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SUMMARY

A numerical model is proposed which simulates the regeneration of
carbonised pellets by combustion with oxygen. The rate of com-
bustion may either be reaction rate or reaction rate and diffusion

rate controlled.

Ekperimental data was obtained from a 0,914 m long fixed bed
reactor, 0,050 m in diameter in the tempefature range of 7500K

to about 1000°K for carbonised 6,4 mm x 6,4 mm cylindrical pellets.
The initial carbon content of the pellets was 4,8 or 6,9% by weight.
Diffusivities were experimentally determined for several individual

pellets and found to be of the Knudsen type.

Pre-exponential factors and an activation energy were obtained for
the model, to fit the experimental temperature profiles. The ef-
fect of different parameters on predicted temperature profiles was

investigated.

The effect of gas flow reversal on the regeneration times for
short beds or high flowrates was investigated. Depending on the
degreg of regeneration required, reductions of up to 30% in regener-

ation times are predicted.
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OPSOMMING

'n Numeriese model word voorgestel wat die regenerasie (deur verbran-
ding met suurstof) simuleer van katalisatorkorrels, waarop koolstof
neergeslaan is. Die verbrandingsnelheid word deur die reaksiesnelheid

of deur die reaksiesnelheid saam met die diffusiesnelheid, beheer.

Experimentele gegewens is versamel in 'n temperatuurgebied van 750°K
tot 1000°K, van 'n vaste bed reaktor, 0,914 m lang en 0,050 m in deur-
snee, gevul met silindriese korrels, 6,4 mm lang en 6,4 mm in deursnee.
Die aanvangskonsentrasie van koolstof in die korrels was 4,8% of 6,9%
per gewig. Diffusie koeffisiente is experimenteel bepaal vir verskeie

korrels. Diffusie het geblyk om van die Knudsen tipe te wees.

Voor-exponenti&le faktore en 'n aktieveringsenergie is verkry vir
die model, om die experimentele temperatuur profiele te simuleer.
Die invloed van verskeie parameters op die temperatuur profiele is

ondersoek.

Die invloed van omkering van die vloeirigting van die gas op die
regenerasie tyd, vir kort beddens of vir hoe vloeisnelhede, is onder-
soek. Afhangende van die graad van verlangde regenerasie, is ver-

minderings in regenerasie tyd van tot 30% voorspel.
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CHAPTER 1

INTRODUCTION

1.1 Definition of the Problem

Heterogeneous reactions taking place in fixed or slowly moving beds
are frequently met in the chemical and metallurgical industries. One
of the more complex of these reactions is the regeneration of cata-
lyst which becomes carbonised and deactivated during cracking or
reforming of hydrocarbons in the petroleum industries. Carbon is
deposited on the catalyst in the form of a coke or char.. This has

to be removed by burning off the coke in a hot stream of gas contain-

ing a small amount of oxygen.

The combustion of coke is highly exothermic and in a fixed bed this
results in a transient, more or less sharp, temperature peak travel-
ling along the bed. If the bed is long enough, the'actual'burning
of the coke is limited to a more or less well defined burning zone
which also moves along the bed at a velocity which may be less or

exceed that of the temperature profile.

Depending on the nature of the catalyst material, there is a temper-
ature limitation above which the catalyst will be permanently damaged
and deactivated. The problem then is to burn off the coke as quickly

as possible without exceeding the maximum allowable temperature,

The design of satisfactory control systems for the regenerator depends
critically on the availability of a satisfactory model for the regen-

eration process. The use of ordinary feed back control loops is not



feasible because the hot spots in the bed are mobile and therefore
are not always detected by a feed back detector. The position and
intensity of the heat wave passing through the bed must be precisely
predictable from observations dispersed sparsely throughout the bed;

for this a viable model is essential.

Initially the object of this project was to use the existing models
available in order to develop a control system and policy for the
regeneration of a fixed bed of carbonised pellets. This appeared to
have important industrial applications for the clay treatment pro-
cess used at the South African Coal, 0il and Gas Corporation (SASOL)
where.the main reactions are dehydration of alcohols and the shifting
of olefin bonds. The regeneration of catalyst associated with this
treatment, took about twice as long as the "on line'" period, and
manual control of the proéess provedkto be not very satisfactory.
Dﬁring regeneration, temperature run-aways would occasionally occur
and the catalyst had to be replaced at approximately half-yearly
intervals owing to the loss of activity due to overheating. Accurate
automatic control could prevent overheating, prevent.permanent deac-

tivation of the catalyst and give it a longer life, reducing operating

costs.

It was found however, that the models available for the regeneration
of carbonised catalyst, could not predict the experimental results
obtained from a small pilot plant fixed bed. A new model had there-
fore to be developed that would be able to predict the behaviour of a
fixed bed regenerator. The main object of the project then became the

development of such a model and its experimental verification.



1.2 The Fixed Bed

Methods for estimating temperature profiles in fixed beds during
regeneration of carbonised catalyst were proposed by van Deemter
(1953,1954), Johnson, Froment and Watson (1962), Schulman (1963),
Gonzalez and Spencer (1963), Olson, Luss and Amundson (1968) and
Ozawa (1969). In all the ﬁodels derived, axial diffusion of heat
and mass were neglected. All the models derived assumed adiabatic
beds except for Schulman's model which incorporated heat losses
through the wall of the reactor. He assumed, however, that the only
resistance to heat transfer in the bed was at the wall of the reac-
tor. Together with the assumption of plug flow in the bed, these
assumptions preclude the need for a two-dimensional bed model since
radial gradients in both concentration and temperature will be zero

in the bed.

The characteristics of the different models and other major assump-
tions made are tabulated in Table 1.1 and compared with those even-

ally used for the model derived in the present work.

In the present work the overall behaviour of the reactor was found

to be very much temperature dependent. This immediately precluded the
use of models proposed by van Deemter and Johnson, et. al. Schulman,
Gonzalez and Spencer, and Ozawa included the effect of temperature

by using an Arrhenius type expression to describe the reaction rate.
Like van Deemfer and Johnson, they assume a homogeneous reaction

rate which does not take into account any diffusional resistances to
the overall rate at a particulat point in the bed. It appeared

that one of theée models might be used to simulate the experimental

data obtained in this work. When the model proposed by Gonzalez



TABLE 1.1 MODELS FOR SIMULATING REGENERATION OF CARBONISED FIXED BEDS

Variable or

Van Deemter Johnson et.al Schulman Gonzalez & Spencer Olson et.al. Ozawa Present work
mechanism: (1953,1954%) (1962) (1963) (1963) (1968) (1969)
Interphase: T
mass transfer: o 0 & 0 finite © f%nfte
heat transfer: ® o o finite finite @ finite
Adiabatic bed: yes yes no yes yes yes no
Homogeneous reaction: yes yes yes yes no yes no
Rate expression:* - - = E Py C
¢ = E c E Cep o C exp(k - £ o E
constant Py = exp(k Py C exp(k - =——=) | PY = exp(k - =) [ Diffusion control | Py = exp T 2 enp(k =
YgC, plig) ygC exple - gp) | gC P o KT &% ° R R'T‘:oeip(r(0 T
7)./CO produced: constant constant constant constant constant constant temp. dependent
£
)
Piffusivity in De(T)k De(T) ?
pellet:
G constant constant constant constant constant consﬁant consﬁant
M " " " " (1]
- " 1es Aent
c " L o w temp. dependent temp. dependett
g 1 -
c " " " " temp. dependent & terp. dependent
s
P " " " " constant i constant
o] " " " " 1 L "
b -
p " " " L temp. dependent k temp. dependent
g - - -
-AH n " " o weak temp. dep. -4 strong Temp. o2
Yett ion: 3 . . . . e 2
flethod of solution Analytical: Analytical: Numerical: Numerical: Numerical: ) Numerlca{. nufi?AEal. B
method of char-| assuming no "partial inte- predictor-correc- | Runge-Kutta-Gill. methoq of char- predictor-ccrrec-
acteristics; transient gration". tor. acteristics. tor.
construction. period.

# C denotes average

carbon concentration in the pellet.

Bg



and Spencer was used, taking into account heat losses from the reac-
tor through the wall, better fits were obtained than with Johnson's

model; however, the shape of the curves were still quite dissimilar.

From visual observations then made on pellets regenerated at differ-
ent temperatues, it was clear that conditions did arise in the reactor
where considerable carbon was still present at the center of the
pellet when the carbon close to the surface had been completely re-
moved. Diffusional resistances to the transfer of oxygen to the
reaction sites were obvious and the assumption of a completely homo-

geneous bed was clearly not applicable.

Based on this type of consideration, Olson, Luss and Amundson (1968)
proposed a model for the regeneration of carbonised catalyst beds,
which assumed that the intrinsic reaction rate was so fast that dif-
fusional resistances were completely controlling. In such a case
oxygen in a pellet cannot diffuse past any carbon and there exists

a sharp interface between the carbonised and completely regenerated
catalyst material. Then the overall reaction rate which is the rate
at which oxygen diffuses towards the intefface, can be directly used
in the material balance to compute the rate at which this interface

moves towards the center of the pellet.

When diffusion controls, the temperature dependence of the diffusion
coefficient becomes important and since at elevated temperatures for
most porous catalysts, diffusion is of the Knudson type, a half-order
dependence on temperature may be expected. Because of the relative
insensitivity of the diffusion process to temperature as compared to
that of the intrinsic reaction rate process, for Olson's model it

then becomes important to include the comparable temperature dependence



of specific heats, gas density and heat of reaction.

From the visual cbservations made én pellets regenerated in different
temperature reglons, reality for the present work presented itself as
one wherein both reaction rate and diffusion rate controlled. The rela-
tive importance of the two mechanisms varied depending on the tempera-
ture prevailing at a particular time and position in the bed. It was
therefore important to consider what happened inside a pellet more

closely.

1.3 The Pellet

In a great majority of instances, the analysis of solid-gas reactors
has been based on the unreacted shrinking core model as shown by Yagi
and Kunii (1953). This was the approach used by Olson, Luss and
Amundson (1968). Ausman and Watson (1962) derived a homogeneous model
using a pseudo steady state approximation for the gas distribution in
a spherical catalyst pellet and assuming a first order reaction with
respect to oxygen for isothermal combustion of carbon., They differ-
entiated between a 'constant rate" period, when the homogeneous reac-
tion takes place throughout the pellet, and a "falling rate" period
when all the carbon has been removed from the external surfacé

of the pellet and when the reaction takes place in the receding car-
bonised central core of the catalyst pellet. The constant rate was
possible owing to the assumption of zero order reaction rate with
respect to carbon. The effective diffusivity of oxygen in the pellet

~ was assumed constant and independent of the carbon concentration.



Tshida and Wen (1968) elaborated on this and considered different
diffusivities in the pregenerated and unregenerated parts of the cata-
lyst pellet. They showed that the model converts to the unreacted
core shrinking model, for Thiele's modulus greater than 100 when the
reaction rate is high, and for oxygen diffusivities much greater in
the regenerated or "ash" layer than in the carbonised core. They
derived an effectiveness factor which is constant during the "con-
stant rate" period but changes with degree of regeneration during

the '"falling rate" period.

A weakness of the homogeneous model as proposed by either Ausman

and Watson or Ishida and Wen as far as the regeneration of carbonised
catalyst is concerned, is that it is zero order with respect to car-
bon. Most experimental evidence indicates a first order dependence
(section A 1.4.3). Another serious shortcoming, especially when
mainly the reaction rate is controlling, is that their models only

deal with the isothermal case.

Shettigar and Hughes (1972), based on work by Bowen and Cheng (1969),

derived a model to describe the regeneration of carbonised catalyst
in which the reaction rate depends on both oxygen and carbon concen-
tration and on temperature. However, the combustion is assumed to
take place in a narrow zone which is small compared to the radius of
the unreacted core. The model, therefore, more accurately describes
a process which, although not quite that of a shrinking core, has

diffusion very much in control of the overall rate of combustion.

For the present work, over the temperature range of interest, the
control changes from the rate of reaction at low temperatures to

the rate of diffusion at high temperatures. Shettigar's model does



not therefore apply, nor does the pure unreacted core shrinking
model. For the present work the basic differential expressions used
by Ausman and Watson and Ishida and Wen have been retained, but a
more general reaction rate expression to incorporate dependence on
both oxygen and carbon as well as temperature, is used. This pre-
cludes the use of an analytical solution and a numerical approach
has been adopted. The numerical solution makes the retention of
temperature dependence for all important parameters in the model
quite feasible. This is of importance when the rate of diffusion
in the pellet becomes controlling and temperature dependence of
specific heats, gas concentration and especially the relative rate
at which carbon dioxide and carbon monoxide are formed and the asso-
ciated heat of reaction, become comparable to that of the diffusivity

of oxygen in the pellet.

The model adopted for the pellet is incorporated with a model for
the bed similar to that proposed by Gonzalez and Spencer (1963), to
predict temperature profiles which are compared with experimentally

obtained results.

1.4 Flow Reveérsal

Early on in the investigation it was noticed from observations made
that provided enough reaction time was allowed fér the burning zone
to move through the entire bed, the extent of regeneration would be
smallest at the entrance of the bed notwithstanding the higher oxy-
gen concentrations near the inlet. Since the entrance of the bed

is always the coolest part of the bed, this indicated strong tempera-

ture dependence for the rate of carbon removal. In accordance with



this view, raising the témperature at the entrance of the bed would
increase the rate of carbon removal in this part of the bed. This
could be achieved by reversing the flowrate to the bed at some stage.
Gas heated in the hot sections of the bed would then heat up what
would have been the relatively cool entrance. A secondary object

of this investigation then became to show that reversal of flowrate
cduld decrease the time required for overall regeneration and that

there was an optimum time at which flow reversal should be implicated.



CHAPTER 2

EXPERIMENTAL  PROCEDURE

2.1 Introduction

Considerable experimentation was done on the design of a suitable
reactor system to investigate the regeneration of carbonised catalyst
pellets. Initially a system was designed with a view to investigating
the dynamic control of the regeneration reactor. The reactor system in-
corporated internal heat exchange to use the heat produced by the reac-
tion to preheat the feed flowing on the outside of the reactor. The
reactor consisted of a 0,914 m long stainless steel tube 0,051 m in
diameter. Interesting results were obtained in that the feedback of
heat from a primary moving burning zone and temperature wave, through
the heated feed gas, produced a second burning zone and heat wave.

This occurred at the entrance of the bed owing to a combination of high-
er temperatures and high inlet oxygen concentrations with the still con-
siderable amounts of carbon left at the entrance, when initially the
reaction temperatures were relatively low. Typical temperature profiles

obtained are shown in figure 2.1.

The system although giving interesting results, was too complex to be
dealt with from a modelling point of view with the limited data avail-
able at that stage of the investigation and with the then current exper-
tise in the field. A simpler and more direct approach was adopted and

a reactor was designed in which the inlet conditions could be kept con-

stant and in which the interchange of heat between the reactor and its
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surroundings, as well as between different parts of the reactor were

reduced to a minimum. The design of this system is described in later

sections.

Thermo-couples were used throughout to measure temperatures. Initially
millivolt readings of all the thermo-couples were recorded manually
.through a combination of a rotary switch and a single millivoltmeter.
This unsatisfactory'system was soon replaced by a semi-automatic system
for which a complex electronic timing and gating device was built.

This sampled all the thermo;couples in rotation and produced a single
voltage signal confaining successive bits produced by the different
thermo-couples. The signal was frequency modulated and together with a
timing signal to define the signal bit lengths, stored on double track
magnetic tape. From the tape the frequency modulated signal and timing
signal were played back tc counting equipment, which, controlled by the
“timing signal, counted the impulses in every single bit. The counts
were recorded in print and punched on cards. The cards were then read
into a computer, decoded and the temperatures printed. Although a vast
improvement, this system was still unsatiéfactory in many ways. It was
temperamental and noise in the timing signél would necessitate editing
of the decoded results. Because of this and the slowness of counting,

temperature profiles would normally not be available till three days

after the experiment was performed.

When a logging computer became available, however, all these problems
disappeared. Recording became reliable and results were produced in -

real time with a resolution at least twice that obtained with magnetic



tape recording. For all but the preliminary runs, the temperature pro-
‘files reported were obtained using this system. It is further described

in later sections.

2.2 Reactor

The reactor shown in figure 2.2, consisted of a vertical mullite tube,
0,914 m long with an internal diameter of 0,050 m and an external dia-
meter of 0,059 m. It was held inside a 0,10 m steel pipe by means of
asbestoé flanges 0,0127 m thick, two at the top and one at the bottom.
In order to prevent gas from flowing between the outside of the reactor
tube and the inside of the pipe, the space between the two top flanges
was filled with alumina wool which was highly compressed by forcing the
very top flange down hard. All three flanges were held in place by
steel sleeves which were held inside the pipe by means of grub screws.
The flanges and sleeves were furthermore sealed by.a mixture of an
alumina cement and waterglass. In an attempt to approach the adia-
batic conditiens of industrial practice, the annular space between the
tube and pipe was filled with alumina wool. Asbestos cloth was wrapped
around the pipe, around which resistance wire was wound. This was
again covered with asbestos cloth and the whole lagged with glass wool.
Removeable steel blank flanges were bolted to the top and bottom of

the pipe to facilitate charging and discharging of the reactor. The
bed was held in place by removable perforated plates in the top and
bottom of the mullite tube. Gas inlet and outlet sockets were welded
into the side of the pipe at the top and bottom between the asbestos

and blank flanges. The top and bottom flanges were lagged with remov-

able alumina wool.
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Just below the top blank flange there was a spacer ring with small
holes and asbestos fibre packed stuffing boxes, through which passed 6
inconel clad, alumina packed, chromel-alumel thermo-couples which had
an outside diameter of 2 mm. These thermo-couples were distributed
along the circumference of the reactor tube to pass from the top of the
reactor along the inside of the tube wall to where they were bent to-
wards the centre of the tube to measure temperatures at the centre line
of the reactor. This is pictured in figure 2.3. Inlet and outlet
temperatures were measured by means of thermo-couples above and below

the bed.

The thermo-couple below the bed passed through a stuffing box in the
removable bottom flange and had its hot junction about 5 cm below the
bottom perforated plate support at about 2 cm from the centre line.

It was placed in this position to prevent the hot junction from coming
into contact with é bracket, attached to the support plate, which was
needed for its removal when discharging the reactor. The thermo-couple
above the bed passed through the top flange but had its hot junction
about 8 cm from the top of the bed in order to prevent contact with the
thermo-couples passing through the ring between the top flange and reac-
tor jacket. All the thermo-couples had their hot junctions exposed and
unprotected to give as quick a résponse as possible. Their positions

in the reactor bed are shown in figure 2...

The heat losses towards the ends of the reactor were greater than those
at the centre owing to the flanges not being heated. To compensate for
this, the resistance wire was wound around the pipe in three sections,

and the voltage to the middle and bottom sections could be individually



FIGURE 2.3 THERMO-COUPLE ASSEMBLY IN THE REACTOR SEEN

FROM THE TOP
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adjusted by 1 KVA auto transformers. The two adjustable transformers
and topsection were supplied from a third adjustable 2 KVA auto trans-
former. Within limits, with this arrangement, it was possible to
adjust the relative heat inputs for the different sections in such a
way that once the transformers were properly adjusted, only adjustment
of the common transformer would be needed to give the same required
temperature for all three sections. The actual settings required for
a particular temperature were found by trial and error uﬁder no flow

conditions.

2.3 Plant Lay-out

The plant lay-out was as shown in figure 2.5.

The oxygen supply was from a single gas bottle and nitrogen was supplied
from two gaé bottles which could be individually isolated from a common
manifold, so that empty bottles could be replaced during a run. From

the manifold the nitrogen passed through an electrically heated tube

with an adjustable voltage supply to compensate for the temperature drops
due to the Joule Thomson effect at the pressure reducing valve. The

oxygen was used at smaller flowrates and was delivered at room tempera-

ture.

Gas flowrates were measured by means of rotameters supplied by the
Rotameter Manufacturing Co. For oxygen a 7X rotameter and for nitrogen
a 24X rotameter was used, both with Duralamin type A floats. TFlowrates
were regulated by needle valves down stream of the rotameters in such a
way as to keep the pressure at the rotameters constant at 6,98xlOJ+ N/m2.

The pressure was read from a Bourdon gauge to within O,lelO‘+ N/m2 and
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the temperature at the rotameters to within 0,5°K by means of a mercury
thermometer. Both gauge and thermometer were situated at the entrance
to the rotameter. Flowrates were obtained for the conditions at the
rotameter from calibration charts supplied by the manufacturer. At

L 2 -4 3 -3 3
6,98x10  N/m“ they could range from 1,96x10 " m"/s to 1,96x10 " m /s

-5 3 -4 3
for nitrogen and from 0,84x10 ~ m /s to 8,4x10 = m /s for oxygen.

The feed gas was preheated by passing it first through a solid aluminium
heat exchanger, the heat being obtained from the reactor outlet gas. It
was then further heated in a gas heater box which was thermally insula-
~ ted with fire brick covered with glass wool, and which contained 4 bar
heaters 1,5 kW each. From the heater the gas passed through a system of
valves into the reactor. The valves, as shown in figures 2.6 and 2.7,
interconnectéd the gas lines to the top and bottom of the reactor in
such a way that either could be used as an inlet or outlet and reversal
of the direction of flow during a run was possible. From the reactor
the outlet gas passed through the solid aluminium exchanger preheating
the feed gas and then it was either exhausted to the atmosphere during
regeneration or it was recycled by means of the blower during the heat
up period. During regeneration the blower was isolated by means of two

three way valves as shown.

The blower was a RN type oil-free rotary compressor manufactured by
Reavel and Co., which delivered 3,,58)(10“3 m3/s of free air at 3,5xlOu
N/m2. In order to protect it against excessive temperatures the gas fed
to the blower was passed through a small water .cooled tube and shell
‘heat exchanger which kept the inlet temperature well within the safe

working temperature range. This arrangement is shown in figure 2.7,



FIGURE 2.6 GAS HEATER AND INLET AND OUTLET VALVE ARRANGEMENT

(The bottom flange has been removed from
the reactor.)
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FIGURE 2.7 ALUMINIUM HEAT EXCHANGER AND BLOWER WITH TUBE AND

SHELL HEAT EXCHANGER
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All the gas lines between the gas heater and the reactor and the

reactor and the solid heat exchanger were lagged, first with asbestos
tape, and finally with glass wool. The asbestos tape served to protect
the glass wool from too high temperatures. The gas line carrying the
feed gas from the gas heater to the top of the reactor during reverse
flow was resistance wire wound with asbestos cloth separating the wire
from the pipe. The pipe would be electrically heated through an adjust-
able 1 KVA autotransformer during normal flow when it would be non-
operational, to prevent cooling of the feed gas just after flow rever-
sal. The gas lines on the cold side of the solid heat exchanger were

not lagged.

Copper tubing, 6 mm in diameter was used to connect the in and outlet

lines of the reactor to three-way valves,which could direct gas to gas

sampling lines,or to manometers for pressure measurements. These tubes
!

were partly jacketed for water cooling.

Thermo-couples as described in section 2.2 were used to measure tem-
pPeratures at the centre line of the reactor and at the inlet and out-
let. The tolerance limits of accuracy reported for these thermo-
couples were *3 Cobelow 4000C and *0,75% above 400 C. The tempera-
tures were recorded on a CDC 1700 computer which was able to read and
récord with a resolution of about O,SOK, which was well within the
possible error of the thermo-couples. All eight thermo-couples were
sampled and their readings converted to temperatures every 15 seconds,

within milliseconds of each other.
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For monitoring purposes during the run, parallel leads were taken from
the thermo-couples to a rotary switch by means of which one thermo-
couple at a time could be continuously moﬁitored on a Philips GM 6020
electronic millivoltmeter. The thermo-couple circuits were of very low
impedance compared to those of the millivoltmeter and the CDC 1700.
There was therefore no intefference between the voltmeter and the com-

puter.

Initially, for experiments IL1 and LIl (for designation of runs and
figure number see table 6.1), all the hot junctions of thermo-couples
were connected by means of compensating cable to one common cold junc-
tion and they had one common lead to the analogue terminals of the

cDe 1700, During experiment LIl electrical equipment in the laborafory
not associated with this experiment? was switched on and induced low
frequency noise into the readings in the 32nd to 38th minute after the
start of the regeneration period. The fluctuations were not excessive
and hardly show up in the experimental temperature profile where only
every eighth reading is plotted. After run LI1, the same problem
occurred again in a much more severe form. It was put down to improper
connections with the computer. The recording system was then changed
to provide every hot junction with its own cold junction and individual
screening from the thermo-couple to the analogue terminals of the

CDC 1700. Thils completely solved the problem and all the other runs

were all done with this improvement incorporated. The arrangement is

shown in figure 2.8.
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2.5 Gas Analysis

The gas analysis was done using a gas chromatograph designed by Mr.
Frank Fisher of African Explosives and Chemical Industries Research

Department, Johannesburg.

The chromatograph was simple but functioned reasonably well. It con-
tained two 6 mm copper tube columns, one, 25 cm long, packed with
Poropak Q for the separation of CO2 and one, 150 cm long, packed with
Molecul&r Sieve 13X for the separation of O2 and CO. No oven was re-
quired for-these (permanent) gases and the whole assembly was housed in

a wooden box.

The detector was a katharometer block using matched rhenium-tungsten
resistance wire (type WX mount 9225 GOW-MAC) which were operated at

200 m.a. They were relatively insensitive to ambient temperature fluc-
tuations although packing the box with alumina wool seemed to give a
better base line. The output signal from the katharometer was generated
from a Wheatstone bridge in which the resistance of the wires cooled by
the gas stream leaving the one column was balanced against the resis-
tance of the wire cooled by the streém leaving the other column. By
proper timing of the injection of samples, which was done using a
Hamilton gas syringe, it could be arranged.that when sample gas flowed
past one detector, carrier gas (helium) would flow past the other.

With this arrangement CO2 would be deflected in the opposite direction
to that of CO and 0,. A diagrammatic sketch of the chromatograph and

2

Wheatstone bridge is shown in figure 2.9.

When the gas chromatograph was checked for linearity of peak height

response, a gas mixture with known concentrations of 02, CO, and CO in

2
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the concentration range of interest, was made up with high purity N2, to
calibrafe the instrument. A known volume of the mixture was taken
through a septum into a gas syringe with a Chaney adaptor, and diluted
by drawing further high purity N2 from a fast flowing stream out of a
small tube. A. specified total volume could thus be obtained of varying
but knéwn amounts of 02, CO2 and CO. Injecting this into the two col-
umns of the gas chromatograph, the responses shown in figure 2.10 were

obtained.

For oxygen the response was linear and a straight line could be drawn
through the points to give a good fit. For CO and more specifically for
002, the points seemed to lie on slightly sigmoidal curves. However,
straight lines drawn through the points gave fairly good fits except at
low céncentrations when the point values were about 20 - 25% below those
of the line. During experimental runs low values of CO and CO2 were ob-
tained at the beginning and end of the regeneration peridd. The ratio
CO/CO2 would then on the average be about 1,0 to 1,4, for which ratio
(in the low concentration range) the percentage errors in CO and 002 are

similar. Whereas for O2 absolute concentration values were required,

only relative amounts of CO and 002 are needed. On dividing the con-

centration of €0 by that of 002, because the percentage error is similar,

the error in the ratio will be much smaller than that for the individual

CO and 002 concentrations.

When calibrating the gas chromatograph, considerable savings in time and
effort were achieved by making use of the virtual linear behaviour of
both the O2 concentration and the CO/CO2 ratio, with respect to peak

heights. Assuming linear response for all three gases a response factor

27
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could be obtained from single concentration values using a specially
made up and bottled gas mixture containing 2,87 + 0,04% O2 and

1,15+ 0,03% CO, and 0,98 + 0,03% CO. The mean response of 5 to 8

2
samples of this standard gas would be used to convert peak heights to

concentrations. Part of the chromatogram obtained for run LL, which

was typical, is shown in figure 2.11.

2.6 Preparation and Analysis of Carbonised Catalyst

2.6.1 Preparation of catalyst.

Carbonised pellets were obtained by soaking the catalyst in an agueous
sucrose solution and thermally cracking the sugar to a coke which Dart
and Oblad (1949) and Johnson (1956) report to have the approximate com-

position of CH The pellets were prepared as follows.

0,5°

Approximately 4 kg of 6,4 mm x 6,4 mm cylindrical Aerocat AAA, high
alumina catalyst. was evacuated in a 20 1 suction flask for about 20
minutes. The sucrose was then slowly added through a separating funnel,
without releasing the vacuum. The vacuum was maintained for another 10
minutes while the flask was rocked to dislodge any bubbles adhering to
the pellets. In order to force the solution into the pellets,the

vacuum was released and reapplied till the solution boiled gently.
Rocking the flask occasionally, the vacuum was then maintained for
another 5 to 10 minutes. This process was repeated three times. The
catalyst absorbs just less than half its weight in water and when
cracking sugar, only about half the carbon remains in the coke. From
this the approximate sucrose concentration needed for a particular final

carbon concentration could be estimated.
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In order to crack the sugar, first the excess solution was removed

from the soaked pellets on a vibrating screen. The pellets were then
charged into a container in which the sucrose was to be cracked. This
container consisted of a rectangular sheet metal box 0,37 m x 0,16 m

X 0,12 m, with a 1lid on one of the ends. The closed end was threaded

to ‘take a 6,4 mm pipe through which high purity nitrogen could be fed

to the box. The charged container Qas first flushed with high purity
.nitrogen and then heated in a muffle furnace to about 550°K and kept at
that temperature for about 2 hours. During this period all the moisture
and most of the volatile'cfacking products were removed by a small stream
of high purity nitrogen which passed through the charge and out of the
cohtainer through a small hole in the lid. In order to reduce channel-
ing in the charge, pairs of perforated plates separated by about 3 mm
were placed in the container at 0,12 m intervals. Finally, maintaining
the stream of nitrogen, the charge was heated to 755°K where it wasfkeﬁt

overnight to complete the cracking, after which it was cooled.

To maintain fairly uniform carbon concentrations for a number of re-
generation experiments, several of these charges were combined and
thoroughly mixed by passing them ten times. through a sample splitter,
recdmbining the lots so obtained each time. Any excess carbon on the
surface of the pellets due to excess moisture on the outside was thereby
loosened through attrition and then continuously removed by blowing an

air stream amound the pellets as they dropped from the sample splitter.

2.6.2 Analysis of the catalyst.

The carbonised catalyst was analysed for carbon as follows :-
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Approximately 0,5 g of a 200g finely ground representative sample of
the catalyst pellets was placed in a porcelain boat in a combustion
tube, which was then heatéd to about l2OOOK. 002 free air was slowly
passed over the sample and any CO produced converted to CO2 over some
heated platinised asbestos. The CO2 was then absorbed in a 0,1 N Ba
(OH), solution in a wash bottle with a fritted glass sparger. A second
wash bottle was put in series with the first, but, at small gas flow-

rates, the absorption of CO, in the first bottle would be complete.

2
The amount of CO2 absorbed was found by back titrating with 0,3 N HC1

solution against phenolpthalein indicator and comparing this with the

titration figure for a blank sample of Ba_(OH)Q.

The carbon concentration in percentage by weight was then calculated

from
5
g w/ 6 (VB VS) Nx10
v W
S
where VB = cm3 of acid used to titrate blank
VS .= cm3 of acid used to titrate sample
N = normality of acid
WS = weight of sample

For the two lots of carbonised pellets used the analysis, repeated
‘'several times, gave 6,89 £ 0,06 kg carbon/kg of catalyst and

4,80 £ 0,03 kg carbon/kg of catalyst respectively.

2.7 Experimental Procedure

For an experimental run the reactor first had to be heated to the re-

quired temperature after which nitrogen containing the required amount
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of O2 would be passed into the reactor for the regeneration run proper.
The following is a more detailed account of the experimental procedure

used.

2.7.1 Preparation.

After the reactor has been charged, the gas chromatograph is switched

on and the carrier gas and ?esistance wire current are properly adjust-
ed. The cold junctions of the thermo-couples are immersed in an ice
water mixture in a thermosflask. The real time program to record the
temperatures on the CDC 1700 is started. The cooling water flowrates
for the heat exchanger associated with the blower and the jackets of the
sampling lines are adjusted. The three way valves are adjusted for re-
cycling of the gas, and the inlet valves of the reactor in such a way as

to give normal i.e. upward flow.

2.7.2 Preheat period.

Before the top flange is bolted onto the reactor, the blower is started
and the system is flushed with high purity nitrogen which enters the
gas stream at the blower inlet. After a few minutes the N2 stream is
reduced to a small purge and the top flange is bolted onto the reactor
and covered with alumina wool insulating material. The heater elements
in the gas heater and those around the steel pipe jacket are switched
on. The autotransformers are adjusted to give the proper jacket tem-
perature. A small purge of high purify nitrogen is maintained to give
a positive preisure at the top or downstream manometer. This is to
counteract any small leaks that may exist particularly in the solid

heat exchanger.
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The temperatures are monitored on the millivoltmeter while they rise,
till the thermo-couples indicate that approximately 60% of the bed is
at a temperature above the nominal base temperature at which the ex-

. periment is to be performed. The gas heater elements are then switched
off till the inlet gas temperature has dropped to the required nominal
base temperature after which this is maintained by manually switching
the elements on or off as required. When the temperature range indi-
cated by the different thermo-couples is no more fhan about 5°K for the
bed, the blower is stopped and the heaters in the gas stream switched

off and the three-way valves set for normal flow conditions.

The pressure regulators oh the nitrogen and oxygen supply are approxi-
mately adjusted during the heat up period. The nitrogen flow is now
adjuéted to give the correct reading for the particular temperature
condition and pressure setting of E;89:’clol1L N/m2 at which the rotameter

must be maintdined. The heaters are switched on again.

The regeneration run proper is now started by the introduction of
oxygen into the nitrogen stream. The oxygen flowrate is adjusted in
the same way as the nitrogen flow. The pressure gauge at the rotameter

u

is adjusted to 6,89x10 N/m2 while the flow is adjusted to give the

proper rotameter reading for the temperature of the gas.

2.7.3 Regeneration period.

As the oxygen flowrate is set, the potentiémetric recorder for the gas
chromatograph is started and a binary input to the CDC 1700 to record
the starting time of the regeneration period, is closed. The inlet

temperatures and flowrates are checked and readjusted if necessary by
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means of heat input to the gas heater and the valves in the gas supply

lines.

The three-way valve in the outlet sampling line is adjusted to give a
steady flow of reactor outlet gas. After a minute samples are taken

by means of a gas syringe directly from the outlet of the sample line
and they are alternately injected in the gas chromatograph column for

CO, and into the column for O, and CO apalysis. While waiting for an

2 2
analysié to be completed before the next sample can be injected into
the other column, the inlet gas temperature is continuously monitored
and adjusted by switching gas heater elements on or off as required.
The nitrogen and oxygen stream flowrates and pressures are contin-
uously checked and adjusted to compensate for small drifts in the
pressure drops across the bed. Theée drifts are due to viscosity
variations in the gas in the reactor caused by the changing reactor
temperatures. The pressures at the inlet and outlet of the reactor

are occasionally recorded to provide an average pressure drop across

the reactor for simulation purposes.

2.7.4 Flow reversal.

The sampling valve at the outlet is closed. The flow reversal is then
performed by opening the closed and closing the open valves in the
feed lines. The new outlet sampling valve is opened and set for a
steady flow of outlet gas. The inlet temperatures and flowrates are
monitored and adjusted as before. The outlet gas is sampled as before

flow reversal.
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2.7.5 Termination of a rum.

The real time temperature recording program is stopped. The inlet
sampling valve is opened and set for a steady flow. After a minute
the inlet gas is analysed and the mean of about 5 samples is used as
- inlet gas oxygen concentration. The heaters are switched off and the

gas flows and cooling water flows are stopped.
The gas chromatograph is calibrated using a standard gas mixture.

The recorded temperatures are printed for a permanent record, plotted
on a Calcomp plotter and stored onto magnetic disc for later comparison

with simulated data.

2.8 Some Comments on the Recorded Temperatures

During charging, the unprotected hot junctions of the thermo-couples

in the bed were susceptible to breakage. One faulty thermo-couple was
allowed per run. The sudden fall in temperature on the curve for the
.0,559m point in run LH was due to thermo-couple malfunction. Because the
bottom and top flanges were not heated by resistance wire, these acted
as heat sinks for the gas spaces below and above the reactor bed proper.
The temperature of the gas in these gas spaces, which act as mixing
cells, would be considerably lower than the gas entering. The tempera-
ture of the_gas leaving these cells would be closer to that in the
cells. Because of this the outlet thermo-couple would indicate a tem-
perature very much lower than that at'the outlet of the bed. It was
‘therefore not plotted with the temperature profiles. On flow reversal

the role of the top and bottom thermo-couples would be reversed and



the top thermo-couple temperature was plotted rather than that of the

bottom thermo-couple.

From the foregoing one might expect that the measured inlet tempera-
ture would be equal to or slightly higher than the temperature at the
entrance of the bed. During heat up, however, the thermo-couple 5 cm

from the entrance indicated a temperature a few degrees higher than

that indicated by the inlet. When maintaining a constant inlet tempera-

ture the inlet thermo-couple indicated 2+2%K below that at the 5 cm
mark. The off-centre position of the bottom thermo-couples and imper-
fect gas mixing are probably the causes for this small error. Because
the error was so small unadjusted inlet values were used for the simu-
lations. The same temperature deviations were noticed for the top
thermo-couple. The error was more exaggerated and was either positive
or negative. Here the distance between the bed and thermo-couple was
greater and mixing was not reproducible as the thermo-couples passing
through the gas space would be bent into different positions in between

runs during charging and also when removed for repairs.

While changing from preheating to regeneration, some time was invar-

iably lost during which the gas 1in the gas feed lines and in the space
below the entrace would cool. This caused initial differences between
the inlet temperature and the required inlet temperature for regenera-
tion. This was not serious since the recorded inlet temperatures were

used as the Boundary conditions for the simulation of a run.

Run HI, was stopped just after flow reversal by a power failure.
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CHAPTER 3

THEORY 1I: DERIVATION OF A

MATHEMATICAL MODEL.

3.1 Introduction

A mathematical model to describe any chemical reactor is obtained as a
set of differential équations, by applying the principles of conserva-
tion of mass and energy to infinitesimal volume elements. In this case
two sets of differential equations are obtained; one for phenomena
taking place inside the pellet and one for the bed as a whole. The two
sets are related through rates of mass and heat transfer at the pellet
surface. Iﬁ deriving these sets of differential equations several prob-

lems are encountered and the following points may be made.

A basic problem is with the differential volume element approach. For
the pellet equations uniform surface conditions are assumed i.e.
uniform gas phase conditions in the bed volume associated with a single
pellet. However, for the equations describing the bed, variables are
assumed to vary continuously with distance along the bed. This assump-
tion will be poor in cases where a narrow reaction zone develops in the
bed and gradients are steep. Further discussion of the implications of

this approach as related to the results obtained, is given in Chapter 6.

The sets of partial differential equations obtained are highly coupled
and made more non-linear through the temperature dependence of various
physical constants. The complexity of the model precludes analytical

solutions and a numerical iterative solution is to be used. Some para-

meters used for a specific integration may be functions of the variable
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to be obtained by the integration. Such parameters are calculated before
the integration and updated afterwards. Normally the average value of
the parameter over the range is then used to reintegrate to obtain
"corrected" values of the variable. With this in mind the pfesent

mathematical model has been derived.

3.2 Derivation of a Model for a Single Pellet

‘The following processes play a role in determining the overall rate of

combustion of coke in a single pellet.

(i) the rate of combustion of coke with oxygen,

(ii) the rate of diffusion of oxygen from the gas phase through
the gas film to the surface of the pellet,

(iii) the rate of diffusion of oxygen from the surface to the coke
and of combustion products from the coke to the surface,

(iv) rate of heat transfer in the pellet,

(v) rate of heat transfer from the surface of the pellet to the

bulk gas phase.

It was shown by Aris (1957) that if the characteristic dimension of a
particle is given by V/S where V is the volume and S is the surface area
of the particle, then the isothermal effectiveness of a first order
irreversible reaction is virtually independent of the particle shape.

It will be argued in section 3.2.4 that at any time the temperature
gradients in the pellet are small. It will also be shown in section
3.2.2 that a pseudo steady state with respect to oxygen may be assumed.
;f at the same time it is assumed that the change in coke concentration
with respect to time is small, then at any instant a first order iso-

thermal reaction may be assumed. This suggests the simplification of
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assuming spherical rather than cylindrical geometry to represent cylin-
drical pellets. Bowman (1955) verified the applicability of this assump-
tion by his experiments on the combustion of coke in single pellets. For
a cylinder with length equal to the diameter the V/S ratio is identical
to that of é sphére. Hence in aeveloping the model, a cylinder will be
replaced by a sphere of equivalent diaheter.. Hence rather than use a two
dimensional model to describe a finite cylinder, in developing the model,

the finite cylinder is replaced by a sphere of equivalent diameter.

In deriving the model for a pellet a homogeneous pore structure is
assumed and a distributed parameter model is chosen rather than the

shrinking core model (see section 3.2.2).

3.2.1 The intrinsic rate of reaction.

The intrinsic rate of reaction has been derived in section Al.4 and may

be rewritten as

y
exp(k - —=— ) (22— (¢) kg mole C/m°s (3.1)
S

3.2.2 Oxygen bdlance in pellet.

Assuming an isothermal pellet (see section 3.2.4) an oxygen balance over

a differential volume of a spherical pellet gives

E ngP m n
exp(k - riTg )( == ) C Rp2+¢€_Rp2
= 2 (Der? Yy o s R'Ts P AR ¢
r or or Ny cC ot
g

Bischoff (1963,1965) showed that for spherical pellets with mass transfer
and diffusion rate controlled gas solid reactions the pseudo steady state
is valid in the initial stages of combustion. Luss (1968) showed that

this is true even under time dependent ambient conditions for all but the
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very final stages of combustion in a pellet. In our case the rate is
not limited only by diffusion control but reaction rate control is also
included, which reduces the overall rate of reaction. The accumulation
of oxygen in the pores is negligiﬁle compared with the rate at which
oxygen is consumed by the reaction. The last term on the right hand
side of the aboVe equation may therefore be neglected and a pseudo

steady state may be assumed.

As shown in Chapter 5 the diffusion mechanism may be represented by a
Knudsen type expression. The isothermal Knudsen diffusion coefficient
De which is proportional to pore diameter, may be assumed constant and

independent of carbon concentration.

Hence the above expression reduces to:

| E ngP m n
18 237, exp (ko gigg M grrg ) € Re (3.2)
2
r 3r dr De N yg ¢’

Boundary conditions are obtained from the symmetry at the centre of the
pellet where

at r = 0: — =0 (3.3)

and by equating the rates at which oxygen diffuses through the film

around the pellet and at which it diffuses from the surface into the

pellet:
t l: 4mR 2 De C! EXE ¢
atr = 1: g e = -k _u4mR -
_ P R/pp g TP py ) (3.5a)
p
k_Rp
. - .. oY _ g
Joatr = 1: 3 - Da Y (1-Y) (3.4)

In figure 3.1 pellets are shown which were regenerated to different

-extents at different temperatures. The pellets are broken in half and
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Fresh and freshly carbonised
pellets

Low temperature (=755°K)

1

Y
High temperature (ﬂlOOOOK)

Fused pellets'(>>lOOOOK)

FIGURE 3.1 THE EFFECT OF TEMPERATURE ON CARBON PROFILES
’ DURING REGENERATION.

Pellets were broken in half. In every double row the broken face
is shown in the top and the outside surface in the lower row.
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the top row of every double row shows the broken face i.e. a cross sec-
tion through the pellet. The lower row shows the outszide surface. In
the top double row fresh and carbonised pellets are shown. FPor every

other double row the degree of carbon removal increases from left to
right. In the second double row carbon was removed at a tempernturg of
750°K or slightly higher. In the penultimate double row, the carbon
was removed at about lOOOOK. In the very last double row pellets are
shown which were regenerated in air, when for a short time the thermo-
couple readings were well off the calibration curve which goes up to
1600°K. Extrapolation indicated temperatures in excess of 2000°K.  As
can be seen these pellets shrank considerably and apparently they lost
their porous structure because further removal of carbon proved im-

possible.

Visual observation of the pellets after regeneration always indicates
some diffuse zone in which the reaction took place. This confirmed
observations made by Weisz and Goodwin (1963) and Strijbos (1973) who
indicate that reaction rate controls below 750°K and diffusion controls
above about 9300K, with a transition region between these two limits.

A shrinking core or shell progressive model as used by Olson, Luss and
Amundson (1968) is therefore not applicable in this range. A sharp
interface, unreacted core model with a finite thickness reaction zone
and linear concentration profiles in this zone was used by Shettiger
(1972). Also this model does not give the profiles as shown in figure

3.1 for 750°K.

The distributed parameter model as derived above, can be used to simu-
late both reaction rate controlled and diffusion rate controlled mech-

anisms, provided the reaction rate is not so high as to give a pure



shrinking core.

A numerical form of the distributed parameter model is similar to that
which Ausman and Watson (1962) and Ishida and Wen (1968) solved analy-
tically for isothermal pellets and zero order reaction with respect to
carbon. Apart from the disadvantage of speed, it has the advantage over
an analytical solution that it can cope with parameters which change
with time and it is not restricted to a specific order of reaction with
respect to either carbon or oxygen. Provided the reaction is not zero
order with respect to carbon, it need not differentiate between the
reaction zone and the diffusion zone because the diffusion zone is the

limiting case of the reaction zone when the reaction rate has approach-

ed zero. This is a definite advantage for a finite difference predictor-

corrector scheme where tracking the interface between the two zones is
difficult. As the temperature rises, the finite thickness zone model
and eventually the shrinking core model become more applicable. However
provided a fine enough grid spacing is used at which conditions are com-
puted, the distributed parameter model is always better than the finite
thickness zone model, except for computation speed. This is because it
does not limit the quel to linear concentration profiles. In the 1limit
the distributed model can only approach the shrinking core model. From
the visual observations of tﬁe pellets, even at 1000°K a slight fuzzi-
ness separating the carbonised and decarbonised zones is apparent, so
that the finite zone or better still the distributed model should be

applicable.

3.2.3 Coke balance in pellet.

From the intrinsic rate expression, equation (3.1), at any point in the

pellet at any temperature Ts, the rate at which the coke is consumed is

Iy
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given by
y P m n
aC _ _E P
5t = P (kg ~ gipg ) Cpigg ) ©

Defining ¢ = C/Co where Co is the initial average carbon concentration,

the above expression reduces to

Yy P m n

ac E g (3.5)
—-— = k - = b
7t = oxp (o~ gigg ) (g~ ) (e Co)
Co
with boundary condition
att =0, ¢c =1 (3.6)

L]
if the initial carbon concentration is uniform right through the pellet.
Otherwise if the initial carbon profile is not uniform

C(r,o)

t =0 co(r) = Co

3.2.4 Temperature profile in pellet

At practically constant pressure a heat balance is equivalent to an
enthalpy balance. Through the pseudo steady state assumption for the
diffusion of oxygen in the pellet, a stoichiometric relationship between
oxygen and combustion products is maintained. Also the heat capacity of
the oxygen more or less equals the heat capacity of the reaction pro-
ducts so that the nett contribution of heat due to mass transfer into and
out of an elemental volume of pellet is negligible (see also section
3.3.3 for this effect at the pellet boundary). For a heat balance in an
elemental shell in a pellet we therefore only need to consider the heat
produced by reaction, the heat transferred by conduction and the heat
accumulated in the element. The total heat accumulated is due to the
heat capacity of the catalyst, the carbon and the gas in the pores. The

density of the gas phase is very small compared with that of the solids
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and its capacity may therefore be neglected. The carbon is but a small
fraction of the total carbonised catalyst weight and it has a specific
heat similar to that of the catalyst. No great error is therefore intro-
duced by treating the charred catalyst as fresh catalyst for purposes of
calculating its heat capacity. With this assumption the elemental shell

heat balance leads to

m m n
13 23Ts y _ _ (- 2 _E Yy P
?E(ksr = ) = - (FAHRp” exp (k- o) (g ) ¢
R'Ts
2° 3Ts
* psCst 9t (3.7

which is similar to the expression obtained in section 3.2.2 for the

oxygen profile in the pellet.

It is proposed to assume Ts to be uniform in a particular pellet. This
assumption makes the numerical solution much more economic both with
respect to computer time and core space. In order to check the validity
éf this assumption one needs to show that the temperature gradient within
the pellet is relatively small or that the temperature difference between
any two points in the pellet is small. Several workers, Prater (1958),
Wei (1966), Luss and Amundson (1969) and Lee and Luss (1969), have pro-
posed methods for estimating temperature differences between the centre
and the surface of a pellet and between the pellet surface and the
surrounding.gas, Carberry (1966). Wei deals with the transient case and
Luss and Amundson have their calculations based on the shrinking core
model. In this investigation visual examination of the partly regenera-
ted pellets (figure 3.1), shows both the diffusion and the reaction mech-

anism to contributelto the overall scheme.

The combustion of carbon in a particular pellet is slow compared with the

rise in temperature. This temperature rise is largely due to preheating



by hot gases from the upstream part of the bed rather than due to reac-

tion in the pellet. Assuming that O,4 of the carbon burns to CO_, ( a

2
low but typical estimate)lfor a pellet with an initial carbon concentra-
tion of 4,8% it may be shown that the ratio heat produced per heat
accumulated for such a pellet is about 1030/AT. Assuming a temperature
rise due to reaction in the pellet itself, of about 50°K, this ratio
would be about 20. If more carbon burned to CO2 and for higher carbon
contents this ratio would be higher. Therefore the assumption of pseudo
steady state for the energy balance although probably not quite as good
as for the oxygen balance (section 3.2.2) appears to be acceptable. 1In

that case equation (3.7) reduces to

Yy P ™ n

1 3 2 3Ts | _ _ __E g 2
r2 or ( ksT dr ) = - exp (ko R'Ts ) R'Ts ) € (-4H) Rp
(3.8)
with boundary conditions
_ oTs _
at r = 0 T 0 (3.9)
) _ 2, 3Ts _ 2 ~
and at R = Rp YTRp kS SR 4mRp ha (Ts - Tg)
which gives at
r =1 3Ts = ha Rp
e i ( Tg - Ts ) (3.10)
Combining steady state equations (3.2) and (3.8)
3 2 3Ts | _ \ 3 2 3Y
™ ( ksr fg;-) = N(AH) yg C' De 5;—( r EYS )
= N(a) pect - (p2 2R
ar ar

Assuming for the time being kS, 0H, N and De are the same for all parts

of the pellet at any instant, then

5}
3w T 3 (kSTs - N De C'(AH)yP) =0

L7



may be integrated once and using the boundary conditions (3.3) and (3.9)

gives
2 (k Ts - N(AH)De C'y_ ) =0
ar s P

Integrating again

_ 1
kg Ts = N (AH) De C' y

is a constant anywhere in the pellet and equal to its value at the
pellet surface. Hence,

N - ]
Ts - Tsy_ = ( AE) De C (y Sy )
p s pRp P

where the subscript Rp indicates surface conditions. A maximum value for

Ts, Tm is obtained when all the oxygen is consumed and yp is reduced to

zZero.

_ N(-AH) De C!'
Tm Tst = ™ y (3.11)

s pRp

To determine certain upper temperature bounds for this model Lee and Luss
(1969) used this relationship together with expressions derived from

equations (3.4) and (3.10).

o ) 1 dn

Defining ¢ = 4mRp De (C'yg) dt
dn 2

where — = 41R k ( B )
at P % Ve ngp

is the rate of reaction per pellet as observed at the pellet surface

boundary (equation (3.4)), then
- = ¢
(1 YRp) = W (3.12)

where M = kg Rp is the Sherwood number.
De C'

Also for the total heat transfer at the pellet surface

— 1 - -
De N ( AH) C'ay = h (TsRp Tg)

3R |.
Rp

L8
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‘ . -
substituting for ¢ BZR from equation (3.4), defining

aR IRp

N(-AH) De C'y

B = g and noting that the Nusselt number for heat

kS Tg

ha Rp , then
transfer H = «
s
Ts - Tg
Rp - By (3.13)
Tg H
Tm - TsR

Substituting B8 into (3.11) and adding —"_EET_—B- so obtained to

equation (3.13).

Tm - Tg _ 11 3.4

B =L+ 4 )] (3.14)

Using the expressions for physical constants as developed in this work

H and M can be calculated. Then from the numerical model the computed

YR values may be used in equation (3.12) to compute ¢. At a temperature
p

of 778°K an oxygen concentration of 4%, a carbon concentration of 4% and

using the above equations, it was found that

o
- < 28,7
Tm TSRp s 7 K

o
Tst -Tg < 4,3 K

These figures compare well with the experimental results obtained by
Shettiger (1972) for single spheres 1,25 cm. in diameter. His tempera-
tures differences between gas and solid were up to 35°K for particles con-
taining up to 1,5% of coke. However the particles had twice the diameter
of the particles used in the present work and the oxygen concentration in
the gas phase was that of air as compared with up to about 4% for this
work, so that smaller temperature differences may be expected for this

work. Similar results were obtained by Ishida and Shirai (1969). Their
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temperature differences were somewhat larger but their conditions more

extreme: 2,3 - 3,7 cm. diameters, 12 - 28% carbon and air.

The upper bounds for temperature differences in the pellet and especially
between the pellet surface and the gas phase are quite low. Using the
‘model, assuming uniform temperature in the pellet, the interphase tempera-
ture difference only partially approaches.the upper bound at the entrance
of the bed during the initial stages of regeneration when both carbon and
oxygen concentrations are high. Normally the interphase temperature
differences are less than 1°K. This is because the oxygen concentration
in the pellet does not fall to zero due to reaction rate control. At high
temperatures the reaction rate controls less and the oxygen concentration
may drop close to zero. However, this only occurs in parts of the bed
where most of the oxygen has been consumed and the gas phase oxygen con-
centration is low. Under these conditions the upper bound is much lower

anyway so that the actual temperature difference remains small.

The mechanisms which prevent a close approach of the upper bound for the
interphase temperature difference or which lower this upper bound when
closely approached, also operate for the intraphase temperature difference.
It may be safely assumed fhat the temperature difference between the maxi-
mum temperature in the pellet and the surface temperature is normally well

o, . . .
below 10 K in which case the uniform pellet temperature assumption is good.

Another indication that an isothermal pellet may be assumed is obtained
when inspecting data published by Satterfield (1970) for non-isothermal
effectiveﬁess factors for first order reactions in spheres. The effec-
tiveness factor is defined as the ratio of the actual rate of reaction in
a particle to that which would occur if the pellet interior were all ex-

posed to the reactant at the same concentration and temperature as that at
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the pellet surface. Two parameters may be introduced. y = E/R'Ts,
giving an indication of the sensitivity of the reaction rate to tempera-
ture, and the heat generation function B which has Dbeen defined above.
Using regeneration conditions that will tend to give extreme non-
isothermal conditioné in pellets it is found that B is always smallef
than 0,04 and y never greater than 25 (which is equivalent to

E = l,57xlO8 J/kg mol). On inspection of the published data it appears
that for the given conditions the effectiveness curve does not appre-
ciably differ from the curve obtained for 8 = O which is for isothermal

conditions.

From the above it is clear that the assumption of an isothermal pellet
is acceptable and the assumption that at any instant kS, (-AH), N and
De are the same for all parts of a pellet is in order for calculating

the upper bounds for interphase and intraphase temperature differences.

3.3 Derivation of a Model for the Bed

In deriving a mathematical model for the bed, the bed is treated as
non-adiabatic and non-isothermal. This conforms to the experimental
reactor used in this investigation. The heat generated is lost through
the gas leaving the reactor and by conduction through the walls. It is

assumed that no heat is lost by conduction through the ends of the

reactor.

Limitations on computer size and speed make it necessary to assume a
one dimensional model, i.e. that there are no radial gradients in the
bed. Schwartz and Smith (1953) show that one cannot expect a flat

velocity profile across a bed with a tube to particle diameter ratio

below 10, whereas our reactor has a ratio of 8. However Froment (1967)
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when he reviews mixing .indicates that radial mixing is normally several
times greater than axial mixing and plug flow with respect to mass
effects is probably not too bad an assumption. For radial heat trans-
fer the above assumption is equivalent to assuming negligible resistance
to heat transfer in the reactor compared with the resistance to heat
flow at the wall. It will be shown in section A2.3.3 that the overall
resistance to heat transfer through the wall is in fact normally
several times greater than the resistance to radial flow of heat in the
bed. Most of this resistance lies within the insulation around the
reactor wall, so that one should include the heat capacity of the walls
with the héat capacity of the bed for a one dimensional model. It was
found (section A2.1.2) that the heat capacity of the tube is about 1,3

times the heat capacity of the solid phase in the reactor.

Since for the numerical solution an iterative procedure is to be used,
and the simulated solid and gaseous temperatures do not differ much, it
is not critical whether heat losses through the wall should be con-
sidered in the heat balance for the gas or solid phases or both. For

convenience it is considered in the heat balance for the solid phase.

It was found that the pressure drop across the bed is small compared
with the average operating pressure even for the higher flow rates. By

assuming a constant pressure throughout no momentum balance need be made.

3.3.1 Overall rate of reaction with respect to the bed.

Assuming pseudo steady state for the oxygen profile in the pellet, the
overall rate of reaction for a pellet, in terms of oxygen consumed; is
obtained by considering the amount of oxygen diffusing across the film

around each pellet. This rate as given by the right hand side of



equation (3.4a), is

2
k umwR - )
g P prp T Vg

2
kg 4mRp™ Yy, Yg (1 Yr ) kg mole02/s per pellet.

=1

By considering the volume of bed per single pellet, the overall rate of
reaction, R*, with respect to bed volume is

3(1-€)

b —
R Rp

kg Vo Y8 (1 - L

3.3.2 Gas phase oxygen balance.

A balance of oxygen in the gas phase for a differential volume of thick-
ness Az in the bed, should consider convective flow, axial mixing, loss
to catalyst and the accumulation in the element. Since the fraction of
oxygen in the feed gas is normally small the mass flow rate and average
molecular weight of the gas phase may be assumed constant (see section

A3.2). This, with the differential mass balance for oxygen leads to

dy a(C'y ) ed(C'y )
_i. _g. . _£ i { Dz __i } + R = _—g
MgL 9z 2 9z 9z at

Unless the flow rate is very small G/(MgL) is much greater than eC'.

Also for the range of Reynold Numbers involved in this work, the axial
mixing coefficient is much smaller than 1,0 when expressed in the units
used here. It follows therefore that the axial mixing and accumulation

terms may be neglected. Hence the equation reduces to

9z G
or sYg _ _ L Mg R¥ _
3z Gy, (3.16)

with the boundary condition at

zZ = O, YO = l (3‘17)

) kg mole02/(mas) (3.15)

53



if the inlet oxygen concentration is constant and equal to Yo through-
out. Otherwise if the oxygen concentration in the feed gas varies with

time, at
yo(t)

y

z = o, Yo(t) = (3.18)

o}

3.3.3 Gas phase temperature profile.’

Olson (1962 - page 225) shows that for combustion of carbon in packed
beds, heat transferred through axial diffusion of mass in the gas phase,
even in extreme cases would be less than 0,0027 of the heat transferred
convectively. This contribution is therefore ignored. He also showed
that the nett heat exchange due to differences in heat contents between
reagent diffusing into the catalyst and products diffusing out of the
catalyst, would almost always be less than 0,0087 of the heat.convec—
tively transferred. This contribution was therefore also ignored. Sub-
sequent inclusion of this effect in the numerical model showed its
effect on the temperature profiles after several minutes of simulated
time only in the fourth significant figure. Carberry and Wendel (1963)
found that normally axial diffusion of heat is small in the gas phase.
For convenience sake it's effect was therefore included in the deriva-
tion of an expression for conduction of heat in the solid phase (sec-
tion 3.3.4). Neglecting also the minor effects of potential and kine-
tic energy, then one oﬁly has to consider the convective heat transfer,
the heat from the catalyst and the heat accumulated in the gas phase.
Hence for a differential bed element of thickness AZ a differential
energy balance at a constant and low pressure, assuming the mass flow

and the specific heat constant, gives

oT 9T
- c 28 - - g
G g ag 1 hv (Ts - Tg) pg ecg AT

sS4
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Stnee p_ € im vory amall compared with G we may neglect the accumulation
&
term. Putting z = Z/L the equation further reduces to

L h

2%& = (Ts - Tg) (3.19)

G c
2 g

with the boundary condition at the inlet where

Z =0 Tg = To (t) (3.20)

3.3.4 Solid phase temperature profile.

In order to keep the mgdel realistic with respect to available computer
size and speed, a uniform solid temperature, Ts, was assumed in the in-
dividual pellets (see section 3.2.4). Also a one dimensional model was
assumed for the bed so that variables are only functions of time and dis-
tance along the bed and, where applicable, of radial position in the
pellet. This is equivalent to assuming a homogeneous solid phase in
which Ts is continuous in z (see section 3.1). From the assumption of
pseudo steady state for the oxygen balance in the pellet (section 3.2.2),
it follows that the combustion rate may be equated to the rate at which
oxygen diffuses from the gas phase to the pellet, i.e. R*. Also the
amount of catalyst in the solid phase is much greater than any carbon

and very much greater than any gas present within the catalyst. Since
the specific heats are all similar the heat capacity of the solid may be
evaluated by lumping carbon énd gas with the catalyst. Hence for the
energy balance for the solid phase in a differential bed element of
thickness AZ, one considers the heat generated by combustion, the heat
transferred through the film separating the gas phase from the solid
phase, the heat lost through the walls, the heat transferred by conduc-
tion in the solid phase and the accumulation of heat in the solid phase.

Letting parameters be constant between narrow limits of integration,



this leads to

- 3 h U
agi = NC-AHR® v (Ts - Tg) - *J—~«-(Ts - Tw)
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N 2T
+ k2708 (3.21)
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Since no heat is lost by conduction through the ends of the reactor the

boundary conditions at in and outlet are

s =0 . s _ 4 (3.22)
_ 2z

z = 1 s . g (3.23)
2z

The initial boundary condition is at

t =0 Ts = Ts(0,z) (3.24)

3.4 Expressions used in Material and Heat Balances

3.4.1 Consumption of oxygen.

At any time the total oxygen consumed is the difference between the oxy-
gen entering the bed and the oxygen leaving the bed plus the oxygen

accumulated in the bed. Hence the oxygen consumed, MO, is given by

L
MO = [Ty (t,006 A at - [Ty (t,L)0G6 A dt - [p e Ay (2)az
e I e g

since epg is much smaller than G the last term may be neglected. Hence

for yg = Yg Yo

t
MO = [ {Yo - Yg(t)} y, G A dt

(3.25)
o]

3.4.2 Removal of coke.

MC, the total carbon removed at any time is the difference brtween MCO,

the original carbon content of the bed and MCE the carbon content at



that time. The total carbon content of a pellet at any time is

R 2
J pun R ¢ (t,Z2,R) dR

(o)

and the average concentration of carbon in a pellet at 7 is

2
R
[P §B§-c (t,z,R) dR

(] Rp

"L Rp 3R2
Hence MCP = [ (1-e)A =5 C (t,2,R) dR dz
@] o] RD\

substituting Z = zL, R = rRp and C = cCo

1 .1 2
MCP = 3 AL Co (1-e) | | r®c (t,z,r) dr dz

o O

which at t = o gives

L.l
MCO = 3 A L Co (1-¢) [ [~ r’c (o,z,r) dr dz
o 0

Then MC = MCO - MCP

3.4.3 Heat generated.

At any time the total heat generated equals the sum of HG, the nett
heat that has left the reactor through the gas phase up to time t,
HA, the nett heat accumulated in the bed at that time and

HW, the heat lost through the walls of the reactor up to that time.

t Tg(t,L) Tg(t,0)

HG = GA { ¢ dTg - ¢ dTg } dt
% % g & & g &
L Ts(t,z) Ts(o,z)
HA = [ Apy cg dTs - [_ ¢, dTs }dz
1 Ts(t,z) Ts(o0,z)

= [ AL, { I c, dTs - [ c_ dTs }dz

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)
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t L
Jo UnD J’o {Ts(t,2) - Tw } dz dt

t 1
[, umDL [ {Ts(t,z) - Tw } dz dt

(3.31)

58



3.5 Dimensional Analysis

The basic differential expressions used are given by equations (3.2),
(3.5), (3.19) and (3.21). Writing these kind of expressions in a dimen-
sionless form, and using a suitable choice of dimensionless variables,
dimensionless responses normally depend only on a limited number of
dimensionless combinations of the various parameters. In this way the
problem of generating responses to different variables is reduced con-

siderably and the simulated profiles can be made more generally useful.

For our system two such dimensionless schemes were derived. In both
cases the contribution of axial conduction of heat in the solid phase
to the differential equation describing the behaviour of the solid tem-
perature was ignored. It will be shown in Chapter 6, that its contri-

bution was negligible.

For both schemes the dimensionless temperature T was defined as T/To

where To is the nominal base temperature equal to the inlet temperature

at time is zero.

Scheme A.

_ hv(O)
Defining dimensionless distance z = (GE;T67 ) z
and dimensionless time - hv(o)

OO

where the argument (0) indicates conditions at To, the system of diff-

erential equations reduces to:

1 3, .97, _ =
= ap (g = ay exp (ko - a2/TS) Ye

¥g¥e

3% © 84 exp (k-O - a2/Ts) =
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Y _ _
= % vg (1 YRp)
EEE =a. Y (L-Y, ) -a, (T-Tg) - a (Ts - Tw)
¥ b Rp 7 : 8
where
R 2Co
31 ¥ W(T)De(T)
_E
4 = R'To
) yoPpb(O)Ce(O)
43 T R'To h_(0)
v
h (T)c (0)
_ Vv g
T hv(oicgEOS
ci(O)kg(T)
ag = 4nRp Mg (0
v
uangyo {-aH(T)} N(T) p, (0) c_(0) kg(T)
X = _ s
6 To pb(T) ce(T) h_(0)

h,(T) p, (0) c_(0)
77 1, (0) o (T) ce(T)

4u ob(O) c (0)
8 D pb(T) ce(T) hv(dj

Scheme B
Defining dimensionless distance =z =

T N(O){-AH(0)} R¥*(0)

and dimensionless time
pb(O) Ce(O)

and dimensionless overall rate R* = R¥*/R%(0)



2
~ where R¥*(0) = LmRp kg(O) Yo (1 - YR )

p

is the rate at the entrance of the reactor at time is zero, and the

argument (0) indicates conditions at To, then

2
1 3 r- Y = - T, Y
r_z_a;( — ) = a, exp (k, = a,/Ts) Ye
9c _ _ = Yp¥c
pi a, exp (ko a2/Ts) s
32% = a, (T - Tg)
9z
_B_Y;g. = R%
3z
3Ts _ oo L omL _ . _m
= = ag R¥ -a. (Ts - Tg) a, (Ts - Tw)
_ Rp? Co
where &) = Ty pa(r)
. E
8 ~ R'To
i v, P pb(O)ce(O)
83 © R'To N(0) {-8H(0)} R*(0)
i hV(T) A
ay T Mg R%(0) cg(TT
_ N(T) {-aH(T)} P (0) ¢ _(0)
85 - e
N(0) {-aH(O)} p, (T) c_(T) To
i hV(T) ob(O) ce(O)
86 = N(0Y (-aH(0)} p, (1) c_(T) R¥(0)
by pb(O) CO(O)
ag = DN(0) {-aH(0)} R*(0) pb(ﬂ ce(T)

Most of the

important variables appear in several groups.

Consequently

it is not possible to produce one simulation that will be valid for all
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values of any one of these variables by merely holding one dimensionless
group constant. Scheme B is not likely to be particularly useful in
practice because of the difficulty in evaluating R*(0). Since, however,
R*(0) should be independent of flowrate (film diffusion is not con-
trolling), scheme B would indicate that the ratio L/G might be useful
for correlating profiles at different positions and different flowrates.
G does however also occur through hv in groups a, and ag in this scheme.
Since h  depends on the square root of G, scheme A would indicate that

]
L/G2 might be useful for correlating purposes. Again G occurs in groups

a

3 and ag of scheme A through hv.
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CHAPTER Y4

THEORY II ~ NUMERICAL MODEL

4.1 Introduction

The system of partial differential equations derived in Chapter 3 is
highly non-linear and coupled. The variables are uncoupled by integra-
ting every dependent variable individually while keeping the others con-
stant. Non linearities are taken care of by keeping parameters which
may be functions of the variables to be integrated, constant between
limits of integration. The results are then used to up-date the para-
meters and the process is reiterated till a predetermined degree of con-

vergence is obtained.

Before the equations derived can be used in a numerical scheme, they must
be rewritten in a form amenable to numerical solution. For this purpose,

in general derivatives may be written as:

dX(n) _ X(n+l) - X(n-1)
el A% (4.1)

a%x(n) _ X(n+l) - 2X(n) + X(n-1)
dx - (Ax)[ (4.2)

and integrals may be written as

X1+AX
f f(x) dx = f(nl)Ax (4.3)
X1
X1+Ax £(n1) £(

or j f(x) dx = {fin1) + ny + AX)} Ax (4.4)
Xl 2
X1+24x

or jxl £(x) dx = 2£(x] + Ox)Ax (4.5)



For the sake of readability any dependent variable used in a numerical
scheme in the following secfions, will be subscripted only with respect
to the independent variable with respect to which it is differentiated
or integrated. To prevent confusion, time, axial position and radial
position on the numerical grid are indicated by indexes i,j and k res-
pectiveiy so that a point (t,z,r) equivalent to {(i-1)At, (j-1)Az,
(k-=1)Ar} will be denoted simply by subscripts (i,j,k). Indexes j and
k have finite ranges from 1 to J and K respectively whereas i has a

semi-infinite range starting at 1.

4.2 Pellet Oxygen Profile

Substituting equations (4.1) and (4.2) into equation (3.2) gives for
the oxygen profile in a pellet for all times and axial positions, i.e.

for all i's and j's

Y - | -
S R A 2 {Yk+l Yk—l} _ MY
(Ar)2 r 24r (Ar)2
m m—-1 n Y Y m-1 n
when Al, = (RpAr) P Yo Co exp ( k_- E ) ( kg )
k p [ g c
De C' N o R'Ts R'Ts

is a function in t,z and r, which is treated as a constant parameter
for integration of the above equation between grid points. By making
Al a function of Y,as above,the equation is linearised. It may be

rewritten as

Ar
Y 1 -—= -2 - Ar,y _
-1 ¢ o)t Y (=2 Alk)+Yk+1(l+r)"o
for k = 2,.., K-1 (4.6)

For k = 1 at r = o, from equations (3.3) and (4.1)
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Substituting this into the general expression equation (4.6) with k=1

-9 - = n,7
Y ( -2 AL, ) + 2Y, = o ( )

For k=K at r=1, from equations (3.4) and (4.1)

YK+1 - YK—l = 2A2K (1 - YK)
k Rp A
where A2 = g p Aar
De C'

is a parameter which is a function of t and z. This is also kept con-
stant on integrating between grid points. Substituting the above into

the general expression, equation (4.6) with k=K gives

Al

k - -
YK_l ¥ YK (-1 - - (1 + Ar) AQK} = (1 + Ar) AQK (u.8)

Equations (4.6), (4.7) and (4.8) form a set of K simultaneous equations
which are linearised by keeping Al and A2 constant during iterations
and updating them between iteraticns. This set of equations, the co-
efficients of which form a tridiagonal matrix, may be solved by the
Thomas Algorithm as described by Ralston and Wilf (1960), that is by
forward elimination followed by backward substitution as in subroutine

SY (section A4.4)

4.3 Pellet Carbon Profile

In order to obtain the pellet carbon profile at all radial positions,
r, and axial positions z, integrate equation (3.5) with respect to

time t, using equations (4.4) and (4.5). Then

(¢]
1]
(e]
|

ie1 T Ciop - 2R3 At iz2,2,.... (4.9)

and

1t
(¢}
|
-

(A3, + A3j) At iz 2,3... (4.10)

C. .
i+l 1 i+l



£ Y Yg yo P

7is ) (R ) G0 c©

where A3i = exp (ko -

is a parameter which is evaluated at i and is a function of t,z and r.
By making A3 a function of ¢ the above equation is linearised when A3
is kept constant when integrating between gridpoints. Using equation

(4.6) with equation (3.6) gives

Cp=Cy A3l At : (4.9a)

Equation (4.9) is used when the value of ci+l has to be "predicted"
for the next time increment. It is used in subroutine SCP (section
Au.1). Equation (4.9a) is a special case of (#4.9) and is used at the
start of the simulation during the first time interval. Equation
(4.10) is used in subroutine SCC (section Au.2) to correct estimates
of Ciine It makes use of the estimated value of Ciil to calculate the

derivative needed for this.

Although equation (3.5) could have been integrated analytically, the
Form of the analytie aolution deponda on the value of n. Ax fotepra-

ted above it is independent of the value of n.

4.4 Gas Phase Oxygen Profile in Bed

Combining equations (3.15) and (3.16)

2Yg
e At Yg
where A4 = 3 L -1)

— (1- M
(1-¢) Mg kg (Y

RpG r=1

is a function of t and z, which is treated as a constant for integra-

tion between grid points. This integration may be done analytically

to give for all i

, Az
Yo. = . . . — 1 =
gj+l ng exp { (Auj+l + Auj) i R 25.0,d (4.11)



and from equation (3,17) and (3.18)
Ygl = 1, or more generally

Yg Yo(t) (u.12)

1
These expressions are used to calculate the Yg profile in subroutine

SYG (section A4.3)

4.5 Gas Phase Temperature Profile in Bed

In order to derive a numerical expression for the gas phase tempera-
ture profile one could integrate equation (3.19) analytically if
during integration th/(GCg)’ which is a function of Tg, could be
kept constant. It was found that for stable integration the limits
of integration had to be much closer than that provided by Az used
for the other variables which are integrated with respect to z. Also
a local iterative procedure had to be used to update h_ during inte-
gration. In terms of the overall energy balance check incorporated
in the numerical simulation, it was found that best results were ob-
tained by subdividing Az till a simpler iterative Euler numerical
integration scheme could be used. This also meant a saving in com-
puter time since the analytical integration involves exponentiation.
Hence combining equations (3.19) with (4.3) and (4.4) and using M

subdivisions of Az then for all i

= ' St 1
ng'+l ng, + ASj, Az j | (4.13)
and Tg.,.. =Tg., + (A5., _ + A5. ) 221 5025 g1 (4.14)
]'+l _]‘ ]'+l jl 2 2°* M
th
where ASj, = j! (Tsj, - ng,)

Gcg
jl
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is a pérameter which is a function of t and z. It is kept constant

during integration between grid peints.

M = number of subdivisions
Az' = Az/M
j! = index indicating axial bed position on the mesh with

increments Az'

J! = (J-1)M+1l, the upper 1limit of the range of index j'.
Also at z = o, when 7 = j' = 1 from equation (3.20)
Tg = To(t) (4.15)

Values of ASj, and Tsj,, intermediates to values of A5 and Ts calcu-
lated and stored for the normal Az grid, are calculated by a five

point Lagrangian interpolation scheme. In subroutine STG (section
A4.7) these values are used in equation (4.13) to estimate ng'+l

and after updating A5j'+l this value is used in equation (u.iu) to

update ng'+l'

4.6 Solid Phase Temperature Profile in Bed

In equation (3.21) Ts varies with both time and axial bed position.

Rewriting the equation

2
9TS _ a6 + A7.Ts + ag O-IS (4.16)
ot 2
YA
. LUTw
h A6 = (N (-AH) R=®
where A6 (N ( ) + thg + D )/ (ObCe)
_ 4U
A7 = = (h + 5 )/ (pbce)
A8 = /(p,c L°)
b7e

AB, A7 and A8 are all parameters which are functions of time and
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axial bed position. They are kept constant during integration and up-

dated in between iterations.

When Ts is a function of z and t we may define at 1 + 8 between i

and i+l

. = 8Ts. .+ (1-6) Ts. . (4.17)
Tsi+e,j Sl+l,j ( ) 1,]

where 6 is an interpolation factor so that 0<6<l. Comparing this
with equations (4.1) and (4.2) the derivatives of Ts may now be re-

written as

Ts, . — Ts, .
d Ts - Sl+l,] Sl,]
dt i+8,7 At
. . - Ts, .
and d_ Ts - T81+e,j+l Sl+§lj”l ot
dz "Ti+8,] Az )

Substituting these expressions into equation (4.16)

TSii1,3 7 15444 A8
> 2 - A6 + A7.Ts. . TS, , ... - L
At FATTs 05 Y 22 (TSive, 541 7TSi 18,3

+ Ts, .
Sl+6,j-l)

where A6, A7 and AB are to be evaluated at (i+8,j) as in equation

(4.17). Defining

ATs., . = Ts, . - Ts. . .
. 1,] 1+1,] 1,3 (4.17a)

and noting that

T = 06.ATs. . + Ts.

s, . .
140,37 1,] 1,]
the above equation may be rewritten and rearranged as

A9.6.ATs, . . + (1 + AlO. Ts., 6. ATs, |
0.4Ts; 5 ( 6) ATs, . + A9.8 ATSl,J—l

b



= - .Ts. . - .Ts., . = A9.Ts, . J=2,00 501 (4.18)
All A9 Tsl,J_l Al0 sl,J 51,j+l 322400,

L

where A9= -AS8 (8z)2
» At
= —— - A7.At
Al0 2A8 (22)2

and All = AG.At

at z = o where j = 1 from equations (3,22) and (4.1)

and ATs. = ATs.
i,o i

Substituting this into equation (4.18) where J = 1

(1 + AlO.e)ATsi’l + 2A9.6.AT52 = All - AlO Tsi,l - 2A9.Tsi2 (4.19)

As for z=1 when j=J, from equations (3.23), (4.1) and (4.18)

2A9.6.ATSi’J_l + (1 + AlO.e)AlSi’J = All - 2A9'Tsi,J-l - Al0 TSi,J
(4.20)

Equations (4.19), (4.18) and (4.,20) form a set of J simultaneous equa-

tions in ATs which on solving and substituting into equation (4.17)

give the required Ts vector. A set of ATs rather than Ts was derived to

improve the precision of the final Ts vector by 2 to 3 orders since
ATs is often but a small fraction of Ts. This extra precision was

needed to prevent stability problems.

‘As for the carbon and gas phase oxygen profiles, two expressions are
required. One to estimate or predict, and one to correct these esti-
mated values. By putting 8=o, the terms on the left hand sides of

equations (4.19), (4.18) and (4.20) containing 6 vanish and explicit
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. from

equations are obtained which can be used to predict Tsi+l 5
¥ 3

Te, . This is done in subroutine STSP (section A4.5). By putting
s
0<0<1l, the above mentioned equations form a set of simultaneous implicit
equations in Ts. As for the pellet oxygen profile, the solid tempera-
ture profile is obtained by use of the Thomas Algorithm for tri-

diagonal matrices. Ralston and Wilf (1960 - page 135) state that if
3<6<1, the solution is stable. This implicit scheme can, therefore, be
used to correct the predicted values obtained using'the explicit scheme;Z
When 8=} the scheme reduces to the well known Crank-Nicholson method.

The correction scheme using the Thomas Algorithm is used in subroutine

STSC (section A4.6)

4,7 Material and Heat Balances

4.7.1 Total oxygen consumed.

To obtain the total oxygen consumed up to time (I-1) t, from equation
(3.25)

I
I

MO = Al2 (Ygi -Yg. ) (4,21)

i=2 ’ 1,9
where A12 = Yo G A At is a parameter independent of time or position.
Since the time intervals are small, the trapezoidal rule for integra-
tion is used, but instead of using é% (first ordinate + last ordinate),
the first ordinate is ignored and (At)x(last ordinate) is used. This
way, very conveniently, at time (I-1)At, the integral is obtained by
adding (At)x(last ordinate) to the value of the integral obtained at
time (I-2)At. The error involved tends to zero after a relatively

small number of intervals. MO is calculated in subroutine SHMAC

(section AL4,8)



4.7.2 Total coke removed.

The carbon present at any time is found from equation (3.26) as follows.
The integration with respect to r is performed using Durand's rule

(Perry, 1950 - page 90) which is a more accurate form of the trapezoidal

rule,
o Lo
fo re (tyz,r) 4t = o Ty Ci,j,k dr = Qi,j
on applying Durand's rule and noting that r 2 c. . =0
1 1,],1
gives
Q .= o (k1% L v 10 de, L+ (kD)2 e, L )
Ti,3 P I 1,7,2 i,J,K-1
K—2 2 N
+ L (k-1)" c. . (4.21a)
k=3 1,7,k
1 1 o 1 1
If fo jo-r c(t,z,r) dr dz = jQ Qi,j dz = Qi

then on applying Durand's rule to integrate with respect to z, gives

J-2
1
Q ~[ O (@ QP ¥ LI (G + gy ) v ) e

so that MCP

3]

Al3 Qil (4.22)

where Al3 = 3 A L Co (l-¢) is a parameter independent of time and posi-

tion. From the above at t = o
MCO = Al3 Q T
= 3 Q (4.23)

and the carbon removed ig
MC = MCO - MCP (4.24)
MCO and MCP are calculated in subroutine SHMIN and MC in SBAL (sections

A4.9 and AL4.10).
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4.7.3 Total heat generated.

T
The integral fo o dT appearing in equation (3.29) where cg is a linear

function of T, say a + bT, becomes

T T
[, (a + bT) dT

S
(2]
[a®}
3

1]

O,SI{Cg(O) + cg (T} T

so that the sensible heat lost in the gas stream up to time (I-1)At

can be obtained from equation (3.29) as

HG=AlhL
i

I 1+

. - + Tg. Tg. .25
, {cg(o)+cg (Tgi,J)} Tgl’J {cg(O) cg( glso)} g .0 (4.25)
where Al = 0,5 AGAt is a parameter independent of time and axial posi-
tion. As for the total oxygen consumed (see section 4.7.1) a modified
trapezoidal rule is used. Again the error involved is small after re-
latively few intervals. HG is calculated in subroutine SHMAC (section

AL4.8),

The heat accumulated in the bed at any time, (i-1)At, may be obtained
from equation (3.30).. The integral fcs dT is obtained as above. The
second term need only be evaluated once. Durand's rule is used to

integrate with respect to z. The second term is then given by

HAo:Ale(cuu{%cS(o)+cs (Tsl,l)} Tsl,l+ {cs(o)+cS (Tsl J)} TslﬁJ

+1,1 [{cs(o)+_cS(Tsl

)} Tsy o+ {e (o)eg (Tsy -1} Tsl’J_ﬂ

J-2

+ jEa{cs(o) + Cq (Tsl,j)} Tsl,j) (4.26)

and



T4

HAP=AL6 (Cnu-[{cs(o)+os (Tsi,l)} Tsi,l+ {cs(o)+cS (Tsi,J)} TSi,J]

+l,l[{c§(o)+cs (Tsi’z)} Ts; of {e (o)t (Tsi,J)} Tsi,J_l}

J-2
+j£3 {cs(o) + e (Tsi,j)} Tsi,j . (4.27)
and HA = HAP - HAO (4.27a)

where Al6 = 0,5 AL pbAz is a time and axial position independent

parameter. HAP and HAO are calculated in subroutine SHMIN (section

A4.9).

The rate of loss of heat through the walls of the reactor at any time

(I-1)At may be obtained from equation (3.31).
1 ‘
If Ib {Tsi 3 - ij} dz = Qi (say)

then on using Durand's rule

.=0,4 (Ts, .+Te. _-Tw.- . . -Tw.-
Q;=0, (Tsl’l Tsl,J Twy TWJ)+l’l(Tsl,2+T81,J-1 Tw,, TwJ_l)
J-2
+ & (Ts, .-Tw.)
j=3 1,] ]

Again for integrating numerically with respect to time in order to
evaluate the heat lost up to time (I-1)At, the mcdified trapezoidal

rule is used as for the total oxygen consumed (see section 4.7.1).

Hence
I
HW = A15 ¢ Q. h,28
i=2 1 ( )

where Al5 = UnD L Az At is a constant parameter independent of time
and position. HW is calculated in subroutine SHMAC (section A4,8).
Now total heat generated then at any time is calculated as

HT = HG + HW 4 HA ) (4.29)

in subroutine SBAL (section A4.10).



4,7.4 Checks by material and heat balances.

If x, the fraction of carbon converted to COQ, and AH, the heat of
reaction are constant, an overall material and heat balance can be
performed without differentiating between points in the reactor. The
total carbon removed as given by equation (4.24) is then directly re-
lated to the total oxygen consumed (equation (4.21)) according to equa-
tion (Al.3) (section Al.3). Also the total heat generated by the sys-
tem given by equation (u.29) is directly related to the carbon removed
through the heat of reaction as given in equation (Al.4) (section Al.3).
For conditicns of constant x and AH, therefore, material and heat bal-
ances provide explicit checks on the validity and stability of the

numerical procedure,

When x and AH are not constant but functions of a varying temperature,
a check like the one above is impossible. However, an average or over-
all value of x, ¥, for the whole of the reactor up to a certain instant
may be calculated either by comparing the amounts of oxygen and carbon
consumed or by comparing the heat generated with the amount of carbon
removed. Eﬁ, the value of x based on the material balance may be cal-
culated from equation (Al.3)
- o _

Xy =2 (3~ 0,682) (4.30)

iﬁ, based on the heat balance may be calculated from equation (Al.4),

— _ , HT 8 8
X 0= Cge - 1,97x10°)/2,83x10 (4.31)
Defining XR = Eﬁ/ih R (4.32)

‘the closeness of EM to EH,or the closeness of XR to unity, gives im-

plicitly an indication of the accuracy of the material and heat
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balances. .Eﬁ. iﬁ and XR are calculated in subroutine SBAL (section

A5,10).

4.7.5 Fraction "x" in the outlet gas.

Experimentally q' the ratio CO/CO, in the outlet gas at any instant,

2
can be obtained from the outlet gas analysis and may be used to check
the model and model parameters. q' is related to x', the instantaneous
value of x in the outlet gas, i.e. COQ/(COQ + CO) by equation (Al.1l) as
follows

qQ' = (1-x")/x'

x' is obtained from the material and heat balances as follows. Using

x =3 (%, iﬁ) at time is t,
ZCO2 total COQ produced up to ti
¥ % e i total C removed up to ti

total CO2 left by outlet gas up to ti

total C removed up to ti

Since the mean residence time of gas in the reactor is less than a
second and the gaseous held up is very small compared with the solid
content of the bed, this approximation is good except for very small

values of time. Similarly at time ti-

1
= i ZCO2
i-1 MC ji-1
002 leaving reactor during interval between ti 1 and t,
! - - 3
Now xi—% C removed during the interval between ty 1 and t,
- i
) x.MCi - Xy MCl"l
= MC, - MC (4.33)

i 1=1

x' is calculated in subroutine SBAL (section A4 .10).
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4.8 Raversal of Direction of Gas [P'low

To program the raversal of the direction of gas flow, the boundary con-
ditions of Yg and Tg have to be changed and the integration has to pro-
ceed from z=l to z=o rather than from z=o to z=l. Equivalent to this

is to invert all the profiles with respect to z in which case the boun-
daries and numerical procedure remain unchanged. The physical analogy
to this is rather than to reverse the flowrate, the reactor is rotated
betwsen the inlet and outlet, so that what used to be inlet is outlet

and vice versa.

In subroutine SREV (section A4.11) this inversion is performed for in-
dividual variables. For the recording of numerical profiles it is re-
quired to change the printing or storing order of variable values at

different points in the reactor, as well. This is not shown.

4.9 Outline of Numerical Procedure and Logic Diagram

Because of the small capacity of the gas phase with respect to both
heat and mass, the Tg, Y and Yg profiles are assumed at pseudo steady
state and for any of these to be calculated, needed is only a know-
ledge of the other variables at that particular time. The C and Ts
profiles however, are integrated with respect to time and for their
computation require past values of the variables and parameters in-
volved. Because carbon is removed irreversibly and the solid phase
has an appreciable heat capacity, a pseudo steady state cannot be

assumed for the variables C and Ts.

The system consists of some highly coupled partial differential equa-

tions and is highly non linear. An iterative procedure is therefore

77



used. When complete profiles are available for all the variables and
paramoters at iAt, derivatives at iAt are computed to estimate or pre-
dict Ts and C profiles at (i+l)At. These values and the best (latest)
values of the other variables and parameters are then used to compute
Tg, Y and Yg profiles at (i+l)At. The profiles calculated at (i+l)At
may then be used to calculate the derivatives at any point in the in-
terval between iAt and (i+1)At and these are used to recalculate Ts
and C. From these corrected values, Tg, Y and Yg at (i+1)At may be
recalculated to correspond to the corrected values. The correction
process may be repeated till some measure of convergence has been
attained. At any stage, parameters dependent on one or more variables
are evaluated prior to use, from the current values of the variables.
Successive correction cycles then allow both variables and parameters

to converge to a steady value.

Because a pseudo steady state has been assumed for Tg, the initial
boundary need not be defined for the computation of the Tg profile.
It needs to be defined however for calculating parameters dependent

on Tg.

Due to the pseudo steady state assumption for the Yg and Y profiles,
initial profiles for Y and Yg cannot be inferred from the initial
boundary condition that the oxygen concentration in the inlet gas
stream changes from zero to a finite value at zero time. These
initial profiles have to be computed. To compute Y profiles from
equations (4.6), (4.7) and (4.8) the parameter A1 needs to be calcu-
lated first. 1In general Al is a function of Yg. However Yg is not
known at zero time and Yg can only be calculated when the Y profiles

at the surface of the pellets are known.

7¢
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Considering the expression for Al it appears that Al is independent of
Yg when m=1, i.e. when the combustion reaction is first order with res-
pect to oxygen. Initial profiles of Y and Yg can therefore be obtained
as follows: The initial Y profile is computed for m=1l. Then the
initial Yg profile is computed and this is used to recalculate Y with
m=m. The process is repeated till the initial Y and Yg profiles have

converged for m=m.

At any time only the current variables and parameters and those of the
previous predictor-corrector cycle are required to correct the current
or predict the next set of variables and parameters. Only three sets
of variables and parameters need therefore be stored. Core saving is
achieved by resetting indices of subscripted variables after every

prediction cycle.

The following is a description of the functions of some of the blocks
in the logic diagram, figure 4.1. Subroutines referred to here, by
names starting with S, are given with their associated function sub-
programs in Appendix 5., No rigorous attempt is made here to show how
certain recurring groups in parameters may be stored to cut down on

computing time.

Block B. Initial profiles are set up. For Tg, Ts and C the initial
boundary conditions are used. (equations (3.20 ), (3.24) and

3.6))

Block C. The initial Y profiles are computed by subroutine SY with

m=1 after which m is redefined to its original value.

Blocks D and E. Initial Yg and Y profiles are calculated and recal-

culated for m=m in block D till the convergence criteria are satisfied
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Dlock F. The first predictions are made for time cqual to At, Yg2,l

is set to Yo2 and MC set to 0.0.

Block G. Tg?,j’ YgQ,j and Y2,j,k profiles are computed using current

values of parameters needed.

Block H. After the first prediction 20 corrector cycles are normally
used. After flow reversal 4 or 5 cycles are used. Otherwise 2 or 3

cycles are sufficient for convergence. More cycles are required when
perturbations are encountered, i.e. at the start and with flow rever-

sals.

Block I. Current values of Ts, . and C, . are corrected using cur-
- - 25:] 25:] 5k

rent updated parameter values.

Block J. HW, HG and MO, which are quantities summed in time, are up-

dated to include contributions from the last time interval.

Block L. Computes MCP and HA, the carbon and heat content of the
reactor in subroutine SHMIN, and uses these to do overall heat and

material balances in subroutine SBAL for implicit checks (see section

u,7.4).

Block M. Stores and/or prints profiles of variables and results from
heat and mass balances. It takes care of the order of the profiles

if flow reversal has occurred.

Block Q. Time is updated and C_ . and Ts, . , are predicted for the
- 39:]5]( vaajsk .

new time.

Block R. Indexes are reset to save core space.

g0



Block S. Redefines or updates the inlet values Tg2 1 and Yg2 1 for
_— E H
the inlet gas if there is a change. The values are obtained by means

of a five point Lagrangian interpolation of known feed gas values.
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CHAPTER 5

DIFFUSION IN A PELLET

5.1 Introduction

Normally for the regeneration of charred catalyst pellets, the shell pro-
gressive or shrinking core model is used, where the reaction rate is
assumed not to contribute to the overall rate appreciably. From the
initial experimental results obtained ( section 3.2.2 ) during regenera-
tion of the bed, it was found that both the reaction rate and the
diffusion rate contributed to the overall rate as controlling mechanisms.
The magnitude of both the reation rate parameters and the diffusion co-
efficiénté determine which of the two mechanisms do play a significant
role. Although parameters for the two mechanisms could be inferred from
the experimental results for the bed by regression analysis, for a com-
plex model as used, it is much better to obtain these parameters, where
possible, from independent experiments. This is fairly easily achieved

for the diffusivity of oxygen in the pellets.

5.2 Overall Diffusivity

The diffusivity of a gas in porous pellets is in general due to a com-
bination of Knudsen and molecular or bulk diffusion, i.e. gaseous mole-
cules may diffuse both due to collision with pore walls and due to
collisions with each other. For binary gas diffusion in a porous solid

at constant total pressure Satterfield (1970) reports as the most useful

model
dc .
© . Dy g vy (N) 4 NY) 1)
1 T+ D /D -
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: 2
where Ny and N2 are the fluxes of components 1 and 2 (kg mol/(m"s))

D12 = bulk diffusion coefficient of species 1 in a mixture

of 1 and 2 (m2/s)

DKl = Khudsen diffusion coefficient for species 1 (m2/s)
y = molefraction

x = distance in the direction of diffusion (m)

¢ = concentration (kg mol/ma)

superscript o indicates that there is no D'Arcy flow resulting

from pressure gradients and no surface diffusion.

For equimolal counter diffusion this reduces to

where L. —}—-+ L » the so-called Bosanquet interpolation formula.
Dy P

Taking into account the voidage and pore structure of the pellets, effec-

tive properties are obtained when

- £ = £ ==
De =7 D 5 Dipe™7Dyp ad Dy =T Dy
where € = voidage fraction of the porous solid
T = tortuosity factor for the porous solid,
then D,» the effective overall diffusivity is given by
1 1 1
== 5 + (5.2)

e 12,e DKl,e

The effective bulk diffusivity can be calculated with fair accuracy as
done in section 5.4. Tor pellets with a simple and well known pore

structure DK o May be calculated from
?

- e/ 2
DK,e = 0,9700 - r m-/s (5.3)

=[3
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when £ = pore radius

=
"

molecular weight.

For an unknown pore structure DK has to be obtained experimentally.

5.3 Determination of the Knudsen Diffusion Coefficient

Gunn (1967) modified equation (5.1) to include D'Arcy flow. This
Balder and Petersen (1968) used to obtain for a single component in a

porous pellet

C

- Opy_ 1 dP
Ny = (DKl,e * u P) R'T dx
C , 3

where ~0 = D'Arcy flow parameter (m s/kg)
u
- 2

P = pressure (kg/(m“s))
R' = gas constant
T = temperature (K)

Integrating over the pellet length L

R'TL =
Ny _ Dy 40 F (5.4)
AP > i
where AP = pressure drop across the pellet

P

average pressure in the pellet.

Plotting P vs the right hand side of equation (5.4) should give a

straight line with at P=0 the intercept equal to DKl o the effective
]

Knudsen diffusion coefficient.

5.3.1 Experimental determination of D1<l o
Ly

Permeability experiments similar to those done by Balder and Petersen

(1968) were performed on several pellets both carbonised and uncarbonised.



Fresh pellets were heated to 480°C and kept at that temperature overnight
so as to have the same temperature history for the fresh pellets as for
the carbonised pellets. The pellets were then cemented into brass
sleeves using Araldite, an epoxy cement. The two flat surfaces were
finally faced off to remove Araldite covering the ends of the cylindrical

pellets.

Microscopic examination of the faced off pellets in their sleeves, indi-
cated good sealing by the cement. The Araldite appeared not to have
penetrated the pellets to any extent. Pellet diameters were obtained
from the finished sleeved pellets using a travelling microscope. Care
was taken to ekclude parts of the pellet penetrated by the Araldite.

The mean of several readings-on both sides was used.

Prior to a permeability experiment, the sleeved pellets were evacuated
for four hours. It was then fitted inside the sleeve holder of the per-
meability apparatus as shown in figure (5.1). During a run, a purge
was allowed on the upstream side to remove any impurities and give a
quicker response to any pressure changes applied. The apparatus as de-
signed only allowed for average pressures greater than atmospheric.

Flow measurements were made for pressure drops across the pellet ranging
from about 100 mm to 1300 mm Hg. The results obtained for oxygen are
shown in figure (5.2). The straight lines were obtained by linear re-

gression. Experimental points are only shown for some of the plots with

the higher standard deviations. The results are tabulated in table (5.1).

The ranges of DK o for the two types of pellets are considerable. They
3

also overlap comsiderably. This is not surprising for these industrial
catalysts. For this work the mean for the two types of pellets was used,

i.e. Dy o = 2,87><1o'7 YT +uu% n?/s
. ]
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TABLE 5.1 IKNUDSEN DIFFUSIVITIES.

DK,e = K.D /T
Pellet Tamperature Carggflised DK'e KDXlﬁz _ g:\a:?g:?gn

©K cm2g ! em?s 17 3 %
A 295 FRESH 0,063 0,365 2,17
B 298 "o 0,081 0,468 2,05
e 298 " 0,088 0,511 2,25
D 298 " 0,028 0,164 6,4l
E 298 " 0,030 0,173 4,67
F 298 | " 0,068 0,385 2,29
G 296 "o 0,0u5 0,260 1,24
H 295 " 0,042 0,244 0,88
1 296 " 0,093 0,539 3,21
J 295 " 0,042 0,242 0,72
K 295 " 0,053 0,308 3,15

Mean 0,332+40%

L 297 CARBONISED 0,040 0,232 3,21
M 297 " 0,065 0,378 2,00
N 298 " 0,0uY4 0,253 3,20
0 299 " 0,050 0,290 2,86
P 296 " 0,022 0,127 3,67
Q 296 " 0,063 0,365 0,79
R 295 "o 0,007 0,0423 14,2

Mean 0,241+50%




5.4 Bulk Diffusion Coefficient

Using data and methods based on the Lennard Jones potentials, the bulk
diffusion coefficients, DlQ’ for common gases may be calculated with a

better than 8% accuracy - : Satterfield (1370).

The effective bulk diffusion coefficient 1s then

D = £ p
T

12,e 12

where e,the void fraction for the pellet is 0,515 (Appendix 3.1). For T
a value of 2 is assumed. This figure is probably a bit low when compared

with those reported by Satterfield on silica-alumina cafalyst. A low

-figure will tend to increase the contribution by D to the overall

12,e

effective diffusion coefficient, but this effect will be shown to be

small, Hence

P12,e = D1/t

It may then be shown that for a pressure of 1 atmosphere in the range of
500 to 800°K

. 2
4,50 < DO N e < 9,91 cm /s
2 2,

3,55 < D, _ <
| O2 CO2;e 7,98

4,u6 < DO2—CO,e < 9,75

L,40 < D < 10,39

0,-H,0,e

2772
Now for a mixture of gases

-1
7i)
2D .
15

o3

Dim = (l-yl)(j

Since the diffusivity of oxygen in the different binary gas mixtures

does not changé appreciably and the gas mixture in the reactor has
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nitrogen as its main component (+94%), it is found that Dy, € can be
?

approximated by D02_N2 o

5.5 Effective Diffusion Coefficient

Substituting the values obtained for effective Knudsen and bulk diffu-
sion into equation (5.2) it is found that for the reaction conditions in
the porous pellet, Knudsen diffusion is the major contributor to the
overall effective diffusion coefficient. The effect of bulk diffusion
on the overall diffusion coefficient ranges from about 131% at 500°K to

% at 800°K. In terms of equation (5.3), the expression for Knudsen
diffusion, the experimental values indicate a mean pore diameter of

about 13002. This is still considerably less than the length of the
.mean free path which for a typical gas molecule at atmospheric pressure
and 750°K is about 16002 (Hirschfelder et.al,1964). This indicates that
Knudsen diffusion prevails. The effect of bulk diffusion is much smaller
than the variations obtained in D,, . Incorporating it however, gives an

K,e

overall effective diffusion coefficient

D, = 2,8x10° /T m?/s.

5.6 Effective Diffusivity, Average Pore Size and Carbon Concentration

Assuming long narrow and straight pores, circular in cross section and

considering only the curved surface, it may be shown that

N

€

(a3
1]
ok

°p

Using a full B.E.T. method with nitrogen as an absorbent, the following

data was obtained for S by Finkelstein (1969) for the catalyst used.
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Fresh catalyst 289 m2/g

Carbonised catalyst 235 m2/g

Partly regenerated catalyst 262 m2/g

The coefficient of variation was thought to be better than 3%. Using
experimental values from section A3.1 this gives for fresh catalyst an
average pore diameter of about 702. This compares badly with the 13002

obtained from Knudsen diffusivities.

Porous catalyst pellets of the type used, are manufactured by compress-
ing ground porous materials. This tends to give the catalyst pellets a
pore size distribution with two distinct peaks. The smaller pores, less
than say 2OOX in diameter provide most of the internal surface area and
the bigger pores which have diameters up to two orders bigger than the
smaller ones, provide most of the cross sectional area for flow through
the pellet. Most of the distance a gas molecule has to traverse to
reach an active site, may be covered in the bigger pores. The effective
diffusivities should therefore be associated with these bigger pores and

the smaller pores with the B.E.T. results.

If the char consisted purely of cubical carbon atoms, then the thickness
of a monolayer of the coke would be given by
Me 1/3
()
PcAv

Weast (1968-1969) reports a density of 1,8 - 2,1 g/cm3 for amorphous
carbon and 2,25 for graphite. These figures give a monolayer thickness
“of roughly 22. For S§=235 m2/g and assuming a monolayer of carbon, about
half the available surface in the pellet would be covered for a carbon
concentration of.S% by weight. However Hill (1972) indicates that the

char is very much more complex than a monomolecular layer of carbon atoms
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and Hall and Rase (1963) indicate that cafbon deposits in particles
rather than in layersf This indicates that pore blockages might occur.
The experimental diffusivities in fresh and carbonised pellets do indi-
cate that this does take place, however the effect is fairly small com-
pared with the variations found for the fresh pellets and the effect

has been ignored for this work.
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CHAPTER 6

RESULTS AND DISCUSSION

In this chapter the results from the model will be dealt with first,
The information obtained from the model will then be used to interpret
the experimental results and show the validity of the model. The model

will then be compared with existing models.

6.1 Computed Témperature Profiles

6.1.1 Introduction and the standard case.

Any model proposed for the regeneration of carbonised catalyst pellets
is most conveniently evaluated for applicability by comparing the tem-
perature profiles it predicts with those obtained experimentally. Not
only is temperature an easily measured variable, it is also the most
important one from a control point of view. Too high a temperature will
permanently destroy the catalyst. It is also well known, and it will be
shown again, that at too low temperatures the regeneration process is
very slow, and requires inconveniently long times. Most comparisons will
therefore be done on a basis of temperature profiles. Unless otherwise
specified in the remainder of this chapter, whenever reference is made
to a temperature, this reference will be to gas temperatures. Gas tem-
perature is also the one measured experimentally. According to the com-
puted results, gas and solid temperatures normally differed by less than

10°K.

In order to demonstrate the effect of different parameters and



operational conditions a standard case is defined. This standard case
is approximately the average condition used in the experimental program

and uses the physical constants and expressions obtained in the appen-

dices.

P - pressure - 1,057 N/m2

Rp - pellet radius - 3,175 mm

L -’ reactor length - O,Qlﬁ m

D - diamefer of reactor tube - 0,050 m

G - gas flowrate - 0,949 kg/(mQS)

To - 1inlet gas,linitial bed and reactor jacket temperature - 783°K
Yy, ~ OXygen mole fraction in inlet gas - 0,025

Cuo initial weight fraction of carbon in pellet - 0,069

k - apparent thermal conductivity of the solid phase. Assumed zero.

U - overall wall heat transfer coefficient- 8,84 W/(mQK)

1
h - film heat transfer coefficient - 0,2638 ( %%5 )2 W/(m2K)

’ - il
k - film mass transfer coefficients for oxygen - 2,161x10 S ( gﬁg )2

Tgl/3 kg mol/m2s
e, - effective specific heat of solid phase - l,QSBXl03+O,782 Ts J/(kg K)
cg - specific heat of gas phase - Q,918leO?+O,272l Tg J/(kg K)
Mg - molecular weight of inlet gas = 32 Yo * (l—yo)281 kg/kg mol
€ - bed void fraction - 0,395
m - order.of combustion reaction with respect to oxygen - 1
n - order of combustion reaction with respect to -carbon - 1
k, - mnatural log of pre;exponential factor - 9,53
E - activation énergy - 0,785 x 108 J/(kg mol)

(-AH) - heat of combustion - l,97><108 + 2,83X108x J/ (kg K)
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X - fraction of carbon burned to CO2 = 1/(1+q)

q - ratio of CO to CO, produced - Fq exp (7,83 - 6241/T)

Fq - factor determining the level of CO to CO, produced -~ 1,0
AZ - increment along length of reactor - 00,0254 m

AR - radial increment in pellet - 3’53X10—4 m

At - time increment - 10 s

NOCC - pumber of correction cycles - 2

Unless otherwise specified these are the values used for computed re-

sults.

The gas temperature profiles obtained for standard conditions are shown
in figure 6.1. A temperature peak is produced which increases in height
as it moves down the bed. In this as well as in all other simulations,
profiles‘are calculated using a time increment of 10 seconds, but the
results are recorded and plotted af intervals of 30 seconds for high

and intefhediate flowrates, and at intervals of 60 seconds for low flow-

rates.

The internal consistency of the model as demonstrated by the computed
material and energy balances will be dealt with in section 6.3. The

effect of assuming zero axial conduction and the stability of the num-
erical solufion to changing increments in space and time are discussed

in section 6.U4.

6.1.2 The effect of the reaction rate parameters kg and E

The effect of varying ko’ the natural log of the frequency factor, on

the gas temperature profiles at different positions in the bed, is shown
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in figure'6.2. Increasing kos the general activity increases, the peaks
become steeper and the peak heights at 0,355m become greater relative to

that at 0,914m.

The effect of varying E, the activation energy is shown in figure 6.3.

In order to maintain the same degree of activity in the different simu-
lations, ko has to be changed in sympathy with E. For purposes of demon-
strating the effect of E, ko was adjusted so as to give the same tempera-

ture peak height at the outlet of the bed.

The effect of temperature changes on the reaction rate is increased with
increasing values of E. Since higher reaction rates produce higher tem-
peratures, the effect of temperatures become "auto catalytic". This is
readily understood from the form of the Arrhenius reaction rate ex-
pression. At low values of E the temperature effect is weak and the
activity is fairly uniform throughout the reactor and depends mainly on
the concentrations of oxygen and carbon. At higher values of E, the
temperature effect on the activity in the bed is stronger and this will
exaggerate the temperature rise. In terms of the comparison, using the
outlet tehperature peak height as a standard, this gives rise to two
effects. The higher the value of E used, the higher the temperature
level required for the reaction to start and once started, the higher
the rate at which the reaction rate increases. Expressed differently,
higher E's give steeper'temperature peaks and a greater spread of the
relative peak heights occurring at different points in the reactor.
These effects are very much more pronounced than similar effects obtained
when varying ko alone. The combined effect of ko and E affects mainly
the relative peak ﬁeights at different points in the reactor, and it
affects the shape of the curves. ko (adjusted for the level of the ac-

tivation energy) affects the average activity of the reactor.
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Although any reaction raté can be obtained by an infinite number of
combinations of ko.and E, rates at different temperatures or as in our
model, a specific relative peak height for two points in the bed, is
uniquely defined by only one combination of ko and E, provided no other

variables could have an effect on relative peak heights.

These are important considerations when computed and experimentally ob-
tained temperature profiles are compared. If the model is applicable
then the shape of the experimental curve and the relative peak heights
at different points in the reactor should be criteria to be used in
evaluating the values of ko and E appropriate to the conditions in the

reactor.

At stationary state when a completely developed burning zone moves down
the bed, the peak height will be constant and relative peak heights
cannot be used. Plotting temperature profiles as functions of distance
moved in the reactor, then produces curves, from the trailing edge of

which, values of ko and E might be inferred.

6.1.3 The effect of the relative production of CO and Co, (q)

The heats of reaction of the combustion of carbon to 002 and that fo co,
differ considerably. Depending on the relative rates of production of
CO and CO2 in the reactor, more or less heat is produced and higher or

lower temperature profiles may be expected. In this work q, the rela-

tive rate of CO and 002 produced, is given in section Al.2 as
q = Fq exp (7,830 - 6241/Ts)

where Fq normally has a value of 1,0. Levels of q may be changed

through Fq. The effect of varying levels of CO/CO2 production is shown



in figure 6.4.

On changing Fq from‘0,5 to 1,5, the relative peak height, and the shapes
of the temperature profiles are hardly affected. For the considerable
change in Fq, the tempefature changes are relatively small. Fq has an
effect on the temperature profiles similar to that of ko but to a much

smaller degree.

6.1.4 The effect of overall wall heat transfer coefficient (U)

The rate at which heat is being lost through the wall, is going to in-
fluence the temperature levels attained in the bed. The effect of vary-
ing values of the overall wall heat transfer coefficient, U, is shown in

figure 6.5,

The effect of U on the shape of the temperature profileé and on the rela-
tive peak heights between points in the reactor at 0,355m and 0,91u4m is
relatively small. U‘depends mainly on the thermal conductivity of the
insulating alumina wool around the reactor. The range through which U
varies in figure 6.5, is much greater than the error in data on alumina
wool as provided by the manufacturers, is likely to be. U is therefore
likely to be a parameter of minor importance when coméaring predicted

with experimental temperature profiles.

1
6.1.5 The effect of flowrate, G, and the ratios L/G° and L/G

The effect of different flowrates on the gas temperature profiles, is
shown in figure 6.6. As the flowrate increases the temperatures in the
bed rise quicker but not to the same extent. In the case of the lower

flowrate, the statlonary state temperature has practically been reached

at z = 0,914m,
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In section 3.5, the dimensionless forms of the basic differential equa-
tions were considered. Two schemes were proposed in which z, the dimen-
sionless distance along the length of the bed was obtained as a function
of Z/G;"t and Z/G reépectively. Temperature profiles.for various flowrates
G, holding‘L/G% constant, are shown in figure 6.7. Holding L/G% constant
does not give profiles invariant with G. Similar profiles with L/G con-
stant instead, were found to be practically invariant with G. The simu-
lated profiles were valid for all values of bed position Z, and gas flow-
rate G, over a substantial range. Provided the appropriate value of L/G
is used, the profiles may be obtained from the standard curves given in
figure 6.1. The maximum deviations from the standard curve for diff-

erent flowrates and L/G less than 0,965 mas/kg, were found to be

Flowrate kg/(m’s) 0,136 0,542 0,949 1,356 2,712

Max. deviation oK 17 i standard 3 7

These results agree with the findings of Johnson (1956). He showed that
when certain assumptions are made, the most important of which is pro-
bably that of a temperature independent reaction rate, then the inverse
proportionality between the effects of gas flowrate and length of reac-

tor is exact.

6.1.6 Adiabatic gas temperature profiles.

From a practical point of view, the important application of the model
is for the adiabatic case. With this in mind the effect of different
operational variables was computed. As standard adiabatic conditions

#hose of the 'standard' case were chosen except for the overall wall
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heat transfer coefficient which was reduced to zero and the inlet oxygen
concentration which was reduced from 2,5 to 2,0 % to compensate for the
reduced heat losses. The gas temperature profiles obtained for standard
adiabatic conditions are shown in figure 6.8 for different positions in

the reactor and associated L/G ratios.

6.1.6.1 The effect of inlet gas temperature.

The effect of different inlet gas temperatures on the temperature profile
0,914m from the entrance of the bed is shown in figure 6.9. The initial

bed temperature was taken equal to the inlet gas temperature.

As the inlet tempefature is lowered, the general activity in the bed de-
creases till at an inlet temperature of 672°K the maximum temperature
rise achieved at 0,914m from the entrance is about one third of that ob-
tained with an inlet temperatﬁre of 811°K. The increase in activity
with inlet temperature slows down at higher inlet temperatures, because
at higher rates of combustion the oxygen supply to the bed becomes the
limiting factor. Provided the bed is long enough or the flowrate small
enough, temperatures will be able to build up in an adiabatic bed and
some distance from the entrance, when the temperatures become high

enough, the rate of combustion will depend only on the oxygen concen-

tration in the inlet gas.

Compared with that of the'inlef temperature, the effect of the initial
bed temperéture on tﬁe temperature profiles is small. As shown in sec-
tion 3.2.4, the ratio of heat produced per heat accumulated in a.pellet
is of the order of 20 to 1. The effect of the initial temperature pro-
file on the.temperature profiles in tHe bed will therefore be important

only in the initial stages of regeneration.
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6.1.6.2 The effect of initial carbon concentration c -

The effect of different initial carbon concentration on the gas tempera-
ture profiles is shown in figure 6.10 for two points in the bed. The
concentrations chosen were those used in the experimental program. As
expected higher temperatures were obtained for higher carbon concentra-

tion.

6.1.6.3 The effect of inlet oxygen concentration.

The effect of different inlet oxygen concentrations is shown in figure
6.11 for a position 0,914m from the entrance of the bed. It shows typi-
cal first order behaviour of the general activity in the bed with inlet
oxygen concentration, in that peak heights are approximately proportional

to the inlet oxygen concentration.

By suitable control of the.inlet oxygen concentration, it is possible to
maintain the bed at a high level of activity without exceeding a certain
arbitrary temperature level. Figure 6.12 shows the behaviour of the
femperatures in the bed when the inlet oxygen is started at a high value
in order to peach a‘high activity quickly; it is then reduced to prevent
temperatures becoming too high and is then increased again as the tem-
peratures drop to maintain a high rate of combustion. The rate of com-

bustion tends to decrease as the carbon is removed.

It is intergsting to note the rate at which carbon is removed from diff-
erent parts of the bed; Levels of carbon content in the bed as functions
of bed position and time fér the above simulation, were computed and
shown in figure 6.13. It takes about 90 minutes to remove 90% of the

carbon at the entrance, whereas it takes only 61 minutes halfway in the

bed.
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6.1.7 Stationary state temperature profiles.

In figure 6.14%, the temperature profile computed for standard conditions
are shown for a bed 2,82m long. This is three times the length of the
bed used in our investigation. The locus of the peak height as it moves
along the reactor length with time, is indicated by the dotted line. It
passes through a slight peak before it settles at a stationary value.
This is the same sort of behaviour, although in a less extreme form, as
that predicted by Olson's model (1962) which is based on the shrinking
core and diffusion controlled combustion of carbon. The initial peak is
due to an initial combination of high oxygen concentration at the inlet
and carbon concentration at or close to the surface of the pellets at
the entrance of the bed, when diffusion is not yet controlling to the
same extent as it will when stationary burning zone profiles have been

developed.

Making use of the fact that temperature profiles are invariant with res-
pect to distance along the bed or with flowrate provided the ratio L/G

is kept cqnstanf, it follows from these curves that at standard condi-
tions in our bed, the computed temperature peak will still be rising as

it leaves the bed at the high flowrate of 1,356 kg/(mQS). At the inter-
mediate flowrate of 0,949 kg/(m2s), the peak will almost have reached

its peak at the outlet of the bed. For the low flowrate of 0,542 kg/(mzs),

the peak has practically reached the-stationary peak height as it leaves

‘the bed.

6.2 Flow Reversal and Regeneration Time

As already intimated in section 6.1.6.3, carbon is removed faster from

parts of the bed where high temperatures maintain high reaction rates.
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Close to the entrance, where the temperature remains low and the com-
bustion rate may therefore be slow, carbon is removed at a slower rate
compared with the rest of the bed. When the reactor iength to flowrate
ratio is such that most parts of the bed are being regenerated simul-
taneously (i.e. for a relatively short bed or high flowrates, or both),
this gives rise to the situation that after some time most of the re-
maining carbon left, is atthe entrance. High temperatures at the en-
trance would accelerate the carbon removal. This may be achieved by re-
versing the flowrate when the bed closer to the outlet is still at a
fairly high temperature. The heat generated is then used to heat up

what used to be the entrance, to increase the reaction rate.

The effect of flow reversal and reversal times on temperature profiles
and rate of carbon removal was computed for the conditions that occurred
in run HLL (for designation of run see table 6.1). The computed tem-
perature profiles are shown in composite figure 6.15 and the total car-
bon present curves for different reversal times as a function of time

are shown in figure 6.16. As can be seen from the computed results, de-
ﬁending on the required degree of regeneration, there is a flow reversal
time for which the regeneration time is a minimum, which may be up to 30%

below normal regeneration time. The results of these computations are

tabulated below,

Time required for regeneration

Reversal time (min.): 10 12,5 15 17,5 | 21,7

Degree of regeneration (%)

80 16,5% | 18,8 | 20,3 | 22,0 | 24,2
85 19,6% | 20,3 | 21,8 | 24,0 | 27,2
90 - 23,4 22,3% | 23,7 | 26,3 | 31,3
95 >33,0 33,0 | 28,0% | 31,5 |>33,0

* denotes Minimum regeneration times,
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16 FRACTION OF INITIAL CARBON LEFT IN BED FOR VARIOUS
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It appears that the optimum time for flow reversal, for run HLL at
least, is approximately when the temperature peak travelling in the bed,
emerges from it. It should be noted that at that stage enough carbon
was removed from the end of the bed so that on flow reversal no higher
peaks developed at this end of the bed. In practice this is important,
because this means that if a temperature peak travelling back into the
bed after flow reversal, is going to rise beyond acceptable levels, this
will not occur immediately and enough time should be available to take

preventative action.

The concept of reversal of flow to reduce regeneration time is interest~
ing when the practice at the South African Coal, 0il and Gas Corporation
(SASOL) is considered. They have to regenerate three clay treatment beds
stacked on top of each other and each just under one metre long. For
regeneration purposes their normal practice is to treat the stack as a
single bed and pass the same gas through all three beds. The regenera-
tion time was about double the normal process time. In order to speed

up regeneration, they.were seriously considering regenerating the three
beds individually by splitting the feed and introducing it to the reac-
tor between the beds. With these shortened beds, provided high enough

flowrates are used, reversal of flow should considerably reduce the

overall regeneration time.

6.3 Material and Energy Balances

Material and energy balances were computed for all computed profiles.
They have only been recorded, however, for those cases where actual ex-

perimental runs were simulated.
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6.3.1 Total carbon present and the rate of its removal at any instant.

In the "A" part of figures 6.18 to 6.39 the computed total unconverted
carbon still present, is shown for the relevant runs. Of more interest
is the rate at which this carban is removed. This is obtained quite
simply by differentiating the curve for total carbon present with respect
to time according to equation (4.1). The initial and final rate values
cannot be computed in this way. A three point forward and a three point
backward finite difference expression as used by Lapidus (1962) were

used to calculate respectively the initial and final rate values from the
tofal carbon present curve. For convenience of representation a normal-
ised overall rate of carbon removal is plotted, which is obtained by
dividing all the removal rate values by the largest value encountered for

a specific simulated run.

For all the simulations, the computed overall rate of carbon removal shows
a steady increase as the temperature in the bed rises and hence the tem-
perature dependent reaction rate increases. After some time so much car-
bon has been removed however, that the rate which is also carbon concen-
tration dependent, cannot be sustained and the overall rate of carbon re-
moval decreases'up till the time of flow reversal. At flow reversal, de-
pending on the amount of carbon still left in the bed, the decrease in
overal; rate of carbon removal is arrested or when a fair amount of car-
bon is still present, the rate of removal may increase again quite con-
siderably due to a combination of high temperatures and carbon and oxygen

concentrations at what used to be the entrance of the bed.

At the onset of the regeneration period there is a slight break in the
rising rate of carbon removal pattern. During the first time increment

the calculated curve shows a drop from the initial value. For the second
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and successive time increments the pattern is as described above. This
anomaly occurs in the material balance rather than in the model itself
because it is due to the manner in which the total carbon present in the
bed at any time is calculated. Calculating the initial carbon present
from the total bed volume, average bed density and uniform initial carbon
concentration and comparing this with the initial carbon present computed
by numerical integration of the carbon profile in the bed through the
concave upward durvé of r20 in equation (3.25), it is found for simula-
tion run II, that the integrated result was 0,51% low with 9 radial in-
crements in the pellet. In the model, the initial value of the carbon
present is found from the average bed condition whereas at all other times
the carbon present has to be obtained by numerical integration. The
error thus introduced during the first increment will show up as an in-
creased rate of carbon removal. As regeneration proceeds and the (r2c)

curve becomes less concave, the error will decrease.

At flow reversal there is a similar spike in the carbon removal curve.
This is similarly owing to the crude numerical approximations not being
able to represent accurately the drastic changes in oxygen profiles and

carbon removal rates that occur at flow reversal.

6.3.2 YgJ, the oxygen concentration in the outlet gas as a fraction
of that in the inlet.

These curves computed for the relevant runs, may be found in the "A"
parts of figures 6.18 to 6.39. Roughly, the YgJ curves are inversions
of the overall rate of carbon removal curves. This is to be expected
since the rate of oxygen consumption is directly proportional to the
overall rate of combustion of carbon. The curves do not, however, con-

tain the spurious peaks that occur in the overall rate of carbon removal
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curves, because‘YgJ comes directly from the model whereas the carbon
removal rate curve depends on the material balance which is only approx-

imate in the initial stages and at the time of flow reversal.

6.3.3 XR, the material and energy balance check parameter.

Except for an anomalous dip in the curves at the initial stages of the
simulations, the XR curves, shown in the "A" parts of figures 6.18 to
6.39 for the relevant runs, are close to unity. For most of the simu-
lated runs, XR is normally well within 1% of unity, indicating that the

model is consistent with respect to material and energy balances.

The anomaly at the initial stages is due to the manner in which Xy and

xH.are comﬁuted (section 4.7.4). During the initial period both Xy and
Xy will be low due to the error in the evaluation of the initial overall
rate of carbon removal. This error was described in section 6.3.1.

Both Ry aﬁd Xy should be equally affected however, and the ratio XR
should therefore be unchanged. The difference between the initial val-
ues of Xy and Xy is due to the way in which the trapezoidal rule for
integration has been used during the first increment in time, to compute
the oxygen consumed (section 4.7.1) and the heat lost through the outlet
gas and through the reactor walls (section %.7.3). For all three quan-
tities the rate at the end of the initial time increment is used as a
mean rate for that increment. Remembering that a pseudo steady state
assumption was wmade for the oxygen profile in the gas phase, then for
oxygen consumption, this is a fair assumption as the change in oxygen
concentration in the outlet gas during the initial time increment is not

great as indicated by the YgJ curve. For the heat lost in the outlet

gas and through the walls, this assumption is not so good, since at the
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beginning of the initial time increment the rate of heat loss for both
is zero. Due to the manner in which the material and energy balances
have been calculated therefore, relatively more heat is lost, than the
equivalent amount of oxygen consumed. This increases the value of Xy
ovef that of Xy giving an XR ratio less than unity. As the errors
become only small fractions of the total heat accounted for and the
oxygen consumed after subsequent time increments, the error in XR will
tend to zero. It should be noted that the error is not part of the

model proper but of the material and energy balances which are used to

check the internal consistency of the model.

During flow reversal, small changes are noticed in the XR ratios. As

for the anomaly in the initial portion of the curve the error is owing
to the rates of consumption of oxygen and heat loss through the outlet
gas not changing to the same extent. The changes are so small however,

that they are of no consequence within the overall picture.

6.3.4 =x', the instantaneous fraction of carbon converted to CO

2
in. the outlet gas.

The x' curves, computed for the relevant simulation runs may also be

found in the "AY parts of figures 6.18 to 6.39.

Values for xi_l are calculated from computed values of x , and x, as in-
2

H M
dicated ip section 4.7.5. They are slightly.offset when plotted, when

they are treated as xi values. The error introduced in this manner is
minimal. The initial value of xi cannot be found this way, but may be
directly calculated from the expressions for x and q in section Al.2,

assuming the nominal initial temperature to be uniform for the bed at

time is zero.
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Apart from an anomaly after the first increment the x' values decrease
as the general temperature level in the bed increases and x' increases
as the general temperature level in the bed drops. This is in accord-
ance with the behaviour predicted by the expressions for x and q given

in section Al.2.

The anomaly at the end of the first increment in time is due to the
initial error in the evaluation of the total carbon present in the bed
and the errors in the evaluation of the oxygen consumed and heat lost
through the walls and through the outlet gas. The reasons for these
errors have been dealt with in the previous sections. Since x' is ob-
tained by>a process of differentiation, the error will only show up
when it is introduced. Similar to that of the overall rate of carbon
removal, the x' curve has spurioqs peaks at the time of flow reversal.
They are however more closely related to the small changes in the XR

curves noticed at flow reversal time.

A small positive stepchange occurs in the xﬂkvalue at flow reversal.

I
Although the change is small, e.g. for run II it is less than 2/3%, be-
cause the x' curve is obtained through a process of differentiation of

the average value for Xy and Xy it shows up as a spurious peak in the

x' curve.

6.4 The Accuracy of the Model

6.4.1 Effect of computational parameters on the computed profiles.

For all the simulated runs the following computational parameters were

used

AZ = 0,0254 m (37 grid points)
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AR = 3,53x10 ' m (10 grid points)

At 10 seconds.

Two correction cycles were used per prediction.

The numerical solution of the model was stable with respect to AZ, AR and
At. The effect of changing these parameters was computed using the con-
ditions for rﬁn iI given in table 6.1. Halving AZ, the spatial increment
along the bed length, the computed temperature profiles changed by less
than O,loK. Halving At, the increment in time, the computed temperature
profile changed by less than 1,4°K. Using 8 increments in R, the radial
position in the pellet, instead of 9, tended to raise the temperature
profiles but never more than l,SOK. Using 4 correction cycles, gave tem-
perature pfofiles within 1,4°K of those obtained with 2 corrector cycles.
Normally during an experimental run, temperatures would range through a
few hundred degrees. The increments used in Z, R and t and the number of
correction cycles used were therefore completely adequate for simulation

purposes.

6.4.2 The effect of axial conduction.

The effect of axial conduction of heat in the bed on the computed tem-
perature profileé was also investigated. It was found that on ignoring
axial conduction for the conditions of run II, where the flowrate of
0,949 kg/(m2s) was used, that the change in temperature profiles, at any
time, was never more than about 1°K. Since this change was accompanied
by a savipg in éomputer time of more than 9%, the axial conduction of

heat was ignored for all the reported simulations.

127



128

6.5 Experimental Results

6.5.1 Experimental conditions.

The experimental conditions with respect to gas flowrate, initial carbon
concentration; inlet oxygen concentration and the nominal base tempera-
ture, are given in table 6.1. The nominal base temperature is the
average of the inlet temperatures and the initial temperatures of the
bed. The conditions given in table 6.1 were also used in the model to
simulate the experimental runs. Table 6.1 also gives the natural log of
the frequency factor needed in the Arrhenius rate expression in the
model, in order to get as close agreement between the experimental and

simulated runs, as possible.

The name of a run is designated by two alphameric characters. The first
indicates the gas flowrate used. H, I and L indicate high, intermediate
or low flowrate respectively. The last alphameric character indicates
the level of the nominal base temperature and is also H, I or L depend-
ing on whether the lebel is high, intermediate or low. If more than one
run was performed at the same nominal flowrate and temperature, an extra
numerical character is added at the end of the name. For some runs the
correspondence between experimental and simulated temperature peak posi-
tions could be improved by adjusting the flowrate used in the simulation.
The corrected flowrate used and the associated frequency factor are also
tabled and these simulations are indicated by adding (C) to the name of

the run.

A special run done at high flowrates but at an "ultra" low nominal tem-

perature, was named HUL.
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6.5.2 Experimental temperature profiles.

The temperature profiles for the runs tabulated in table 6.1 are plotted
in the "B" parts of figures 6.17 to 6.39. Although temperatures were
recérded at 15 second intervals, the experimental points are shown at 60
second intervals for the experiments done at intermediate and high gas
flowrates and at 120 second intervals for the low flowrate.experiments.
It was done this way to prevent overlapping of plotted points and to
keep the experimental plots legible. Since the experimental curves were
very smooth there is no loss of information except for a slight loss at

the peaks of the profiles where points are more widely spaced.

The decision as to when to reverse the flow was a fairly arbitrary one.
Computed results (section 6.2) suggested that optimum reversal time is
just after the temperature peak has travelled through the bed. On the
other hand the tails of the témperature profiles during normal flow were
.useful fbr comparing the experimental with computed results. A compro-
mise was made for most of the runs so that the experimental and computed
results could be compared and the effect of reversal time could also be
noted. For ruﬁs LI1, HL1, HI and HHL, however, the flow was reversed at
a fairly late stage in the experiment. For runs IL2 and HL2, figures
6.26 and 6.33, the flow was reversed soon after the temperature peak had

passed through the bed.

6.5.3 Experimental outlet oxygen concentration profiles.

These are given in the "A" parts of figuresIG.lB to 6.39. The outlet

gas concentration is expressed as a fraction of the inlet gas oxygen

concentration.
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TABLE 6,2

Legend for Lxperimental and SHimuiated

Temperature Profiles.

Temperature Profiles.

Experimental profiles are given by points and the associated simulated

profiles are given by solid lines identified by trie same voints. (When

confusion between an experimental point and & point identilying 4 line

is possible, this occurs only when the two profiles are =imost identi-

cal and confusion is not serious.)

- profile
- profile
- profile
profile
- profile
- profile

- - profile

X+ X + b0 B
|

- Profile

Fraction Curves.

Experimental
points

&

at the bottom

0,051 m
0,203 m
0,356 m
0,559 m
0,711 m
0,864
0,914 m

=]

above
above
above
above
above
above

above

Calculated

curves

® N XpO

of the bed

bottom
bottom
bottom
bottom
bottom
bottom
bottom

of
of
of
of
of
of
of

the
the
the
the
the
the
the

bed
bed
bed
bed
bed
bed
bed

(top of bed)

total carbon present in the bed.

normalised rate of carbon removal

outlet oxygen as a fraction of inlet
oxygen concentration.

x', the instantaneous fraction of
carbon burned to CO, in the outlet gas

- XR, IM/ §H
G - gas flowrate kg/(mQS)
Co - initial carbon concentration in bed kgC/kg of catalyst
Yo - mole fraction of oxygen in the feed gas
T° ~ nominal feed gas temperature ©K
-k = mnatural log of the pre-exponential factor.
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Just after the start of run IL2, figure 6.26, the gas syringe used for
gas analysis was damaged and no analysis of the outlet gases was DpOSS-—
ible for that run. The inlet oxygen concentration however was deter-
mined from an inlet gas sample taken during the experiment and analysed

after completion of the experiment when a new syringe could be obtained.

6.5.4 Experimental profiles of x', the instantaneous fraction of

carbon burned to CO, in the outlet.

These profiles are also shown in the "A" parts of figures 6.18 to 6.39
for all the runs but run IL2. They were obtained by interpolating the
CO2 vs time curve to obtain CO, values at times for which CO values had
been determined. =x' is then given by the fraction C02/(C02+CO) where
both CO, and CO are outlet gas concentrations.

2

6.6 Comparison between Experimental and Computed Results.

6.6.1 Preliminary results.

The need for an Arrhenius type of reaction rate expression became
apparent soon after this work was started. A regenération run HUL,

with a bed containing 6,9% carbon and a gas flowrate of 1,356 kg/m2s
containing 5% oxygen, was attempted at several nominal base temperatures.
Firstly the reactor was taken up to a temperature of 550°K. When the
gas containing 5% oxygen was introduced, no rise in temperature could be
discerned at all. The bed was then heated to 663°K and the gas con-
taining the oxygen was reintroduced. At this level, after 15 minutes
the biggest temperature rise in the bed was found to be less than 3°K.

Oxygen flow was again stopped and the bed heated to a uniform 731°K
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before it was introduced again. At this level the temperature profiles
shown in figure 6.17 were obtained. Comparing these profiles with those
of run HL2, figure 6.33, it appears that although the oxygen concentra-
tion for run HUL was 40% greater than that of run HL2, the temperature
rise for HUL was only 120°K whereas HL2, which had a nominal base temp-
erature of 752°K, had a temperature rise of 140°K. This difference in
performance could not be due only to the small amount of carbon removed
at 663°K. In conjunction with the implications of the visual obser-
vations made on pellets partly regenerated at different temperatures
(figure 3.l)kindicating reaction rate control, the need for a temper-

ature dependent reaction rate mechanism became apparent.

6.6,2 Temperature profiles.

6.6,2.1 Regression of experimental temperature profiles.

Of the more important parameters, determining the results obtained
by the model, De, the diffusion coefficient for oxygen in the pellet
was determined experimentally in chapter 5. It was shown in sections
6.1.3 and 6.1.4 that the effects of Fg, determining the level of the
ratio in which CO and CO2 are produced, and U, the overall wall heat
transfer co-efficient, on the temperature profile, were relatively
small compaped'with those of the Arrhenius rate expression parameters
ko and E. It will also be shown in sections 6.6.4 and 6.6.5 that the

value for U and Fq = 1,0 used in the standard case are reasonable va-

lues., They have also been used for simulating the experimental runs.

Of all the important parameters, the activation energy and the pre-
exponential factor of the Arrhenius rate expression were the most

critical to be defined. These parameters were to be inferred from the
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wxperimental temperature profiles and a considerable amount of com-
puting was done to regress for these two parameters. Automatic re-
gression proved not feasible due to the difficulties in formulating .an
objective function. Regression "by eye" however could not only incor-

porate peak position and peak heights, but also the shape of the curves.

6.6.2.2 The Arrhenius reaction rate parameters k_ and E.

When investigating the effect of k0 and E on the temperature profiles

in section 6.1.2, it was shown that the shape of temperature profiles
and the relative peak heights at different points in the bed were cri-
teria to be used in evaluating values of ko and E appropriate to the
conditions in the reactor. 'Tﬁe effect of the activation energy E, was
mainly on the shape of the curves and the relative peak heights, whereas

-ko determined the general activity level of the reaction.

Published valﬁes for the activation energy range from about 1,0 to
1,7X108 J/kg mole (section Al.4.1). One of the most acceptable values
seems to be that by Weisz and Goodwin (1966), who reported l,57xlO8
J/kg mole for our type of catalyst. This value however gave peaks that
were too steep and too great a spread of peak heights. It was found
that using an activation energy of O,,78><10'8 J/kg mole, i.e. half the
value reported by Weisz and Goodwin, gave a steepness to the computed
curves which compared well with that found experimentally. Also using
this value, on the average the relative heights of profiles obtained at
different.bed‘points for the same run compared well with that of the
experimental curves. Wifh this value for thé activation energy, it was

then a matter of choosing the pre-exponential factor which would give

the best fit between the experimental and simulated profiles. Regressing



"by eye", ko values were obtained for best general fit with more weight
given to the more important higher temperature profiles. These values
are tabulated in table 6.1. The best fits are plotted as continuous

lines with the experimental plots in figures 6.18 to 6.39.

For the normal flow parts of the curves, the fits, in general, are
fairly good with respect to both shape and peak heights. For some runs
however, the correlation with respect to peak positions is not good.
For runs LL, LI2 and HL2, figures 6.18, 6.21 and 6.33, the experimental
temperature préfiles lag the computed profiles quite considerably. The
only way that the computed and experimental profiles could be made to
correlate, was by adjusting the flow rates used in the simulatiocns.
These flow corrected simulations, indicated by adding (C) to the rele-

vant run names, are compared with the appropriate experimental profiles

in the figures listed in table 6.1. Only small changes in ko (listed in

table 6.1) were needed to give the best fits for these corrected flow-

rates.

The different reaction rates and activation energies reported for the
combustion of carbon on Si-Al catalyst, were used to plot the various
reaction rates found, against the reciprocal of temperature and compare
them with the activation energy and average pre-exponential factor used

in this work. The rate data plotted in figure 6.40 is from Hagerbaumer

and Lee (1947), Webb and Den Herder (1951), and Pansing (1956), as cited

by Olson (1962) and from the authors mentioned in section Al.4. All the
data was expressed as rates of combustion (s-l) at a carbon weight frac-
tion of 0,02 and an oxygen mole fraction of 0,02. The average rate used
lfbr our simulations is of the same order as that found by other workers.

The activation energy used, however, was quite different.
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To evaluate the correctness of the choice of the value for the activa-
tion energy, the ratios between experimental peak heights at different
points in the bed to that obtained at the point 0,864m from the entrance,
were compared with ratios obtained by simulation. If the appropriate
value of E has been assumed, the two sets of ratios should be identical.
fhe experimental ratios of all runs are plotted against the calculated
ratios in figure 6.4l All the computed ratios for uncorrected flow-
rates and also for most of the cofrected flowrates were used. The points
obtained are almost evenly distributed and have a mean deviation of

0,066 about the diagonal representing perfect fit for an activation

energy of 0,785><l08 J/kg moleas used in this work.

Comparing the ratios between peak heights at points 0,355 m and 0,864 m
from the entrance of the reactor, for different activation energies, the

following table can be constructed.

Activation Energy (J/kg mole) 0,393><10B 0,7SSXl08 l,57><lO8

Peak height ratio 0,700 0,569 0,284

Since from figure 6.41 for E = 0,785x108 J/kg molethe peak height ratio
is 0,569 * 0,066, it is quite clear that of the three activation ener-

gies shown, the one used is the appropriate one.

On the average, simulated peak ratios are slightly greater than the ex-
perimental ones. It shoﬁld be noticed, however, that at some of the
very low corrected flow simulations, stationary state is approached,
whereas the experimental plots do not exhibit this tendency to such an

extent. Because of this the computed ratios tend to be high. If the
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difference between the experimental and calculated ratios is real, this
would suggest a slight decrease in the activation energy used. The de-
crease would, however, be smaller than the mean deviation and the time
involved in recomputing with a new activation energy does not warrant
the slight improvement in average fit which is to be expected. Not-
withstanding a general consensus that the activation energy for the com-

8

bustion of carbon should be 1,57x10  J/kg mol, it is clear that the pub-

lished values of E cannot be used to simulate our experimental data.

It has been shown that for certain runs the fit between experimental

| and simulated profiles could be improved considerably. The lack of fit
without the flow corrections really became apparent only after the ex-
perimental program had been finished. The apparatus was then completely
.stripped and a crack was found in a weld on the gas heater box which was
.made up from welded sheet metal. It was rather unfortunate that this
was discovered at such a late stage in the program. Comparing the
original simulated runs with the flow corrected ones, it appears how-

ever, that although a much better fit is obtained, only a small adjust-

ment had to be made in the value of ko, in order to get the best new fit.

This may be seen from the k0 values in table 6.1. The change was well
within the mean deviation in the average ko calculated for the three

flow regions. The change also brought the means for the different flow
regions slightly closer together, although this may not be important as
the differences between the three means is much smaller than their mean

deviations, through which they overlap considerably.

It was found that for two of the high flowrate runs HL1 and HH1, fig-
ures 6.31 and 6.36, the experimental temperature profiles lead the sim-

ulated ones. Although the peak positions do not differ greatly, it
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cannot be reasonably adjusted by means of flowrates if large incrcases
in flowrate are required to make the peak positions correlate. Since
all the peaks for these runs are advanced, it cannot be due to channel-
ing and bypassing of parts of the bed. The reasons for this anomaly

are not clear.

6.6.3 Outlet oxygen profiles.

The simulated outlet oxygen profiles are plotted together with the ex-

perimental profiles in the A parts of figures 6.18 to 6.39.

The fit between the experimental outlet gas oxygen concentration and the
values prediced by the model, varies considerably. For some runs like
LIl, LI2, IL1 and HI, figures 6.20, 6.21, 6.25 and 6.35, the fits are
quite good. Of these run LIl was obtained for conditions in which high
temperatures were reached. HI also gave a good temperature fit. For
LI2 not such a good fit for temperatures is obtained. When this is im-
proved by adjusting the flowrate, the outlet oxygen fit worsens. For
some runs the fit is poor, e.g. for HL1l, HL2, HHI and HH2, shown in
figures 6.31, 6.33, 6.36 and 6.38, although HH2 gave a good temperature
fit. Improving the temperature fit by adjusting the flowrate improves
the outlet oxygen fit for some runs e.g. II and HL2 but worsens it
for others, e.g. LI2 and LH. For run LH, figure 6.23, the computed
outlet oxygen values were to some degree consistently lower than those

obtained experimentally, but for runs II and HH2, the situation was re-

versed.

The lowest experimental or simulated values for oxygen concentration

anywhere‘in the reactor bed, were obtained for run LH(C), when the
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flowrate was adjusted to 0,475 kg/(m2a). Outlet oxygen concentrations
were low owing to low inlet concentrations combined with high reaction
rates due to high inlet temperatures. It was found for this simulated
run that the burning zone(arbitrarily defined as the region in which
oxygen dopped from 0,95 to 0,10 of the inlet value), extended over at
least 0,400 m of the bed. This gives a burning zone length to particle
diameter ratio of 63. In all other runs neither experimental nor simu-
lated oxygen concentrations dropped below 0,08 of the inlet value.

With a minimum combustion zone length to particle diameter ratio of 63,
the variations in oxygen concentration over a single pellet are less
than 0,014 of the inlet value. The assumption that conditions along

the bed vary continuously (section 3.1) is therefore quite acceptable.

6.6.4 The instantaneous fraction of carbon burned to 002, x!

On the whole, the fit between experimental and computed x' profiles, is
comparatively good. Some runs like LL, LI2, II and HI, figures 6.18,
6.21, 6.28 and 6.35, gave very good fits. Runs LIl and HL1l, figures
6.20 and 6,31, gave poor fits however. The behaviour of the experi-
mental x' curve for run LIl is suspect because between 25 and 45 minutes
it does not follow a logical trend at all. This is most likely due to

malfunction of the gas chromatograph.

Although for run HL2, figure 6.33, the computed values were consis-
tently higher than the experiméntal values, for most runs without a good
fit, the reverse is true. .On the whole a good fit for x' values does
not seem to be associated with a good fit for outlet oxygen concentra-
tions. Changing flowrates in the simulations only marginally affects

the fit of the x' profiles.
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For all the simulations shown Fq was taken as 1,0. Reducing Fq for
particular runs couid improve the fit of the x' curves for those runs.
The average fit for all the runs could also be improved to a small ex-
tent by reducing the common Fq. In section 6.1.3 it was shown, however,
that small changes in Fq hardly affect the temperature profiles. The

value of Fq = 1,0 was therefore retained.

* 6.6.5 The fraction of heat lost through the wall, HW.

Curves representing the computed heat lost through the wall as a frac-
tion of the total heat generated, are shown as broken lines in figures
B.iB, 6.30 and 6.38 for runs LL, IH and HH2. These are representative
for low, intermediate and high flowrates respectively. The loss through
the walls at high flowrates is approximately 17% after 50 minutes. For
the intermediate flowrate it is about 27% after 50 minutes and for the
high gas flowrate it is about 35%. This trend ié as expected since at
lower flowrates the gas remains in the reactor for a longer period and

will lose more of its heat to the wall of the reactor.

If the value of the overall heat transfer coefficient as estimated in
section A2.3.3 were much too high, this would affect the low flowrate
runs to a greater extent than the higher flowrate runs and would there-
fore depress the computed temperature profiles at low flowrates. In
order to compensate, one would have to use higher pre-exponential fac-
tors in the reaction rate expression to get reasonable computed tem-
perature profiles. Although there seems to be this trend in the average
value for ko for the different flowfates, the mean deviation is so

large as to make the trend quite uncertain, especially if run LH, figure

6.23 which needs an exceptionally high ko value for a good fit, is



excluded from the low flowrate average for ko (see table 6.1). In that
case there is no apparent trend at all. The estimated value of the

overall heat transfer coefficient therefore seems to be in order.

6.6.6 Reverse flow temperature profiles.

During the reverse flow period the fits between experimental and com-
puted temperature profiles are not as good as for normal flow conditions.
This is to be expected as differences between the experimental and com-
puted profiles built up during the normal flow period, will be carried
over into the reverse flow period and be exaggerated. Best fits were ob-
tained for runs IL1l, HL1l, HL2 énd HH1, figures 6.20, 6.31, 6.33 and

6.36.

The runs can be more or less evenly divided between those which show an
average predicted temperature higher than the average experimental tem-
peratures and those which predict temperatures on the average lower than
those found experimentally. The average reactor activity appears to be
the same for the experimental and computed profiles. This indicates
that the predicted carbon removed must be similar to that removed ex-
perimentally. Lowering simulated flowrates normally raised the reverse
flow profiles to some extent, but even then, the predicted carbon re-
moved must have been similar to that removed experimentally. Parameter

values used in the model are therefore of the right order.

The overall impression gained from the reverse flow temperature profiles
is that flow reversal might be effectively used to speed up the regen-
eration process, especially at high flowrates or short beds. For run

HL2, figure 6.33, for instance, during the normal flow period, the
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general activity of the reactor was low and the carbon removal slow.
On flow reversal, the reactor was able to operate at higher temperatures;
the general level of activity increased considerably and the computed

rate of carbon removal also showed a marked increase.

6.7 Comparison with Other Models

It was suggested in section 3.2.2 that in the limit our model should
tend to the shrinking core model as used by Olson, Luss and Amundson
(1968). This would occur when the reaction rate constant used in our
model was made infinitely large. To compare our model with that of
Olson, it was therefore applied to the data used by him and for which
he computed temperafure profiles which were compared with the profiles
obtained from the model proposed by Johnson, Froment and Watson (1962).
Olson's stoichiometric coefficient ==11,83 gm carbon combusted per gm
mol oxygen consumed_was equated to our fraction of carbon converted to

CO2 by putting

12,528

= = 11,83 = §.632+0,5x

(see equation Al.3)

and the equivalent constant value of x was used. The average heat of
combustion, for the temperature range involved, was used rather than
Olson's temperature dependent expression. The error involved in this

assumption was less than 0,1%.

As indicated in section 6.1.5 lowering the flowrate from our 0,542 kg/
(mzs) to 0,0957 kg/(mQS), the flowrate used by Olson, is roughly equi-
valent to shortening the bed by a factor of 6. In order to retain an
equivalent increment along the bed length, a total bed length a quarter

of the one used for our simulations with twice the number of increments
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was used. This gave an equivalent increment about 0,7 times that used

in our simulations, Making the rate constant infinite, it was found

that our model became unstable. It was possible to get a completely
stable solution however by increasing the pre-exponential factor by a
factor of 10" over our standard value. This made diffusion very much

the controlling mechanism. The ‘temperature profiles so obtained are
shown in figure 6.42 The maximum stationary state temperature rise of
2860K obtained, compares very well with the assymptotic value of 294°K
predicted by Olson's model. It should be noted that Olson's initial tem-
perature peak was never observed. For the conditions used in our work
there never was any experimental evidence for such an initial temperature
peak, nor was this reported by Ishida and Shirai (1969) who did experi-
mental work on diffusion controlled combustion in single spheres. Simu-
lations (see figure 6.14) indicate however, that with a longer bed and
smaller flowrates, these initial peaks are likely to occur also for our

conditions.

Olson et. al. compare their ‘temperature rises as a function of length
along the bed at 7,91 minutes after the start of the reaction with that
of Johnson. Superimposing the profiles obtained at 7,91 minutes from
our model on theirs in figure 6.43 1t appears that the tail end of the
profile compares very well but that the temperature peak predicted by
our model has moved further into the bed. Also at that stage, our
model has not approached the stationary state temperature rise as

closely as the models by Johnson and Olson.

Although x, the fraction of carbon burned to 002 was made constant and
equal to 0,854 to fit Olson's data, from the material and energy bal-

ances, values of XM = 0,88 and Xy = 0470 were obtained. This indicates



that relative to the carbon consumed there was an excess oXygen con-
sumed and not enough heat produced. When the overall rate of combus-
tion is diffusion controlled, the carbon gradients and hence the
oxygen gradients in the pellet are very steep. With the limited
number of grid points used for the pellet, the oxygen and carbon
profiles at the burning zone in the pellet cannot be adequately
represented and the model begins to break down. From the comparison
with Johnson and Olson's models, it is clear though, that our model
can be applied for a wide range of conditions. In order to predict
profiles close to those obtained by Johnson and Olson, our model

had te assume extremely high reaction rates. The standard reaction
rate used when simulating our experimental results, when used on
Olson's data gave, after 11 minutes, a temperature rise of only 10°K,
which implies the inability of Olson's model to predict the behaviour

of our bed. The same would apply to Johnson's model.

Although written to accommodate reaction rate control alone or in
conjunction with diffusion control, our model is also capable of
predicting with a fair degree of accuracy the type of behaviour to

be expected when diffusion is solely controlling.

In our work, reaction rate control played a much more important role
than as found by ofher workers. One reason for this is that the pel-
lets used were very porous and the experimentally determined diffu-
sivities were high. Another possible contributing factor is the his-
tory of the coke by the time it was burned off. It was kept for
extended periods at high temperatures both during the cracking of the
sugar and during preheating in the reactor. Most of the hydrogen con-
taining fractions of the coke were probably driven off and an appre-

ciable fraction of the coke graphitised. This possibility, which was
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indicated by Bondi, Miller and Schlaffer (1962), was also suggested
by observations made when catalyst whose coke was cracked at tempera-
tures considerably higher than those normally used, was found to be

more resistant to oxidation by oxygen.
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CHAPTER 7

CONCLUSIONS

Models based on diffusion control alone cannot simulate the observed

behaviour of a fixed bed of carbonised catalyst pellets during regen-

eration at low temperatures. In particular, the lack of ignition at

temperatures below 660°K cannot be simulated.

A numerical model has been developed for the simulation of the com-

bustion of carbonised pellets in a fixed bed, where the overall rate

may be either reaction rate or reaction rate and diffusion rate con-

trolled. Dependence on temperature for most parameters is assumed.
Simplifying assumptions made are: that there is no accumulation of
oxygen in the bed or pellets, that there is no accumulation of heat

in the gas phase, and that there are no radial profiles in the bed.

The model simulates, with fair accuracy, diffusion rate controlled

behaviour.

Temperature profiles are predicted for regeneration, which are
practically invariant with bed position or gas flowrate, provided
L/G, the ratio of position along the length of the bed to gas flow-

rate, 1s held constant.

Axial conduction of heat in a fixed bed is unimportant for the con-

ditions considered in this work.

Pre-exponential factors ko’ and a value of the activation energy
E, were obtained to fit the experimental data. The value of E
found is significantly lower than the best values that are avail-

able in the literature for the uncatalysed combustion of carbon.
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This could be an indication of some'anomaly in the combustion pro-
cess during regeneration. However, because of the large number of
dependent variables that simultaneously influence the simulated
profiles, it is quite impossible to draw unequivocal conclusions

from the experimental results that were obtained.

For short beds or high gas flowrates, reversal of gas flowrate
may reduce the regeneration time up to at least 30%, depending

on the degree of regeneration required.



CHAPTER A1l

THE REACTION SCHEME.

Al.1 The Extents and Relative Rates of the Reactions in the Gas Phase

Walker and co-workers (1959) have reported on the relative rates of
different carbon-gas reactions. It appears that in the range of tem-
peratures of interest, the rate of the carbon-oxygen reaction is ébout
6 to 8 orders of magnitude greater than.that of the carbon-carbon
dioxide and carbon-steam reactions. Since the average residence time of
the gases in the bed is of the order of seconds, it may be assumed that
once the CO/CO, ratio has been established at the carbon surface only a
gas phase reaction will change this ratio. This change may occur
through one of the following reaction schemes :

a) CO+HO * CO,+H, (i)

H, + 502 + H)O (ii)

+
b) €O+ 30, * co,

For the first mechanism reaction (ii) is virtually instantaneous, so
that only the rate of reaction (i) needs to be considered. Moe (1962)
reports some rate data for the water shift reaction over an iron o#ide -
chromium oxide catalyst. Using mest unfavourable conditions of no H2
and 5% H,0 in the range 750 to 950 °K with Moe's data, a maximum rate of
_about 10> kg mol/(mas) is obtained for this catalyst. Not using the
specific catalyst and at lower reactant concentrations, the rate will be

much smaller.

For reaction b)
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where p is the partial pressure. Hence at equilibrium

[002] _ P(:o2 - )%

[ 0] = pgq 07
where the square brackets indicate concentrations. Walker and co-
workers (1959) report values for Kp from which it appears that Kp de-
creases with temperature. ‘The lowest equilibrium ratio [C02]/ [co]
will therefore be obtained at high temperatures and low oxygen concen-
- trations. Experimentally the temperatures would remain below 1000°K
and oxygen would never drop below say 0,3% by volume, which using
Walker's data gives a minimum ratio of about 108. In the gas phase CO

would therefore tend to convert to CO, in the presence of 0

2 Now for

o
the reaction

cOo+0 =+ CO2

Baulch and co-workers (1968) recommend tentatively a rate of
1,78 x lO13 exp (-2530/RT)[cO][0] kg mole/(mas).
Penner (1968 - page 79) reports
= -8 3 o
[0] =6,06x 10~ (Pa)® at 1000 K
1 .

[0,]2

Combining these two expressions and taking concentrations for CO and O2
as 5% by volume this gives in the temperature range of 750 to 950K a

rate smaller than 5K10-7 kg mo]e/(mas).

If one considers that the mean residence time of gases in the gas phase
is less than 1 second and 1% CO by volume is about l,2><lO-L+ kg mol/m3
at 750°K, it may be concluded that the effect of the two reaction
schemes mentioned on the CO/CO2 ratio is negligible. All the heat is

therefore generated in the pellets.,
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Al.2 Relative Rates of CO, and CO Produced

Walker et. al. (1959), in their review, report from several sources
that on combustion of carbon, q, the ratio of moles of CO produced
to moles of CO2 produced, is given by

st 8 241/T for 730 < T < 1173°K

q =10
Walker et.al. also reported some authors who found similar tempera-
ture dependence but lower ratios. It seems that the presence of water
vapour would reduce fhe ratio. For the present wofk the reported ratio
was used, multiplied by a factor Fg, which is to be adjusted to give

best fits with the experimental results. In the units used here the

ratio may be written : q = exp (In Fq + 7,83 -6 2u41/T)

For 1,0 < Fq < 0,33 and 750 < T < 950°K, q was found to vary between

0,22 and 4,24, For the combustion of coke in catalyst Wunderlich and
Ivey (1958) measured q values ranging from 0,3 to 0,8. Webb and Den
Herder (1951) obtained values of 0,8 fof fresh and 0,4 for aged silica
alumina catalyst. Hagerbaumer and Lee (1947) found for synthetic catalyst

values ranging from 0,5 to 1,2.

Defining x as the fraction of carbon converted to CO2 and N as the

moles of C consumed per mole of 02 consumed, then from the above ex-

pression and the mass balance equation (Al.3)

q = (1-x)/x or X = 1/(1+q) (A1.1)

and N

1/(0,632 + 0,5x) = (1+q)/ (1,132 + 0,632 q) (A1.2)

where for 0,33 < Fg < 1,0 and 750 < T < 950°K
0,22 < g < 4,24 -
0,82 < x < 0,19

0,99 < N < 1,37
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Al.3 Heat of Combustion

Several authors like Dart and Oblad (1949), Johnson (1956), Weisz and
Goodwin (1963) and Goldstein (1966) report H/C values for coke. These
values range from 0,041 to 0,083 kg H/kg C. For this work the figure
0,0ul kg H/kg C as reported by Dart and Oblad was used. This is equiva-
lent to 0,264 kg moleH2 per kg moleC or 0,264 kg moleH, per 12,528 kg
coke. If a fraction x of the carbon consumed, is converted to CO, and the
rest to CO, the following molecular balances can be written for the com-

bustion of coke.

®C + x 0p + X 002

(1-0)C + (520, + (1-x)C0

0,264 Hy + 0,132 0

5 ¥ 0,264 H2O

1C + 0,264H, + (0,632 + 0,53)02 + xC0, + (1-x)CO + 0,264 H,0 (Al.3)

2 2 2

The heat of reaction at any temperature T, may be calculated by

AH = AH Ve 4T

2980k ¥ I298°K p
Dart and Oblad (1949) report for their coke a heat.of combustion (to car-
bon dioxide and water) of 3,BQXl07 J/kg at 298°K which they obtained by
plotting the heats of combustion against hydrogen content for several
hydrocarbons and reading off the heat of combustion for coke at the rele-
vant H/C ratio. Per kg moleof carbon, i.e. per 12,53 kg of coke this
gives a heat of reaction of —u,BleoB J/kg mo¥ C. From Hougen, Watson
and Ragatz (1962) the heat of combustion of CO to CO2 is 2,SMXl08 J/kg

8
moleCO or 2,84x10° J/kg moleC and the latent heat for water at 298°K is

7
4,40ux10" J/kg mole. Then if a fraction (1-x) of carbon is converted to
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CO and 0,264 mole of water per mol of carbon are in the vapour rather
than in the liquid phase,

8 8
Hyggoy = ~4»71x10° + 2,84 10°(1-x) J/kg moleC

In order to evaluate f v cP dT, heat capacity data for 02, H2, 002, co
and H20 at zero pressure obtained from Hougen, Watson and Ragatz (1962)
was used; For coke, heat capacity data was obtained from Olson (1962),
who estimated it to be somewhere between that of anthracene and naptha-
lene on the one hand and graphite on the other. He estiﬁates for the
range 290 to 970°K for coke

2

c_ = -85,8 + 4,33 T - 2,14x10 °1%  J/(kg X)

In section Al.2 it is shown that X the fraction of C converted to CO

2’

will not lie outside 0,20 and 0,85. In the range 750 to 950°K for X
varying from 0,05 to 0,85, f v cP dT varied between -5,36 and —l,67><lO6
6

J/kg moleC. The f v cp dT term was therefore taken as -(3,52+1,85)x10

J/kg moleC.

From the above the heat of combustion of coke in the range 750°K to 950°K

reduces to

AH = -1,97x10° - 2,83x10% J/kg moleC (Al.4)

For the least favorable condition of x = 0,20 and 950°K the error due to

the uncertainity in I v cp dT is 0,9%. Normally it would be much less.

Dart, Savage and Kirkbride (1949) found that the hydrogen in the coke
burned off much faster than the carbon. A 10% removal of carbon was
associated with a 50% removal of hydrogen. Comparing the 3,BQXlO7 J/kg
liberated if the coke combusts to o, at 298°K with the values for car-

bon and hydrogen given in Perry (1950), about 16% of the heat is due to
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hydrogen. This indicates that when combustion has just started in

a pellet, the heat of preaction is relatively high, after which it will
drop to a value lower than the average value for the coke. During most
of the combustion coke both rich and poor in hydrogen will be present
in the pellet, and most of the overall heat of combustion will be
close to thé average value of 3,89x107 J/kg. TFor the whole of the
bed this averaging process also applies again. It is therefore

assumed that equation (Al.#) is valid for the reactor.

Al.4 The Intrinsic Rate of Reaction

Al.4.1 Activation energy.

The literature reports a fairly wide range for the activation energy
associated with the intrinsic reaction rate of the combustion of coke
in porous catalyst. Dart, Savage and Kirkbride (1949), Johnson and
Mayland (1955), Haldeman and Botty (1959), Hall and Rase (1963), Weisz
and Goodwin (1966), Goldstein (1966), Ramaswamy and Stermole (1967),

Massoth{1967), and Shettiger (1972) report values from about 1,0 to
l,?xlOB J/kg mole, They were obtained for several different catalysts

like Si-Al catalyst and clay cracking catalyst for packed beds, and
8i-Mg catalyst for fluid beds. Of the most complete experimental
determinations have been reported by Weisz and Goodwin, who report

for a Si-Al catalyst for both catalysed and uncatalysed combustion
the séme activation energy of 1,57x108 J/kg mole. The catalysed rates
:were up to several orders of magnitude higher than the uncatalysed
ones. They also showed that for their catalysts the activation energy

appears to be independent of the method of coke preparation.
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Haldeman and Botty, Dart, et.,al., and Massoth found that hydrogen

in the coke burned off faster than carbon. Their results indicate
that the first material to react has an average formula near CH2.
Since.the original coke has an approximate composition of CHO,S’

a éoke vicher in carbon is left as the reaction proceeds. Hall and
Rase in DTA studies on regeneration of carbonised catalyst, found evi-
dence indicating that at least two reactions, a fast and a slow
reaction, occurred. Since combustion moved smoothly from predominantly
hydrogen rich to predominantly carbon rich compounds, it is likely
that activation energies and pre-exponential factors associated with
these reactions also move smoothly through a range of values. It
appears then that the reported activation energies represent the

overall kinetic behaviour of an essentially complex reaction system.

Bondi, Miller and Schlaffer (1962), comparing regeneration rates

obtained in laboratories with those obtained industrially, indicate
that the method of deposition of coke may affect its eventual com;
bustion rate. However, cokes with different histories are likely to

differ only quantitatively.

Cremer (1955) indicates that for certain types of catalytic reactions,
instgad of the frequency factors varying independently of the activa-
tion_energies in a spectrum of reactions, in effect the frequency
factor varies with activation energy and there is a so-called compen-
sating effect. It would seem reasonable to assume that a similar situ-
atioﬁ could exist for a spectrum of reactions as occur during the

combustion of coke.

In the light of the above, it is maybe not so surprising that the
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activation energy reported by Weisz and Goodwin corresponds well with
the l,SLLxlO8 J/kg mole obtained by Gulbransen (1952) for graphite, and
with the values of 1,49x108 to l,67x108 J/kg moleobtained by Effron
and Hoeschler (1964) and Essenhigh, Froberg and Howard (1965), also
for graphite. Laz'yan, Panchenkov, Kozlov and Zhorov (1969) found an
activation energy of 1;51x108 J/kg moleto give best fits with their
experimental results for a moving bed. Initially the value reported
by Weisz'aﬁd Goodwin was used for simulation purposes, more appropri-
ate valu;s were determined by the closeness of fit with the experi-

mental résults.

Al.4.2 ‘Order of reaction with respect to oxygen.

As reporfed by Walker, et.al. (1959) in their review, the carbon-oxygen
reaction is generally accepted to be first order with respect to oxygen.
Notable exceptions were reported for very low oxygen concentrations when
Gulbransen and Andrew (1952) obtained zero order for oxygen pressures
less than 1,5 ém of mercury and first order for oxygen pressures above
10 cm. B;yholder and Eyring (1957) confirmed the zero order behaviour

at very low pressures. For coke deposits on porous catalyst material,

a first order reaction with respect to oxygen is generally reported,
e.g. by Hagerbaumer and Lee (1947), Johnson and Mayland (1955), and
Dart, Savage and Kirkbride (1949). For computing purposes a first

order reaction with respect to oxygen was normally assumed.

Al.4.3 Order of reaction with respect to carbon..

When insufficient carbon is present to give complete monomolecular layer
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coverage in the porous catalyst (see section 5.6), then the rate of
reaction will be proportional to the surface covered with carbon and
hence proportional to the carbon concentration in the pellet, provided
no multilayers are present which would tend to decrease the order of
the reaction. Generally a first order reaction with respect to carbon
or coke is reported, e.g. by Weisz and Gpodwin (1963 and 1966), Rama-
swamy and Stermole (1967), Johnson and Mayland (1955), and Hughes and
Shettiger (1971). Dart and co-workers (19ul) report a second order
reaction for carbon concentrations below and first order for concen-
trations above 2% by weight. Hall and Rase (1963), and Massoth (1967),
indicate that carbon deposits in particles rather than in a monomolecular
layer, suggesting an order lower than one. Haldeman and Botty (1959)
report small uniform coke particles which gave rise to an even burning
rate, approximately first order with respect to carbon. Most of the
evidence, therefore, points to a first order reaction with respect

to carbon, and this was assumed for computing purposes.

Al.4t.4 The intrinsic rate expression.

From the above it follows that the intrinsic rate of reaction may be

expressed as

t1
3
o]

( ¥&__

exp ( ko - == ) TS ) C kg moleC/(mss)

R'T

withm <1 and n < 1.



CHAPTER A2

PHYSICAL PROPERTIES

A2.1 Heat Capacities

A2.1.1 Specific heat of the gas phase.

The expression used to calculate the specific heat of the gas phase

ey = 0,9181x10° + 2,72lxlO—lT J/(kg K)

is the one used by Olsen (1962) for the same regeneration problem. This
expression he reports to be within 1,3% of the accepted best values and

correlates well with the values used by other workers in the field.

A2.1.2 Heat capacity of the solid phase.

The expression used to calculate the heat capacity of the catalyst

o, = 0,8926x10° + 3,562x10 *T  J/(kg K)

is the one used by Olsen (1962) and is for high purity « - Al2 0,

Most of the resistance to heat transfer through the walls of the reactor
lies in the insulating material lagging them,:(see section A2.3.3). The
effect of the walls of the reactor should the;efore be included when con-
sidering the overall heat capacity of the reactor for the simplified,

one dimensional model used here. The effective heat capacity c.» may be

obtained by equating the effective heat capacity of the bed to the sum

of the heat capacities of the had and the walls, as follows :

e Cc

P C
¢ = cs[ 14 ii'{ 20(8D) + (aD)? pT z]
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From the expression for Cgs S is about l,20xlo3 J/(kg K) for the range

750 - 980°K.

Brown (1958) reports for the same range of temperatures for mullite a
density of 2427 kg/m3 and a specific heat of 963 J/(kg K). Using the

values of Py = 697 kg/m3 (section A3.1) and the tube dimensions

¢y = 2,095 Cg
Since this approach is not very accurate, probable inaccuracies in the
expressions for c  are of relatively little consequence. It is assumed

that the temperature effect on the effective heat capacity is the same

as for the catalyst, so that

¢, =1,958x10° + 0,782 Ts  J/(kg K)

A2.,2 Mass Transfer Coefficient in Fixed Bed

For low rates of mass transfer in a multicomponent system Bird, Stewart

and Lightfoot (1960) relate the mass transfer rate to the jD factor by

2/3

k Mg
= g~ (8l

ip

where the Schmidt number, Sc, is evaluated at the temperature of the film

at the gas-solid interface. Carberry (1960) derived an expression for

the jD factor in terms of flow conditions in a packed bed

. _ 1,15 -1
iy = —j:— Re for 0,1 < Re < 380
€

which is in excellent agreement with the experimental results obtained by

Wilke and Hougen (1945). For the present work 90 < Re < 260, which makes

the expression applicable here.

185
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Olson (1962) developed expressions for the Reynold and Schmidt numbers
as functions of temperaturas and compositions to be expected during re-
generation of carbonised catalyst, which he used with the above ex-

pressions to obtain

3 1/3

5 G 2
( S ) Tg kg mol/(m"s)

k_ = 2,161x10
-8

This expression was used for all computations in this work.

A2.3 Heat Transfer Coefficients

A2.3.1 Interphase heat transfer coefficient in the fixed bed.

Analogous to the expression for the jD factor (section A2.2), the jH

factor may be related to the heat transfer coefficient by

-V (Pr)2/3
Evnochides and Thodos (1961) confirmed earlier experimental findings and
reported for fixed beds jH/jD = 1,06. Using expressions for the

Reynolds and Schmidt numbers as functions of temperature and compositions
to be expected during regeneration, Olson similarly as in section A2.2

for kg’ showed that

3
_ aT 2
ha = 0,2638 (ER_p-) W/ (m“K)

In conjunction with h, =3 ha (1-€)/Rp, this expression was used for all

the computations in this work.

A2.3.2 Apparent effective conductivity in the fixed bed.

Based on a detailed analysis of heat transfer in a packed bed Yagi and

Kunii (1957) and Kunii and Smith (1960) developed an expression for the



stagnant conductivity of heat in a fixed bed. The mechanisms they con-
sidered were the conduction of heat through the solid and gaseous phases
in the bed and through the stagnant film near the points of contact be-
tween particles in the bed. They noted that the contribution due to con-
tact between particles was negligible at ordinary pressures. Including
the effects of radiant heat transfer between gas filled voids and also
between different parts of the solid phase, the expression for ke, the

stagnant conductivity becomes

ke = kg + 0,95 hrv 2 Rpe + 1 + 0,667 W/(m K)

s

where hrv;the void to void radiant heat transfer coefficient,and hrs

the solid to solid radiant heat transfer coefficient may be calculated
using expressions given by Yagi and Kunii (1957). @ is a measure of
effective thickness of the fluid film adjacent to the contact surface of
two particles. Using the method given by Kunii and Smith (1960) @ was
found to be praétically constant and equal to 0,385. From work done by
Keyes (1951), Schaefer and Thodos (1959) and Maxwell (1950), Olson (1962)
derived an expression, representative within 0,5% for kg, the thermal

conductivity of the gas in the reactor

4 0,829

kg = 2,270x10 ' Tg W/(m K)

From work done by Sehr (1958), Olson derived, for pellets similar to ours,

an expression for the conductivity of the solid phase

1,8

kg = 1,047x10" Ts” W/(m K)

Substituting these expressions and the experimental values for Rp and €

into the above expression, it is found that

187
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ky & 0,0715 (+ 1,3%) W/m X

for the temperature range from 750 to 950°K.

Kunii and Smith (1961) related k, the apparent effective conductivity of

the bed (which includes dynamic effects) to k_ by

1

| ) 3
k | 2 (PrRe)
505 1+ LY ST & }
8 = Nu
K
g

k ;
provided € FE is much smaller than 1.

They report Nusselt numbers obtained by different workers for packed
beds for a wide range of Reynold numbers. [or the range of Reynold

numbers of interest (section A3.3) these results may be represented by

Nu = 0,1337 ReZ2%13

Olson (1962), for conditions in a regenerator,‘found the Prandtl number
to be praéticaliy constant and equal to 0,678. Expressing the Reynold
nuﬁber as a function of flowrate and temperature (section A3.3), it is
found that the expression relating k and ke may be simplified consider-
ably. The first term under the square root sign is very much smaller
than the last term and may be ignored. Similarly for our conditiomns,
ignoring the first term in the square brackets, introduced an error of
only -4%. Neglecting these two terms therefore and substituting for the
various parameters k may be expressed as

-2 ,0,5435 ,0,2631

k = 6,13x10 < @ W/ (m K)

When.evaanting:the transfer of heat through the reactor wall (in the
next section) it is found that most of the resistance to this transfer

is associated with the insulation around the reactor wall. Because of
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this the heat capacity of the walls was lumped with that of the bed it~
self (A2.1.2). For the same reason the walls also contribute to the
overall conduction of heat along the axial direction of the bed. Using
the same method as in section A2.1.2 and the value for kw as given in
the next section, it was found that the k values obtained above had to
be multiplied with factors of 1,82 and 1,63 and 1,52 respectively for

Flowrates of 0,542 and 0,949 and 1,356 kg/(m’s).

A2.3.3 Heat transfer coefficient at the reactor wall.

Heat lost from the bed through the reactor walls, has to be transferred
from the bed to the wall, conducted through the wall and finally con-
ducted through the insulation to the jacket which is assumed to be at a
constant and known temperature Tw. Since the overall driving force

(T reactor - Tw) is known, it is most convenient to express the heat
losses through the wall by means of an overall heat transfer coefficient
(relative to the inside reactor tube diameter) U, which is related to

the three transfer mechanisms by
b

- o
}_=_35_+2(1nn+lnno)
U h, 2 k k

1 W I

Brown (1958) reports for mullite k, = 2,08 W/(m K). Morganite Ceramic
Fibre Limited report for the packing density and temperature range used
for the insulating material k; = 0,121 W/(m K). Then substituting the

dimensions of the reactor assembly into the above equation

i
U

||—-

+ 0,1077

t=n

1

Using the expression for the wall heat transfer coefficient suggested by

Hanratty (1954) for cylinders
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and substituting for kg and p (sections A2.3.2 and A3.3), it is found
that the reciprocal of hi ranges from 0,0065 to 0,0039 m2K/w for our
conditions., Using the average of 0,0052 the overall heat transfer co-

efficient then becomes

U = 8,84 W/ (m2K)

U is within about 6% determined by the resistance to flow of heat through
the insulation. Equating the heat flow on the inside of the reactor wall
to that on the outside of the wall at steady state,

LU

2
3r “inside

0,050 n (k 3r ’outside

= 0,059 7 (k

If the temperature gradient were the same on both sides of the tube wall,
then

= 1,18 k = 1,18 k; = 0,143 W/ (m2K)

kinside outside

If values for the mass flux in the reactor and the temperature are
substituted into the expression for thermal conductivity of the bed as
derived in the previous section (A2.3.2), it is found that the lowest

value of k = 0,92 W/(mzK) is obtained at G

0,542 kg/(m2s) and

T = 755°K whereas G = 1,356 kg/(mzs) and T

975%K give k = 1,67 W/(m2K).
Comparing these values with that obtained above it appears that‘the tem-
perature gradient in the bed will be less than one sixth of that in the
insulation material at the lower flowrate of 0,542 kg/(mQS) and less

than one tenth at the higher flowrate of 1,356 kg/(mQS).
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CHAPTER A3

"EXPERIMENTAL CONDITIONS

A3.1 Densities and Void Fractions

The bulk density of the bed, Pys was determined from the weight of
pellets needed to fill the known reactor volume. Reactor volume is

volume of empty tube minus volume of thermocouple assembly.

The density of the pellets, excluding bed voidage and accessible pore
volume, p, was determined b& the standard method using a specific grav-
ity bottle. The water displaced by a known weight of pellets.is found
by the difference in.weight of water needed to fill the empty specific
gravity bottle and of the water required to fill the bottle containing
the pellets. The air in the pores of the pellet was displaced by adding
the water under_vacuum to the previously evacuated specific gravity
bottle containing the pellets. After filling with water the vacuum was

released and reapplied four times.

Fof the density‘pf the pellets including the.pores, pp, the pore volume
was found‘from the difference between the weights of the soaked pellets
(lightly wiped to remove excess of water from the surface) and the dry
pellets. The overall volume of the pellets was obtained by adding the

pore volume to the volume displaced.by the dry pellets.

The void fraction of the bed, e, and the porosity of the pellets, ¢_,
P

are related to the densities Pps pp and p by

e=1-op/ nd =1 - 5
P/, @ o Dp/p
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The following results were obtained for fresh pellets :

p, = 697t 14 _kg/m3
pp = 1067 2 9 kg/m3
p =2200% 5 kg/m3
e = 0,35
e = 0,52

A3.2 Mean Mass Flowrate and Molecular Weight of Gas Phase

The feed gas consisted mainly of inert nitrogen and a few percent of
oxygen. - The exit gas consisted mainly of nitrogen, some unconverted
oxygen and small amounts of carbon monoxide, carbon dioxide and water
vapour. Per kg mole of inlet gas the following expressions may be

~derived from equation Al.

Weight of inlet gas = 28 (1 - yo) + 32 Y,

- 1,264-x
L+ (Y, = Y1) Tioguwm

moles of outlet gas

weight of outlet gas = 28 (l—yo) + 32 y * 2<yo j yl) 18x0,264 + Lhx+

1,264 + x 28 (1-x) }
where x = CO,/(CO + CO,)
Vo = mole fraction of oxygen in inlet gas
yy = mole fraction of oxygen in outlet gas.

The large# change in mass flowrate due to combustion will occur at high
conversions of oxygen and high inlet oxygen concentrations. Only at
very high flowrates were high concentrations used. Under those condi-
tions, conversions of oxygen were normally relatively lower. For the
mqgt gsevere conditions of a 6% inlet concentration and a conversion of

about 85%4 the pvatio of outlet to inlet mass flowrate ranged from 1,030
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to 1,021 for 0,191 < x < 0,822 (see section Al.2). The ratio of outlet
to inlét average molecular weight ranged from 1,0057 to 1,0120 for the
same range in x. For an inlet concentration of 4% and a conversion of
88% a mass flowrate ratio of 1,022 to 1,015 and a molecular weight ratio

of 1,0039 to 1,0082 were obtained.

The average molecular weight of the gas changes little down the bed and
the change in mass flowrate although up to 3% in the worst cases, was
still smaller than the accuracy to which the inlet flowrate could be set
and controlled. For computing purposes the inlet flowrate and average

molecular weight were used throughout the reactor.

A3.3 Reynold Numbers

The Reynold number in the present work is defined as

Olson (1962) developed for the multi-component regenerator gas phase an
expression for the viscosity as a function of temperature

-7 0,66

u = 4,186%x10 ' T kg/(ms)

Substituting this and the experimental values for Rp into the above

equation gives

Re = 1,517x10" g 7 0266
This gives
TABLE A8.1
TDK | | Re
G=0,52 | G=0,949 | G=1,356 kg/(m’s)
756 103 181 259
811 99 173 248
867 95 166 237
922 90 159 227




CHAPTER AL

COMPUTER  SUBROUTINES

All programs were written in Fortran IV for the CDC 1700 computer with

32K words core storage and 3} million words disc storage.

A4.1 Subroutine SCP

Purpose: To predict c K profiles.

i+l,]

For a particular value of i+l

1. At j=1, A3i is calculated for k=1,2,...,K from the current

3,k

values of all the variables involved.

. =c ., - A3 . At for k=1,2...,K
1,3,k 0,3,k 0,7,k ’ ?

2. For i=1, t=At, c
(equation (4.9a))

for i, t>At, Ci41 5 C4o1 T 2A3i,j,k At for k=1,2,....K

(equation (4.9))
3. Steps 1 and 2 are repeated for j=2,3,....J

Note: If ¢ 0, A3, is not calculated and c. is

. . < . .
1,),k = i,j5k itl,3,5k

put equal to zero.

A4.2 Subroutine SCC

Purpose: To correct the C, . , profiles.
1+1,],k

For a particular value of i+l
1. At j=1 using the current values of variables at i and i+l

A3.’.,k and A3i+l,j,k are calculated for k=1,2,...,K
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2. - 0,5 (A3, A3, . ) At for k=1,2,...K

141,53,k - %1,3,k Lk gk ™ ™3
(equation (4.10))

3. Repeat steps 1l'and 2 for j=2,3,....,J

A3, : is not calculated and C, is

Note: If ci+1lj,k 0, i+l,3,k i+1,3,k

put equal to zero. (A3,

: is stored from previous
i,J,k

predictor-corrector cycle).

A4,.3 Subroutine SYG
Purpose: To calculate Yg profiles.

For a particular value of i
o I Ygi 1 is found by a five point Lagrangian interpolation scheme
-

from known inlet values.

2. Aui 2 is calculated from current values of all the variables
]

involved for j=1,2,...,J

3. Yg. . =Yg,

$,4 i,4-1 exp {(A4i

Az
. + A4, . —
3] 15]_1)} 2

for j = 2,3,....,0 (equation (4.11))

ALk.4  Subroutine SY

Purpose: To calculate Yi 1.k profiles.
9J>
For a particular value of 1

s Ali 3.X is calculated from current values of all the variables
] 3

involved for j=1,2,...J and k=1,2,...,K. AQi 1.k is calculated
5J)

at K.

195
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2. At j=1 a set of simultaneous equationms is obtained from equations

(4.6), (4.7) and (4.8) such that

~ r W

[ (oo , Y. .
(-2 Ali,j’l) 2 i,3,1

(1-28) (-2-a1 ) (1+ 2% Y. .
r 1,742 r ] T1i,3,2

(1 - AE) (-2-A1 ) (1 + éfo Y. . i
r i,j,k r i,j,.k
1 {-1—0,5A1i’j’K
Yi,9,K
-(1+Ar)A2, }
L “ L
_ ) j

-(1+ P)A2i,j,K

. /

This set of simultaneous equations is solved by the Thomas Algorithm

to obtain Y, for k=1,2,...,K

3ok

3. Step 2 is repeated for j=2,3,...,J

A4.5 Subroutine STSP

Purpose: To predict Tsi profiles.

+1,3

For a particular i+l, using equations (4.17a), (4.18), (4.19) and (4.20).

1. Agi 50 AlOi j_énd Alli . are calculated from the current values of
H) 9 :

]
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all the variables involved for j=1,2,...J

2. At j=1 Ts All. + (l—AlOi ) Ts

i+l,1 i,l 51

= All. . - A9, . (T

‘o . . . + Ts, .
3. At j=2 Tsi+l’] i3 i,5 (U85 51 Sl’]+l)

, 1-A10., .) Ts. .
+ 13]) 1,]

4. Repeat step 3 for j=3,4,...,J-1

5. At j=J Ts, = Alli - 2A9i Ts, + (l—AlOi ) Ts

i+1,J . ,J J 0 TiJ-1 ,J iJ
A4.6 Subroutine STSC
Purpose: To correct Ts, . profiles.

140 4]

1. TFor a particular value for i+l and 6, using the current values of

all the variables involved

A9, o = 8.9, . + (1-8)A9, ;
)

A0, o = 8.A0, . +(1-8)A10, ; for §=1,2,....J
)

All, = 0.ALL, . +(1-0)Al1, )

146

2. At i+® a set of equations is obtained from equations (4.18),

(4.19) and (4.20) such that



(1+Alole) 2A9l )
AQ 29 (1+A10
A9.6
]
A
All, - A0, Tsi,l
All, - Ag2 (Tsi,l
All. - A9. (Ts. .
] ] 1,3~
All; - 2A9; Tsi,J_
\

This set of simultaneous equations in ATsi

Thomas Algorithm.

3. Tsi+l,j = Tsi,j

A4.7 Subroutine STG

+ ATs. .
sl,]

for j=1,2,....

Purpose: To calculate Tgi 3 profiles.
2

9 9) A929
(l+Ale6)
2A9Je
- 2A9l Tsi,2
+ Tsi,a) - Alo, Tsi,z
1t Tsi,j+l) - Aloj Ts,
1 = AlO, Tsi,J

2

4

\ )
ATSi,l
ATsi,2
A9.8 ATs. .
] 1,]

A
(l+AlOJ6) Ts 3
J A )

s

: is solved by means of the

»J
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For a particular value of i

1. At j'=1, Tgi 1 is found by a five point Lagrangian interpolation
2

scheme from known feed gas temperatures.

2. At j' =1, ASi j,'= A5i 3 using the current values for the
3 ]

variables involved.

= Tg, .' + A5, ., Az' (equation (4.13))

Tgi:j""l 1,] 1,]

4. By a five point Lagrangian interpolation scheme
Ts and the group L h
Ve oy
_ 1,J'+1
Gc
4

i,j'+1
i,3'+1
are calculated from values stored at j=1,2,...,J.

5. A5 is calculated from the current values of

i,jM+l
th
.oy
Tsi,j’+l’ - Cl,g +1 and Tgi,j'+l
8iitnl
6. Tgi,j'+l is corrected by
K R = Tg, ., + 0,5 . - !
81,3141 T Bi,5¢ oS (B33 g0 A% 31y) 02
(equation (4.14))
Te ASi,j‘+l 1s updated using the corrected Tgi,j'+l value.

8. ©Steps 6 and 7 are repeated till Tg:.L -y, converges to within
3

3'+1

a predetermined tolerance.

9. Steps 3 to 8 are repeated for j' = 3,4,....,M

AL .8 Subroutine SHMAC

Purpose: To calculate MO, the oxygen consumed by the reactor, HG,
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the heat lost through the outlet gas stream and HW, the heat lost

through the reactor wall.

1. At i=l, t=o; MO = 0
HG = O
HW = 0O

Al12, Al4 and Al5, which are constants are recalculated.

2. At i=2,
= ; = i 4,21
MO = MO + Al2 (Ygi,l Ygi,J) (equation (4.21))
HG = HG + Alh [{cg(o) e (Tgi,J)} Tgi,J
- {c o) + ¢ (Tg; )} Tgi’l]
(equation (4.25))
HW = HW + Al5 [?,H (Tsi,l e Twl + TSi,J - TwJ) + 1,1
cTsi,Z - Twi’2 + T?i,J-l - Twi,2 - TwJ_l)
J-2
+ 2 (Ts. . - Tw.) (equation (4.28))
j_—_3 19] ]

3. Repeat step 2 for i=3,4,.....

AL .9 Subroutine SHMIN

Purpose: To calculate MCP, the instantaneous carbon content of the

reactor and HA, the instantaneous heat content of the reactor.

1. At i=1l, t=o, Al3 and Al6, which are constants are calculated.

2. At any value of i>1,

2.1 The carbon in the bed at j, as a function of the original carbon

present, say Qj, is calculated for J=1,2....,d
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2 2
Q. = 0,4 (K1)  c, = i l,l(t:. 2 + (K-2) Ci,j,K-é)

J 1,]s 1s]
K-2 2
+ I (k=1)" c, . (equation (4.21a))
k=3 13] Sk
J-2
2.2 MCP. = 0,4 (Q+Q;) + 1,1 (Q+Q;_,) * jis Qj
(equation (4.22))
HAP =

0,4 [{cs(o) tcg (Tsi,l)} Tsi,l + {cs(o) teg (Tsi,J)} TSi,J]

W l,l.ﬁcs(o) +cg (Tsi,z)} Tsi,2 + {CS(O) tcg (Tsi,J—l)}
Ts;,0-1 ]
J-2
+ _f {cs(o) te (Tsi,j)} Tsi,j (equation (#.27))
=3
3. At i=1 : MCO = MCP
HAQ = HAP
Al .10 Subroutine SBAL
Purpose:
1. To calculate Eh and §ﬁ, the fraction of carbon converted to

carbon diowxide from the mass balance and from the heat balance

respectively.

2. To calculate X', the instantaneous fraction of carbon converted

to 002 in the outlet gas.

3. To calculate XR, for an implicit check on mass and energy

balances.



At any particular value of i

HT = HG + HW + (HAP - HAO)
MC, = MCO - MCP,
1 1

Xy = 2 (MO/Mci_- 0,632)
— 8 8
Xy = (HT/MCi - 1,97x10°)/2,83x10
X, = 0,5 (xM + xH)
XR = xM/xH
s xl MCi - Xy MC -1

MCi - MC L1

Al,11 Subroutine SREV

(equation

(equation
(equation

(equation

(equation

(equation

(u.

(4.

(L.

(u.

(4.

(4.

29))

24))

30))

31))

32))

33))

Purpose: To invert Xj profiles (j=1,2,...,J), with respect to j,

that is with respcet to z.

At the time of reversal i=i
Rev.

1. M= (J-1)/2

2. At j=1

m=J+1-73

DUMMY = X
Xj = Xm

X = DUMMY
m

3. Repeat step 2 for j=2,3,...,M.

Note: If X is a variable Xj 1o only the index j is changed.
?
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A5
A6-All
Al2~A16

A

(6]
wo

Co

Cl

AD/2

De

Do

NOMENCLEATURE

dimensionless constants as defined in section 3.5

parameters, defined in section 4.2
parameter,. defined in section 4.3
parametef, defined in section 4.4
parameter, defined in section 4.5
parameters, defined in section 4.6
parameters, defined in section 4.7
cross-gsectional area of bhed

C/Co

effective specific heat of solid phase
specific heat of carbon deposited in pellet
specific heat of catalyst

specific heat of reactor tube

specific heat of gas phase

change in heat capacity of entire reaction

system at constant pressure
carbon concentration

initial carbon concentration

J/(kg K)
J/ (kg X)
J/(kg K)
J/(kg X)

J/ (kg K)

J/(kg mole K)

kg C/kg catalyst

kg C/kg catalyst

carbon concentration kg mole C/m3
initial carbon concentration kg mole C/m3
total gas concentration kg mole/m3
inside diameter of reactor tube m
thickness of reactor tube

effective diffusivity of oxygen in pellet m2/s
inside diameter of jacket m

outside diameter of reactor tube

m
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Dz

Fq

HAO
HAP
HG
HW

HT

diameter of catalyst pellet
axial mixing coefficient
activation energy

proportionality constant determining

level of C0/002 produced

gas flowrate

film heat transfer coefficient
wall heat transfer coefficient

heat transfer coefficient for

radiation between pellets

heat transfer coefficient for

radiation between voids in the bed
film heat transfer coefficient
Nusselt number, ha Rp/ks

heat of combustion of coke

heat accumulated in bed

initial heat content of bed

heat content of bed

total heat lost through gas stream

m-/s

J/kg mole

kg/(mzs)
W/(m2K)

W/ (m2K)
W/(m2K)

W/ (m2K)

w/(msK)

J/kg mole C
J

J

total heat lost through the reactor wall J

total heat generated

apparent thermal conductivity of the

solid phase

natural logarithm of Arrhenius

frequency factor

solid phase contribution to stagnant

conduction in bed

film mass transfer coefficient

for oxygen

W/(m X)

W/(m K)

kg molé/(m2s)

204



Mc
Mg
MCO

MCP

MC

MO

thermal conductivity of gas phase
(section A2.3.2 only) W/(m K)

thermal conductivity of insulating

material W/(m K)
thermal conductivity of tube reactor W/(m K)

thermal conductivity of catalyst
pellet W/(m K)

length of reactor m

length of cylindrical catalyst
pellet (Chapter 5 only) m

order of reaction with respect to oxygen

Sherwood number, ]<g Rp/(De C') (section 3.2.4 only)
number of subdivisions of Az

molecular weight of carbon kg/kg mole
molecular weight of gas phase kg/kg mole

total initial carbon content of bed kg mole

total carbon content of bed at kg mole
time t

total carbon consumed at time t kg mole
total oxygen consumed at time t kg mole

order of reaction with respect to carbon

latent heat due to n moles of

species i J/kg mol

moles of carbon burned per mole oxygen

consumed

Avogadro's number

total pressure atm.
Prandtl number, Cgu/kg

00/002 ratio produced on combustion of..coke
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>

Re
Rp
Rl

R#*

R¥*o

At

Tg
Ts

AT

Tw

XR

yo(t)

dummy variable defined in text
R/Rp, dimensionless radial position in pellet
dimensionless radial increment in pellet

pore radius

radial position in pellet m
Reynolds number (G Dp/u)

radius of pellet m

gas constant

rate of reaction as defined by

equation 3.1 kg mole C/(mas)
initial rate of reaction at inlet

conditions kg mole C/(mas)
total active surface of catalyst m2/kg
time s
time increment S
temperature oK
gas phase temperature oK
solid phase temperature °K
Tsi - TSi—l oK
temperature of jacket (pipe) around reactor °K
overall wéll heat transfer coefficient W/(mzK)

fraction of carbon converted to CO, - 002/(00 + 002)

2
COQ/(CO + COQ) in outlet gas

overall fraction of carbon converted to CO2

calculated from mass balance

overall fraction of carbon converted to CO2

calculated from heat balance

Eﬁ / ;ﬁ, a material and heat balance check parameter

mole fraction of oxygen

mole fraction of oxygen in inlet gas
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¥y - initial mole fraction of oxygen in inlet gas
yg - mole fraction of oxygen in bulk gas phase

yp | mole fraction of oxygen.in pellet

pr - mole fraction of oxygen at surface of pellet
Y - yp/yg

Yg - ¥l

z - -Z/L, dimensionless length

Az - increment in z

Az' - 1/(J-1) M

Z - distance into bed m

B - dimensionless group defined in section 3.2.4
Y - dimensionless group defined in section 3.2.4
£ - void fraction in the bed

EP - porosity of pellet

0 -  interpolation factor, 0 <6<1

¢ | - dimensionless group defined in section 3.2.4
o - bulk denmsity of bed kg /m®
pg - density of gas phase kg/m3
pp - density of pellet kg/m3
Py - density of reactor tube material kg/m3
p - density of catalyst material kg/m°
U - viscosity of gas kg/(m s)
indexes

i - denotes time, 1 < I <w

3 ~ denotes axial position in bed 1 < 7§ <J

I . = denotes radial pellet position, 1 < k < K
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denotes total simulation time
denotes total length of reactor

denotes outside radius of pellet
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