
through a glass-wool and drierite system to absorb any mois-
ture present and thereafter, admitted into the combustion
reactor (combustion runs) or fire flood pot liner (simula-
tion process). A constant exit flow rate was maintained by
using Brooks differential flow regulator. This rotameter
is capable of maintaining a constant gas flow rate at a
constant pressure regardless of any pressure buildup. at the

outlet side of the reactor.
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4.1.5. Auxiliary Systems

Other equipment used is shown in the schematic diagram
of the experimental apparatus. For accurate weighing of the
pot liner with saturated porous medium, O Haus heavy duty
scale was used. The 15%" long, %" S.S. tube extension on
.the pot liner necessitated the construction of a special gig
to enable accurate weight measurement of the pot liner and
its contents. See Fig. 4.7. Triple beam balance was used
for all weight measurements in combustion studies where

higher degree of accuracy was essential.

4.2. Apparatus for Combustion Studies

The equipment for combustion studies was essentially
the same as in simulation phase except for the absence of
product separation system, replacement of fire flood pot
liner with a reactor and addition of gas sampling and anal-

ysis system.

4.2.1. Reactor

The exothermic nature of the reaction between coke and
oxygen poses a2 problem when trying to maintainAisothermal
conditions. Proper design of the reactor could minimize
this problem, and this was achieved by using thick walled
reactor and small thin layer of coke. Most of the heat

liberated during the reaction was absorbed by the mass of
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FIGURE 4.7

WEIGHT MEASUREMENTS OF POT LINER USING

HEAVY DUTY OHAUS SCALE




steel and by using thin layer of coke, a near isothermal
condition was possible. The thick walled reactor used was

a modification of a standard Ruska fluid content still. A
flange with six drilled and threaded holes was soldered to
the top of the reactor. A mating flange was constructed
with matching holes on the circumference. 1/8" stainless
steel nipple was welded in the center of the top flange for
inlet gas to flow into the reactor. An additional 1/16"
S.S. nipple was welded off center on the top flange for a
Chromel /Alumel thermocouple wire whiéh indicated the temp-
erature just above the thin coke layer. A gas tight seal
inside the reactor was made possible by using 3/16" high
temperature combressed asbestos gasket ﬁetween the flanges.
32" S.S. swagelok fitting for %" S.S. tubing was silver sol-
dered to the bottom of the reactor for product gases to flow
through. Af>ictorial presentation is shown in Fig. 4.3 while

a schematic representation is on Fig. 4.8.

4.2.2. Gas Sampling and Analysis

A Gow Mac gas chromatograph series 550 was used to an-
alyze the following gases: CO, COg, CHy, Oy and Ny. The car-
rier gas used is Helium. A 4cc gas tight syringe was used
to collect the product gases for analysis and the output
from the thermal conductivity detector monitored on an L&N
strip chart recorder. The columns used on the Gas chromato-

graph were S.S. 5' x %" 13X Molecular Sieve and S.S. 6' x 3"
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Porapak Q. Since this G.C. had no series/bypass column
switching valve, various column lengths and configurations
were tested to evaluate optimum set up arrangement. The
best arrangement is shown in Figure 4.9. In this arrange-
ment, the Porapak Q was placed in Column A of the G.C. The
Molecular Sieve was connected to the two outlet ports at the
back of the G.C. as indicated in Fig. 4.9. A’ portable oven
was placed underneath the Molecular Sieve column and this was
used to control the column temperature. With proper adjust-
ment of the oven temperature on the molecular sieve column,
CO elution time was reduced from 10-12 minutes to about 4
minutes. This was accomplished at the expense of not having
proper base line separation between Og9 and Noy. The amount
of eluded component is proportional to the area swept out on
the Strip chart. If the carrier gas flow rate, detector and
oven temperatures, bridge current are all held constant, then
the amount of eluded components will also be proportional to
the swept out peak height. Thus, if volume percentage of
the produced gases is based on peak height, then inadequate
base-line separation between 02 and Ng will be of no conse-
quence provided the G.C. is operated at the same constant
conditi&ns as the calibration gas. The gas chromatograph
was operated under the following conditions:

Helium flow rate 40cc/min

Detector temperature 120°C
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FIGURE 4.9(a) & FIGURE 4.9(b)

MODEL 550 GOW MAC GAS CHROMATOGRAPH

FIGURE 4.9(a)

FRONT VIEW OF GAS CHROMATOGRAPH
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FIGURE 4.9(b)

MODIFICATION OF BACK VIEW OF

GAS CHROMATOGRAPH, SHOWING MOLECULAR SIEVE COLUMN

AND PORTABLE OVEN
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Column temperature (Porapak) 75°C

Bridge current 150mA
Sample size 2cc
Recorder ImV

4.3 Materials

The porous medium was clean Oklahoma sand number 1
with 100 mesh size. Two crude oils used were 15.49API and

22.70API.




CHAPTER V

EXPERIMENTAL PROCEDURE

5.1 DProcess Simulation

To undertake kinetic studies of coke combustion pro-
cess, the coke has to be formed under displacement situa-
tions which essentially will simulate the various heat and
mass transport phenomena occurring ahead of a combustion
front. This will be accomplished by subjecting the reser-
voir to a programmed environmental sequence, similar to that
experienced by a volume of rock during the approach and pas-
sage of a combustion front in a reservoir undergoing in-situ
combustion. The temperature profile of a reservoir under-
going in-situ combustion is well documented in the litera-
ture,17’ 33, 34 and the various discrete regions are of par-
ticular interest and an attempt was made to simulate them.
This represents the simulation phase of the research. A
schematic representation of the simulation experimental ap-
paratus is presented in Figure 4.1 with a pictorial represen-
tation in Fig. 5.1. Figure 5.2 shows the various discrete

regions to be simulated.
55
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FIGURE 5.1(a) & FIGURE 5.1(b)

COMBUSTION EXPERIMENTAL APPARATUS
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Procedure

5.1.1 Weight Measurements

A known weight of clean Oklahoma sand was fed into the
fire flood pot liner and with proper tampering and packing,
the sand level was always maintained constant at about
1.65" from the top of the pot liner. To obtain accurate
weight of the sand in the pot liner, a heavy duty O Haus
scale was used. See Figure 4.7. This scale is designed to
weigh objects less than 1,100 grams and since the pot liner,
sand and jig would weigh more than 1,100 gm, the scale had
to be zeroed with the pot liner and jig on it. This was
accomplished by sliding the weight on the center beam to
such position that resulted in balancing the scale, while
at the same time, maintaining the sliding scale weights at
zero markings on the scale. The sliding scales were now
moved to read 907 gm and clean Oklahoma sand added to the
pot liner until a balance on the scale was achieved. Thus,
the pot liner now contains 907 gms of sand. The scale reading

was once more zeroed with the pot liner, sand and Jjig on it.

5.1.2 Saturating Porous Medium with Water

A thick rubber stopper with a flask full of water was
placed over the pot:liner and the %" S.S. tubing from the
liner was connected to a vacuum pump. A vacuﬁm was then

pulled in the porous medium for about 30 minutes, after
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which the %acuum line was pinched off and the vacuum pump
turned off. fhg valve on the fiask was then opened until
water saturated the sand and also completely filled the pot
liner. The rubber tubing connecting the pot liner and the
vacuum pump was then disconnected and a small rubber plug
inserted at the end of the pot liner tubing to prevent drain-
age of water from the porous medium. The rubber stoppe} with
the flask were now removed and before placing the pot liner
on the jig, the small rubber plug was removed. The sliding
scales were now moved to new locations where the scale was
balanced. The readings on the sliding scales represented
the weight of water in sand (pore volume) plus weight of ex-

cess water above the sand level and in the pot liner tubing.

5.1.3 Water Displacement in the Porous Medium

The pot liner was now supported by a stand and the
drained out water collected in a graduated cylinder. Just
before the water level drained to the sand level, a known
volume of crude oil was poured into the pot liner. The oil
then displaced the water to its irreduciable value and there-
after, drained under gravity to a computable saturation
value. On a 380API test crude, the displacement duration
was about 6 hrs. while on 22.7°9API crude, it took about
2 days to complete the displacement experiment. On 15.4°
API crude, it was not practical to have gravity drainage

and air injection at low rate was used to displace both
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water and crude oil to required oil and gas saturation val-
ues. The o0il, water and gas saturation values were deter-
‘mined from measurements of oil and water collected. An il-
lustration of the computation involved is shown in Table
5.1. The above procedure simulated initial oil, water, and

gas saturations at reservoir (room temperature).

5.4.1 Simulation of Various Discrete Regions

Regions E - F - G

The pot liner with saturated sand was now centrally
mounted inside the pressure heating jacket and the compressed
air turned on to admit air into the pressure jacket. The
air pressure in the pot liner was maintained constant at
20 psig and a constant air injection rate of 12 scf/hr. f12
was also maintained. The combustion cell temperature was
now increased from room temperature to 100°F and in a step-
wise fashion at a scheduled rate of 100°F/hr until the steam
distillation plateau was reached. For these runs conducted
at 20 psig, the required distillation temperature was 260°F
and this temperature was maintained for 4 hours to vaporize
any water present in the porous medium. Simulation of the
steam zone in this fashion is not quite rigorous since more
Steam can pass through a unit rock volume than that generated.
Furthermore, at the water bank zone where oil, water and gas
are flowing, additional water éhould be injected into the

cell to account for the vaporized water from the steam plat-




TABLE 5.1

COMPUTATION OF INITIAL OIL, WATER
AND GAS SATURATION IN POROUS MEDI

Crude Type 22 .70APT
Weight of water in saturated

sand and excess water = 409.5 gm
Volume of water displaced © = 396.0cc
Volume of o0il used = 16l.7cc

Excess water (over sand level

and in pot liner tube) = 24l1cc
Pore Volume (P.V) = 409.5-241 = 168.5cc
Actual water displaced from P.V.
= 396 - 241 = 155cc
Connate water saturation Swe = 168.5 - 155 = 8%
168.5
Total volume of o0il displaced = 37.3cc
0il saturation So = 161.7 - 37.3 = 73.8%
168.5
Gas saturation Sg= ﬂx)— 73.8 - 8 = 18.2%




eau which condenses on hitting this colder Zzone.
Zone C - D

Depending on the type of coke required, these regions
may not be simulated. As the cell temperature exceeds about
650°F, the residual oil in the pot liner cracks to a vola-
tile fraction and non volatile heavy residue consisting of
coke, tar and pitch. The coke formed was observed to ﬁe
very hard black shiny material at 7000F while at 800COF, it
became very brittle and very dark. However, in all cases,
the coke cemented itself in the pot limer and it required
about 15 minutes to chisel it out of the pot liner. The
Table 5.2 below is a summary of the temperature history ex-

perienced by the porous media in the pot liner.

TABLE 5.2
TEMPERATURE HISTORY EXPERIENCED
BY POROUS MEDIA

Gas Injection Rate 12 scf/hr ft2

Coking
System Temperature OF 100 200 260 400 500 600 . . . Temp.
Temperature Residence
Time hrs. 1 1 4 1 1 1 2%

Martin et al.ll used 2000F heating schedule that pro-
duced temperature history similar to that observed in long
combustion tube runs where combustion front rate of advance

of approximately 3'/D were noted. Parrish et al.10 observed




a field combustion front rate of advance of .36 ft/D and
Showalter3d also reported a 1'/D rate. Such rates would
suggest a much lower heating schedule rate and a 1009F/hr
was considered appropriate, but not necessarily the best
since any value within reasonable limits can be justified.
The end of the heating schedule corresponds to the coking
temperature and at the end of a 2% hr heating residence

time, the process was terminated.

5.2 Fuel Concentration

The initial fuel concentration was determined from a
weight difference between known weight of a given coke sample
and the weight of clean sand left behind after subjecting

the coke sample to a 1,500°F temperature 'in an oven.

5.3 Combustion Process

5.3.1 Preparation of Sample

Each combustion run was started with fresh coke sample
that was previously stored in a dessicator. The coke was
carefully crushed and 10-20 grams of the sample carefully
weighed using triple beam balance and then charged into the
combustion cell. The bottom of the combustion cell was
covered with glass wool and with proper tampering and packing,
the bed thickness remained thin and below 1.3 cm.

Crushing the coke sample could result in distorting the

original grain size which could in turn, mask the diffusion
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effect of the coke combustion process. As a result of such
possible effect, partially coked sample (Zones C-D not simu-
lated in the simulation phase, and sample characterized by
being wet, with high o0il saturation) was charged into the
reactor and heated to the desired combustion temperature in
an inert atmosphere. Thus, before the combustion process
was initiated, a hard consolidated coke had formed in the
reactor.

The two Chromel/Alumel thermocouples were used to
detect and measure any temperature variations between the

top and bottom of the thin coke layer.

5.3.2 Initiation of Reaction

The reactor with known weight of coke was placed in-
side a heating jacket and nitrogen was passed through the
bed at a rate that was controlled by the needle valve set-
ting in Brooks rotameter.. When the cell and flow lines
were completely purged of air as determined from analysis
of effluent gases, the heaters on the heating jacket were
turned on. The controllers on the heaters maintained iso-
thermal condition in the reactor and when the top and bottom
temperatures of the thin coke layer inside were the same as
the dgsired run temperature, nitrogen was turned off and
Jﬂéﬂéedair or oxygen/nitrogen gas mixture turned on. The

inlet gas rotameter was used to measure the constant gas

flow rate into the reactor. At this stage, combustion was




67

initiated.

5.3.3 Sample Collection

As the coke and oxygen reacted, combustion product gases
were produced. These gases flowed through the pot liner
tubing, through a modified Imperial T joint having a rubber
_septum that is located on the flow line (See Figure 5.3),
through a drierite system, Brooks constant differential

flow rotameter, wet test meter and then vented through a
hood to the atmosphere. To simplify computational analysis,
the exit gases flow rate was monitored and maintained con-
stant. 2cc of produced gases was taken at frequent inter-
vals from the modified Imperial T joint rubber septum by
using a 4cc size gas tight syringe and then analysed for

CO, COo, CH4, 02 and N2 in a Gow-Mac series 550 gas chromato-
graph. A schematic representation of the process apparatus

is indicated in Figure 5.3.

5.3.4 Sample Analysis

When 2cc of combustion product gases is introduced into
the gas chromatograph, various peaks are separated and the
first task is to identify the peaks. The peaks could be
idenpified by comparing the elution time with published
values for various gases in the literature, but the problem
here is that the column lengths, size of column packing, oven

and detector temperatures, gas flow rate and pressure and
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other variables must be maintained constant at the values

indicated in the literature. Most likely, all these vari-
ables cannot be maintained at the above required conditions,
and some other technique has to be used to identify the var-
ious separated peaks. The technique used was to collect lcc:
of combustion product gases plus lcc of pure Nitrogen and the
mixture injected into the.G.C. In this case, the nitrogen
peak becomes greatly magnified as compared to the result
from 2cc of combustion product gases only. By repeating the
above procedure with CO, CO9, Oy etc., these peaks were also
identified.

Chapter 4 contains all the details of the column type
used, the arrangement of the columns, and the operating con-
ditions of the Gow Mac gas chrometograph. The volume per-
centage of the resolved CO, COy, Og and Ny had to be computed

and this requires calibration of the gas chromatograph.

5.3.5 Calibration of Gas Chromatograph

To calibrate the gas chromatograph, a Scott analysed

gas with the following volume percentage composition was

used:
CO = 6.55%
CO2 = 14.8%
02 = 9.98%
Ng = 63.73%
CHgq = 4.94%
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2cc of this Scott analysed gas was introduced into the
G.C. and the output monitored on an L&N recorder. The peak
heights were then considered to be proportional to the above
given volume percentages. The volume percentage of the un-

knowns in a given 2cc sample of produced gas is then given

1
hi
by x Vi
where hi = Peak height of ith component in Scott gas

h'i = Peak height of ith component in Effluent gas

Vi = Volume % of ith component in Scott gas.

The above analysis is true only if the gas chromato-
graph is operated under identical conditions during the anal-
ysis of both the Scott analysed gas andhthe effluent sample

gases.

5.3.6 Termination of Combustion

At the end of each combustion run, gas injection was
switched back to Nitrogen to prevent further oxidation of
residual coke. This was only necessary during combustion
at low temperatures when combustion time exceeded 25 minutes.
For these runs, the unreacted coke was carefully transferred
into a crucible and its weight determined by using a triple
beam balance. The crucible and its contents were then heated
in an oven at 15000F for 20 minutes. The clean sand residue
was again weighed and the weight difference before and after
subjecting the coke to 1500°F oven temperature represented

the amount of unreacted coke.




CHAPTER VI

PRESENTATION AND DISCUSSION
OF RESULTS

A total of 12 runs were made to observe and explain
the poor oxygen utility efficiency at low coke combustion
temperature. Oxygen utility is qualitatively described as
a measure of the amount of oxygen unreacted during coke com-
bustion process. Léw efficiency 1is synonymous with high
volume percent of unreacted oxygen.

The first series of runs represented on Figure 6.1 as
X and X' represent samples of coke formed at 700°F and coke
combustion temperature of 9500F. This coke was formed from
22.7°API crude and the gas flow rate through the reactor
was 110 cc/min. All physical and reaction conditions were
identical for both runs except the difference in degree of
tampering and packing. In the case of run X, the coked sand
was very well packed and tampered whereas in case of run X',
the coke was Ioosely fed into the reactor. The net effect
is that run X had thinner bed thickness with less voidage
space for air channeling than run X'. Results from monitoring
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the volume percentage of unreacted oxygen for both runs did
show higher values of unreacted oxygen in case X' than that
for case X. This is interesting and not totally unexpected
because if we assume oxygen consumption rate as being a func-
tion of temperature, gas flux, system pressure and carbon
concentration, then the reaction rate values should be the
same for both runs since all the above named variables are,
the same. A simple oxygen balance as illustrated in the
figure below does demonstrate that.

Oxygen in Unreacted oxygen

Oy .&.

Oxygen reacted

. Ogr
Mass of unreacted oxygen Oy Rr. equals Oj - Og. Using the

suffix X and X' to represent the run under consideration,
then

Op.R.,x = 0i,x - OR,x

Oy.r.,x' = Oi,xv - Og xr
Since the oxygen mass flowing into the system is the same
for both X and X' and from the above discussions, OR,X and
OR,X' are supposedly the same, then volume of unreacted
oxygen should be the same for both X and X'. However, since
it was observed that OU.R., X and OU.R.,X' are not the same,

this would then imply that the reacted oxygen is hot the same




for X and X'. The only reason why this would be true is
due to the varying degree of channeling in the reacting bed.
In case of X, the gas has to flow through a more tortuous
path and the oxygen molecules will have a longer residence
time in the reactor, thereby permitting a more efficient
coke conversion to CO and CO2.

For the early time period in the above experiments,
the effect of non-isothermal combustion of the system further
magnifies the difference between the graphs. To understand
this later complication, one has to realize that for a system
for example at 9500F, the introduction of cool air into ‘the
reactor cell will initially cause a temperature drop, to be
followed by a temperature rise above required 950°F due to
the exothermic nature of the coke combustion reaction. The
degree of departure from the isothermal temperature will de-
pend on the total mass of coke present and the oxygen resi-

dence time.
: X' Coke sample

X Coke sample

Temp.

quired Isothermal
Combustion Temperature

Time
Thus, one of the reasons for poor oxygen utility during
in-situ combustion is the presence of air channel paths in
the formation as a result of fractures in the formation or

high degree of reservoir heterogeneity.




The next series of runs is represented on Figure 6.2
as A, B, C and in Appendix B Table 2. The following is a
summary of the properties as indicated in Appendix B:

A: Coke formed from 15.40API crude at 600°F coking tempera-
ture. Fuel concentration - 2.7 gmC/100 gm sand.

B: Coke formed from 22.7CAPI crude at 800°F coking tempera-
ture. Fuel concentration - 1.74 gmC/100 gm sand.

C: Coke formed from 22.70API crude at 7000F coking tempera-
ture. Fuel concentration - 2.45 gmC/100 gm sand.

For the above runs, the coke combustion temperature,
gas flux and amount of coke feed into the reactor were held
constant at 950°F, 110 cc/min and 16.38 gm respectively.

The main objective here was to provide coke samples of dif-
ferent concentrations and to maintain the other variables
constant in the equation.

r=f(T,v,p,c") . . ... ... ......(@Q
The observed results indicating poorer oxygen utility effi-
ciency with decreasing carbon concentration was not surpris-
ing. This could be explained by examining equation (1) that
now becomes r = f(c¢) since all other variables are held con-
stant. From the hypothesized rate expression describing
oxygen coke reaction, f(c) = C hence higher rate of oxygen
consumption is associated with higher coke concentration.
Therefore, from the oxygen mass balance equation OU.R. will

be higher for lower carbon concentration.
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Although higher coke concentration will improve the
poor oxygen utility, one must also realise that the higher
coke concentration does represent higher fraction of the
intended recoverable crude being converted to unrecoverable
0il in the form of coke.

The greatest difference in oxygen utility was observed
by comparing run:E and C. All the variables in Equation 1
were identical for both runs except for variations in com-
bustion temperatures. The task here is to prove that higher
temperatures result in higher oxygen consumption rate and
hence, lower values of Oj - Op.

The reaction kinetics of coke combustion process will
aid‘im.exnlaining this:obsenvation.  Since both coke con-
centration and reactor pressure are identical then the varia-
tion in oxygen consumption rate could only be due to dif-
ference in specific rate constant coefficient K. Bousard
and Ramey observed a chemically rate controlled coke combus-
tion process and. were able to correlate K to Arrhenius equa-
tion. Thus K = Ae"E/RT, This would indicate that as tem-
perature increases, K would increase resulting in higherx
oxygen consumption rate and therefore a more efficient oxy-
gen utility. However, this research on the type of coke
studied, could not substantiate Bousard and Ramey's findings.
In this research, K values did exhibit temperature depen-
dence which qualitatively has the same results as the above

authors.




The results on kinetic studies of coke combustion,

Fig. 6.4, indicates that increasing gas flux results in
higher K values. This would suggest that oxygen utility
efficiency should improve with increasing oxygen flux. How-
ever, the results depicted by graphs 2, 3, 4 (Fig. 6.3 and
Appendix B Table 3) where the only difference in variables
is gas flux,is contrary to expected result. It is true that
oxygen consumption rate increases with increasing gas flux
over the temperature range under investigation but such
higher flux rate causes lower oxygen residence time in the
reactor and hence, promotes higher degree of channeling.

The channeling effects override the increase in oxygen con-
sumption rate with the net effect of lowering oxygen utility
efficiency. From a practical standpoint, such high air flux
rates are unrealistic if one has to engineer a feasible re-
covery process, but these results reflect the possible situa-
tion around the injection well bore where high fluxes will
be experienced.

These studies have demonstrated that oxygen utility
efficiency is most drastically affected by temperature
variations and this could be explained in terms of tempera-
ture sensitivity to coke combustion kinetics at low tempera-

tures.
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Analysis of Coke Combustion Kinetics

A total of twenty runs were made to determine the con-
trolling mechanism of various types of coke. The results
are all tabulated in the Appendix. The first series of
runs was made at reactor cell pressure of 20 psig. These
runs have not been reported because it was felt that the
results would'héve excéssive errors. To achieve 20 psig
cell pressure, air at high pressure would have to be intro-
duced into the reactor within a very short period of time.
This means excessive réactant within the reactor and any
molecule of gas produced as a result of the combustion pro-
cess would be excessively diluted by the large mass of reac-
tant present. Thus, the effluent gas analysis would not
represent the instantaneous composition of the effluent
gases under investigation. To avoid this pitfall, the cell

pressure was maintained at near atmospheric pressure.

Results of Chemically Rate Control Analysis

As must be stressed, no solution technique to evaluate
the variables k, n, m in any hypothesized mechanism describ-
ing oxygen coke reaction can overcome the disadvantages of
haphazard selection of experimental data. In line with
this thinking, a log-log plot of reaction rate against carbon
concentration was made, to recognize any trends in the data.

An interesting observation was that for the first 4 to 5




minutes, the reaction rates do not follow the trend exhibited
by other data. The convex shape of the data points in this
region (see Fig. 6.5) were thought to be due to errors in-
volved in effluent gas analysis and temperature fluctuations
resulting in non-isothermal conditions in the reactor during
this time period. The non-isothermal condition in the reac-
tor could not possibly explain the above consistently obser-
ved phenomena because non-isothermal conditions cause tempo-
rarily higher temperatures and as such, the data points

should deflect upwards as shown below.
‘k¢$\\‘Expected observation as a result

of non-isothermal conditions
in the reactor

logR

logC

Furthermore, the observed phenomena could not be due
to errors in measurements since the volume percent of ef~
flﬁent gases of interest is high and as such, the percentage
error will be least in this region. By conducting the re-
search at near atmospheric pressure and by ensuring the in-
let gas flow rate to be approximately the same as exit flow
rate, there will be no pressure build-up in the cell, neither
will there be excessive introduction of reactant gas. This

ensures an accurate monitoring of the instantaneous concen-

tration of effluent gases.
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The following theory does explain the above observa-
tions. The coke under investigation is a highly reactive
hydrocarbon residue that contains only carbon and hydrogen
with an.atomic H/C*ratio of x:- CHy. In a dry forward com-
bustion, x lies between 1 and 1.8.27 On samples of coke
formed by pyrolysis, Ramey observed that the hydrogen reacts
faster than the carbon and this is in qualitative agreement
with conclusions reached by Dart et al. concerning regene-
ration of clay catalyst pellets. By plotting atomic hydro-
gen carbon ratio against time for each run as shown in Fig.
6.6, one observes that the H/C ratio decreases, reaching
zero between 4-6 minutes and this is the time period corres-
ponding to the observed convex shape of the reaction rate
plot. Thus, during the early time period when the H/C ratio 8
very high, the hydrogen reaction rate is maximum and ap-
proaches zero between 4-6 minutes. From 6 minutes onward,
the hydrogen concentration is zero and the residue undergoing
combustion at this time is essentially pure carbon. Since
the reaction rate expression describing coke, oxygen reac-
tion assumes the coke is pure carbon, the required data points

.. et b nsed in.testing the adeguaey. of. the model should be
values obtained when H/c ratio is zero. From the above
discussions, one can see that the measured reaction rates at
the early time periods represent a combination of carbon and
hydrogen reaction rates and as such, they are not represen-

*see Appendix C.
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tative of rates for pure carbon combustion.

‘i

The tabulated best values of n and m reported in this
research (Table 3.1) have values ranging from .6 to 1.3.
For isothermal combustion conditions under which these studies
were made, the values of n and m should be consistent and
with the type of fluctuations observed one has to conclude
that the power law reaction rate expression describing coke,
oxygen reaction is not quite satisfactory, and it's only an
approximation of the kinetic process.

This would imply that results be interpreted qualita-
tively. Because of the nature of fluctuation in n and m
values, the reported values of K could not be given any
quantitative interpretation but the results in Fig. 6.4 and
6.7 do indicate the sensitivity of K values on gas flux
rate and temperature. Below 900°F, the dependence of K on
temperature seems to be very pronounced but above 950°F, the
temperature effects appear to be less pronounced. A Lang-
muir36 type mechanism is proposed to describe the coke.
oxygen reaction. This mechanism is proposed because the
results from the other tested rate expression suggests the
presence of two kinetic regimes: the early period‘when hy-
drogen is present and the later period characterized by pure

carbon combustion. The proposed Langmuir mechanism is

= —kKC
B = 1xc

This mechanism will be able to account for the two observed
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kinetic regimes. For example, at the early time period when
carbon concentration is high, KC >>1 and r then equals Kk At later
stage, when C becomes very small, KC £ 1 and r becomes kKC
which will represent the second reaction regime character-

ized by pure carbon combustion.

Results of Diffusion Control Analysis

From unreacted core analysis, the variable in the dif-
fusion equation VI D E :- [1 - 3(%)2/3+ Z(g—?)} when plotted
against time yielded a straight line for temperatures above
9500F. Fig. 6.6b. At temperatures below 900°F, the plot of
VI DE against time was a curve. See Figures 6:6b and 6.8.
These results indicate diffusion to be the main controlling
mechanism at temperatures above 950°F while chemical reaction
dominated the process at temperatures below 900°F. For dif-
fusionally controlled process, the VI D E plot should pass
through the origin but the reported graph in Figure 6.6b
does not pass through the origin. This is not surprising
because in deriving the equation

2

- QcR re.2 Ie,3

t = feBo - 3(£¢ 2(=%
6bDCox ' [ L= 3(g) (&5

- - CB\’3 CB QcRo?
L[l - 3(1_Cf) + z(l-cI) where T = 6bDCyHy '

The following assumption was made: that the stoichio-

ct
]

metric ratio of carbon burned per mole of oxygen consumed

is constant and equal to b. By examining the equation pre-




)}

CB,2/>» _CB
'Ef) + 2(1 CI

VIDE; {1-3(1
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Figure 6.8
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sented by Burger27 which describes the stoichiometric rela-

tion between coke and oxygen as:

2+B X

1 B_ .
CHy * (3(1By * 2) Og --» 745 COg * T+5 CO + 3 HyO

X = Atomic H/C ratio of fuel

B = Volume ratio of Co/Coy

It becomes evident that the value of b in VI D E equation
is not a true constant until such period when H/C = 0. If
the origin of the time axis is shifted to such position when
H/C = 0, then the VI D E plot would pass through the ori-

gin which is the expected result for a diffusion control

process.




CHAPTER VII

CONCLUSIONS

Conclusions and Recommendations

For Further Work

Without doubt, in-situ oil recovery is a very complex
process and experimental data from the coke combustion kinet—
ics have also proven to be complex. Any hypothesized rate
expression describing the nature of the coke oxygen reaction
requires non-linear programming techniques to evaluate the
variables in the reaction rate expression. A newly devel-
oped technique for analysing data using steepest descent op-
timization theory is presented.

The power law type rate expression does not adequately
describe the coke combustion kinetics but the results from
this model could adequately be interpreted qualitatively.

A Langmuir type mechanism is suggested for further investi-
gation.

At temperatures above 950°F, the coke combustion pro-
cess is controlled by mass transfer while at temperatures
below 900°F, the process is controlled by chemical kinetics.
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Regardless of the temperature regime under considerations,

both mass transfer and reaction rate control mechanism: do
exist but the predominant mechanism is as indicated above.

The diffusional analysis does not require precise de-
finition of the coke-oxygen reaction rate before defining
the controlling mechanism and as such, the conclusions from
this analysis are more reliable than chemically rate control
analysis. Furthermore, in kinetic behavior analysis, the
possibility of internal temperature gradient due to the exo-
thermic nature of the coke/oxygen reaction does pose consid-
erable questions on accuracy aﬁd degree of reliability of
results. Such problems as indicated above are, however, of
no consequence in diffusional analysis.

The different cokes do not exhibit any particular
trend in chemical properties as could be determined in terms
of the controlling mechanism. However, they do exhibit dif-
ferent physical properties.

The atomic H/C ratio decreases with time and at the
early time period, the hydrogen burning rate predominates
over carbon burning rate. As the H/C ratio tends to zero,
we have pure carbon combustion.

The oxygen utility efficiency is dependent on tempera-
ture with high efficiency associated with high combustion
temperature and low efficiency at low temperatures (less than
900°F). At high specific rate coefficient associated with

high temperatures, the coke oxygen reaction is very fast




resulting in low level amount of unreacted oxygen.

At high air flux rate, the oxygen utility efficiency
is low and this is due to low residence time of the oxygen
in the reactor which results in high degree of channeling.

The oxygen utility efficiency does depend on coke con-
centration inasmuch as the coke concentration affects the
reaction kinetics.

Further work is recommended in this area to show that
poor oxygen utility efficiency associated with fractured
reservoir formation is due to channelling and reduction in

temperature at the far end of the fractured formation face.
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s =

CB(t)

C.F.

NOMENCLATURE

Reaction rate, gm Carbon/(100 gm sand)(min)
Carbon burning rate, gm carbon/(100 gm sand)(min)

Speéific rate constant, (min—atm)'1

Carbon concentration, gm Carbon/(100 gm sand)
Oxygen partial pressure, atmospheres
Reaction order with respect to Carbon

Reaction order with respect to oxygen partial
pressure

Arrhenius constant, (min-atms)~1
Activation energy, Btu/lb mole
Combustion temperature, OF
Combustion time; minutes

Mass of carbon burnt at time t, gm Carbon/100 gm
sand

Gas flow rate, cc/min.

Conversion factor from volume to mass gm C/cc C-
100 gm sand) T

Initial Carbon concentration, gm Carbon/100 gm sand
Total number of data points for a run

Oxygen concentration

System pressure, atmosphere

Dependent variable in diffusion equation
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Step size; distance moved along direction of
steepestdescent subscripts

ith species, ith data point
inlet

Exit
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ALGEBRAIC ILLUSTRATION OF STEEPEST DESCENT

NON LINEAR OPTIMIZATION TECHNIQUE

The following algebraic expression illustrates the use
of the above optimization technique. Although the example
presented is a maximization problem, the search procedure is
almost the same for a minimization problem. Thé technique
finds the unconstrained maximum of a multivariable, non lin-
ear function:

Maximize f(x,y)
I(x,y) = -2x% + 44x3 - 282x2 + 440x - y% + 28y3
-277y2 + 1140y - 1900.

Assume starting point of §6(2,8) and d = 1

f(xo) = -196.

Of _ _gy3 + 132x2 - 564x + 440.
X

%% = -4y3 + 84y2 - 554y + 1140.

J1(2,8) = (%%—5)'2,8 = (-224,36)
£(2,8) =-196

“wf(z,s)” =\] 2242 + 362 = 226.87

New vector position xj

X] = Xo + dNf(X0,¥o)

(2,8) + s==tee (-224,36)




= (1.02,8.16)
f(x;) = -68
Since f(§1)>f(;o) .. There is improvement in value of functions
towards achieving maximum values of x and y.
Next determine x9 and £(x2)

£(1.02,8.16) = (-6.5,39.1)

\\~v (x| = \1-6.52 + 39.12 =.39.63

1
39.63

(1.02,8.16) + w5—5=

X9 = x] + (-6.5 39.1)

39 63 63 (-6.5,39.1) = (.86,9.15)

f(x9) = -23.14
Since f(xy) >f(Xx1), direction of approach is still okay.
<N£(.86,9.15) = (45.4 39.4)

(.86,9.15) ——— (45.4,39.4)

60 11
(1.6,9.8)
Since f(x3)£ £(x2), there is departure from path of interest
and step size is decreased. Another attempt at moving from
X2 is then made.
3
(.86,9.15) + == (45.4,39.4)
(1.3,9.5)
f(x3') = -14.6 and again £(x3')) £(X2)

resulting in some improvement over x5.

V£(1.3,9.5) = (-94,34) + —— (-94,34)

100 |
1 was too long for the previous iteration, we try

Since d

d = 1/3




%' = (1.3,9.5) + 13 (g4 34

100

x4' = (.99,9.6)
Again f(§4')}>f(§3') and eventually, the process halts at

opfimum value of x =1, y = 10.
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Table 1

Effect of Channeling on Oxygen Utility

Coke Sample Size: 15.21gms.
Run: X (Well Packed) X' (loosely packed)
Crude Gravity (APIO) 22.7 22.7
Gas Flow Rate (cc/min) 110 110
Combustion Temperature (°F) 950 950
Time (min) % Oxygen by Volume (Unreacted)
1 1. 2.3
2 3.5 4.2
3 5.4 6.0
4 6.7 7.5
5 7.8 8.4
8 12.3 12.8
10 14.1 14.8
12 16.5 16.8
16 19.8 20.0
20 20.8 20.8
24 21.0 21.0




TABLE 2

EFFECT OF COKE OONCENTRATION AND COMBUSTION
TEMPERATURE ON OXYGEN UTILITY

Coke Sample Size: 16.38 gm.
RIN: A B C D
Crude Gravity (CAPI) 15.4 22.7 22.7 22.7

Coke Concentration

(gm c/100 gm sand) 2.7 1.74 245  2.45
Gas Flow Rate (cc/min) 110 110 110 160
Conbustion Temp-

erature (°F) 950 950 950 1120
Time (min) % Oxygen by Volume (Unreacted)

1 2.6 4.3 3.4 1.0

2 4.2 7.6 5.7 2.4

3 10.1 6.8 4.0

4 7.6 11.2 8.2 6.8

5 12.6 10. 9.6

6 10.8

7 15. 19.6

8 13.6 14.2

9 16.7 20.7

10 16.4

11 18.7

12 18.7 19.0
14 20.2 20.9
16 20.5 20.5
22 20.9 20.9 20.9 20.9

E

22.7

2.4

110

1120

(]
.
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TABLE 3
EFFECT OF COMBUSTION TEMPERATURE AND CHANNELING
ON OXYGEN UTILITY

Coke Sample Size: 12 gm.

Run:
Crude Gravity CAPI 15.4 154 15.4 15.4
Gas Flow Rate (cc/min) 87 87 425 225
Combustion Temperature (°F) 830 1130 1130 1130
Time (min) % Oxygen by Volume (Unreacted)
1 2.3 .6 11.0 - 3.0
2 7.4 1.2 13.8 6.6
3 13.0 1.6 16.0 9.0
4 15.0 17.8 14.6
5 2.3 20.0
6 3.2
7 16.0 20.8 20.2
8 7.3
9 14.0 20.9 20.7
11 17.4 19.0 20.9 20.9
15 18.3 20.3
19 19.0 20.8
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COMPUTATION OF HYDROGEN CARBON RATIO

FROM LAB BURNING TEST

Consider a combustion tube filled with coked material
at temperature T. With air flowing in at one end and the
product gases collected at the other end, the followup an-

alysis can be conducted.

0Oil
Water
Gases
AIR COMBUSTION TUBE __*QRODUCTS Cco

Let Vg = Total volume of gas produced.
Vy = Total volume of gas injected.
No = Fraction of N2 in produced gas.
Ng; = Fraction of No in injected gas.
Og. = Fraction of oxygen in injected gas.
09 = Fraction of oxygen in produced gas.
CO = Fraction of carbon monoxide in produced gas.
COo = Fraction of carbon dioxide in produced gas.

Nitrogen mass balance

: Vol
VaN2; = Vgl [ Vy =

= Nzi

O9.
Oxygen injected = V,02; = VgNz(ﬁg%)
i

Carbon dioxide produced

VgCO2

Carbon monoxide produced = VgCO




Oxygen produced = Vg02

Total volume of carbon oxides formed = VgCOg + VgCO

Total mass of carbon burnt = (VgCOy + vgco)(l_lP_Egl;)

G.M.V.
12 1b
(lb mol)
= Wo 1bs.
To form 9
OXYGEN MASS BALANCE = Vg2 To form O
/' /’='%§9
[ ( 2
Y L . v.0
VgNzﬁz_f — g2
1
[
\
To form HO0

4 0o
Volume of O9 forming water =| (VN <1y v - VoCO9 - ¥VgCO
2 g [ g 2N21) g02 - Vg2 - =%

Weight of water formed = Wy

V,CO
{(v Nzﬁ) - Vg0g - V4COg - —g——}x

1b mol Oz 2 1b mol H20 18 1bs H20]
GMV 1b mol Og X 75 mol Ho0

Weight of H2 by combustion = Wy

Wg = 2 1b H2

B = Wm0
H/C Ratio = VH V<CO

/ %=[(VN )-vgoz-vg002-—§—:\4
[vgcoz + vgco] 12
Hence,
. _ W ¢

H/C Ratio = W% = [sz___) - 09 - COg - %9 ‘

'3(C0g + CO)
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DATA AND RESULTS
RUN # 1

Combustion Temperature -~ 950°F Crude Gravity 22.7° API

Weight of Coke 16.31gnm Coking Temperature 800°F
Weight of Sand ) 16.01gm Reactor Pressure Atmospheric

Pressure
Gas Flow Rate 110 cc/min Conversion Factor 3.27 E-03

(gmC/CC-100gm Sand)

Volume Percentage of C Mean Apparent

CO,- O2 co N2 1b/1001b P i H/C
. atm. Ratio

.106 (.5 min)+1.5
122 3 .5

.133

.139

. 146

.153

. 161

. 169




DATA AND RESULTS

RUN #1
Continued

Time Volume Percentage Of C Mean T Apparent
Min, co, O, co N, 1b/100 1b P min™! H/C

: atm. X10- 3 Ratio
8 5 14.3 4.4 75.8 .127 177 3.56
9 .094 .183 2,92
10 .068 .190 2.27

.058




DATA AND RESULTS

RUN # 2
Combustion Temperature = 1130°F Crude Gravity 15.4° API
Weight of Coke = 14.70gm Coking Temperature 600°F
Weight of Sand = 13.43gm Reactor Pressure Atmospheric
Pressure
Gas Flow Rate = 87 cc/min. Conversion Factor 4.0 E-03
(gmC/CC-100gm Sand)
Time Volume Percentage of C Mean T Apparent
Min. co, co N, 1b/1001b P ‘min”’ H/C
: atm, Xlo-2 Ratio
0 100. .575 (.5min)~+3.1
1 4.0 .8 94.6 . 567 .105 1,67 1.3
2 8.0 2.9 87.9 . 539 .108 3.79 .4
3 11.0 4,7 82.8 .493 .110 5.46 .1
4 .435 112 6.07 .08
5 13.3 5.9 78.5 .372 .114 6.68 .07
5.5 . 338 .116 .0
6 13.6 5.4 77.9 .305 .118




DATA AND RESULTS

RUN #2
Continued
Time Volume Percentage Of C Mean T . Apparent.
Min. Co, 0, CO N, 1b/100 1b P min~! H/C

atm, Ratio

X10~ 2




DATA AND RESULTS

RUN # 3
Combustion Temperature = 1120°F Crude Gravity = 22.7° API
Weight of Coke = 14,.63gm Coking Temperature =  700°F
Weight of Sand = 14,28gm Reactor Pressure = Atmospheric
Pressure
Gas Flow Rate = 150 cc/min. Conversion Factor = 3.67 E-03
(gmC/CC-100gm Sand)
Time Volume Percentage of c Mean T Apparent
Min. ce, 0, CO N, 1b/1001b P min~' H/C
atm. Ratio
X10-2
0 100. ) (.5min)~+.6
1 8.2 1.0 11.6 79.1 .588 .110 11.6 .1
2 10.2 2.8 12.4 74.6 .463 .119 13.3 .01
2.5 . 398 123 12.8 .0
3 10.2 4.4 10.9 74.6 .335 .127 12.4 .0
3.5 . 276 .124 11.5
4 9.5 7.1 8.4 75.1 .221 .141 '}0.5
4.5 .171 .148 9.42
(]
5 8.1 9.9 6.1 75.9 .126 . 155 8.34 o




DATA AND RESULTS

RUN #3
Continued
Time Volume Percentage Of Cc Mean r . Apparent
Min. Co, 0, Cco "N, 1b/100 1b P - min~! H/C
atm. -2 Ratio
X10
5.5 .09 .167 6.42
7 1.0 19.8 .1 79.3 .037 .204 .65
9 .3 20.8 78.9

LTI




DATA AND RESULTS

RUN # 4.
Combustion Temperature = 8 30°F Crude Gravity = 15.4° API
Weight of Coke = Coking Temperature = 600°F
Weight of Sand =  12.1l4gm Reactor Pressure =  Atmospheric
. Pressure
Gas Flow Rate = 110 cc/min. Conversion Factor = 4.3 E-03
(gmC/CC-100gm Sand)
Time Volume Pe centage of c + Mean T Apparent
Min. co, O, co N, 1b/1001b P min~’ H/C
: , atm, -2 Ratio
X10
0 100 (.5min)~+3.0
1 3.7 2.3 0.4 93.6 . 521 .107 1.94 1.3
2 4.9 7.4 1.4 86.4 .497 .132 3.0 .41
3 3.9 12.9 1.0 82.2 .470 .160 2.32 L2
4 3.9 14.6 1.2 80.3 .440 " .168 2.41 .05
5 3.4 14.7 1.1 80.8 .424 .169 2.13 .04
7 3.3 15.7 1.3 79.7 .402 .174 2.18 .0
8 .381 .175 2.11

}—t
=t
(o]




DATA AND RESULTS

RUN #4
Continued

Time Volume Percentage Of C Mean T . Apparent
Min, Co, 0, o N, 1b/100 1b P min-? H/C

atm, x10-2 Ratio
10 .319 .179 2.0
12 2.8 17.4 1.2 78.6 .280 .182 1.84
14 . 245 .184 1,70
16 2.1 18.3 1.2 78.3 .212 .187 1.56
18 .182 .187 1.48
20‘ .153 .188 1.39
22 .126 .189 1.31
25 1.6 19.0 .9 78.5 .095 .190 1.18
30 1.4 19.0 .5 79.1

6TT




DATA AND RESULTS

RUN # S
Combustion Temperature = 1070°F Crude Gravity = 15.4° API
Weight of Coke = Coking Temperature = 600°F
Weight of Sand = 11.2gm Reactor Pressure = Atmospheric
Pressure
Gas Flow Rate = 225 cc/min. Conversion Factor = 4.68 E-03
(gmC/CC-100gm Sand)
Time Volume Percentage of C Mean T Apparent
Min. co, O, o N, 1b/1001b P min~’ H/C
atm, Ratio
X10-2
0 100. .589 (.5min)~+1.2
1 6.4 7.3 3.4 83. .537 .143 10.3 .3
2 8.9 6.5 5.3 79. 411 .145 15.0 .08
2.5 .338 .147 14.3 .04
3 8.6 8.9 4.4 78. .268 151 13.7 .005
3.5 .206 .165 11.1 .0
4 5.4 14.3° 2.6 77 .157 .178 8.4 .0
4.5 .125 .192 6.37

oct




DATA AND RESULTS

RUN #5
Continued
Time Volume Percentage Of C Mean T Apparent’
Min. cq 0, Co N, 1b/100 1b P min-! H/C
atm. x10" 2 Ratio

5 1.5 19.7 .7 78.0 .104 . 205 5.5

7 .5 21.3 78.2

10 .3 21.3 78 .4

14 .3 21.3 78.4

1gT




DATA AND RESULTS

RUN # 7

Combustion Temperature = 930°F Crude Gravity = 22.7° API
Weight of Coke = 16.38gm Coking Temperature = 800°F
Weight of Sand = 16.1gm Reactor Pressure = Atmospheric
Pressure
Gas Flow Rate = 195 cc/min. Conversion Factor = 3,26 E-03
(gmC/CC-100gm Sand)
Time Volume Percentage of C Mean T Apparent
Min. co, 0, CO N, 1b/1001b P min”’ H/C
atm. X1p-2 Ratio
0 100 .498 .109 (.5min)~»1.75
1 4.4 8.7 2.6 84.4 476 .152 .4.45 .9
2 6.0 11.6 3.9 78.5 422 .167 6.29 .08
3 6.0 12.6 4,2 77.2 . 358 .172 6.48 .02
4 5.5 14.1 3.8 76.6 .296 .179 4.91 .0
5 4.7 15.7 3.1 76.5 .242 .187 4.96
6 4.1 17.1 2.3 74.5 .197 .194 4.07
7 .159 .197 3.43




DATA AND RESULTS

RUN #7
Continued
Time Volume Percentage Of C Mean T . Apparent’
Min. CH, 0, N, 1b/100 1b P min-? H/C
atm, X10-2 Ratio

8 3.1 18.4 77.0 .128 .201 2.80

9 .102 .203 2.40

10 .08 .206 2.0
11 2.0 19.9 77.6 .062 .208 1.59

12 .0477 .210 1.32

13 1.4 20.8 77.8 .036 .213 1.05

14 .027 .214 .81

15 0.9 21.2 77.9

18 .3 21.6 78.1

€ct



DATA AND RESULTS

RUN # 8
Combustion Temperature = 910°F Crude. Gravity = 22.7° API
Weight of Coke = 16.37gm Coking Temperature = 800°F
Weight of Sand = 16.08gm Reactor Pressure = Atmospheric
Pressure
Gas Flow Rate = 270 cc/min. Conversion Factor = 3,26 E-03
(gmC/CC-100gm Sand)
Time Volume Percentage of Cc Mean T Apparent
Min. c, O, N, 1b/1001b P min”’ H/C
: atm. -2 Ratio
X10
0 100 .626 .104 (.5min)~+1.9
1 3.4 9 .7 84. .60 .150 5.37 .5
2 5.2 12, .5 77. .53 .167 ‘8.54 .004
3 6.8 13, .6 74, . 437 .173 10.0 .0
4 .7 .344 .179 8.63 .0
[ 4.7 16 .6 75. .264 .184 7.31
6 .198 .186 .5.81
7 2.8 17 .1 78. .148 .189 4.31

¥cl
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DATA AND RESULTS
RUN #8
Continued

Time Volume Percentage Of C Mean T . Apparent
Min, co, O, o N, 1b/100 1b P min~? H/C
atm. " x10°2 Ratio

8 .109 .192 .3.39
9 1.7 18.4 1.1 78.8 .08 .196 2.47

10 .06 .199 1.72

11 . .8 19.5 .3 79.4

13 .5 19.5 80.0

17 .3 20.3 79.4

21 .2 20.6 79.2

Gcl



DATA AND RESULTS

RUN # 10
Combustion Temperature = 1250°F Crude Gravity = 22.7° API
Weight of Coke =  15.68gm Coking Temperature = 700°F .
Weight of Sand =  15.27gm Reactor Pressure = Atmospheric
Pressure
Gas Flow Rate = 125 cc/min, Conversion Factor = 3.43 E-03
(gmC/CC-100gm Sand)
Time Volume Percentage of C Mean T Apparent
Min. co, o, €O N, 1b/1001b P min”' H/C
atm, X10-2 Ratio
0 100 .764 (.5min)~+1.1
1 9.1 .7 2.3 87.9 740 .104 4,89 .4
2 12.9 1.4 4.8 81. 677 .107 7.59 .08
3 14.5 1.4 6.4 77.7 594 .107 8.96 .01
4 15.1 1.4 6.9 76.7 503 .107 9.43
5 15.2 2.1 6.1 76.6 410 .111 9.13
6 14.6 4.2 4.4 76.8 323 J121 8.15
6.5 283 124 7.8

9c1



DATA AND RESULTS
RUN #10
Continued

Volume Percentage Of C .. Apparent
co, O, co N, 1b/100 1b H/C

Ratio

14.0 . 77.3 « 245
.210

.179

.152

.130

.95




DATA AND RESULTS

RUN # 15

Combustion Temperature = 950°F Crude Gravity = 15.4° API
Weight of Coke = 11.22gm Coking Temperature = 600°F
Weight of Sand = 10.2gm Reactor Pressure = %gnégségl;eeric
.Gas Flow Rate = 110 cc/min. conversion Factor = 5.14 E-03

(ng/CC-lOOgm-éand)
Time Volume Percentage of C Mean T Apparent
Min. co, o, co N, 1b/1001b P min~' H/C
- atm, X10°- 2 Ratio

0 100 .501 (.5min)=+2.2

1 3.7 4.4 2.7 89.2 .483 .129 3.62 .8

2 4.6 8.0 3.6 83.9 .442 | .147 4.64 .3

3 5.6 10.8 4.4 79.2 .390 .161 5.65 .1

4 6.3 11.5 4.4 77.8 .332 .164 6.05 .03

5 5.8 13.1 3.9 77.2 .274 172 5.48 .02

6 221 .178 5.03 .0

7 4.8 15.6 3.3 76.3 173 .185 4,58 .0

8¢t



DATA AND RESULTS

RUN #15
Continued
Time Volume Percentage Of (o Mean T - Apparent
Min. Co, 0, CO N, 1b/100 1b P min"! H/C
atm, . =2 Ratio
X10
8 .131 .188 3.82
9 3.5 17.0 1.9 77.6 .097 .192 3.05
10 .07 .198 2.35

11 2.0 19.5 .9 77.6 .05 .201 2.0




DATA AND RESULTS

RUN # 16
Combustion Temperature = 975°F Coking Temperature = 800°F
Weight of Sand = 10.26gm Reactor Pressure = 1.9 psig
Cas Flow Rate = 120 cc/min. Conversion Factor = 5.11 E-03
Crude Gravity = 22.7° API (gmC/CC-100gm Sand).
Time Volume Percentage of c Mean T Apparent
Min. c, o, co N, 1b/1001b P min~! H/C
- : atm. X102 Ratio
0 100 .473 . .115 " (.5min)~+1.3
1 8.0 1.2 2.3 . 88.5 441 .121 6.32 4
12.6 3.4 3.8 80.2 .360 .134 10.1 .0
3 11.0 7.5 5 78.0 . 265 .157 8.9 .0
4 8.8 10.2 3.2 77.8 .184 .172 7.36
5 6.5 12.8 2.0 78.7 121 .187 5.21
6 4.6 15.2 1.1 79.1 .077 .20 3.49
vi 3.2 17.0 0.6 79.2 - .048 .211 2.33

0€t




DATA AND RESULTS

RUN #16
Continued
Time Volume Percentage Of C Mean T Apparent
Min. CO, 0, CO N, 1b/100 1b P min~! H/C
atm, X102 Ratio
8 2.2 18.2 0.3 79.3 .03 . 217 1.53
9 1.5 19.2 .1 79.2 .02 .223 1.0
10 8 20.0 79.2
11 S 20.3 79.2

TIE€T




DATA AND RESULTS

RUN # 17

Combustion Temperature = 900°F Coking Temperature = 600015
Weight of Sand = 10.35gm Reactor Pressure = 3,1 psig
Gas Flow Rate = 170 cc/min. Conversion Factor = 5,063 E-03
Crude Gravity = 15.4° API (gmC/CC-100gm Sand)

Time Volume Percentage of C Mean T Apparent
Min. co, O, co N, 1b/1001b P ‘min~’ H/C

: atm. X10- 2 Ratio

0 100 .456 .124 (.5min)~+1.1
1 8.6 2.5 3.0 85.9 .406 .139 10.0 .3

2 8.7 9.0 2.8 79.5 . 307 .179 9.9 .04

3 6.7 12.5 2.0 78.8 .220 .20 7.48 .01

4 5.0 15.1 1.4 78.5 .155 .216 5.50 .0

) 3.5 16.6 .8 79.1 .109 . 225 3.70

6 2.4 17.7 4 79.5 .078 . 231 2.41

7 1.7 18.7 .1 79.5 .059 1.55

. 237

Gel




DATA AND RESULTS

RUN #17
Continued
Time Volume Percentage Of C Mean T Appdrent
Min. co, O, co N, 1b/100 1b P min~! H/C
atm. -2 Ratio
X10
8 .0 19.4 .1 79.5 .046 . 242 .95
9 8 20.2 79.0 . 037 .244 .82
10 .6 20.3 79.1 .030 . 246 .69
14 .5 20.4 79.1
16 .4 20.5 79.1

€el



DATA AND RESULTS

RUN # 18
Combustion Temperature = 950°F Coking Temperature = 800°F
Weight of Sand = 10.46gm Reactor Pressure . = 2.9 psig
Gas Flow Rate = 140 cc/min., Conversion Factor = 5,01 E-03
Crude Gravity = 22.79 API (gmC/CC-100gm Sand)
Time Volume Percentage of c Mean T Apparent
Min. co, o0, €O N, 1b/1001b P min~’ H/C
atm, . Ratio
X10-2
0 100 .32 .102 (.5min)~+1.3
1 5.4 8.6 2.9 83.1 .291 . . 145 5.82 .2
2 4.7 14.0 2.0 79.3 .238 172 4.7 .09
3 3.8 14.8 1.9 79.5 .195 .176 - 4.0 .04
4 3.3 15.4 1.6 79.7 .158 .179 '3.44 .03
5 2.9  17.1 1.2 78.8 . 126 187 2.88 .0
6 2.4 17.7 1.2 78.7 .099 .19 2.52
7 21. 18.3 .8 78.8 .076 .193 2.03

PET



DATA AND RESULTS

RUN # 18
Continued
Time Volume Percentage Of C Mean T - Apparent
Min. CO2 0, co N, 1b/100 1b P min-?! H/C
atm. X10-2 Ratio
8 1.8 18.7 .6 78.9 .058 .195 1.68
9 .042 .196 1.40
10 1.3 19.2 .3 79.2 .030 .198 1.12
11 .020 .199 .91
12 .9 19.8 .1 79.2
13
14 1 20.3 79.6

GET




DATA AND RESULTS

RUN # 19

Combustion Temperature = 1250°F Coking Temperature = 800°F
Weight of Sand = 10.45gm Reactor Pressure = 1.2 psig
Gas Flow Rate = 70 cc/min. Conversion Factor = 5.05 E-03
Crude Gravity = 22.7° API (gmC/CC-100gm Sand)
Time Volume Percentage of c Mean T Apparent
Min. o, o, c N, 1b/1001b P min” " H/C

' ' atm; X10-? Ratio

0 100 411 C '  (.Smin)™ 1.4

1 7.5 .6 .6 91.3 . 397 .101 2.86 .5

2 14.6 1.4 1.4 82.6 . 354 . 104 5.66 . 36

3 16.4 1.7 2.2 79.7 .293 . 107 . 6.58 .0

4 17.0 2.1 3.4 77.5 . 224 .109 7.21

5 16.7 2.9 3.2 77.2 .153 113 "7.03

5.5 .120 .113 6.26

6 13.4 ‘3.7 2.1 80.7 .09 . 117 5.48

9eT




DATA AND RESULTS

RUN # 19
Continued
Time Volume Percentage Of Cc Mean T Apparent.
Min. co, 0, (0] N, 1b/100 1b P min-?

atm, X10'2 Ratio




DATA AND RESULTS

RUN # 20
Combustion Temperature = 925°F Coking Temperature = 700°F
Weight of Sand = 10,33 gn Reactor Pressure = 3 psig
Gas Flow Rate = 130 cc/min. Conversion Factor = 5,07 E~03
Crude Gravity = 15,4° API (gmC/CC-100gm Sand)
Time Volume Percentage of c Mean T Apparent
Min. co o0, CO N, 1b/1001b P min~' H/C
. : atm, . Ratio
X10-2
9 100 .564 122 - (,5min)~+,9
1 10.2 1.2 2.7 85.9 . 522 129 8.5 24
2 11.8 4.5 3.2 80.3 .429 .149 10.0 .06
3 10.1 7.6 2.9 29.4 .336 168 8,57 .03
4 8.4 10.1 2.5 79.0 . 257 .183 7.19 .02
5 6.8 12.6 2.1 78.5 192 .198 5.87 0
6 5.2 14.5 1.6 78.7 .140 .210 4,48
7 3.6 16.6 1.1 78.7 .102 222 3.10

8€1




DATA AND RESULTS
RUN # 20
Continued

Volume Percentage Of Cc . Apparent’
W, O, co N, 1b/100 1b H/C

Ratio




DATA AND RESULTS

RUN # 21
Combustion Temperature = 830°F Coking Temperature = 800°F
Weight of Sand = 10.4 gnm Reactor Pressure = 1.9 psig
Gas Flow Rate = 110 cc/min. Conversion Factor = 5,04 E-03
Crude Gravity = 22.1° API (gmC/CC-100gm Sand)
Time Volume Percentage of C Mean T Apparent
Min. co, o0, €O N, 1b/1001b P min~" H/C
atm, <10-2 Ratio

0 100 .39 107 (.5min)»> 1.3

1 5.8 1.9 3.4 . 88.9 .365 .118 5.1

2 4.8 10.3 2.8 82.1 .318 .165 4.21 .14

3 3.7 13.3 1.9 81.1 .281 .182 3.10 .09

4 3.3 15.0 1.5  80.2 .253 .192 '2.66 .02

5 . 227 .196 2.49 .0

6 2.8 16.4 1.4 79.4 .203 .200 2.33

7 .201 2.22

.180

0%1




DATA AND RESULTS

RUN #21
Continued

Time Volume Percentage Of C Mean T - Apparent
Min, co, 0, CO N, 1b/100 1b . P min-! H/C

atm. X10-2 Ratio
8 2.7 16.8 1.1 79.4 .158 .202 2.11
9 .138 .203 2.02
10 2.5 17.2 1.0 79.3 .118 .204 1.94
11 2.4 17.3 .9 79.4 .099 .205 1.83
12 2.3 17.6 .8 79.3 .081 .207 1.72 -
13 . .065 .208 1.55
14 1.9 17.9 .6 79.6 .05 .208 1.39




DATA AND RESULTS

RUN # 22

Combustion Temperature = 950°F Crude Gravity . = 15.4° API
Weight of Coke = 15.56 gnm Coking Temperature . = 700°F
Weight of Sand = 15.21 gm Reactor Preésure = Atmospheric
Gas Flow Rate = 105 cc/min, Conversion Factor = 3,45 B-03

(gmC/CC-100gm Sand)
Time Volume Percentage of c Mean T Apparent
Min. co, o, co N, 1b/1001b P min~ " H/C
' atm. X10-2 Ratio

0 100 .603 .106 (.5min)+1.8

1 4.4 1.0 3.9 90.7 .588 : .111 3.01 1.1

2 6.7 3.5 5.9 83.9 . 550 . 124 4,57 .25

3 8.0 5.4 7.1 79.4 .50 < .133 5.47 .1

4 8.3 6.7 7.5 77.6 .444 . 140 5.73 .05

5 8.3 7.8 7.4 76.5 . 387 . 145 5.69 .02

6 8.1 9.0 7.1 75.8 . 331 .151 5.51 .0

7 . 279 .159 4,98




DATA AND RESULTS
RUN {22
Continued

Time Volume Percentage Of c Mean T Apparent
Min. Co, 0, co N, 1b/100 1b P min-! H/C
, atm. X10" 2 Ratio

6.8 12'

75.

5

.231

.168

4.46

.189

172

4.06

75.

.150

177

3.66

<117

.183

3.04

76.

.0894

.189

2.43

.067

.193

2.05

77.

.0484

.198

1.67

.0336

.202




DATA AND RESULTS

RUN # 23
Combustion Temperature = 950°F Crude Gravity = 15.4°% API
Weight of Coke = 17.95 gm Coking Temperature : = 700°F |
Weight of Sand = 17.52 gm Reactor Pressure = %ggggg?gric
Gas Flow Rate = 220 cc/min. Conversion Factor = 3.0 E-03
(gmC/CC-100gm Sand)
Time Volume Percentage of C Mean T Apparent
Min. co, o, c N, 1b/1001b P ‘min~’ H/C
atm. X10- 2 Ratio

0 100 .576 .105 ' (.25min)+2.0

1 7.6 5.8 5.3 81.3 .533 .134 8.52 .14

2 8.5 7.5 6.6 77 .4 441 142 9.97 .027

3 8.5 9.0 7.0 75.4 . 340 .150 10.2 .0

3.5 . 291 .155 9.37 .0

4 7.4 11,2 5.5 75.8 . 246 .161 8.51

4.5 .207 .168 7.42

474!



DATA AND RESULTS
RUN #23

Continued

Volume Percentage Of C

0z 0, co N, 1b/100 1b

Apparent
H/C

Ratio

76.1

| B S| Nl ] ]|




