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1,

CHAPTER I

NON=CATALYTIC GAS=SCOLID REACTICNS IN CHEMICAL ENGINEERIKNG

1.0 Introduction
Contact between substances to allow exchange processes

is a fundamental requirement in many chemical engineering
operations. The contact of a gas with a solid in a bed of
particles is one such important operation involving two phases.
A bed is a solid matrix of perticles containing voids through
which a fluid may flow. The sclid matrix may be fixed or
moving or may be expanded (fluidised) owing to the drag of the
fluid passing thfough the voids becoming equal to gravitional
forces acting on the bed in its settled position. The types
of bed are commonly referred to as fixed, moving or fluidised
beds.

Gas-go0lid operations hold a dominant position in the field
of reactor design owing especially to the number of processes
using packed beds of catalyst. Non-catalytic gas-solid
reactions are important for example in the metallurgical and
cement industries whose problems are becoming regarded more
and more as chemical engineering problems. However, the
large number of catalytic processes has perhaps focussed
attention upon this type of process to the detriment of the
non-catalytic processes. This distribution of effort has

been promoted also by the greater complexity of non-catalytic
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reactions. In some way to remedy this situastion this
project is restricted to the analysis of non-catalytic
gas~s0lid reactions, The essential feature of a
non-catalytic gas-solid reaction is the creastion of a
reaction zone or zones whici move into the unused materisl
since at any one location the reacting solid becomes
exhausted. This complicates the temperature and concentration
profiles along the reactor and correspondingly increases the
difficulty of the anslysis. The moving bed equivalent to
this moving zone system has the sclid phase moving into the
stationary reaction zone. In meny industrial gas-solid
reactions a number of reactions may occur either simultaneously
or consecutively so that further complications arise. Any
enelysis therefore which cen gimplify such systems is of
interest even if the assumptions made in carrying it out
are valid in some systems only.

While it i1s of interest and important to understand
the basic mechanisms of physical phenomena, an engineering
anelysis showld aim at the prediction of essential design
parameters rather than fundamentel parsmeters. To build
a working resctor for example, the essential design
parameters are the cross sectional area and length of the
reactor and the mean residence time the reactants must
remain in the reactor to accomplish the desired exchenge

process.



‘The directions of the bulk flows commonly used are

shown with reference to an external observer G. for the solid

G for the gas - a stationary phase is indicated by the
symbol (0)

Heat transfer - pebble bed heaters and coolers
Limestone calcinetion in vertical kilns
Low
High
Zine sulphide oxidation D=L sinter strand
Zn0 reduction in vertical retorts

2 temperature coal carbonisation

Caleium cysnamide from Ca.c2 with N
Lead

2

§ sulphides reduced to oxides
Copper

Copper sulphides to sulphates
Chain grate stokers

Blast furnaces

Grain driers
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Ion exchange, adsorption, gas chromatography

*See Kith and Othmet - Er\ch,cl.o‘:edvag o-§
Chemical Technology
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These design parameters are obtained from a
mathematical simulation of the process. A complete
simulation for non-catalytic processes is so complicated
that 1t is unlikely that the eguations can be solved and so0
simplifying assumptions must be made. For lerge diameter
beds with approximately uniform flow over the cross
sectional area it is frequently assumed that operation is
adisbatic, The small diameters necessarily used in
laboratory epparatus, further complicated by the very
sudden temperature changes in non-catalytic processes, make

the design of a2 suiteble small scale apparatus very difficult.

1.1 Commercial Use of Packed Beds

Meny industrial ges-solid reactions in which the solid
reactants become exhausted take place in packed beds; for
ingtance the oxidation of zine sulphide, limestone
caleination, and the reduction of copper ores. Table 1
lists some present industrial uses of packed bed systems
and Venner (1955) gives a list of processes which might be
carried out in moving packed beds in the future. A number
of different flow arrangements for the phases are encountered
which are also shown according to the notation given at the
head of the tszble.

The details of the beds used vary but within such

systems exothermic and endothermic zones may be identified
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together with accompanying heat transfer regions. In
vertical kilns for limestone calcination, for instance, the
zones are well defined; the position of the burners, the gas
recycle offtake and the exhaust gas ports marking respectively
the end snd beginning of the calcination zones and the solids
preheating zone. In multihearth furnaces the zones are
physically separate, the solid moving radially in each zone
- before dropping to the succeeding zone. Bech zone is
separately fixed for precise control of conditions. The
design of such packed bed systems is however very much
empirical still being largely based upon previous experience.

Preparation of the burden for a number of vertical shaft
furnaces is carried out on Dwight-Lloyd sinter strands. In this
system the top of the bed is ignited and then air is sucked down
through the bed. An exothermiec reaction supplies heat to the gas
which trensfers it deeper into the bed heating the solid and
hence susteining the reaction. The reaction zone then propagates
towards the bottom of the bed. During this process the solid
is carried along on the moving grate horizontaily so that the
reaction zone inclines at a slight angle to the horizontal
when viewed externally. Fresh sclid is introduced at one
side of the grate sand the exhausted solid removed at the
other. The exothecrmie process may be inherent in the
sintering operation, as in zinec sulphide oxidation, or the
reaction heat may be supplied by mixing coke or coal with the



In eny gas- solid reaction system regions may be
distinguished in which separate processes take place; each
region in which one process occurs is defined as a zone. The
process may be a combination of phenomena or a single phenomenon.
Tor instence, drying and heat transfer, the former process is a
combination of heat and mass transfer phenomens, the latter
process is a single phenomenon, The zone bounderies are
indicated by characteristic flow parameters the boundary values
of which are representative of the start and finish of the

zone process.
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raw mix. As the beds are generally wide (6ft.) compared

to the depth of solid ( 8") used, the system is
approximately adiabatic in a horizontal plane. Furthermore
if the grate speed is slow compered with the velocity of
propagation of the reaction zone parallel to gas flow, we
may neglect the solid cross feed velocity perpendicular to
the ges flow and consider the system as seen by en observer
travelling on the grate; which is an unsteady state one
dimensional system aligned parallel to the direection of gas
flow. Systems of chein grate stokers are closely allied to
the Dwight-Lloyd strend and similar considerations apply fo
them. Carmen (1957) gives a survey of the difforenf
arrangements used in these operations. Similarly, the
vertical shaft kilns described briefly above may be
considered aé one dimensional steady state systems with a
counterflow of solid and gas.

Common to eaca of theae’aystems however is that the
temperature and reactant concentrations may be expressed as
functions of distance through the bed and time, or distance
alone. The shape of these profiles, of temperature and
concentration v. distence, can provide the basis for an
arbitrary division of the system into zones:* In some
systems the zones so defined will be the same as those
defined by the structure of the reaction vessel. Bven whnien
this does not occur the division into zones enables the

X see obposite
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reaction and exchange processes to be considered individually
rather than simultaneously.

In fig. (1) is given an estimated typical temperature
profile through a bed of wet zinc sulphide undergoing oxidation
at some time after the reaction is well established. The
notation used in this figure will be retained throughout the
manuseript for reference to profiles, that is, the plane of
cross—-section at the gas inlet to the bed is numbered zero
and arbitrary zones are defined between successive numbered
cross sectional planes.

Tempe teclure
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In a system containing both excthermic and endothermic
zones the latter may delay the establishment of the former
by keeping the temperature below that necessary for ignition.
For instance in zine sulphide oxidation the drying of the
mix must be complete before oxidation can start (see fig. 1).
The velocity of the drying zone may therefore be rate contreolling.
Many  similar endothermic zones appear in industrial processes
and the existence of a drying zone is common. This project
has started therefore with the drying of water from porous
particles by a high temperature air stream. These particles
have the advantages of easy handling, controllable water
content and well known drying kinetics.

1.2 Objeets of this Investigation

Non-catalytic gas-solid reactions have been shown to be
of considerable interest because of their commercial
importance and difficulty of analysis. This project aims at
their investigation for which a physical simulation is necessary.
The processes which it is intended should be investigated are
those occurring in moving zones in fixed beds or intheequivalent
moving bed system. The beds which will be modelled are those
in which one dimensional heat and mass balance equations may
be written parallel to the direction of gas flow.

A complete study of a system also needs tuneoretical

simuletion of its processes so that the behaviour of the system
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may be determined without reference to experiment. Such a full
study would include prediction of the temperature and
concentration profiles throughout the system. While in this
project various theoretical models, for use with a zonsl system,
are proposed no attempt has been made to compare experimental
and theoretical profiles. The theoretical simulation aims
at predicting zone velocities which will be compared to
experimentally measured velocities. The physical simulation
will be an experimental apparatus designed to reflent as
nearly as possible the conditions encountered in industrial
processes s0 that any conclusions may apply to full scale plents.

1.3 Physicel Simulation cesses

For this analysis an apparatus which will suit a number
of different systems has been designed and built, The aim
is to reproduce in a small semple under adiabatic conditions
the processes taking place in industrial reactioms. The
design enables the variables under study to be alter-d at
will. The size of the samples is important in most
nen-catalytic processes as each sample can be used only once.
Large samples are undesirable as they require a much larger
parent batch of material: +this batch may then be of
heterogencous composition or a number of differemt parent

batches may be needed to complete the experiments with
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consequent variation in composition of successive deliveries,
In addition large quantitiesof some materials may not be
available and the cost of the material and of the experiments
increases, If smell semples are used, say two pounds of
solid, a number of different systems may be examined quickly
at low cost once the epparatus is commissioned.

When a hot gas enters a region where an endothermic
process is taking place 2 low temperature zone is created
and as the endothermic reactants are exhausted the
temperature rises again. This temperature rise moves as a
wave through the bed snd marks the end of the endothermic
zone, In this situstion the velocity of the temperature
wave is a characteristic feature and in this project it will
be measured and used as the endothermic zone velocity.

A heat transfer zone expands at constent veloecity behind
the endothermic zone, increasing in length as the latter zone

moves through the bed.

l.4 Theoretical Simulation of Processes
An approximate analysis published by Beveridge (1963)

asgumed constant zone velocities, radial sdisbaticity, axial
gymmetry and plug flow of gas. The zone velocities were

then predicted from overall heat and mass balances on each
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zone under pseudo-steady state conditions as viewed from a
co-ordinate origin moving with the zone., The apparatus
built will be uded to test the validity of this approximate
enalysis by comparing predicted zone velocities to those
measured experimentally, Making the same assumptions as
Bcvepidgo zone internal snalyses are possible from which
mass concentration and temperature profiles may be
calculated, These analyses will be used to illustrate the
method of using the approximate analysis in a computer design
of a reactor.

An internal emelysis will also be made of the heat transfer
zone expending at constant velocity and the result of this
unsteady state analysis used to predict the boundary conditions
at the inlet to the endothermic zone. A-comparison of the
experimental and predicted sclid temperatures at this
boundary will be made.

Anslysis by individual zones has been found in the
literature but the reported results are limited to the
blast furnace. The formulation of balances was in
numerical terms suitable for particular pleants and no
articles were found which set out a genersl treatment.

Various system perameters appear in the theoreticsl
simulation, such as specific heats, and may have to be

meagured,
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The mathematical models used in the internal analyses
ere simplified differential diffusion models derived from
the equations set up for example by Singer and Vilhelm (1950).

1.5 Summary of Objectives
(1) To build mn experimental apparatus as an accurate physicsal

model of industrial gas-solid non-catalytic processes snd to
measure the veloeity of individual endothermic zones such as
are found in industrial processes.

(ii) To test tho validity of a previously published enalysis
of such processes by comparison of predicted results with
experimental ones.

(iii) To messure any system parsmeter necessary for the

sbove comparison.

CHAPTER 2

MATHEMATICAL MCDELS OF NON=-CATALYTIC FLUID-SOLID PROCE3SSES

To investigate a chemicel process it is necessary to
simulate it by a mathematical model which then may be used to
predict the behaviour of the actual process. In any model
certain system parameters, such as densities, specific heats
and conductivities must be found from either theoretical or
empiricel correlations. Systems incorporating beds of particles

may be examined to determine system parameters or to improve
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upon the models available. Tork in the former sphere
complements that in the latter in the final analysis of a
process. No attempt will be made to evaluate the literature
on system parameters.
A number of mathematical models of beds of particles
have been proposed: Lamb and Wilhelm (1963) visualised a
hierarchy of models for various situstions which can be
grouped as :-
1. Deterministic
A. Continuum (diffusion model) formulated in terms of
ordinary or partisl differential equations.
B. Discrete (mixing cell models) finite stage models
| formulated in terms of finite difference equations,
2, Stochastic
A. Random perturbation of deterministic model.

B, Purely stochastic model.

The diffusion model is essentially for use when the
flow properties, velocity, temperature and concentration,
vary over distances of the magnitude of the bed diameter
so that local varistions may be neglected. This model is
found in varying degrees of complexity, for instance,
variation of properties in one direction only and in more
then one; eadiabatie operation and operation with a heat flux

through the wall; =and with and without plug flow of the phases.
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Most success however has come from the one dimensional
adiebatic version using plug flow of the phases and simple,
first or zero order, reactions.

Vhen void spaces and particles become large locel
variations in the flow properties begin to effect the
temperature and concentration profiles. Systems exhibiting
such behaviour, for instance very short beds, are usuelly
analysed using model 1B. This sssumes the bed is a metrix
of void spaces each of which may be regarded as a mixing cell
of charecteristic length one particle diameter. This model
has advantages when axisl end radiel mixing effects must be
considered as the diffusion model may account for these
only byfmixing‘Boetficiento. To get an analytical solutien
to the diffusion model these must ususlly be 2ssumed constant,
whereas in short beds they are in fact a function of bed
length. The stepwise finite difference model however can
include the variation with length.

Both the deterministic models suffer from the
disadvantage that they must assume s uniform solid matrix
even if the packed bed is a random array of particles.
Stochastic models attempt to predict the effect of the
statistical distribution of void spaces on the flow property
profiles. If sufficient statistical information about
packed bed structure were available a purely stochastic

model could be set up such as has been attempted by Haughey



13,

and Beveridge (1966-1967). Lamb and Wilhelm (1963)
considered a random distribution of void spaces as
perturbation on a diffusion model to predict the effect of
a non uniform particle matrix on the temperature and
concentration patterns.

The diffusion model 1A is the most popular model
because of its wide application to commercial systems where
large tube to particle diameter ratios and approximately
adisbatic conditions are found. This model will be used in
the present project.

It was formulated, for example, by Singer and Vilhelm
(1958) and when written in three dimensional co-ordinates
their equations for the unsteady state heat balance can be

given in the general form :

Fluid Phase
div (Kf grad t) - div G'et + hv(‘r-t) - 6,09_9_5_ ()

a0
S0lid Phage (assuming negligible internsal temperature
variation)

div(K grad T) + div G o T - h (T-t) + R(=AH) = (1-6)/080 g'r (B)

T

where T, t are solid and gas temperatures respectively.
Singer and Wilhelm discuss fully the significance of the
various terms in these equations. Owing to their complexity
2 solution to these equations is nigh on impossible, even

numerically, except by simplification, and a large literature
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has grown up around the different simplifications proposed
to obtain solutions, Beveridge (1962) has surveyed the
literature available until June of that year,

In a non-catalytic packed bed process a number of
models may be needed as frequently reaction or exchange
processes allowing different simplications to the general
model occur simultaneously. For instance in zinc sulphide
oxidation, the oxidation reaction is accompanied by drying
and pure heat transfer in different zones. Hence we are
interested in particular in solutions in which there is a
finite reaction rate at the surface, and heat and mass
interphase transfer resistances taken separately and

together, and combinations of these.

2.1 Systems without Reaction or Exchange Control a2t the Surface

The general equations for systems in which only
heat. transfer is occurring are equations A and B above with B = O.
The most general solutions availsble are those of Amundson
which assume that axial and radial solid conduction is
negligible. If axial conduction can be neglected we may
say there is an slmost complete general solution, The
general solution equations however are very complex with
resultent computational difficulties. The system equations
with pure heat transfer are also equivalent to mass transfer

under linear equilibrium at the interface and an externsl
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boundary layer resistance.

More simplified situations which are special cases of
the more general, such as no radial fluid temperature
gradients, or plug flow of fluid are also availsble (Beveridge
1962). The axial boundary conditions for this problem at
steady state were formulated by Wehner and Wilhelm (1956)
and apply to both 1-D and 3-D systems, Bischoff (1961)
generalised these conditions for any order of reaction and
recently van Cauwenberghe (1966) has extended the analysis
to unsteady state systems.

Of the other simplifications which can be made to the
general equations the set which finds the most application is
that which reduces the equations to their one dimensional
form, either steady or unsteady state, with the dependent
variable varying slong the axis of the reactor. This is
used for ion exchange, asdsorption end desorption under

linear isotherms besides pure heat transfer.

2.2 gystems including Rate Control at the Surface by Reaction

or Exchange Processes
As their operation is often isothermal the non-catalytic

fluid-solid ion exchange or adsorption processes may be
regarded as special cases with only the mass balance of the
general equations, together with the rate of sorption, applyﬁgy

Some adsorption processes are not isothermal and here the heat
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and mass balances must be coupled. The isothermal equations
are of interest because of the wide application of such
processes but in addition they exhibit some of the features
of the more complicated reactions encountered in
metallurgical operations and suggest methods of attack on
their models.,

The single phase mass transfer situation with linear
equilibrium and external diffusion resistance has been
considered above. Bischoff and Levenspiel (1962) contrast
and compare diffusion models of different complexity for
linear rate processes using the second moments, or
variances, of the solution concentration distributions along
the axis. They developed criteria for the selection of an
adequate model for a system based upon its ratio of
characteristic dimensions parallel and perpendicular to the
flow of fluid. In general there is a complete body of
theory for isothermal linear processes and recent work has
concentrated upon making good minor deficiencies.

Sherman (1964) resolved the one dimensional unsteady
state equations for first order reaction when calculating
diffusion coefficients. In order to make the modsl
simwlate experimental conditions more accurately he used a
quartic equation instead of a step function at start up.

The guartic equation was a best fit approximation to the
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observed input funection. Chao and Hoelscher (1966)
considered the same equations but included a term for active
surface interchange i.e. an accumulation term for the solid

concentration (viz,)

1 3°m - St'em = bom + (1-6) oM
2 Z T2) s-é.
PQ 0z

This corresponds to the isothermal gas-solid reaction
with a zero ordc: reaction,

Very little work is available for adisbatic or
quasiadisbatic sorption processes. Amundson et al (1965)
however have considered the transient one dimensional
equations for adisbatic sorption with Langmuir kinetics.
They show that for some isotherms the coupled heat and mass
balances are reducible to a quasilinear form to which simple
wave theory may be applied, Numerical integration of the
reduced equations illustrates the saturation of a "clean" bed
and the desorption of a saturated bed. The theory is for
single solutes.

Getty and Armstrong (1964) examined the adisbatic
sdsorption of water on activated alumina but only fitted a
multiple regression equation to their results and did not
advance any theoretical model. This is useful for design
but the equation will only be velid within the design space

covered by the experiments.
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The most general work on coupled he=t and mass transgfer
with chemical reaction is that of Crider and Foss (1966) and
Lee (1966). These papers gave the results of numerical
solutions of various models, Crider and Foss investigated
the effect of various parameters on packed bed operation,
They solved the two dimensional finite stage model, the one
dimensional finite stage model and the one dimensional plug
flow differentisl unsteady state equations to evaluate
respectively axiel and radiel mixing, axial mixing alone
and plug flow operation, They used a second order reaction
homogeneous in the fluid phase, varying the reasction rate
and the thermel capacity of the packing.

Lee (1966) developed a technique besed on Newton
Raphson iteration to solve the one dimensional transient
equations including aexial mixing in the fluid for a first
order reaction, The convergence of the iterative method
is very rapid, three or four steps, and the results are
compared with Liu and Amundson's (1963) for thé cagses of
isothermal end adiabatie operation,

A number of workers, Liu (1963) Warden (1963) end
Beyer (1964) also have analysed the stability of paeked bed
reactions using first order exothermic rate processes and
have shown the existence of non-unique solutions. However
although the above solutions are non linear and therefore of

interest for adsorption processes, no work has been found which
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attempts to analyse the situations which occur in
non-catalytic gas-solid reactions. The only approsch has been
by Schulman (1963) but this too is a much simplified case.

Schulman (1963) formulated the one dimensioneal, plug
flow, unsteady state equations for the combustion of carbon
during catalyst regeneration, A term including heat loss
at the wall is included 2nd balances written for conservation
of heat, carbon and oxygen. These partial differential
eguations were integrated numerically using a new technique
of partial integration. The assumption was also made that
the gas and solid temperatures were equal at any point in the
bed., Thig is reasonable for catalyst regeneration but not
for many non-catalytic reactions encountered, for instance,
limestone calcination end zinc sulphide oxidation.

The complexity of the equations for this type of system
has focussed considerable attention upon approximate solutions.
A similer situation prevails for many non-linear adsorption
equilibrium igotherms. An equilibrium isotherm being the

distribution of solute between solid and fluid undet shquﬂ
state conditions.
2.3 Approximate Solutions

One of the most useful approximate solutions in

adsorption is obtained if the bed is sufficiently long for
the concentration profile to approach asymptotically a

constant sheape. This is only true for uniform flow
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conditions, constant system parameters and "favourable"
equilibrium. That is an equilibrium relation such that
the adsorption front moves faster at higher concentrations
of the solute so that the profile becomes self sharpening.
This constant shape wave then moves through the bed at
constant velocity. The concentration profile may be
readily calculated under these conditions and the effluent
concentrations determined. This approach has great utility
as practical considerations usually demand “"favoursble"
equilibrium.

Recently Cooney and Lightfoot (1965) have extended
the proof of the existence of asymptotiec solutions to the
differential equations which describe single solute fixed bed
exchange processes. The existence of these profiles was
proved by Rosen (1952) for conditions of zero axial dispersion
and finite boundary layer mass transfer resistance: the
solutions are now extended to include axial dispersion. by
Cooney and Lightfoot (1965). Later they extended their
results for single solutes to multicomponent systems of
mutually interferring solutes (1966). For Rosen's case
they consider different types of isotherms resulting from
non-linear equilibria and extend the applicability of his
work.

In another approximate method Houghton (1962) arranged

the one dimensional, steady state, mass transfer equation
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including axial diffusion and a non-linear kinetic
expression into an equivalent integral equation. This was
solved using an iterative method which converged in two or
three terms. The original differential equation is
n
g _3:2;_ 2@ -mat < o0
which when rearranged becomes :
1
m(z) = 1 =2A ,[ k(z,z') m™(z') dz*
2 (6

where z' is the reactor boundary.
The iterative method gives solutions for small values of A.
A solution is given for the case when the product, PBA, the
group characterising the interaction between axial dispersion
and the reaction, is small, The dispersion is considered as
a perturbation on the first order differential equation which
represents the reaction kinetics alone. A comparison with
previous more exact solutions is given, This approximate
method 1s useful to evaluate the interaction effect between
dispersion and reaction. A poor result would suggest the
use of a more sophisticated model.

These approximate solutions however apply to isothermal
operation when only mass transfer need be considered. An
approach which has found much application in blast furnace

processes, where the severe temperature changes and
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complicated simultaneous reactions preclude analyses such
as above, is to divide the reactor into zones by planes of

cross section perpendicular to the bed axis.

2.4 Zone Approach
The zone approach builds a model of the process by

combining separate simple models of parts of the process
whereas other approaches try and simplify a model of the
complete process. Cne is approximation by reduction of
process variables, the other by separation of these variables.

A number of authors have divided the iron ore reduction
process in a blast furnace into zones and used heat and mass
balances carried out under steady state conditions
sequentially upon each zone to determine the operating
conditions. Ridgion (1961) reviews the various models
proposed and advances a similar model of his own (1962).
Dancoisne and Michaud also have used this approach
(1959, 1962).

Schluter and Bitsianes (1961) analysed the mechanism
of iron ore sintering by creating a combustion zone and then
quenching the reaction in order to examine the sinter. Cne
of the first uses of the zone approach was that of Voice and
Wild (1956) and later Wild and Dixon (1961) who investigated
the temperature profiles and zone speeds of endothermic zones

produced when wet iron ore mixes and calcium carbonate were
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gintered with coke. However none of these workers have
formulated the general equations for this type of analysis
or tried to apply it outside the limited operation of iron
ore reduction.

Bcvoridgo (1963) formulated the general balances for
any zone under pseudo-steady state oonditions_and showed its
applicability to reaction and oxchdnge processes. The
advantage of this work is its geﬁorality and that it throws
emphasis on to the veloecity of the zone as an important
parameter in design. In addition the general theory has
applications tv the sorption processes described sbove and
also to zone melting. In the former operation the
asymptotic concentration wave may be considered to define an
exchange zone and in the latter the zone is defined by the
liquid so0lid interfaces. .Thc generel equations for zone
bropagation are simple to use and assume only constant zone
velocity in addition tolthn assumptions made above, namely,
one dimensional representation is possible, uniform flow and
constent system parameters. In contrast to the other
approximate methods these equations can handle solids flow
cocurrent or countercurrent and may be extended to include
axial diffusion and conduction. It has the disadventage
that constant veloeity of the zone must be a realistiec
assunption and also the zone must be of constant width so

that pseudo-steady state equations may be applied.
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General Views of Apparatus.
Top - Front view of control panel.
Bottom = Back view of control panel and bed,

furnace box snd thermocouples.
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CHAPTER 3
EXPERIMENTAL APPARATUS

3,0 Introduction

The apparatus which is td be a model of the industrial

gystems outlined previously must use small samples of solid

in its bed. This bed must remain radially adiebatic in gpite
of sudden temperature changes within it end in spite of its
small diameter. In addition the axial temperatute must be
measured as a function of axiel distance and time so that
the movement of zones may be followed. For this it is only
necessary to place thermocouples in kmown positions and
record their output as a function of time.

The bed is cylindrical and adiabatie conditions are
achieved by surrounding it with an snnular bed in which the
same processes occur at the same time and level. Because
jt is the test bed the centre bed is operated under fixed
conditions throughout each run but the only restriction on
the guard bed operation is that the temperatures along any
radius be the same at the ssme time in both beds; how this
is achieved does not matter.

A test bed within a guard bed was chosen when it was
found impractical to use wall wound heaters alone to achieve
adigbaticity in a single bed. The wall temperatures,

controlled by such heaters, could not follow the sudden
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temperature riges within the bed when the endothermic
process was complete at any level. The guard bed method
also has the advantage that once the technique of matching
the temperature is mastered, it may be spplied eagily to
different systems irrespective of the shape of temperature
profile produced by a system as this is compensated for by
the similar processes in both beds.

The requirements of adiabaticity considered above are
independent of the system being modelled.

Tor each ges-solid system exeamined the apparatus must
supply the gas end the heat for the endothermic process.
Also the temperature, flow rate and composition of the
inlet gas must be measured and any factor which may affect
the propagation velocity must be controlled. The solid
active components must similarly be measured and controlled.

The hest for the endothermic process is supplied by
the ges stream heated outside the bed. This corresponds to
heating the gas by passage through an exothermic zone
before the endothermic one. The choice of variebles to be
controlled depends on the system being examined: the system
chosen for this project was air/wet catalyst carrier and for
this system the variesbles are gas inlet temperature, gas
inlet moisture content, gas flow rate and solid moisture
content.

This system was chosen because owing to the large heat
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absorption on evaporation of the water the zone is well
defined by the temperature profile (see fig. 2), the
process takes place at temperatures easily attained, the
perticles may be used repeatedly and the water content of
them can be veried. Vater is often present in particles
used for metallurgicasl operations as froth flotation is a
common preliminary treatment and so the system has a
practical industrial counterpart. Fig. 3 shows a block
disgram of the apparatus.

3.1 Notes on Apparatus Design
The apperatus is designed to produce a controlled

condition gas to through-dry a wet fixed bed of porous
particles and to measure the velocity and form of the
temperature wave caused by the drying. The condition of
the gas entering the bed is determined by three variables,
its moisture content on a2 dry basis (m2) its dry buld

temperature (t2) and its flow rate on en inert basis (G).

The inlet moisture content is controlled by a saturator
and bypass unit after the air compressor. The temperature
t2 is controlled by the flow rate through a pibe heated by
an electric element supplied from a Variac. The flow
rate is veried by adjusting a bleed valve.

The bed is mounted on top of this furnace on a wide

flange. The furnace tube diverges into a well, which is
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set into the flange and filled with packing, the same
diameter as the guard bed. The measuring part of the
epparatus is considered separately from the gas conditioning

apparatus which is teken in the order the gas flows through.

3.1.0 Gas Supply

The compreseor draws alr either directly from the
surrounding atmosphere or through a silica gel bed. A
pressure of between 4 and 7 psig is maintained in the line
as far as an orifice place above the main flow rotameter.
Interchangeable orifices allow the pressure to be meintained
irrespective of the gas flow rate used in any particular
run. This pressure is much greater than the back pressure
variations caused by mounting the bed and stabilises the
furnace exit temperature down stream of the orifice. 01l
ig filtered and flow fluctuations damped by passing the air
through a glass wool filter end ballotini bed in series.

After the orifice the gas is divided between a wet
packed column and a bypass. The amount of gas bypassed
determines the moisture content of gas when the two streams
Join together again. A humidity sensor monitors the gas
entering the furnace. For very high humidities this is
replaced by a wet and dry Jjunction thermocouple hygrometer.

The gas passes through the packed furnace pipe with a

wire resistance element wound on a former on the outside.
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It can follow then alternative paths either to < venl to the
atmosphere or to the mounting flange. The direction of

flow is chosen by the position of & double cone valve

whiech blocks either one of the pipes. Th-’oono is mounted

on a rod so thet a simple push pull action switches the gas
from the atmosphere vent to the test position. The

pressure drop through the vent is adjusted to be the same

as scross the bed to minimise back pressure caused by
operating the cone valve.

The pipe leading to the mounting flange, the flange
itself and the well are heated to the furnace exit gas
temperature with externally wound heaters. This makes an
adiebatic gas path from the furnace to the base of the bed
and so a step input in gas temperature is possible at the

start of a run,

3.1.1 The Bed

The bed iteelf consists of a three inch inside diameter
flanged brass tube supporting an inner one inch inside
dismeter "Fiberfrax" paper tube. Externally wound heater
sections supply the heat capacity requirements of the brass
bed end any external losses. Four Veriacs each control the
voltage applied to a group of three sections together with
individusl rheostats for fine adjustments. Trial runs to
get the heaters to maintain adisbatic stesdy state conditions
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are carried out before & statisticel design experiment.

The "Fiberfrax" tube has a heat capacity negligible

compared to that of the soclid bed and also it is an

insulator which reduces longitudinsl conduection. The bed

is sealed to the flange with a dasmp asbestos gasket which is
fresh each time the bed is mounted. A small ring is raised
on the flange surface biting into the gasket to confirm the
seal. The top of the brass tube caerries the "Fiberfrax"

test bed's exit pipe which passes the gas to atmosphere via

a condenser and rotameter. The ice cooled condenser prevents
flooding of the rotameter; the test bed exit gas is saturated;
and as the gas leaves the condenser at 0-3°C to a near

approximation the rotameter is measuring the inert gas flow.

3.1,2 Velocity Measurement
The velocity of the temperature wave is measured by

placing a number of thermocouples in the interstices of the
bed at inch intervals along the axis and recording the time
taken from the start of the run until the temperature rises,
as each level dries out, The thermocouples are mineral
insulated nickel-chromium/nickel-aluminium couples in a
stainless steel sheath, by Pyrotenax. They have the hot
junction bonded to the sheath and this forbids the use of

a common return, The thermocouple outputs are recorded

via a rotary switch on a single point recorder and directly
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on a multipoint recorder.

At each level there are two thermocouples, one on _
the test bed axis and one in the " centte - of the guard
bed and these are linked to adjacent points on the
multipoint recorder. The rotary switch sllows any one
thermocouple in the beds or any of the four furnace
thermocouples to supply the input signal to the single
point recorder. The four furnece thermocouples measure
the temperature of the furnace exit gas, the wall of the
pipe leading to the flange, the junction of the well wall
end the flange and the gas at the well centre Jjust below
the gauze at the bottom of the beds.

The temperature ia also measured before each rotameter
and at the humidity sensor for calibration purposes. All
thermocouples have brazed junctions, protected by glass
tubes, immersed in melting ice to provide the cold junction
reference temperature. The protecting tubes are well

separated to minimise variations in this temperature.

The spparatus is suitable for some systems as it stands
but for others minor modifications would be necessary. For
ingtance, if a carbonate decomposition were being studied
the partial pressure of the carbon dioxide in the air stream
would be an important variable, hence provision must be made

for carbon dioxide injection and measurement. For this say,
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the saturator and bypass could be replaced by a mixing

velve system attached to a carbon dioxide cylinder. The
bed and furnace are independent of the system being examined
but the design of the other parts was dictated by the nature
of the air-wet catalyst pellet system.

3.2 Technigue of Operation
Before each run the furnace heater currents and total

mass flow of gas are set end the spparatus warms up with the
gas vented to atmosphere through A, The starting of the
compressor and switeching on of the heaters is accomplished
with a time delay relay in the early hours of the morning.
The values of the varisbles set are checked once steady
state has been reached with the gas vented through A and no
bed in place.

o equalise the temperature throughout the well packing,
which distributes the gas flow over the bed cross—sectional
area, the gas is then vented through a dummy bed until
steady conditions are reached again. Pressure drop through
the dummy bed is adjusted to be the same as through the
actual bed o that temperature fluctuations due to flow
fluctuations before and after the change over from the dummy
to the sctual bed are minimised. At the start of the run
the dAummy bed is replsced by the actuasl bed as quickly as
possible with the gas vented to atmosphere through A during
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the seating of the bed.

After the start of the run the profile and the velocity
of the temperature wave must be maintained the same in the
guard bed as in the test bed. If this aim is realised
there will be no temperature difference across the test bed
wall end adisbatic conditions are obtained.

The flow through the test bed must be meintained at a
constant value, but that through the guard bed may be altered
at will, A pepperpot valve at the exit to the guard bed
can adjust the flow through it.™ Also part of the total
gas flow may be vented to atmosphere through a valve B
between the exit from the gas heater and the entrance to the
bed. THeaters are wound in axial sections round the outside
of the guard bed to coincide roughly with the spaces between
the thermocouples. These are set for a given gas inlet
temperature to give no heat loss under final steady state
conditions.

The temperature wave may be retarded in the guard bed
by venting through B some of the total gas input and
restricting the pepperpot to maintain the test bed flow:
and accelerated vice versa. The limit of acceleration is
fixed by the total flow available. The time of switching
the wall heaters in affects the profiles in the guard bed

and is a matter of experience.

Before a run is started the total gas input flow rate

¥see photogtaphs onoske
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is set to supply gas slightly in excess of the requirement
for equal gas flow per unit area of cross—section in the
guard and test beds; the excess going to vent through B
during the run. During the run the total gas flow and gas
heater controls should not be touched as this affects the
gas inlet temperature (tz)' In practice however slight
adjustments can be made provided these compensate so that
t, is unaltered.

The decision to change the velocity of the guard bed
wave is based upon the difference between the thermocouple
readings at the seame level in the guard and test beds,

As soon ag thig is greater than zero the guard bed veloecity
must be altered. The amount of gas vented through B depends
upon the operator's assessment of the size of the difference
between the velocities. As the temperatures at any level
are monitored only every eighty seconds this assessment must
be subjective end considerasble experience is necessary to
meintain adisbatie conditions throughout a rum. Typical
multipoint recorder charts showing the adjacent temperatures

at successive levels is shown in fig. 4.
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CHAPTER 4

AN ANALYSIS BY A SEPARABLE ZONE TECHNIQUE

The complete continuum model for heat and mass
transfer in a packed bed with chemical reaction was
formuleted by Singer and Wilhelm (1950) but as we have seen
solutions are only possible for simplified versions. The
simplifications used in this work are chosen from consideration
of conditions in industrial packed beds. The main
agssumptions, of radisl adisbeticity and angular symmetry
perpendiculer to gas flow, are acceptable in view of the
relatively large cross-sections often employed commercially.
Under these assumptions the model reduces to being one dimensional
with respect to axial length; bdut still is solveble only for
the simplest chemical rate expressions.

As has been shown it is possible to separate the complex
processes occurring in many non-catalytic gas-solid reactions
by postulating the existence of zones. The processes
occurring within these zones, =2lthough individually complex,
may be capable of solution as the number of processes
congsidered together is reduced. The usual approach defines
one zone ag equivalent to the bed and so all processes must
be included in one snalysis.

The one dimensional model can be applied to individual
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zones defined by the hypothesis of the separable zone
approach and hence an internal analysis made of them.

The definition of the zone limits fixes the zone boundery
conditions, some or all of which may be known from the
processes for which the boundary conditions define
initiation or completion,

Analytical solutions are presented for zones defining
the simpler processes and numerical solutions for those
which would require unrealigtic simplification to permit
en snalytical solution, Various zones associated with
through eirculation drying in fixed and moving beds are

considered.

4.0 Moving Zone and Moving Bed Models

A zone of constant length moving through a packed bed
at constant velocity is equivalent to a stationary bed of
the same length with countercurrent flow of the gas and solid
through it, This is seen intuitively if one imagines the
origin moving with the zone (App. 2). The one dimensional
heat and mass belances for each can then be represented by
one model in which the unsteady state process of a moving
zone may be represented by stesdy state equations. This

may be called the pseudo-steady state vig,

Ko 828 = (6 = V80 )o 3k + B (T = t) = 0 (1)

a5 d%
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2
BEp dm - (6=-Vép)dm + k (M-m)=0 (2)
= Sy

K 4% + V(1 -8) o0 dl = B (T=t) + R(-aH) =0 (3)
i e

E_@;V(l-o)/o.g-kv(n-n) + Rwb (4)
45 dgy
Solutions to this general model will be presented for
certain cases (§ 4,2), First let us consider the overall
balance equations (see Chapter 2, Beveridge (1963)).

4.1 Overall Balances

One consequence of representing moving zones by
countercurrent pseudo steady state equations is that the
zone velocities may be predicted from overall balances on
each zone. The derivation of these balances has been
published previously but as they are the basis of this project
it seems suiteble that their final form be set out here.

In many systems zones are found which may be classified
by the zone processes. For instance, heat transfer aslone,
heat transfer + drying and heat transfer + a cliemical reaction
are all common in industrial systems (see fig. 1 ). Let us
look at the published balances as applied to heat transfer
end heat transfer + drying as this system has been chosen

for the model apparatus.
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The overall balances will be used to predict zone
velocities for comparison with experimentally measured
velocities. The predicted velocities will depend on the
accuracy with which the control parameters (l2 t, M, G)

values are known,

4,1,1 Constent Rate Drying Zone + Heat Transfer
Mass Balance

G - V%' = !4 - MQ
V(1 -é)ﬂ‘ m, = m,
Heat Balance
G - V% T CS(TZ - t4) + M“I;?i
V(1-%
( )os (c + mzcw)(t2 - t‘)

For the ease of general application the balances have

been rearranged as functions of characteristic groups.

Drying Zone
VR = (G = V6P )(c + c'mz) = ﬁ (e » mzcw) (5)

v(l - 6)/,303 ¢, (m, = m,)

where H4 is called group CSR = capaeity solids ratio

s

and ¢ + mzow 1" " CGR -~ " gas "
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m‘-na

Heat Transfer Zone Balance

Vg = (T, = Ti) (7)
t, - t3

Tables have been produced on a digital computer for the
dependent variables a2s functions of the characteristic
groups (see Appendices) For this purpose the drying zone
heat balance has been separated from that for the heat
transfer zone as in equation (6) above. And M, is taken
as zero to define the solid as being bone dry at the exit
to the drying zone. The tables also include values of m,
corresponding to the CGR values as sometimes m, is the more
convenient parameter, An illustration of the tebles' use
is given in Appendix 5.

The simple overall balances allow the zone velocity to
be related to the concentrations and temperatures at the
zone boundaries. The velocity of the zone may then be
determined without knowing the internal analysis of the zone
processes. If a zone is not affected by other zones it will
attain its maximum velocity but in a sequence of zones the
later must travel at the speed of the earlier, However if

the early zones in the sequence move faster than the later



39

ones &n expanding zone will be created between the two:

if vice versa is the case the temperature and concentration
profiles through the zomes will become self sharpening as
the faster zones cannot névc out of sequence to overtake
the slower.

Whil; these simple overall balences can predict the
veloecity of a sequence of zones they can supply no estimate
of the zone length which is an essential parameter if the
separable zone technigue is to be used for design purposes
neither can they link zones separated by an expanding zone.
Thig information can only come from the internal analyses,

4.2 Internal Analyses

4.2.1 Zone with Pure Heat Trensfer Process
The equations for the internal analysis of a zone

without reaction become equations (1l)and(3) given in the
previous section with R = 0. Such zones appear in between
zones in which two different processes are occurring when
one is completed and the other not yet initiated. Regions
of pure heat transfer are needed to balance any zone system
such as is proposed here.

The solution to the equations depends upon whether the
complete equations are solved or further simplifications

made.
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The complete differential equations may be combined
to give a quartic equation which is integrable once at
sight, The resulting cubic equation has an anslytical

solution and so the generasl solution becomes :

$ - oloa’ + 0205’ + 03;35 v e,
similarly
T 5 o{ ‘a'z - c; eB'z + o; ex'”' + c;

where u,f and «', B', ¥ ' are the roots of the cubic
auxiliary equation which may have three real and separate,
three real equal or one real and two imeginary roots. As
the algebraic expression governing the type of roots is
complicated it must be evaluated numerically for particular
values of the coefficients in the original cubic. In a
system in which axial gaseous diffusion and solids
conduction are important particular numerical values must
be substituted in the analytical solution before the
profile may be specified, even in general shape.

If however we may neglect the axial diffusion and
conduction terms in the equations we are left with two
first order ordinary differentiel egquations. This is the
diffusion model which must be used in conjunction with the
approximate zone theory as this sssumes plug flow of gas

and solid.
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- G'c d¢ + (T -~ t) =0 (8)
thp dz
VL-8)p C, 41 = (T=-%)=0 (9)
thp dz

These when combined into a second order equation have
an immediate solution which characterises the temperature

profile by only two dimensionless groups.

t =0 + oze'St'(l -Vp) 2

where St' is a modified stanton number hvDp/G'ec
Vo is the ratio G'e/ V(1 - 6)/ﬂLos

Once these two parameters are known the calculation of
the zone length follows and hence the mean residence time
necesgsary to establish given conditions in the zones before
and after the heat transfer zone.

The modified stanton number may be celculated from
correlations of the JH factor of Chilton and Colburn (1934)
with modification for the volumctric heat transfer
coefficient used in the definition of St°'. A typicel
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representative of such correlations, by De Acetis and
Thodos (1960) was uged here as it was derived from
experiments on a similar system. V, is known from the eﬁe«:&-
tve throughputs of solid and gas. The profile shape is
easlly seen to be an exponentisl curve displaced from the
origin by a constant amount.

Previous work by Singer and Wilhelm (1950) suggests
that the axial terms may be neglected for high tube to
particle diemeter ratios and solids of low conductivity and
relatively low temperature gradients through the bed. In
some metallurgical pfooosac- the temperatures reached are
high enough to warrant the inclusion of the axial terms in
the internal asnelysis even though the metal ores may have low
conductivities. For instence it is thought that.axial
conduction and radiation, cerrying heat forward from the
reaction zone, are responsible for the solid temperature in
the pure heat transfer zone which precedes the reaction zone.
Haughey (1966) has studied radiation heat transfer in this
type of system.

4.2,2 Endothermic Zones
For reasons given previously by Beveridge (1963) the

endothermic zones in any sequence are likely to move the
slowest, and being possibly rate controlling their internal
analysis is of some interest. Although the velocities of
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individual zones may be predicted by the approximate
spproach using overall balances internal analysis of the
zones is required to fix their lengths and temperature

and mags concentration profiles.

Congt Rate zon

The important parameters in this zone are the
temperature of the inlet gas and the approach to saturation
at the exit. To achieve saturation at the exit to the
zone, i.e. t = T, an infinite zone length must be provided;
however should the ges and solid heve some fractional
approach to each other (say 0.01°C for instance) the length
is practicable. If the moisture content of the sclid phase
is low so that the change in gas humid heat through the zone
can be assumed negligible the first order differential
equations are integrable at sight as the solid temperature

remaing constant at the wet-bulb temperature.

-Ge 4t + (T=t)=0 (10)
B0, dz

This hes the general solution :

t =T= CO.St.z

end if the boundery conditions on the zone at planes (3)
and (4) are included :
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2-0. t-t3' 2= 0O T-——)T4

T o~ 3t's (11)

Lo S -

The similar solution for mass transfer is :

~kvDp . .
.-,'.D‘_GEEB - (12)

where mg is the sesturation moisture content of the gas at

the wet-bulb temperature.

Above ,the gas temperature profiles for the much simplified
model used to prediet zone velocities were considered.
However when large amounts of water are to be evaporated
the humid heat of the gas should not be assumed constant
and an allowance made for the change in gas enthalpy due to
the inorease in the moisture content of the gas on passage
through the zone. The differentiesl equations have been
modified to include this effect giving for the fluid phase

Heat Balance

- | Ge chlg4(r-t).0(13)
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Mags Balance

-_0_, dmn = (m-ma)
kvnp dz

When integrated the general solution for heat transfer
may be compared with the solution to the more simplified

equation presented earlier.

-Z/Al

(14)

A1 + Blo

Qualitative comparison profiles, fluld temperature v
distance along the bed are shown in fig. 5 indicating the
effect of including the humid heat variation. However the
calculated results upon which the gqualitative profiles were
based show that the humid heat variation may be ignored for
practical purposes (see Appendix 3).

Equilib Zon

In this zone a ga|§a1most saturated is being cooled
and the s0lid previously at ambient temperature is heating
up to the equilibrium temperature, the wet buldb temperature.
As 2 saturated gas is being cooled mass transfer takes place
from the gas to the solid. The variation in the gas humid
heat and solid specific heat must be included in the

differential heat and mass balances. These then become
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complex and numerical solution is necessary which was
congidered outside the scope of the project. The overall
balences on this zone are covered fully by Beveridge (1963).

Buffer Zone
Beveridge (1963) showed that the potential velocity

of the equilibrium zone was greater than that of the drying
zone. As this zone precedes the drying zone it is not
constrained by other zones and in a stationary bed will
approach ite potential maximum velocity. The drying zone
therefore expands with plene (4) moving at the veloeity of
the equilibrium zone. However as the gas and solid
temperatures in the drying zone very rapidly approach each
other, for most of this expanding zone the gas and solid
temperatures are very nearly equal, Beveridge therefore
postulated the constant width drying zone and a buffer zone
in which the gas and solid temperatures are everywhere equal.
In strict reality the buffer zone is that part of the drying
zone where as the length tends to infinity the gas
temperature tends tc the solid temperature and the temperature
gradients are infinitesimally small. However the results

of this project bear out the buffer zone postulate (see
Chapter 5).

4.2.3 Nodel for Present Experimental System

In eny moving zone system which caters for zones
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moving at different speeds, heat transfer regions must be
specified which expasnd or contract. For instance in the
stationary bed used in this project s drying zone moves

through the bed causing en expending heat transfer zone to

follow it, :
Tem,:)e'rcd:u‘re c:f e

1\ . Enq\ uj" bed
1
L7

Drying zone At time B,

s

5,>8,

7 —>
Distanrc e H'\#ough becl

Temperahne P*rofiles through experimental  becl
at successive times
Showing this behaviour on a distance v time graph we plot
the time for the temperature wave front to reach

successively higher thermocouple levels.
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=N

Distance .ESP of BecL

through
becl

The cross hatched zone represents the endothermic
drying zone moving at constant velocity and with constant
width. The vertical shading represents the fresh wet
s0lid and the horizontal shading the buffer zone expanding
between the drying and equilibrium zone. The left to right
shaded portion represents the constant veloecity, constant
width equilibrium zone and the right to left shading
represents the neat transfer zone expanding behind the

drying zone.

Expanding Zone
This expanding zone can be represented by the one



an di Zone Bound Condition

At expending boundary z = V6 Y' =0 ©O =0707 = Ty

At fixed boundary z=20 Z'=0 0=0%(0) =%,
Ag z—~>o©o Y'oco Tis finite

N.B. t gt 8= 0% 2z = 0 unknown as discontinuity
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dimensional unsteady state heat transfer equations. 1f
back diffusion of the gas and conduction through the solid
can be ignored and the rearmost zone expands at constant
velocity, these unsteady state equations may be solved

uging Laplace Transforms. As this technique treats initial
value problems the independent variasble 2 is transformed
uging the substitution Y = z = ¥© g0 that the known
boundery conditions at the expanding boundary become

initial conditions at Y = Ojk Graphically the effect of the
transformation is to expand the right to left shaded

portion of the z/© plot sbove to occupy the whole quadrent.

Fluid Heat Balance

- Ge gj_*(‘r-t)zégc_a_g (15)
thp 2z hv 96
30lid
- (P =-%) = (1 -=208) c T (16)
loa 8 FY:]
%
These become on tranaformation
a o+ (T-t)--¢_a_1_;. (17)
dz' oY
oY

where ¢ = (G =-Vdp ) e
V(1 - 8) P .0,

* see oH:osLtc
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The analytical solution obtained is not immediately
usable a2s it involves integrals derived from the
convolution theoren, Three solutions of interest arise
from these heat balances on the two phases; solid and
fluid temperatures as functions of distance, and hence the
fluid condition at the expanding boundary. Also arising
from the general solutions are the trivial solutions at
the inlet to the expanding =zone. The derivation of these
solutions is given in the appendix.(3)

General Solutions

Fluid Phase
o z'
Y o 2 o 2 = TR
te = (T3 - tz) g ( e % q.B(Tc 4 2BL)}.1 {q(”ﬁ + 28Y) l
e o
z'=T1

‘-aT q(T.-l)Il (QT) alat

P et L (e Ty ATl s 2™ (1)
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gSolid Phase

z'

Tel = (T,= %,)8q j e~ (12 4 2p1)~1/2 I, (a(Y? + 2py1/2) &1
' o

s Ty ty(el = 1) (20)

Fluid Conditions at Expanding Boundary Y' = O

. i
ty = - % j q.o'aT.I-l Ip (qU)AT + ¢, (21)
2 °
The last of these three equations is integrable
analytically to give sn infinite series. The first two may
be integrated numerically. As the series solution is itself
complicated the summation must be carried out numerically but
this is an easier task than the numerical integration would be.
The general one dimensional msteady state equations
although stated here in terms of temperature are valid for any
general ccacentration parameter and as the form of the
solutions remains the same the integrals have besen calculated and
graphed as functions of their generalised parameters for future use.
The fluid condition at the expanding boundary hes been

hed
graphe as @ 1,1 & k(}i, z') (22)

% ¢1/2
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where k( ¢.z') denotes the integral expression. Similarly
the s0lid temperature funetion, as it is usually the solid
temperature which is measured, has been calculated and graphed as:

oF' 1=\ 1 P, k(g1 (23)

The form of the functions is shown in fig, 6 from which it

can be seen that as time and hence length of the zone

inerease the fluid exit conditions approach a constant value.
By a sulitable iterative procedure this function may be used to
determine the inlet boundary conditions for & zone shead of
the expanding one. In this way, using graphicel iteration,
the inlet conditions to the drying zone were found and hence
theoretical velocities for the zone calculated for compari son

with those measured.,

4.3 Overall Balences - A Modification

To include axial diffusion and conduction in the
overall balances used in the approximate approach extra terms
may be included. The extra terms are the temperature or
concentration gradients across the zone boundaries. This
is not difficult in itself; it is in evaluating the
gradlents without completing the whole zone internal snalysis
which presents the difficulty. Wehner and Wilhelm and their
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successors showed how to attack this problem when they
considered boundary conditions in flow reactors (1956, 1961,
1966).

If the zone system is divided into three zones

(1) =o2<¢ 2z < a

(ii) a < 2 < b

(1i1) b ¢ z < 0
and sll1 reaction or exchange processes are confined to the
zone a~—~>b, the differential mass and heat balances may be
formulated for the semi-infinite end zones. These will be
simpler than the balences for the central zone and their
integration allows the temperature and concentration gradients
to be determined at the zone boundaries.

As we have confined all exchange processes to the
central zone there will be no interphase mass transfer in
the terminal zones. Hence for a moving zone in a fixed
bed there will be constant concentration of reactant in the
sclid in the end zones. It is possible that solids
backmixing occurs in moving beds but very little is known
gbout this. However eddy diffusion effects will be present
in the fluid phase and hence the uniform bulk flow
concentration profile has this effect superimposed on it
which results in a concentration gradient in the fluid
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across the zone boundary.

Co r\c,er‘\‘t,‘r( (t(oh

\L( '

Tempe ratiere

— 00 <=— a b — 00

For heat transfer however there is the possiblility of
solid conduction together with eddy diffusion heat transfer
and hence a gradient will exist in both the fluid and solid
temperature profiles across the zone boundary. The overall
heat and mass balances on the central zone a~>b including

axial effects are set out below.

Heat Balance

t,~1 at_ =1 T =1 4 ~-t, +#1 4t +1 T -1 an,

Pee 32 Vp Pes g, Pep gz 'w Pes 44
-1 (=4H) (Mia - Mi,) =0 (24)

s O
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where Pe;f = G'eDp Pe' = G'cDp and ¢ ’Zmi Hi’ the
k k
f s

total enthalpy of i species.

Magss Balance

mi, =1 dmi -1 O Mi_ -mi s+l +1 O M,
c c

]
Pof as VR Pof VR
-1 21 (lﬂ.a - Mib) =0 (25)
vﬁ (]

/

where Pep and Pe_ are the corresponding groups for mass

trensfer to those above, G'Dp and G'Dp

Ee Es

The differentiel heat balances, and similerly the mass
balance, teke the simplified form below for the end zones.

Fluid Balance

1 8’ -4t s St'(T-t) = O (26)
Pef dzz dz

Solid Balance

1 g% + 1 41 - st(T~-t) = O (27)
Pes dz Vy dz
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The differential equations may be integrated and combined

to give @
1 i g g ) A £ ek (28)
Pep, dz Pe  dz Vo :

As z—> g0 dt and 4T >0 t end T =% ( £°0 )
dz dz

and T ( £00)

Hence 3 <
For zone =%<¢< 2z < a k= t(-—t"’)(vR -1) = 'IBM(VR - 1) (29)
-1
" " bec z2 <+ k=t (Vp - 1) (30)

Substitution of (28) (29) and (30) in the overall heat balances

(24) gives it the same algebraic form as the plug flow balance
with the zone boundery conditions at finite values of 2z
replaced by those at 400 . VWriting this in full with gas

and condensible enthalpies written separately :

Vg Cg = ZLO1,dy(Ty~ t') - 2 04 M1 (T,- ') » (T - T,)C, +oH(Mi -lily)

" 2\mi B - Zimi,Hi, + C(T, = T.)

-

(31)
Similarly for the drying zone we may show that :

miA-mi(-oo)z -mi_+ :1 dmi 3 m(+%) =m =m,

GDP dz



g = 0.05 1v HZO/lb dry solid

c' = 1 " "

0' = 0. ‘5 - G

c = 0. 25 " ®
' o

T6 = T0°F

Hz =0 R L

na = 0001 ” -
app = 0.0001°%F

limit t, = 3000°7

limit 7, = 1000°?

"

TABLE 2
system Parameters Used in Computer Design

¢_. = 0.25 Btu/1b F

gas

specific heat of solid

" " " water
" " n " vapow
" b " air

initial temp., of solid

" moisture content of soliad
80l1id bone dry at drying zone
exit
inlet gas moisture content
limit of approach of gas to solid
temp. in drying zone
max upper limit of gas temp.
inlet heat transfer zone
lovwer limit of solid temp. exit

heat transfer zone

! > ’
Temperature l
so0lid T '
Gas t ‘
\\\\\‘—-—34L\ e
| T4‘\\\;ﬁ e
3 4 6

Distance through bed 2

Estimeted typical temperature profile for computer excercise

steady state operation
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and the conditions at + oOreplace the conditions at the
finite zon:\boundaries when axial effects are present.

the overall mass balance then becomes i

VREQ = MiA - MiB

¢ miA - nib

These zones may be analysed internally when the heat
transfer analysie is the seme as given in appendix (3) and
the mess transfer analysis is as published by Viehner and
Wilhelm (1956).

4,4 Application of the Separable Zone Technigue
To illustrate the application of this technique, let

us calculate the lengths of the heat transfer and drying zones
which would be found in a pseudo steady state operation of a
fixed bed, using the conditions which are typicel of the
boundaries of these zones when they occur on a Dwight Lloyd
sinter strand during zinc sulphide oxidation. To illustrate
glso how the technigue is suited to stepwise computer
calculation the equilibrium zone has been constrained to
remain in the bed as it would do in a moving bed operation.
The cpoling of the gas in this zone will deposit moisture
whether the zone is constrained or not and so the constraint
will have little effect on the lengths of the other two_zones

for the purposes of comparison with industrial values.
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Choose initial 'l‘4
Set values 'I.‘b Mb o, T2

Solve combined heat
transfer & drying zone
heat balance for t,

Is
Ty within
range set by reaction
zone b.c.?

YES

NO

Calculate VR using dry-

ing zone mass balance

L

L
5o0lve equilibrium zone
heat balance by trial
and error for exit
condition tg

Y

Solve equilibrium zone
mass balance for new M

4

Y

Recalculate VR using
new M4

get valueg ?

NO

Recalculate t2 as
before for new VR

Y

Analyse heat transfer &
drying zones internally
using solns., to differ—
ential heat & mass bal-
ances find zone lengths

v
END

COMPUTER FLOW DIAGRAM OF

ADDI ICATION OO CEDAR AT B 7N *rresLINII AN -
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A typical velue of the moisture content of the wet
sulphide mix was chosen together with common values of
other system parameters (see table 2). Also chosen were
a typical value of the ignition temperature of the solid (TZ)
and the gas temperature at the same point (t2). These are
the temperatures at the exit to the heat transfer zone and the
inlet to the reaction zone in the typical temperature profile
for this type of process (see fig. 1). The lengths of the
heat transfer and drying zones were then calculated and
compared to the depth of bed usually used on sinter strands.

As the zones are linked by the conditions at their
common boundaries, each cannot be considered in isolation.
The three zones were therefore linked by a trial and error
method using the overall balances and once all the overall
balances were sstisfied, the internal anslyses were used
to calculate the lengths of the heat transfer and drying -
zones, The equations given in Chapter 4 were used. A
block flow diagram of the calculation method is shown

opposite and the results are given below, for three

reb? esentative cases.
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In result (1) the gas and solid temperatures are very

nearly equal and either (ii) or (i1ii) is probably nearer the

true values found in praectice.

This is supported by the
fact that Dwight-Lloyd sinter strands usually operate with
a bed depth of about 8 inches.

Therefore the second and third

results would seem to compare favourably with values found in

commercial practice.
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CHAPTER 5

Results and Discussion

5.0 Results

5.0.1. Apparatus
in apparatus has been built for the study of unsteady state

gas-solid systems such as are found in noncatalytic fixed bed
processes., The apparatus was used to measure the velocities of
moving zones in such systems while maintaining adlabatie conditions
~ag found in industrisl beds of large eross section. The apparatus
was designed so that, with small changes in auxiliary equipment,

it was suited to examining a number of different systems.

The problems involved in operating noncetalytic gas solid
systems under adisbatic conditions when small samples are used
were successfully overcome by surrounding the test bed by a guard
bed in which the same processes occurred. (See Chapter 3.) The
feasibility of this technique was proved in operation and velocity
measurements on the gas solid system air-wet porous catalyst
pellets.

5.0.2. Experimental and Theoretical Data

Zone velocities, which are a characteristic feature of
moving zones in these systems, were measured for a drying zone
moving through a deep bed of partially water saturated solid.
The heat for drying was supplied solely by a hot air stream
flowing through the bed in an axial direction.

The effect of four variables on the drying zone velocity (V)



FNo.

W53
W56
W64
LTY
W63
Wél
W57
WeT
w52
W66
w59
W58
Wes
W55
we2
weo
W94
W95
W96
wo7
W86
w9l
w88
W90
W93
w92
w89
w87

c2

14.6
16.9
12,6
19,8
6.6
5.8
6.2
9.0
6.4
10,2
9.2
10,6
2.7
3.6
3.6
‘.2
5.5
3.8
4.3
545
10.5
15.5
5.0
6.1
8.2
Te4
2.9
3.6

cX

28.9
1.4
27.8
39.5
13.4
13.6
16,8
17.4
15.1
20.4
19.8
25.6
7.1

7.6

9.8

11,0
12,2
10,2
10.9
15.8
24,2
36.5
12,5
14,6
20,6
18.4
T.2

8.8

Time for temperature wave to reach each
thermocouple level from time zero (mins)

c4

16,8
46,5
41.3
58.8
19.8
19,8
24,6
26,2
23.6
29.9
27.0
35.6
11,0
12.4
14,2
15,6
19.7
15,6
15.1
23,8
37.0
51,8
17.3
21,6
27.7
26,2
11.2
12,8

e5

54,7
61.1
55.6
80,0
2743
27.5
32.4
33.5
30,2
42.3
39.4
47.8
15.3
16,6
18,2
20,8
27.5
21.1
23.2
33.4
54.0
72.2
25.‘
28.5
37.0
374
16,3
17.6

ce

65.1
74.0
69.8
101.0
35.4
34.0
41.6
42,4
37.8
51.7
49.4
59.0
19.6
20,8
23.2
26,1
36.9
26,5
29.1
43.4
69.0
86,5
30.4
3%.7
48,2
‘7.2
20,8
22.2

c7

80.9
90.7
86.7
120,.2
41,8
41,5
50.6
51.1
46,1
61.9
58.6
68.6
23.6
24,8
27.8
31.8
45.0
33.2
35.0
52.2
83.5
110.5
40,2
45.3
58,0
56.7
25'5
26.4

c8

9l1.2
107.1
98.7
142.5
47.9
47.7
57.2
58.7
52.2
70.0
67.0
77.0
27.4
29.4
31.9
51,8
37.7
41.3
63.6
94.5
126.8
47.2
51.1
66,1
66.4
28.4
31,2

c9

108.3
126.7
117.4
175.2
55.2
55.5
68.4
68.7
6l.4
79.4
92.4
31.4
34.8
37.9
43.4
64,2
45.3
49.4
76,1
112.8
157.8
56.4
60,8
775
74.8
34.0
36,8

O1.2.3—-—-—-—-—- indicate themmoccuple levels

01 is always time zero and
is at the bottom of the bed,

C10

118.7
143.1
130.9
199.0
61.6
62,0
T7.6
76.7
67.8
93.3
90.0
106,0
35.6
39.7
41,8
47.6
T1.7
51.3
55.8
85.6
128.5
177.2
62,2
68.1
86,8
84.4
38.5
42.1

Cl1

135.1

161.9

145.2
223.,5

70.3
70.0
86.0
85.1
T4.8
105.9
97.‘

120,6

40.0
45,0
47.0
5308
80.4
58.7
63.6
98.6

143.5
203.2

71.4
76.4
95%5.2
92.3
41.2
46,8

clz2

146,9
176.1
157.7
241.2
75.4
78.2
93.0
94.9
81.2
118.3
108,2
134.6
43.6
49.3
51.0
5808
89.0
64.3
70.2
109.0
156.5
220,0
79.8
82.9
105.5
101.4
46,4
52,8
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EXPERIMENTAL DATA

Run Levels Scaled Velues of Ind. Var. Expt. Theor.
No. m M t G v/G v/G

W53 1 -1 -0.8 -1 -1 30.6 33.2
W56 m 1 =1,2686 -1 -1 25,2 29.0
Wo4 M -1 0.6286 -1 -1 27.8 28,5
W65 ml{ 1.3 1 -1 -i 19.0 20,0
W63 t -1 -0,8 1 -1 58.6 62.4
W6l mt 0.4 ~0.,T7714 1 -1 57.2 62,6
W57 Mt -1 1.5143 1l =1 46.8 52.3
WeT mit 1.3 1.1429 1l -1 47.8 52.1
152 G "'1 "0.8857 "'1 1 3308 3309
W66 mG 1.7 =0.357T1 -1 1 24,7 24.7
W59 MG -1 1.4571 -1 1 25,5 26.4
w58 mMG 0.4 1,1714 -1 1 21.0 23.7
Wé9 G -1 -0,7314 1 1 61.7 63.3
W55 nts 2.2 -1,3429 ) § 1l 55.0 64,8
w62 MtG -1 1,2514 1 1 53.8 52.8
W60 nMtG 0.9 1.4 1 1 46,7 51.8
W94 2 0.,0857 1 -1 47.9 57.0
Wo5 1.1 ~1.8120  ° -1 67.6 70.8
W96 1.1 C.1543 2 -1 61.6 71.1

Rung W52 - 69 are the original fsctorial design
Runs W54 - 97 are extra points to make up composite design
Variables are scaled to zero at the centre of the expt. renge

m M t G
Base 0,01 1lb.water 15.25 lb.water 230 °F 320 1b
1bdrygas 1b.drysolid hr.ft
Unit
Range 0.01 1,75 65 75
Scaled m-0,01 M=-15,25 t-230 G=320
Var, 0,01 1.75 65 75

Units V/G = ing.hr.ft°
min.1lb



Run
No,

W8e6(3)
W9l
%88
W90
W93
W92
w89
w87

w72
W73
W75
W74
W71
W77
w79
w80
W82
W84

Selia

Norton Abrasives Ltd.,VWelwyn Garden City.

Scaled Values of Ind. Var.

Levels Expt. Theor.

n M % G v/G vV/G

1 -1 -0,0114 -1 -1 27.0 30.8

mif 0.92 1,3429 -1 -] 19.6 22.7

mt 0,975 =0.2 1 -1 54.3 60,0

Mt <1 1.0114 1 = 52.7 54,6

mG 0.9 "0071‘3 -1 1 26.2 3007

MG <1 1,1425 -1 1 26.9 27.2

t¢ -1 0.0171 1l p § 58.1 58.2

n¥MtG 0,94 1,0857 1 1 52.1 52.1

w86(3) = 93 Runs for 1/2 replicate check experiment
-1 ~1,8114 0 -1 50.4 54.9
-1 -2,0000 -1 0 35.4 38.6
-1 «2.5771 0 0 53.4 575
-1 -2.1943 ) § 0 73.5 T76.6
-1 -1.2400 0 1 50.4 51.8
-1 ~3.6686 -1 -1 4€.6 49,6
-1 -4,8349 1 -1 103.8 106.4
-1 -4,9289 -1 0 63.1 62.9
=1 -2,6857 1 0 75.5 75.1
-1 -5.0000 0 1 86.5 88.4

W7l - 84 ©Extra rums performed as test runs during

development of epparatus.
Height of thermocouples from bottom of bed (inches)

Cl = 0 C7 = 5.875

€2 = 0,8125 C8 = 6,75

C3 = 1,875 C9 = 7.9375

C4 = 2,8125 Cl10= 8,8125

C5 = 3.8125 Cll= 9.875

Cé = 4,8125 C12=10.75

used in the bed was catalyst support pellets supplied by

Their reference

number SA 5103/6 - pellets 1/8" x 1/8" cylinders.
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was examined, using experiments arranged according to a
statistical design which i1s discussed in Appendix 4, Inlet
gas temperature (t2). inlet gas moisture content (mz), gas
flow rate (G) and solids' moisture content (34) were the
variasbles altered.

For each set of experimental conditions, a theoretical
"velocity" was also calculated. This response, chosen from a
theoretical consideration of the zone overall balance was
calculated as the quotient zone velocity/gas mass flow rate (V/G)
(See Appendix 4). The theoretical and experimental responses
were both correlated as polynomial functions of the four
variables, separate polynomials being fitted to the experimental
and theoretical responses. The polynomials are each
duplicated for statistical reasons given in Appendix 4, but
equations (33) and (35) correspond to the same set of
experimental conditions as do (34) and (36).

Experimental Response
% = 43,31 - 2,6m - 4.21M + 14.63t, + 0,926 - 0.66m° 4 0.51m"

- 1,81%° = 0.226% 4 0.23mM + 0.5mt = 0.32mG = 0.94Mt

+ 0,067TMG ~ 0.034tG (33)

Y = 39.44 - 2.31n - 3.96M + 14,23t + 0.96 = 0.2m° + 0.94M°
- 0.33t% & 0.536% = 0.072mM 4 0.087mt = 0.48mG = 1.50M%

- 0.068MG + 0.03tG (34)



62,

ghooggtioal Responses

Y = 45.07 - 1.24m = 4.46M 4 15,3t + 0.17G - 0,66m> 4+ 0.46M2

- 1.14t2 & 0.0862 - 0.25mM ¢ 1.25mt + 0.04mG - 0.98Mt

- 0.36MG - 0,25%C (35)

Y = 42.27 - 1.56m - 4.16M + 15.47¢ + 0.23G - 0.11m% 4+ 0.86M°
- 0.518%2 4 0.79G6% - 0,007mM + 1.06mt + 0.12mG ~ 1.42Mt

- 0.13MG = 0,.17tG (36)

5.1 Discussion

5.1.1 JApparatus
The main advantage of the bed design in the =mpparatus is

that it cen duplicate for smell samples, conditions normally
found in commercial reasctors of large adisbatic cross sectiom.
The desism :£ . bed within a guard bed gains over the other
designs, such as larger cross section beds, lagged small beds,
or beds compensated for heat loss by external heaters by
enabling very small samples to be used end allowing adisbatiec
conditions to be maintained while reproducing processes

whose temperature profiles change sbruptly. In small lagged
beds the heat capseity of the lagging approaches that of the
particles; in the concentric beds system the wall may be

very thin, as it is supported on both sides by the particles,
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and of negligible heat capacity compered to the particles.
ind externally wound heaters cemnot follow the abrupt
temperature changes occurring in non-catalytic gas-solid
processes.

Considerable dexterity and judgement are required in the
operation of the apparatus described in Chapter 3. However,
. this skill can soon be acquired with practice. For very high
temperature applications or processes producing very fast
moving zones the apparatus would have to be modified and
sutomated. TFor instance, it is not practicable to mount the
bed by hand at gas inlet temperatures much above 500°C and if
the zones move fast, some form of automatic control would be
necessary for the guard bed and high speed recorders and so on.
This would add to the cost of the apparatus but the bed design
would still be attractive especially when the solid is
expengive or in short supply.

0f the four independen| variables the measurement of the
inlet gas moisture was the mnst inexact. The measurement of
gas moisture contents is very difficult in either near dry or
neer saturation conditions. Lorenzen (1941) shows how the
accuracy of a wet eand dry bulb thermocouple hygrometer falls
off at low moisture contents. The humidity sensor was
offscale at the low moisture contents and required frequent
checking due to drifting at the high ones, The errors in

the other varisbles were small by comparison. The error in
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Statigtical Design +« 10 pts Statistical Design + 8 pts

Coeff. Expt?ggonf. Theoretical Expt?ggonf. Theoretical
Range Value Range Value
b, 45.87 to 33.00 42,27 51.57 to 35.05 45.07
b 0.6 -4.57 =-1.56 -4,08 -0.24 -1.24
by, 2.32 -5.61 -4.16 =5.99 -2.43 -4.46
b, 16.17 12,302 15.47 16,31 12,95 15.30
bG 2,90 -1,10 0.23 2.62 -0.78 0.17
b2 2.42 -2,82  -0,11 1.96  -3.29  -0.66
bMZ 1.41 0.471 0.86 2.95 -1.94 +0.46
b,2 2.7 =337 -0,52 1.66 -5.28 ~1.14
bs2  3.59 -2.53 0.791 3.22 -3.66 0.08
by 1.39 -1.54 -0.007 1.94 -1.9 0.25
By TFAeT9 -1,62 1,06 2.09 -1.08 1,25
me 1.2 -2.15 0.115 1.17 -1.81 0.04
By, 0.46  =2,55 1,42 0.53  =2.60 =0.98
bMG 1.08 -1,09 -0.13 1.99 -1,86 C.36

th 2.0‘ "'1098 -0017 1.62 -1069 "0025
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the temperature measurement is sbout & 2¢ at worst, The
rotemeter can be read to a similar accuracy. The solid
sampling method was examined statistically to check that the
sample moisture contents were representative of the bulk load
into the bed. The error in the rotameter is about & 5%
inherent in the instruments design.

50102 M

As the coefficients of the second order terms in the
approximete polynomials are generally much smaller than those
of the first order terms, the velocity of the temperature wave
(defined as V/G) may be expressed approximately as a linear
function of inlet gas moisture content (m), solid moisture
content (M) and inlet gas temperature (t).

The accuracy of the predictions waes assessed by comparing
corresponding coefficients in the two pairs of polynomials
(equations 33 to 36)., TFrom earlier experiments, it was
concluded that the errors in the responses were normally
distributed and so confidence limits were calculated for the
coefficients. Table 4 shows both sets of coefficients together
with the confidence range for the experimental ones. As the
range includes the coefficients from the theoretical responses, we
conclude that within experimental error the spproximste zone
theory predicts the experimentally found respomses.

The size of the coefficient for G terms end for the



IABLE 5 Comparigon of Experimental and Theoretical Rouults(')

Comparison of Responses (V/G)

Run v/6 (Bxptl,) 10° V/G (Theoret.) 10° Diff
4

W52 338 o hrl 339 B hodt 0.3
W53 306 332 8.5
W54 617 633 2.6
W55 550 648 17.7
W56 252 287 13.9
W57 468 523 11.8
W58 210 237 : 12.9
W59 255 264 ‘3.5
W60 467 518 10.9
wel 572 626 S.4
W62 538 528 1.9
We3 586 624 6.5
We4 278 285 , 2.5
W65 190 200 5.3
Weé 247 247 0
weT7 478 521 9.0

Factoriel Wean Difference 7,37

Extra pts. " " 6,97

Overall . . 7.1

TABLE 5a Comparigon of Wet Bulb Temperastures

Run Typ (Exptl,) Typ (theoretical)
W 86 (3) o Bed 4 75°F
W 87 106 98.4
w 88 106 108,2
W 89 96 95.1
W 90 97 95.5
W 9l 94 94.1
W 92 75 7543
W93 95 111.0
W 94 113 114.0
W 95 110 107.9
W 96 115 112.9
W 97 112 109.6
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and quadratic terms relative to the range is small but the
size of some of these coefficients indicates that the effect
may become more pronounced if the range of the variables is
widened, This does not however invelidate the theory as
under much wider ranges of the variables, the assumptions

of constant system parameters will not apply and the theory
is intended as an essentially simple and approximate
analysis not 2 fundamental one.

Tables 5 and 5a show both experimental and theoretical
true velocities and the difference between them and a
comparison of some measured and calculated wet buld
temperatures. The closeness of most of the theoretical
velocities to those measured shows the validity of the
‘separable zone epproximaete analysis technique. The mean
difference between the velocities is shown at the foot of
the Taeble.

The close agreement in most cases between the wet buldb
temperatures indicates the soundness of the expanding zone
analysis. It was found that three or four trials of the
iterative numerical calculating technique gave the wet buld
temperature to the ssme accuracy as it could be measured; a
very fast convergence which emphasises the utility of the
expanding zone analysis. in example is given in Appendix 5
which illustrates this caleculating technique.

The most likely source of the difference between the
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theoretical and the experimental velocities is, as discussed
in 5.1.1., the error in the measurement of the inlet gas
moisture content. The conclusions from the statistical
anelysis of the data from the check experiment on sample
solid moisture contents, were that none of the possible
sources of variation considered did influence the moisture
content of the samples as measured by the significance test
at the 5¢ level, The samples were considered to be
representative of the bulk load to the bed within random
error. The effect of random error was reduced by taking
five samples of each bed load and using the mean of their

moisture contents as the moisture content of the bulk load.

5.1.3+ Relation between Statistical Tquationg snd Theoretical Hodel

The analysis of variance technique which was applied
first to the results was a preliminary investigation to
determine the relative megnitudes of the effects present. It
indicated a more suitable dependent variable than the velocity
itself (i.e. the quotient V/G) bDut was only used to examine
the fectorial design for snags, such as initeractinn effecte.

Three mathematical models of the system (air/wet
catalyst pellets) which was used in the experiments are
presented. These are(i) a statistical polynomial model of the
experimental results, (ii) a similar polynomial model of the

theoretically predicted results for the same conditions as used
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in the experiments and (iii) a theoretical algebraic
mechanistic model which was used to predict the results for
comparison with experiment.

The statistical polynomial model (ii) is essentially a
version of the theoretical mechanistic model (iii) applying
in the limited design space covered by the experiments.
Similarly the polynomial model (i) is a model of the
experimental results in the design space of the experiments.
Therefore, within the experimental design space, comparison of
models (i) and (ii) is equivalent to comparison of models (i)
and (iii) i,e. it is a comparison of the experimental results
with the theoretical model's results.

Outside the experimental design space the model (1ii) is
the only one which, strictly, is valid as it is not restricted
in derivation to one region of variable space. Hence if it is
desired to predict zone velocities in another region of the
varieble space model (iii) should be used. Some confidence
could be placed in this model as it has been tested over part
of the variable space but complete confidence could not be
placed in it unless it had been tested over the whole space.

Furthermore the polynomial is only correct at the
individual points in the varisble space which were used in its
derivation. Therefore once again the model (iii) should
be used except at one of these points, slthough the
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polynomial would be expected to be a very neer approximetion
to model (iii) at points within the design space,

In general the polynomial models are useful for
comparing experimental results with those predicted by the
theoretical model over a region of variable space, but at
individual points in the space the theoreticsl model should

be used.,

524 Some General Considerations.

The simplicity of the separsble zone technique imposes
limitations on its applicability. Any system to which the
technique is to be spplied must be represented at least
approximately by a 1-D set of equations for the differential
heat and mass balances. The division of the system into
zones is another approximation 2nd this demands well
established zones such as are shown in the estimated typicel
profile fig, 1 ( See Chapters 1 and 2 ). The internal
analyses of the zones are restricted further td systems in
which the temperature and concentration gradients inside

the particles may be neglected.
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In a general non-catalytic gas-solid process there may
be both exothermic and endothermic zones; +the separable zone
techmique will apply to both if the assumptions of constant
velocity and width are satisfied. This system is most likely
when a slow endothermic zone preceeds a faster exothermic one,
go that a self sharpening profile is produced. However, a
countercurrent gas-solid system constrains the zones to be of
constant width and the separating zone analysis is particularly
applicable.,

For instance calcium carbonate decomposition is often
carried out in vertical kilns in which the zones are of
constant width, In these kilns the solid flows vertically
downward, settling under gravity, and it passes through zones
as shown opposite. The zones are well defined by the
structure of the kiln, The caleining zone, for instence, is
limited to the length of the kiln in which the hot flue gas
is in contact with the limestone, that is between the entry
points and the recycle offtake. The other zones are similarly
defined.

The separation of the zones for internal analysis, while
imposing these restrictions has advantages in that each
internel analysis can be examined separately and the overall
balances can be used to link a number of such analyses. This
‘should be useful with computer techniques which are especially

suited to stepwise calculations. A very simple example of
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this method of approach is given in Chapter 4.4. This
technique also lends itself to steady state optimisation as
the effects of the various component processes on the end
products can be easily followed. The separation of the
processes occurring, into individual zones, does not remove
the necessity for internal analysis of these zones and here
the various simplified approaches discussed in Chapter 2
will be useful,

5.3 Recommendations for Future Work

The separsble zone technigue should be applied to more
complicated zone systems to determine its range and limits of
useful application. The range covered by the present
statistical designs could be extended, still using the drying
process, and the effect of this on the interactions possible
between the various factors examined. A natural development
of this endothermic work would be to investigate a true
endothermic reaction, for instance, a carbonate decomposition,
and after this to experiment with systems ¢f exothermic end
endothermie, or a so'quonoo of endothermic, zones. Experiments
on some of the newer applications of moving beds suggested by
Venner (1955) could then be tried.

For this the apparatus should be fabricated in materials
which can withstand much higher temperatures than those used
here, so that the operating technigue for examining other
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complicated systems reacting at high temperatures (above
1000°C say) such as some metallurgical processes. can be
developed. For instance, limestone calcination and zine
gsulphide oxidation show complicated sequential zone
gsystems,

Adiabatic sorption and desorption problems are another
field, hardly touched as yet, which are suitasble for the
gseparable zone technique and the concentric bed apparatus.
This work would be at low temperatures with a consequent
simplification of construction expense and control
difficulties.

The simple example, of a computer approach to a design
problem, which was given in Chapter 4.4 could be extended
and compared with séme industrial situations. If this
proved to be a useful and feasible design method then
academic and industrisl research on single roaofiqn- would
have more immediate application as work by different authors
'oould be combined for industrisl use using the separable
zone technique,
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APPENDIX 1
Nomenclature
A constant coefficient in differential equation; cross
sectional area
A constant group G'(op + 140')/11'1)p
B constant coefficient in differential equation
b estimate of true coefficient P in statistical polynomial

specific heat of s0lid or liquid with subscripts which
indicate apiication (Btu/lb °r)

c ditto for gas or vapour (Btuw/1b °F)
e constants of integration (k =1, 2, 3 .ccs)
D differential operator; constant coefficient

d.f statistical degrees of freedom

E, F congtant coefficients

F variance ratio
£( ) funection of ( )
G gas mass flow rate (1b/hr. ftz); G' = G - Vo

modified gas mass flow rate; subecript s solid mass flow rate
g( ) funetion of ( )
h, volumetric heat trensfer coefficient (Btu/hr. £t° °F)
H enthalpy
i,Jsk integers
1, modified Bessel Function of the firet kind

IH'ID heat and mass trensfer correlation expressions
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15, volumetric mass transfer coefficient (1b/hr. tt2 A cone™)
k., kf axial s0lid snd gas thermal conductivities
k( ¢.Z'). k( ¢Z'I') integrals used in representing the

results of internal enalysis of en expanding heat

transfer zone

| length of & zone with subscripts indicating which zone,
no subscript for heat transfer zone

f, Laplacian Operator

m, M concentration on an inert basis of active component in

gas and solid respectively (1b/1b inerts)

m gas moisture content at saturation
integer

Py P, constant coefficients

P variable in Laplace Transform equations

q constant " " » »

Q R s coefficlents

S, 8 varisbles in Laplace Transform equations

, P gas and solid temperatures

%, T B " " transformed by Laplace
transformation

v zone veloeity or in a countercurrent gas-solid system

mean solids veloeity (ft/hr)
W(i,J) experimental run numbers (i, J integers)
Y, Xt independent variables in expanding zone equations

Y=o(z=-V € Y' s h.vaY/V(l - a)/?scsal
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Z, 2° ditto 2 = az(s); A --vaDp/G‘c:m2
z=-9 [Dp

Statistical Matrices (See Appendix 4)

X matrix of independent veriasbles

X transpose of X

B vector of coefficients

Y . " responses

D design matrix

T = X(X.X')" 1 transforming matrix

C = (X.X'") precision matrix

Dimensgionless Groups
Rop = Pf.(.}. particulate Reynolds Number
/OL
Pe s Pey = _i_ ’ __3__ axial Peclet Numbers for heat
G'aDp G'eDP 4 onefer solid and fluid respectively
Pe ". Pe .f = Es , _Ef ditto for mass transfer

G'Dp G'Dp
St = %D modified Stanton Number for heat transfer
G'e
VR = G = V&0 veloecity ratio
V(1 - a)/oac.

Greek Symbols
aot/ root of equation

p e - } varisble in Laplace Transform (see text)
By coefficients in statistical polynomials (i = 1, 2, 3 see)
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b’,?s/ root of equation
b1 02 statistical coefficients of skewness and excess
é fractional volds

/0 gas density
/0' s0lid bulk density
S time

P Vr

P, independent varisbles used in expending zone enalysis
L]
<2 growp Kk,D /G

Subseripts

i,J,k integers

io inlet, outlet

P constant pressure
L water

WB wet buld

5 solid
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APPENDIX 2
Transformation to Moving Origin

> G G R
t T+ 4t dy —_—
dy
e Y - v - 8)P
N e B K &
Stationary observer Observer moving at V

Congider gas mass flows to be constant. The fluid heat
balance over an element of bed length d% is an unsteady
state one dimensional partial differential equation with
respect to a stationery origin.

i.,e. Fluid Heat Balance

- Gt + hv(T-t) = b/oc_a_;l:_ (1)
a% 3

Solid Phage Balance

-hv(fr-t) = (1-6)/0‘,08_&_'; (2)
e
Now define % = %- Ve e’.e i.e. origin moving at
veloecity V

Then 2% = 2% . 32'+ 28 .0' = 2t

a% 3z a% ! a% CVA
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3t = 2t 22' + 2t 20' = 2% - Vit
LIS ad' 9o do' se ! FVA

and if we write G = G' + Vé/o and substitute the above
equations in (1) and (2) ebove

- (G' + V§ + T -t) =6 38 . vk
( : /o )c -:'—z-l S hV( ) /oo ae VA

-n (?T=-t)=(1=-5 3L - yalI
h,( ) = 1A% ey

Rearranging :

-(G-V6p)dt + B (T=-%) = O
az*

V(L -8) o0, 42 = h(T=%) = O
daz'*

since 3t end 3T arc zero by definition in new coordinate
90"’ 20!

system (quasi stationary state).
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APPENDIX 3
Internal Analyses

The zones for which detailed internal analyses are given
are defined in terms of the estimated typicsl profile (see
qkpter 2). inalyses are given for a pure heat transfer zone
end for a consgtant drying rate zone. The former is also
applicable to the equilibrium zone under certain assumptions.

The estimated typicel profile is that suggested for
steady state conditions. It can also be applied to a fixed
bed system when the heat and mass transfer equations may be
arranged in pseudo steady state form. An internal anslysis
is also derived for a heat transfer zone expanding at constant
velocity from zero width as this applies to the present
experimental system. This zone is also defined in terms of
an estimated typical profile similaer to that above, but
under unsteady state conditions, See estimated profiles

opposite.,

3.1 ternal Analysi a Zone with only Heat Transfer
taking place under Pseudo Steady State Oonditions

The heat transfer zone is defined in terms of the
estimated typicel profile as that zcne between planes (2) and
(3) In this zone heat transfer takes place by bulk
convection from the gas to the soliad. For the pseudo steady
state analysis, the zone is regarded as stationary with

countercurrent flow of gas and solid through it. The
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equations of Singer and Wilhelm (1950) which apply are
obtained by setting R = 0 in equations (1) and (2) in
Chepter 4. The equations however, are still second order
end as they are simultaneous equations they may be combined
to give the quartic differential equation A3.3.

2 /
xfg_%-ooga-n,(m-t)-o A3.1
5 “ |
2
K, 477 + V(1-6)/J°cag_r_ - h (T =-t) =0 A3.2
a3 %
Combining the sbove in dimensionless form :
a't + Padt - Q&% - R4t = O A3.3
;;t ;;S dz dz
which is immediately integrable to give :
St + Pa% - qat - Rt = ¢, A3.4
;;S ;;7 dz

where P = Pe_ = Pet $} Q= St° lPea + PesPef - Pef:]

Va StV

R = Pe_ [Pcfst' + 3 ]
VR

The general solution to the quartic differential
equation depends on the roots of the cubic auxiliary
equation from A3.4.

2

D> 4+ PD° =« QD =R = 0
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which may have real or complex roots. To decide which roots
apply for any given system, the dimensionless groups which
make up the constant coefficients must be evaluated
numerically because the roots are stated in terms of P, Q
and R, Perry (4th Edition),

The general sclution has the following form

415 2 0% 435

t = cye + 0 e + o + e, A3.5
whero'fl “<2 f; are the roots of the auxiliary equation.
These roots may be all three real and equal, one real and two
complex or all three real and distinet. The choice depends on
the magnitudes of P, Q and R,

These equations are usefill in the approximate zone
theory when axial effects, eddy diffusion and conduction, must
be inecluded in the intermal snalysis of the zone (see Chapter 4).
However, eas the keynote of this separeble zone technique
is simplicity, the plug flow differential balances are more
useful ., The plug flow balances are obtained by deleting
the second order terms in A3.,1 and A3.2 to give first order
equations. Combination of these two balances results in a
second order equation whose solution depends on only two

dimensgionless groups.
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Adigbatic Heat Transfer without Axial Effects
'Heat Balance -~ Both Phases

- Gle dt + V(1 - 6)/030a ar = 0 A3.6
a5 %
Fluid Phase Alone

- G'c at + b (T~ t) = O A3.7
Differentiating A3.7 and eliminating 4T by substitution from
43.6 dz

2 az

Dp dz V(1 - 6%/9‘0.

from which integration gives

G'e . 3%t + (1- ‘e )_g_g_.o

-Poz
t = e, + o©oye A3.8
where P, = st'(1 - VR)
and

-Poz
T = e, + °2VR° A3.9

Boundary Conditions
z =0 tatz T=T2

Z=1 : t = t3 T= T3

Hence we may write four equations for the conditions of
each phase at the boundaries and discuss the conditions they

impose upon the general solutions and their use,
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General Conditions

z =0 t2 = 01 + 02 Y A3,10
-Pol
z =0 Ty, = 0, + 0,Vp A3.13

Subtracting A3.13 from A3.12 and A3.1l1l from A3.10

—Pol -Pol,
Tz"’;"‘z"n(l" );ta-t3=-02(1—o )

fa* ¥y e 1 A3.14
T, = Ty 5
Now we can say t2 >/t3 T, = T3
t, > T, $, 0>,
If t,> T, end %,> T, them Vp2 1

Let us put t2 = T2 + a and examine conditions as a > 0

-Pol
From A3.12 e = Tl - ©
¢oVn
and substituting in A3.11
= V ta 3

and so from 43,10
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VR-l

If we back substitute for e, ¢, in A3.12 we get 1 as a
funetion of VR and known temperatures
-Pol

Rearranging and substituting for VR from A3.14

where PO = St'(l  snd VR)

If « = 0 and t3> T3 then from A3.15
Ost'(l - vn)l i) n

(1 - VR)l = =0
end since if a = 0O VR>1 then P°<0 ol =00

If «a>0 and t, = T, then from A3.15

3 3
‘St'(l - VR)l - 5]

(1 = V)1 =00

and since a >0 VR<1 then P°>0 ol =00
-P 1
end if c = O end t;=7; e ° =0 .. 1 indeterminate
0

Therefore, even for approximation purposes, no matter

how closely the gas and solid temperatures at the zone
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boundaries approach each other they must never be set equal.

In general gt'(1 - VR)]. =1ln «a

l = 1 in ¢4

i T ———— eeeee——

and the conditions for sensible solutions are

for Vo2 1 @ >0 andty> Ty
12V, < 1 then1>0 1fa>ty =1,
andVy> 1 " 1>0 if a >, =T,

A corollary is as a—>0 j cl->t2 and 02—>0

Limiting Case
As the general solution to the heat transfer equations

includes (1 - VR) in the exponentiasl exponent the limiting
case of Vo, —1 should be examined as this could arise in
practice. From the four equations resuwlting from the
application of the boundary conditions A3.10 A3.13 the

length of the zone may be written as

1-!._ lntz-l'zallng A3.16
P

- P £
o t3 '1‘3 0
As 1 > 0 we may say VR<1 a > P
V>l a<p

i.e. the temperature profiles must have the form in the
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gsketches below

Yol | | Vs o
O( \ X \
o ZOME LENGTH : o ZLME LENGTH 1

As Vo —> 1, ap eand 1l tends > 0/0 indeterminate. This
case may be examined using L 'Hopitel's rule. Using the

overall balance on the heat transfer zone

3
to substitute in A3.,16 we may write this as

t2 - %

1= t;=-%; lag
st'(a - g) P

Now we may regard t2 - t3 as a fixed permissible temperature

change in a given situation and so
8t fz(a)

end £i(a) =1 £,(p) =1
[+4

by L'Hopitel's Rule

'
lim 1l = ¢, =-t, 1im f,(a) = ¢, -~ ¢, ., 1
a—>p 2 3“*&"‘1—'—1 2 3 5t
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3.2 Internal Analysis of Constant Drying Rate Zone
The following differential neat and mass balances are

formulated from those of Singer and Wilhelm using the
assumptions previously discussed.

In addition, it is assumed that in a zone in which
constant rate drying is taking place

l. Solid temperature is constant.

2., The specific heat of the gas is constant
throughout the zone.

3., The rate of evaporation from the solid surface is
given by Rovap = kv(m. - m)

4, No temperature or concentration gradients exist
inside the particles.

5. Isobars are superimposed on enthalpy/temp. plot and

T' = ¢ reference (temp.).

Fluid Phase - Heat Balance

I
- Ge 4t + hv(T - t) =0 where ¢ = e, + cwmy A3.17
az
S0lid Phase

. ('1' iz t) = -HQV LT A3018

Fluid Phase - liagss Balance

-G'dm =+ kﬁ(m‘ -m) =0 A3.19
a5
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S0lid Phase

- kv(m4 -m) = = R“ A3.20

where m, = m_ as at the drying zone boundary plane (4) the
gas is very nearly 100 4 saturated.
As T is constant the integrated equations are in

dimensionless form 2z = 5/np
s "'hv o

t - T = Ce »
'!igg z

m‘ - m = De

‘ihence inserting the boundary condition Z = 0, m = may t = t3

-3t'z
t=-T = e
1;3-1'
~kyDp
7 e TP o A 321
m, = M,

If it is assumed that the specific heat of the gas is
not constant and allowance is made for the change in enthalpy
due to the change in ges moisture concentration slong the

length of the zone, the balances A4.]1l and 2 are modified.

Fluid Phase - Heat Balance

=L G];Cp + c'n(z{l ﬁg + hv(T -t%t) = 0 A3.22
5
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30lid Phase
Fluid Phase - lMass Balance
-a'am 4+ k(m,-m) = O A3.24
a%
Subgtituting for m from the integrated form of the mass

balance A3.24 into the fluid heat balance A3.22 we get in

dimensionless form

| 52, 1
-E':p*{m‘#(ﬂB—n‘)‘TPz_G:' ﬂ;(T-t)-O
2,

hvpp dz
Rearranging

r -k_D
| ¥ o,

- G'e +m!o) * (my, = m,) e — it +T=-t =0
’ . ? 5 thp dz
- hVDp
R
dz

Separating variables in A43.25 and integrating @

at = - dz --D-z
In (t = T) = - dz + C
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Using the substitution u = R

fractions, the right hand side is integrated

-fLg
)} + 0

Al o B

-2/

t =T = c'e Al
-lL

(Al + Bye z)‘D'Al
At z =0 t-t3
t, =T = ¢!
3 Y

and "O'Al = l%—DE. G'(Ol “+ mécw) =
'
G thp hv

for the system air-water (Lewis Relation)

i.e. ;t_at-Ts (A‘PB)Q
-l g

Check 2 =0 t=1

z—>0 t—>0

kv(c + m‘c')

o~

and separating partial

A3.26

1

A3.27
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Comparison of Profiles
If we assume some typical values of system parameters

for the constant rate drying of ceramic catalyst pellets we
may compare the profiles from the above solutions for
various values of m the saturated moisture content of the
gas corresponding to different wet bulb temperatures in the
drying zone.

Assume e¢_ = 0.25 Btuw/lb dry gas °F

P
e = 0.5 Btu/lb Vap. OP

w

G' = 400 1b dry gas/ft° hr
& = 0.6 pp = 0.0066 £t
A= 0,055 1b/ft hr

Hence uging the correlations of De Acetis and Thodos (1960)

PR i 1n'e 0.725
rRe 941 - 0,15 re 0*41 _ 0.15
P P
St! = thi = 1.06

G'(op + nze')

5Dp = 0.76
Gl
D D
and let us assume St' = hv P = hv P = 3t"

G'(cp + mzow) G(op + m4cw)



PLOT OF

-4 GAS TEMPERATURE v DISTANCE THROUGH
DRYING ZONE
constant humid heat bt s
3¢ . variation in humid heat 9

'“s> mg saturation gas moisture content

t |
non
din'\en]l 1\ _

Particle diameters
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| -3t 'z
z | t = Q-St'z Tt = (02 g m2°w) ¢
(op + m4c') + (n2 - m4) c, e
my= lls = 0.01 0.05 0.l
0 1 1 1 1
1 0.34650 0.3425 0.3295 0.3118
2 0.12000 0.1182 0.1114 0.1038
4 0.01440 0.01412 0.01367 0.0121
8 0.00020 0.000196 0.0001818 0.000167
10 0.00003 0.0000275 0.0000254 0.0000234

An expanded plot showing the effect of the different

solutions is given in the figure opposite although the

difference between them can be seen from the table to be

negligible for practical purposes.

3.3 Heat Trensfer in an Expanding Zone

Introduction

In sny moving zone system which caters for zones moving

at different speeds heat transfer regions must be specified

which either expand or contract.

D

B

FPor instance, a hot gas

passing through a2 packed bed accompanied by an endothermic

reaction causes an expanding heat transfer zone to follow the

reaction zone.
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It is poseible to show this behaviour on a distance v
time graph, plotting the time to reach various points in the

bed for the zone.

Distence

The shaded portion represents the heat transfer zone
expanding with increasing time. The shaded band represents
the reaction zone moving at constant veloeity.

The snalysis of an expanding heat transfer zone presented
below will epply only to a zone expanding at constant velocity.
Back diffusion in the fluid end back conduction in the solid
are neglected. The heat transfer processes can then be

represented by the unsteady state equations in one dimension.

Method of Solution
The 1 - D U.3.5. equations for heat transfer in a

packed bed :
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Fluid Phase
~Gcat # h(T=-%) = 8p0t A3.28
05 46

Solid Phase

“h(2~t) = (1-3)o,0, a2 A3.29
a6

Putting the coordinate of distance in dimensionless form

these equations become

- G 3t + (P~t) = bpe 2t A3.30
thp ez hv 35
~-T4+ 1t = (l-é)p!c, T A3.31
3e
N
where Z = 3,
DP
Boundary Conditions
t = t2 z 0 =0 initisl value
T = T3 z = VO 8= end value

BB t @ ©= 0 unknown as a discontinuity
Z= O

However, by changing the independent variable we can
convert t2 and T3 into initial values and 2s an initial value

problem the equations can be solved using Laplace Transforms.
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Change of Variable

t = f(z.e)
dt = 2t |\ dz + 3t ae A3.31
0z 5 360 z
New independent variables Y, Z are chosen where
Y = o [2_9 - z]{ A3.32
DP

which are dimensionless and let @ = 0, = 1

Then z =g (2,Y)
e s)(f(Z,Y)
dz = @) az + 9_@) ay A3.34
9z Y oY 2
€ = _g?;) az + ﬁ) ay A3.35
0% )y oY / ,

Substituting in A3.31 from A3.34 and A3.35

it = _a_t_) gg§> dZ-o-;j) ay
ez YA oY
) Y Z

+ 3t _gt az + 3¢ in
W/, 9% /)y Y /, f

gj_) = 2t.3¢ + ot . 2 A3.36
b4



and ﬂ) =93t .3 + 23t . 3¢ A3 37
Y/ Z 9z Y B8 Y
= = D 2 =
Lk | H s Nt D Tl
"2 oy V v @V %2
I
QE -l; i) -Ol' !l) = D ;_6_7;) =D
IR et Lo W) P &
Hence A3.36 snd A3.37 asbove become
9_3_) =28 .1 +28.0 A3.38
0/ Y 0z Uy a8 a2V
= toD L
g%) ggz/ 0+ g; D A3.39
3 Z az_o d “1V

Substituting from A3.38 and 43.39 into original equations A3, 34

and 35 :

A 38> i Mow (e wbe s Y 28
b R ol
B, 2z 2 Ry R -2

-(T-t)s(l—é)f.o f_ﬂa'r

% Dp aY
Collecting terms we get
T o a2 . Lt + (T » t) = ¥ GQ . al - 6‘:: c alv g_t_
D - ¥/
h,D, B,D, B,D, aY

A3.40
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- (1T - %) ""v(l'é)/oaig “lﬂ A3.41
Y
By,
Now let us redefine independent varisbles again as @
Z' = Z Y' = X
S 2 V(1 - 8)pe, ,
IL,,DP i !
By,
equations A3.,40 and A3.41 become @
-3t 4 (r=-%) = -t el
VA ay!
= - {Fet) » 32 A3.43
aY"?
where = (G - ve/ )e which is always > 0
V(1 - &) .Cq

The change of independent varisble affects the z/6 plot
80 that the expanding zone is now represented by the full

NN

N\

£ e i \\\\\\\\\\

©

quadrant.




gince z = O Z = 0 Y-alve
z = VO T = 0

We now solve equations A3.42 and A3.43 using = Laplace

Trensform defined w.r.t. 2°'
- oQ
fa £(z9)] = =8Z' g(2') az' = T
.il_(z)] L' (2') az (8)

now transforming A3.42 and A3.43 we get :

-|sE(s) = #(0)| + TH(s) - F(s) = =4a_.%(s) (L1)
: - P
- T(s) -F(e)|= a4 Te) (L2)
- * ay’

Differentiate (L2) Werest, Y!

T » F - o (L3)
ay+2 aye ay"

substituting for 4% in (L3) from (11)

ay*
ﬁ + AT =<1 [t(o) - (8-@1)?4’!:’
ay +2 ay* &

Substituting for T from (L2)

ﬁ + arf a-l[t(o)-(sq»l)(.d_'f-r’f)-o-fﬂ
o -7 e ¢ ay"

T = - _‘2) (L4)

acr 4(1+a+1g -8
P g
¢ #

ay +2
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Y:'-r}_-;izexp{_‘g_; [a+1-¢ -/s+(¢+1)2-4¢“}+22

Let us chenge variesble operator S to p where p = S . (?5 + 1)

.+ (L5) becomes :

11',-3}_:_'&2 oxp{j;_;é{p -jp2-4¢ -27%} +_tf

1.0. ?QY. = Ta - tz Oxp -Y-; [p - p2 s 4?} + t2. (LG)
2

p2-4¢) -1

Now we know -
rearrenge (L6) in this form :

L= {50

T.Y.'Ta'tz[pr{P"jpz-4¢}-Y-:¢'l +T3-t2+1:2-e

S ‘£ <) ]

e

2

then let § = X' k2 - p2 - q where q2 = 4%

2¢

1.0, Te® = T, = %, exp [:B(p - k)] =141, 4 1:2(eY WXy . Ters

The lst esnd 3rd terms mey be inverted directly =md the 2nd
term using the convolution theorem.

Let 1 be denoted by T(s)
=)

QB(p = k)_ 1 " n E(p)

- X a
The inversion operation is : 0{ I—Y(a). S(P)J
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end separately these invert to :

1
J e e ) & )

gﬁ- 1 - aZt - aZ' -1/2

Bp) = ¢  gz') = o Ba(z'? 4+ 2pz")

1
A liq(z'2 + msz')+ /2_.1

The convolution expression is thus :
ZO

z :
f 2(r) o= %' <L) g (g0 -T) aTa| 2(2° =T) o= *" g(T) aT
0

which becomes

¥ -1/2 1/2
BQj B2 gl ) : Il[q(T2+2BT)/] v
L}

and when the whole equation (L7) is inverted we get @

Z'
: ~ -1/2 ki _1/2
Te¥ -(T3-t2)5qj o &l , 20 / - 4 [q(L2+2at) ]d“ﬂ
0

N tz(oY' Yy A3.44

This equation (A3.44) is the equation of the solid temperature (T)
profile with distance and time, for a zone expanding at constant

velocity.
Similarly, we can find a profile equation for t, the gas
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temperature :
Subgtituting in (L2) for T(s)

t(e) = T(s) + 4T
dY.'

=1y -t .xp{_:_?;[-+1-¢ 4/[-,(¢+132-¢]}+:g
*5"}:‘2 2;_12{ s+ 1-p -\/['*(%*1)]2‘75]
.xp{%y; l':- @ a1 -\/[s-»(d-» o)]’..4¢]}
i.e. ?(')'&_3._:_.'.‘.2 oIplIg;[s-»l-fA -/[.+1+¢]-4¢]J

{1+%¢[..1-¢-/<n1+¢)2-4¢]} 'z

Putp-a+1+¢

ol'% .&31_:_32 exp 1‘[’ ‘fmml gt [p ; /m J 2¢]}

20 2
- ton.
=
Putﬁsx_:' kzspz-qz q2-4¢
2
el 'T = '133 -%, B (p~Kk) PP =K ¢ T (L8)
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= (2 = %,); p-k (PP =% 1) 5k |y uel (19)

b 4 8 3

-

we know inverse of exponential ., require

Lk -0

Require cf (p - k)
p+k _ D
P+ k p + k

2 22
Now p~k=p -k,

but k2 = p2 - q2 Pp-k = qz(p + k)-l - q23-1 (Batongan)

6Z (P-k> s ¢t I,(e2")

-1

Z
OF (’—"‘)'j " a7t 5(9T) ot

8 o
We cen now apply the convolution theorem again to invert
product which includes exponential, The inverted solution
becomes ¢

at -1/2 1/2
teX ( , B ) { o-atqﬁ(tz + 281) / I, [q("":"2 + 280) /]
Y o

Z'%=L A A P
J el qT-l Il(qt)deT +J ot Il(q’f)d“c
o o

Y!
+ tzﬂ A3045
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This equation (A3.45) is the equation for the gas
temperature profile in an expanding heat transfer zone
expending with constant veloeity. These expressions are
too complicated for analytical integration and will require
numerical solution for the complete profile. However, it is
of more interest to examine the behaviour at the boundaries
to the zone as this will tell us how the heat transfer zone

affects prececding and succeeding zones.

Boundary Behaviour
Y' = 0 — moving boundary

Z'
ty = y t, J a‘““‘m‘l Il(q'T)dT + %, A3.46
2¢ °

T3=T3

At Z' = 0 — fixed boundary
t2 = tz

T, = Ty tZ(QY' i) A3.47
OY'

And we can rearrange these equations as :

o B K(é,z') = 7

ty = Ty p1/2

1



t2 - T3 < % 1
t

2= T

i.e. t3—y 1‘3 as ¢. LV—> o0 (13r80¢s2"')

Ty > Nyl " y —>@ (large Y')
g gy
where K(¢.Z') = J e’a("f'l II(QT)dT
o

For utility the information on gas temperatures is produced as
a plot of 1‘1 v y{for different Z' and l‘l v 2" for different ¢

P, A W b ol i i
fzz
o
e |

de >, %

Integration of Convolution Expression
e require to integrate :

2

?,)1/2
J & 3 Lfl I, (aT)at
o

'lh‘!“(!-;é#l q:2

¢= VR = G'e
v(l - b)ﬂcs
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vt | . s
Let us change variable by putting Tw 2V L _and d,ToHD'ng [Jru‘neS

1 -
j (F + DT A L (4172507, T

0

The general term for the modified Bessel fumction is :

ol

k=20 BT K+l
Hence the general term of the integral becomes :

i (s&.)Zk s 1 fk‘-(¢+ 1)z T

k=0\2 Kt E»l 1
Expanding this and integrating term by temm :

A 1
-(¢+1)2' T
ai'. e
2 -(¢+ 1)2'T A
A
(s 1)2'T( L2 e
+ (a2’ 32_2{’_) L - 2 L e 0 [T
2 21 11 -(¢+ 1)z [~(p+ 2% [~(f+ 2P
0
s I
2k + 1 =(g+1)2*'7T ~ 2k 2k = 1
+ [g2' e { - 2k L
(2 ) Kl ks 11 |=(gs2)2' [(P+ 1)z+])?
+ 2k(2k = 1) L 4= —= 2k(2k =1) - = = 2k =(2k ~ 1)

(g 1)z-]3 [_- (Go 1)2,]21: + 1
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This expansion in series can be written as :

o o
2k + 1 =(¢+ 1)2°T | 2k R
% Z (ﬂ ¢ < D (
L k! k 4 1! n=0(g+2)"* z'n*lo
where D® is the differential operator of order n.
Putting in limits this becomes :
At =1
i 2k
2k + 1 + 1)Z2°
” 9... ¢ Z 2k
k.o kK + 1! n_o(¢,1)“*1z“*12k-nt
At =0 g
o0
2k + 1
- ) (az 2k | 1
keo\2 (¢+1)EE*IZ-EE*1 k! k4 1!
', integrated expression is :
2 (a2 B
B B k! k + 11 TR LERE Tl
2k <
-@5 + 1)2?
e

Z 2k}
_o(¢+1)"*1z°*I2k-n:

Since for computation this involves 0! = 1 write as @
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—

o0 | - '
3 (ﬂ. kK +1 4 { = s (f+ 1)z
Vi 1R klk+1!L(¢+1)2E*1ZW’1 (¢ + 1)z

e - , 7

2k
Z 1I (2k = n) S DET I A SEES WENE ."(¢+ 1)z
n=20 (¢" l)n iy z'n -

2 (¢¢ 1)z (¢+ 1)z

s © -

i.e. compute lst term k = O separately.

A similar approsch is not practicable for the integral in
the expression for the solid temperature profile A3.44 and so
this was integrated numerically using a repeated Sinpaon)a Rule
method. A standard library subroutine was used for the
integration. This was supplied by the ZEdinburgh University
Computer Unit,

The results of this numerical integration were displayed

graphically as a plot of F2 v k(é;Z'Y') gimilar to the plot

used for the integrals resulting from the bvoundary condition
at Y' = 0

where

see overleof for plots of F 8 F



EXPANDING ZONE BOUNDARY FUNCTION (Plot of FvVgpe Fv 7')

VR- 02
7=5
//
f =2 VR': l'O
L z’-l
/ Vﬁ 2-0
/ =05
/ V=42
R
. Z'=O‘2
1 I L I " 1 " X I L Aa:
O | 5 6 7 10 I 12 13 14



40

T

EXPANDING ZONE SOLID PROFILE FUNCTION(PIot of F2v Z': contours of constant VR&Y")

_———"—\=05 ¥&2

Vg25 Y=2

h A
tof // / Vz05 ¥Z05
- // VR-'- 25 Y=05
V75 Y-:05
g V310 YA05

O 1 1 1 1 1 1 1 1 1 1 1 1 1

o I 4 5 6 7 8 9 10 I 12 13 14 15



4-5

40

3:5¢

30

n
w0
T

PLOT OF F vV, for large 2’ showing contours of Y

Y=2

Y= 15

Y'=1
‘Y'= 05




45

40

35

1-5

PLOT OF F vV

for Y’= 2 showing contours of 2’

1,]

(o
~
oF
O



107.

APPTNDIX 4

Anelysis of Results

4.0 Introduction
As the approximate analysis which this project is

examining agsumes constant system parameters in any zone, four
variables control the velocity of the drying zone. A
factorial design was chosen as the most efficient method of
agssessing the effect of these variables because fewer
experiments are needed than if one variable is altered at a
time and interactions between variables, if any, are revealed
by this design. A two level design was chosen as a three
level design requires eighty-one experiments which was too
many for the time available, taking into consideration the
preperatory runs associated with each experimental run (see
Chapter 3). The resultant matrix of velocities or other
characteristic responses must be analysed to show the effect
of each of the four variables.

The responses may be analysed using the analysis of
variance technique to show the importance of the various
factors and the presence of any intersctions between them.
Alternatively, a polynomial may be fitted to the response
surface represented by the experimental response matrix and
compared with the polynomial fitted to the matrix of

theoretical responses which have been calculated for the same
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experimental conditions.

Inherent in the enalysis of variance technique is an
estimate of the experimental error due to resndom sources
and slso the revelation of any unexpected interaction
between supposedly independent variables. For instance,

a first enslysie of varisnce showed a large interaction
between gas inlet temperature and gas flow rate; this led

to simplification of the work as it suggested that V/G was
the true response, not velocity alone. Polynomial
representation gaeins in the handling of the experimental

data as matrix operations are easy using a digitasl computer.
Once the operations have been programmed, the inclusion of
additional observations and the fitting of different response

surfaces involves no extra labour.

4,0,1 Two Level Factorial Design
A four factor two level design requires sixteen

experiments for each full replicate and eight for each half
replicate (Davies 1963, Moroney 1962)., The design points
for the full replicate are represented in the design space

by the vertices of a hypercube. The variables, known =as

the independent varisbles, affecting the drying zone velocity
are gas inlet moisture content (m), solids inlet moisture
content (M), gas inlet temperature (t) and gas mass flow

rate (G).
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In caleculating the enalysis of variance results the
method of Yates (1937) was used for ease of computation.
Writing the combinations of the variables in their standard
order they are
1, m, M, =M, t, mt, Mt, mMt, G, mG, MG, mMG, tG, mtG, MG,
nMtG
where the presence of a letter in a combination indicates
that that factor is present at the higher of the two levels.

The polynomial representation of the response surface
was initislly of second degree, ignoring quadratic effects,
but examination of the coefficients of the interaction terms
suggested that a better fit might be obtained by including

these.

Polynomial without Quadratic Terms
V/G = ac ¥ ﬂlm + pzu + ﬁBt + ﬁ‘G + plzmm + ﬂl3mt + B14mG‘

+ BZBHt + BZ‘MG + ﬁ34tG Ad4.1

Polynomial including Quadretic Terms

Equation A4.1l with four extra terms

ol . ﬁllnz +* 522’12 + ﬂ33t2 + 5¢432 A4.2
Hence eleven coefficients must be estimaeted to fit

equation A4.l and fifteen to fit equation A4.2.
In general if D is the matrix showing the combinations of
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individual values of the independent varisbles in each
geparate run, called the design matrix, X 1s the matrix of
independent variables required for fitting an equation of
given degree, where X is formed from the cross product terms
in A4.1 and A4.2 above.. .. e

The estimates of the true coefficients f are the elements

of a column vector B formed as

B=T.Y
where Y is the column vector of responses and T = (ITX)":"XT
end is called the transforming matrix.

The basie full replicate factorial design using two levels
does not provide sufficient observations to include the
quadratic terms in the polynomial, The desgign is therefore
augnented with extra points to form a composite design (Davies
1963). In this case, 2 non central composite design was
compiled with four extra points extending from the vertex
(1, =1, 1, =1) of the hypercube. It is usual to scale the
independent variasbles in the design to a zero value at half
their range i.e. the upper level becomes +1; the lower -1,
Secaling the variasbles in this way, produces an orthogonal
design so that the main effect's coefficients are uncorrelated
with each other and the correlation between the interaction
terms' coefficients is a minimum, Similar factorial designs
were used to determine the effect of gqualitative variables on

some of the measured system parameters. For instance, the
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effect of vibration on the packed density of the solid was
examined eand also possible sources of variation in the

sampling scheme for so0lid moisture content,

4,0.2 Choice of “ange of Independent Variables

The choice and zero level of the variables were choaen
for practical reasons. For instance, it was found that
overnight soaking in cold water gave a reproducible moisture
content of the solid particles for the lower level, and
boiling and dumping into cold water, a similarly reproducible
higher value,

Levels and Tanges Used

m M 1 G
Zero 0.01 1b water 15,25 1b_water 230°%F 320 1b
/1b dry gas ry solid /hr £42
Range 0,01 1.75 65 75

The higher level of m corresponds to saturation at 25°C
and the levels of (t) and (G) were chosen to give runs of

about 1 to 2 hours duration,

4.1 inalysis of Data
Once the experimental design has been completed, each

run executed represents a single response point in the design
space. This response is obtained from a trace produced by the

single pen recorder. The complete chart trace consists of
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guccessive records from individual thermocouples sterting
with the thermocouple a2t the base of the bed. The
temperature measured by each thermocouple is recorded while
that section of the bed is at the wet bulb temperature and
continuously until the temperature has risen almost to the
gas inlet temperature, when the recorder is switched to
monitor the next thermocouple.

An arbitrary zero is chosen as the instant when the bed
is mounted on the flange, the same for all runs, snd the
distance is measured from this point to the point of initial
rising of the temperature on successive thermocouple traces.
These intervals can be converted to time intervals as the
chart moves at constant speed. A graph is plotted of the
height of the thermocouples above the bed base versus the
time interval., The slope of this graph gives the velocity
of the temperature wave and hence of the rear boumdary of
the endothermic drying zone.

The falling rate pcriqd is agssumed to be ingignificant
in the drying of these particles and as a consequence of this
the initial rising point on each thermocouple marks the
point at which the solid moisture content reaches zero.

This is substantiated by the sharp temperature rise away
from the wet bulb temperature and by the agreement between
neasured and calculated theoretical velocities.

The plots of distance v, time (z/€ plot) are useful
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to give an indication of any anomalies in a run (see fig. 7)
but two separate responses can characterise a rumn. Cne is
the reciprocsl of the rm's total time (until the last
thermocouple trace starts to rise) and the other is the
gradient of the best straight line on the z/6 plot,
calculated using lesst squares method. Both these have
advantages; the former takes into account the operator's
skill in controlling unexpected changes in conditions which
may cauge velocity variations over part of the run even
though, through compensating, the run finishes on time, the
latter is the best estimate of the velocity including local
variations and the least squares technigue allows confidence
limits to be calculated for the velocity. For showing up
the effects present the anelysis of variance was performed
using the total time parameter; for fitting the polynomieal,
the response used was the least squares velocity divided by
the gas mass flow rate (V/G). These least squares velocities
were calculated using a SIRIUS digital computer and the
program was arranged to include computation of confidence
limits and the linear correlation coefficient of z witho .
A large number of runs was completed, in addition to
those for the experimental design, under varying conditions.
Those runs for which full information was available were
included in the polynomials using the methods of Plackett
(1952) to modify the original matrices. The effect of
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slightly extending the range of the variables outside the
design space is shown in the resulting polynomials.

Measurement of Independent Variables
The gas flow rotameters were calibrated using charts

supplied by the menufecturers. The thermocouple e.m.,f.'s
were converted to temperatures using manufacturers tables.
These two measurements were the most accurate of those of
the independent varisbles and their errors were estimated
at + 5 and 4 2% respectively.

The molsture content of the solid in each run was
determined by taking samples immediately before the run.
To ensure no systematic error was introduced into the
moisture content measurement by the sampling method a
qualitative factorial experiment was set up to examine the
effect of possible causes of variation, A similar approach
was used when measuring the packed bulk density of the solids.
Then the whole design was repeated in tubes of different
diemeters to test for any wall effect.

Discussion of Analysis
The analysis of variance was applied first to the

experimental results from the full feetorial design to
determine which of the independent variebles had significant
effects on the velocity of the drying zone. A polynomial
function of the four independent variables wes fitted to the
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Least Squares technique of Gauss. Here the matrix of
velocity results appears as a vector of responses. The
responge may be any variasble characteristic of the drying
zone veloecity.

At each point in the design space a theoretical
response was calculated using the adiabatic expanding heat
transfer zone equations to calculate the drying zone inlet
temperature and the overall balance on this latter zone to
determine its velocity. An example is given in Appendix 5.
A polynomial, similar to the other, was then fitted to the
theoretical response vector, The discussion of the theory
and experiment are based upon comparison of these two

polynomial s,

Analyses of Varience
The mean squares resulting from the analyses are given

in Table 5. The responsge chosen for Analysis 1 was the
reciprocal of the total time taken for the drying zone to
travel the length of the bed (time until 12th centre
thermocouple started to rise 90 12) As coding the date
does not affect the snalysis, this is equivalent to using
the velocity of the zone.

The residual in this single replication of the design
is only based on one degree of freedom. Comparing mean

squares also based upon one degree of freedom with this



TABLE 6

Results of Applying Bartletts Test to Analysis of Veriance

Interaction MNean Sq. d.f. log M.S

000.759 3 T.8802
109. 600 1 2.0399
33.200 1 1.5211
12.770 1 1.1062
77.900 1 1.8915
16.580 1 1.2196
3.463 1 0.5395
5.891 ¢ 0.7702
84,680 1 1.9279
82.710 1 1.9176
8.236 0.9158
435,848 13,795

=2, (4.2, )1og, o(M.3,)

where i refers to each
interaction effect

d.f. associated with sum of individual (M.S)i = 11
i.e. (M.S)T = 39,62
log (MS)T = 1.5979
(d.f) log (MS)p = 17.5769
Bartletts test compute :
M = 2.303((def) 10g)o(MS)y = 5! (d.f.;) log;o(MS,))
= 8,86 N.8. at 1% level (see Davies 1962)
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regidual is likely to lead to erroneous conclusions as,
uging the variance ratio, F test the value the ratio must
exceed under these conditions is excessively large.

It is usual therefore to pool the highest order
interactions to get an estimate of the error variance based
on more degrees of freedom. This procedure is only valid
however if the highest order interactions really are
non-significant end comparison of these with the residual
encounters the difficulty mentioned above. Fortunately,
Bartletts Test is available which is designed to show up
eny heterogeneity of a set of mean squares assumed to De
homogeneous. In testing the effects mean squares in these
analyses whenever mean squares were pooled to obtain an
improved estimate of the error varience Bartletts Test has
been carried out (Table 6).

In analysis 1, the three factor interactions were
pooled to get an improved estimate of the error variance.
Comparison of the two factor mean squares with this error
shows that four of the six two factor interactions are
significant, one at the 20%¢ level, two at the 5% level and
one at the 0.1¥ level of significence. Vhile it is quite
possible that the meen square significant at the 207 level
arose by chance and even that the two significant at the 57
level did so, it is inconceiveble that a mean square soO

large as to be highly significent at the 0.1¥ level arose by
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chance. Our first conclusion is that there is a very strong
interaction effect on the velocity from t and G and possibly
much smaller interactions due to M4m2 with G. Testing the
gignificance of the mean square due to the effect of the

main varisbles, shows them all to be highly significant at
the 0.1% level.

Thig interaction effect complicates the response but
consideration of the theory and examination of the responses
suggested that V/G might not exhibit this interaction. In
analysis 2, the response variable is the reciprocal time
divided by G, the mass flow rate and coded for ease of
computation. Once ageain the three factor interactions were
pooled end the two factor interactions compared with this
estimate of the error variance using the F - test. In this
case, only one interaction showed significance and only at
the 204 level. As this meen square could possibly have
arisen by chance, the two factor interactions were added to
the pool end this set of mean squares subjected to Bartletts
Test, which showed no evidence of heterogeneity. The main
effects were compared with this estimate based on eleven
degrees of freedom, and it was found that now the variable
G hed no significant effect upon the response V/G.

Shortly after completing this factorial design, the
pores of the catalyst carrier pellets began silting up and
they would not absorb enough water to sllow the deisgn levels
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to be maintained. At the same time a routine check on the
Wayne Kerr humidity transducer disclosed that the element

had disintegrated and the values of m, measured for the
factorial design were suspect. New particles were bought
and a new transducer element was supplied, and so to check
that the results of the previous anslyses were valid, a half
replicate of the original design was performed. The results
of this anelysis 3 (see specimen analysis of variance Appendix
5) showed the main effects m, M, t to be highly significant,
and the G effect to have a low significance. As the
interactions are to some extent mixed with the mein effects
in a half replicate, this analysis confirmed the snalyses 1
and 2. In analysis 3 the interactions were pooled with an
estimate of the variance obtained from test runs on the new
particles to give greater number of degrees of_freedom to

the estimate.

In conclusion, we may say that the analyses of variance
showed there was no strong interaction between any of the
independent varisbles affecting the response, and that the
independent variable G has no significant effect upon the
regponse V/G. We must also note however the possibility
of a weak interaction between M and t and an effect from

the variation of G influencing the response slightly.
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4,2 TResponse 3Surfaces

It is possible to fit either an orthogonal or a
non-orthogonal polynomial to any given response vector.
This means that the levels of the independent variables
are held or assumed to be held in the design at values which
allow the estimates of the polynomiel coefficients to be
uncorrelated. In the designs used the levels varied about
their assumed orthogonal levels of + 1 but the true values
were known eand so either type of polynomial could have been
fitted. In general, the use of the true non-orthogonal
levels will result in the variance of the estimates of the
coefficients being greater than for the orthogonsl design and
the estimaetes will be correlated to some degree. However
the standard error will be less.then for the orthogonal
design.

For these experiments & second degree polynomial
without quadratic interaction terms was fitted and then as
the size of the linear interaction terms' coefficients were
only one tenth of the main effects coefficients, it was
decided to extend the original design to a non central
composite design from the vertex (1, -1, 1, -1) by one unit
end include quadratic interaction terms. The choice of the
new levels as # 2 meant that some degree of orthogonality
was lost even if the original design was regarded as
orthogonal.



120,

As the fitting of the polynomial was carried out on
g digital computer, polynomials were fitted using both the
orthogonal design levels and the true non-orthogonal level s.
As expected a slight reduction in the standard error was
found for the non-orthogonal design and the estimates were
correlated, However the difference in the varliences of
the estimates of the coefficients was very slight, and the
correlation coefficient was always very smell between the
estimates (order 0.1l) so as the non-orthogonal design was
& truer representetion of the experimental conditions, the
experiment end theory were compared on the basis of the
second degree polynomigl fitted to the non-orthogonal
design for four factors.

A semi orthogonal design with three factors was slso
fitted for use in representing the response surface on an
isometric drawing. This assumes the coefficient of G is
Zero. Although G was found non significant the value of
the coefficient found by fitting all four factors is the
best estimate we have and should be retained for a true
representation of the experimental results. However for
an epproximate graphicel representation of the surface, the
sessumption of a zero coefficient will not be seriously in
error,

Before we can put limits on the error in the coefficients

an assumption must be made about the error distribution.



TABLE
Zrror Distribution

Pirst Set of Test Runsg

Coefficient of skewness 2(1 = = 0,738

" " excess ¥, = 0.38

Probability of "students" t being different from the normal
| digtribution value is given in Davies (1963)

Normal distribution t = 2,776 4 4.f. Probability of
exceeding this velue is 5¢ (double sides test)

For the values of Kl b , given above this becomes :

Prob, t > 2,776 is 6.41% due to skew
" " > n " 4, 78% " " excess

Second Set of Test Runs

Coefficient of skewness Xl = 0.,5060
- " excess ¥, = = 1,2556

Prob, t > 2,776 is 5.725 due to skew

" " > " " 5‘ 65 " " excess
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4.2.1 ZIrror Distribution

Two sets of five and six runs respectively were
available which hed been carried out at the ssme points in
the design space. The coefficients of skewness and excess
of these sets were calculated to determine the departure of
the digtributions sbout their means from normality. The
coefficients are given in Table 7 and indicate that the
agssumption that error was normally distributed would not
be seriously in error.

However, the non normality of the distribution has
very different effects upon different statistical tests.
For instance, a departure from normality has a far greater
effect upon the comparison test for variances than that for
the comparison of means (Davies 1963) and the effect upon
the comparison of means decreases with an increase in the
number of degrees of freedom. The data in Table 7 shows
that the departure from normality evinced by these two sets
of data would result in a true probability of reaching a
given value of t, differing only about 1.54¢ from the
normal probability. This is only true for the comparison
of a mean with its standard value, for a comparison of
veriances the difference in probabilities is much more
gserious. Putting confidence limits on the estimates of
the polynomial coefficients is equivalent to this former

test but analysis of the variances of the coefficients, for



TABLE 8
Standard errors of orthogonsl snd non-orthogonal designs
and effect of extra points on mein effects coefficients

Orthogonal Non-orthogonal
Design Std. error Std, error d4d.f.
2nd degree = linear 5.06 3.88 g (.
linear interaction only 4,17 0.29 *
2nd degree composite 5.06 3.36 5 E
as ebove + quadratic terms 4,17 0.96 T
+ 8 extra points 5.0 2.38 13 B
3.06 0.902 T
& R 6.64 2,60 15 E
4.47 1.75 T
Non-orthogonal Coefficients
Compogite Design
m, M4 t, G

=24 345 -4,469 14,241 0.875 B

-1.493 -4.427 15,457 0.207 T
Composite Design + 8 extra points

-2,162 -4,209 14,628 0.917 B

-1.243 ~-4,462 15.303 0.174 T
Composite Design + 10 extre points

-2.313 =3.963 14,234 0.900 B

-1.560 -4,156 15.473 0.232 T

E = Bxperimental Response

T = Theoretical



122,

instance to test if any were significantly different from
zero, might be greatly in error. The coefficients'
estimates were therefore compared using the t - test to

evaluate confidence limits
ioeo Bi ——_>b1 i toa./cii

The level of confidence chosen to compere the
coefficients was the 99.5% level i.e. the probability that
the true coefficient lies outside the confidence interval

is O. 5%.

4.2.2 Responges and Fitted Polynomials
Table 8 shows how the main coefficients in the fitted

second degree polynomial altered as the number of points
included in the fitted equation was increased. It also
shows how the standard errors decrease as the number of
degrees of freedom upon which the error estimate is based is
increased on the second degree equation, The second set of
coefficients have been corrected for the effect of including
the responses from the half replicate check experiment.

The third set includes the effect of ten runs done as test
runs when checking the apparatus. The effect of the whole
eighteen runs could not be included as this would raise the
rank of the correction matrix above that of the original

independent variables matrix.
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The standard error of the data including the ten extra
responses is greater than that when only eight are included
even though the estimate is based on two more degrees of
freedom, This is probably because the half replicate is
within the original design space and close to the defined
points whereas the ten extra responses are outside the
design space; in particular, they are taken from a2 region
of very low solids moisture content. The final choice of
the fitted polynomiasls for comparison of theory and
experiment is these last four.

Table 3 shows the experimental responses and the
corresponding theoretical responses. The theoretical
response is usually within about 10¥ of the theoretical,

In Table 2 are given the estimates of the second degree
polynomial coefficients and their corresponding effects.
The confidence interval indicated by the limits following
the experiméntal estimates embraces the theoretical
coefficients and their confidence intervals.,

The confidence intervals for the interaction effects
are very large compared to the values of the coefficients
themselves which places considerable doubt upon their values.
However, as the preliminery analysis of variance showed that
the interaction effects were insignificant or at best very
small, this is understandable. The estimates are retained

as they are the best we have.
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The intervels for the coefficients from the original
design and the half replicate are mutually inclusive of the
coefficients when the design equation is aspplied slightly
outside the design space.

Ve may conclude that the similarity of the results for
the predicted V/G and the measured V/G as compared by their
fitted second degree polynomials indicates that overall
balances on the drying zone have predicted the velocity of

the zone to within the experimental error.

4.3 Dleasurement of System Parameters
The packed density of the solid particles and their

specific heat were required for the theoretical cslculation
of the drying zone velocities. The specific heat was
measured using the method of mixtures repested & number of
times and using the mean velue, The packed density was
measured by filling a known volume with the solids and weighing.
It was thought that & variation in the voidage of the bed and
hence in the packed density might have been introduced by the
vibration of the bed.A The possibility of a wall effect in
the bed was 2lso investigated.

The effect of vibration was analysed qualitatively using
a two level two factor factorial experiment; two levels of
vibration frequency and of durestion of vibration, replicated

twice. The design was repeated in tubes of three different



TABLE 9
Meagurement of System Perameters
EZxperimental Factorial Design inalysis
Bulk Density Measurement

1" Dia Tube 1.5" Dia Tube 2" Dia Tube
Mean 3Sq, 8ig. |[Mean 3q. sig. Meen Sq., @ 3ig.
£ 703 20% 5151 204 15488 KN.S.
e 136 N.S. 78 N.S. 3698 N.4%.
€ 6 N.S. 36 K.8. 13284 N.S8,
error 239 2700 12387
Meen b,d. 80.45 1b/ft3 81,57 1v/ft3 80.45 1b/ft3

f = vibration frequency, © = vibration time
Mean Bulk Density = 80,8 1b/ft>
Sample Scheme ngt
Loading technique T, Time of tsking sample e y Size of sample
3y Time interval before weighing I

Treatment Mean Square Significance
T 2.5998 N.8.
e 12,9241 "
76 1.1148 "
S 3.1370 "
ST 0.6360 "
3@ 0.0315 y
1 1.5034 y
IT 0.4364 %
10 0.0944 "
Is 0.1679 g

Error variance = residusl = 40,9 based on 32 4.f.
Conclusion -~ no significent variation in moisture content of
sample introduced by sources considered
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diameters. An anelysis of variance of the results showed
no significant effects and all the responses were pooled
to give a mean estimate (see Table 9).

Another important parameter measured was the moisture
content of the solids which was determined by sampling
immediately prior to the rum, It was thought that the
technique of loasding the samples into the bottles, the size
of the sample taken, and the time of selection of the
samples relative to the run and the time interval before
weighing the wet samples might affect the values obtained
for the moisture content. Accordingly, these factors
were investigated qualitatively with a four factor, two
level factorial design replicated three times. The levels
chosen were the extremes encountered in prasctice and an
eanalysis of variasnce of the results showed no significant
effects ( Table 9 ). The sample mean values for the runs
were then assumed representative of the bulk populations

used in the runs.



126,

APPENDIX 5
Specimen Calculations

5.1 Specimen Heat Balances
Although precautions were taken during the design and

the operation of the apparatus to maintain an adiabatic test
bed to check the efficacy of these precautions a heat balance
was carried out, A run was selected at random end the heat

belence carried out over an arbitrary time interval.

Then
- o
Lyet heat input in the gas—' = LFnorcaao in heat content
~'o; g
of s0lid + bed wallaJ + heat losses
e]
which can be expressed as
e Sy

g

2
G [cp(t1 - t,) + mH, - mOHOJ ® = Z/Odc' 8| razab
J 6,70
0

e1 compts

Now Hy = cw(tWBi = $') + Lygpy + Oty - thi)
By = cw(twno i LtWBo + oy(t, - tWBo)

If we balance these heat quantities once the run is
esteblished m, has reached, and is constant, at the

saturation value at the bed wet bulb temperature (ty; = to).
0
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Similerly t;, m; ere kept constant and hence we mey simplify

the above equations.

Gi.op(ti - 6,) + ‘1{"'(‘%1 BN by, 7Y o *wsijl
.l
" “o[cu(*wn ki I‘twnJJ 06 = Zl/odcaj( < oo el)J Tdz
J o

compts,

Of these parameters we may obtain tWBi from my, ti and

to from the chart records of the run and also (6 2"91).

The system parameters /0J C_ are found from experiment and

*3
when j refers to the walls, the design of the bed allows us
to negloot/a and GB. To find the integral we measure the
temperatures at each thermocouple level along the length of
the bed at O , end B, and integrate graphically the area
between the T/Z profiles which are drawn.

Details of the caslculations are given overleaf. The
balances were carried out for 2 run with an inlet moisture
content of zero (W89) and a run with an inlet moisture
content at 0,0194 (W88) (+ 1) levels in the statistical
design.
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W88 (my=+1)  WB9(=1)

Heat regd. for drying 2§.9§ Btu 157.9 Btu
Net heat in the gas (including ‘

enthalpy change during drying) 4,70 Btu 1,52 Btu
Increase in bed heat content 0.52 Btu 1,87 Btu
Heat uneccounted for 4,18 Btu 0,35 Btu
7 Heat required for drying 15,5% 0.22%

As the heat unaccounted for is small compared to that
which is required to perform the drying, we conclude that
the system described earlier may reasonably be represented

by an adiasbatic model.

Calculations

88

System parsmeters (1 - 6)/0 = 80 1b/f4> A = 0.00769 £t°
1 = 10,75 ins C_ = 0.26 Btu/lb

¢ = 0,25 Btu solia °r
/1b air °F ¢, = 0.445 Btu/weter
vap. °p
lieasured parameters my = 0.0194 m, = 0.0545
t, = 295°F t, = 107°F
typ, = 76°F typ, = 107°F

Oultyp = #') = 44,59 BYU/Ib wet. vap. Ltyp = 1050.6 Btu/lb

Cw(twso‘ t') = 74.95 . " " LtWB°= 1033.3. °

40 = 23 mins. G = 245 1b/£t°hr.



TEMPERATURE v DISTANCE PROFILE
RUN w89
Fl16 8

Shaded area 31-585 mV.ins
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Net heat into system in gas (“‘ni
Qpg = G &°(t1 = t5) + my [Cw(twsi e . Lewn, * eylty = tWBi)J
Sy [cw(%Bo ENYE Y Sy J] i

= 4010 Btu

Net heat required for exchange process = 26.9 Btu
See fig. @ for T/z graphs at 91- 92

1
Area between curves Tdz = 0,728 mVft
0
1
Increased enthalpy of bed = /oscsA( e P e 1) Tdz
0
= 80 . 0026 - 0.00769 . Q e 00728
60 0.0225
= 0052 Btu
W_89
Measured parameters t, = 295°p t, = 95%
my = 8] m, = 0.0365
G = 395 1b/£t°hr 4© = 30.9 mins
cw(tWBO - t') = 62,98 Lt":‘Bo = 1040.1 Btu/1lb

¥ gt {°(ti N mo(cw(tﬁno AR LtWBO)}

= 1052 Btu
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Net heat required for exchange process = 157.9 Btu
From fig. B of T/z graphs at 91, 92

Area between curves Jsz = 2,63 nV,ft
Increased enthalpy of bed = /anuA( © > = 91) j Tdz

= 80 - 0026 - 0000769 . 3032 L] .6}
60 0.0225



5.2 Specimen inalysis of Variance - Analysis of Variance 3

Treatment
o s B e 4
o g 3o s
s e hes
R MG
i by R

my Mot 56y

W

Response

v/G
2.770
2.5671
2.3191
1.8553
5.3706
4.3889
5.2329

2.5086
1.8083
2.7537
4.9640
5.0633
4.2909
58,6658
15,6996
13,1078
16.4511

(Yates Method) Pepeat 1/2 replicate

Mean Variance
(1) (2) (3) (4) Square Ratio P “irect g4
5.3441 9.5185 28.8074 58.6658 - - -
4.1744 19.2889 29.8584 =5.6356 1.9850 50.126 M4 bt
9.7595 9.7865 =2,5918 -3.9160 0.9584 2 24,202 m, , bl
9.5294 20.0719 =3.0438 -=0.1102 0.0759.10 -
5.4696 -0.6737 =1.3998 20.0558 25.1397 634.84 t, et
4.3169 =1.9181 =2,5162 =-1.3248 0.1096 2,962 M4t2 »
10.777 -1.4817 -0.2086 0.7288 0.0332 _ -
9.3542 -1.5621 0.0984 0.2354 0.0346,10 Pooled
-1.1697 9.7704 1.0510  0.0690 L7436 B,
3 e e R T R A AT P .
Seid “*Eﬁééﬁiii?iézdiiéhl;”1“”_,' e R o
-0,9817 =1,1527 -1.24%% —l.li64';30:ﬁ?$§ 2.105 m23 N.3. -
-0,9364 -1.3635 ~0,0804 0.3070 0.0589.1;1 Pooled
-0.7814 =0.2539 0.9396 0.5150 0.0166 -
-0.7003 0.0453 =0.2108 1.1640 0.0847 Pooled
-0.7897 0.0811 0.2992 =1,1504 0.0827 Fooled
-0.T7724 0.0173 =0.0638 -0.3630 0.0824.161 Pooled
- - - - 28.5880
31,2909 17.1496 24,6072 175.5344
27.3749 35.8806 24,3968 =-6,8352 3 factor interactions
-2.7627 =2.4952 9.7648 =0.7008 BASLo0. RALR residual o

28,8074 58,6658 53,0302

) -
ks i

49.0040

68.6992

=Y
XeWaelsY
(X=%) =

{2 ~X)

give revised estimate of

based on 5 duf.

Check
-2.5018 =-3.9160 18,7310 =0.2104 = TLLT TIEeeches NS Mas dehel
i : #HE 0 " 1.0% n n
‘3.0‘38 -0.11°2 0.9642 011656 ot *% n " 5'% n "
28,6628 53.0302 49.0040 68,6222 ¥ o 20,0 » -

~5.6356_ =4.0262 19.6952 -0.0448

F.S. F not significant
= F less than 1



Plot (1) - t3 & Vo v T, for
exptl, values of m, t2 M4
Plot (2) - boundary condn.
integral for moving bound'y
of expanding zone h.t. zone

Y

Assume t} = t? & z' =0

From
plot (2) find
VR corres,
to t3

From
plot (2) find
Fl corres,

to z' and V

R Increase

z'" by 1

From Fl and intersection

of linear t2 v T4 plot

with original t3 v T4 find N
a corresponding VR

Is

accuracy
gufficient

NO

END

| FLOW DIAGRAM
THEORETICAL CALCULATION OF V/G
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5.3 Specimen Calculation of Theoretical Response
Method

The technigue is one of graphical iteration using the
tables computed from the overell balances on the drying zone
given in Chapter 4 together with the results from the internal
analysis of the expanding zone applied at the expanding
bowndary (Y' = 0).

(1) Construct from the computer tables plots of s the drying
zone gas inlet tempoiature and VR’ the velocity ratio
corresponding to this temperature Versus T4, the wet bulb
temperature of the wet solid in the drying zone, Do this

for the values of the independent varisbles set for a given
experimental rwm (m M t). '

(2) Assume, at z' = 0, a value of t3 = t, and find the
corresponding VR' Use this value of VR to find a value for Fl
gt z' = 1 from a plot of the results of the expanding zone
analysis, From the definition of F,, ty = PiT, + (1 - Fl)tz
80 plot t3 v T4 and from where this plot cuts original t3‘v T4
plot find a new t3 and hence VR. Use this VH to get a new Fl
and repeat until a constant value of VR is reached. Hence from

the definition of V, cslculate the theoretical response V/G.

Specimen Calculation for Pun W88
Independent variable values @
o, t2 m4
0.020 1b moist/lb dry gas 295°F 0.149 1b moist/1lb dry solid



375

325

Nos a arrows refer to [
z’ values and corfrespond.
t_ v T intersections t

3 4 3

P
FIG

oF
9
£

for run W88
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Hence M4/c. = 0,573
From computer tables draw fig. 9
Assume z = 0, t3 = tz = 295°F and we know by definition of Fl

Graphical Iterstion

zZ t3 Vg Pl t3 T‘ New VR !l!4

0 295 3.2 0.226 250.9 100

253.2 110 4.1
1 - 4.1 C.223 251.5 100

253.7 110 4.07
2 - 4,07 0.244 247.4 100

249.8 110 4.17
3 o 4,17 0,240 248.2 100

250, 6 110 4,15 108.,2

Hence, for W88 calculated Vp = 4.15

l.e.  Ble + mpe,) _ 445 (V62 negligible of G)
V(1 - 8)pc,
Y = 0,0006
G aiff 104
Experimentelly determined V = 0.000543
G

Similer calculation for run W89 gave cale., V = 0,000582
G daiff 0.17%

exptl, V = 0.000581
G
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COMPUTER_TABLES
(see chapter 4 )

T4 = Wet bulb temperature

My = m, = saturation moisture content of air at T‘
APP FAHR is redundant

T3 = t3 = gas temperature inlet drying zone

Vp = veloeity ratio grouwp (G - Vip)e / V(1 - 6)0-0.
CGR = cepacity gas ratio (¢ + 120') ¥ (n4 - my)

CSR = capacity solids ratio H4/ C.

m, = m, =gas moisture content inlet drying zone
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CGR

I19«3169

112761
11.8300
1244388
131112
1348575
1446907
I5«6270
16.6868
178961
I19.2890
2049109
358055
I19«3169

I1.2761
11.83%00
1244388
I3eIII2
13+8575
I146907
1506270
16.6868
178961
19.2890
2049109
35+8055
1193169

I1.2761
11.8300
I2.4388
I3eI112
1348575
146907
156270
166868
178961
19.2890
209109
35+8055
I19«3169

II.2761I
1108300
I2¢4388
I34IIX2

1348575

M2

0«.0200

040000
0s0010
0+0020
0.0030
0400 40
0.0050
0«.0060
0.0070
0.,0080
000090
0es0I00
0.0I 50
0+0200

0.0000
0.001I0
0.,0020
000130
0«00 40
040050
0+0060
0+0070
0e.0080
000090
040100
0e0OI 50
040200

0+.0000
O«00I0
C«0020
000130
0«00 40
0.0050
0.0060
0«0070
0.0080
00090
Qe0I0CO
0.01I 50
0.0200

00000
O.00IO
00020
0.0030
000040

CSR

I.00

I1,I0

I.20

I.30



T3

1513783
1471016
1428402
138.59138
13443625
13041461
109+2860

88.7884

1729927
16846388
1643005
1599777
15567073
1513783
1471016
1428402
1385938
1343625
130e1I461
109.2860

88.7884

VR

205670
218779
233615
250545
270047
292753
5061277
1670437

I6e9I42
177451
18.6583
1946667
2047862
220361
23 4406
250302
268441
28.9336
313667
537082
1789754

CGR

I4¢6907
1546270
166868
178961
I19.2890
2049109
358055
II9e3169

IIe2761I
I11.8300
1264388
I3eIXI12
13+8575
1446907
156270
166868
178961
19.2890
209109
358055
I19«2169

M2

0.0050
00060
000070
0.0080
00090
00100
0.01 50
060200

00000
00010
040020
000030
0«0040
OOOOSO
0.0060
0.0070
0.0080
00090
0+0100
0.01I50
0.0200

Ie.50



M4
0.0310
T3 VR
2191322 0.8076
21407361 0.81361
21063557 0. 8665
20549910 0.8991
20Ie6420 0e9341I
197+3084 0.9719
19249903 I1.0126
188.6875 1.0568
18 4. 4000 I.1048
18041277 e X512
175+8705 I.2145
1548084 I1.6092
1341122 23642
I13+7724 4+3870
93e7801 275895
2I9eI322 I.6152
2147361 I.6722
2103557 1.7330
2059910 I1.7982
20Ie6420 1.8683
1973084 19437
190299073 20252
188.6875 21135
18 4« 4000 242095
1801277 23143
1758705 2042060
15408084 3.2184
1341122 47284
1137724 8+7740
93e7801 551790
219e17322 24229
21 47361 250813
2103557 25995
2059910 26974
20I¢6420 248024
19703084 2.9:56
192.9903 30379
188.6875 317073
18 4+ 4000 3¢3143%

T4

90+0000

CGR

800763
843609
8.6651
8e9912
93415
907187
1041262
10.5677
110477
I1e5714
I21450
160921
236420
438702
2758951

8.0762
843609
806651
8e9912
9e3415
907!87
I10eI262
105677
110477
Il.5714
I2e1450
160921
236420
438702
2758951

8.0762
8.3609
806651
8099!2
9e3415
97187
I0eI262
1005677
I10477

APP FAHR

M2

0.0000
0+.0010
00020
0.0070
0.00 40
0.0050
0e0060
0+0070
0.0080
00,0090
0.0I00
0e0I 50
0+0200
0.0250
0e«0300

C 0000
Qes00IO
0«0020
0«00130
000040
0.0050
00060
0.0070
0.0080
00090
0es0I00
0.0150
00200
Ce0250
0+0300

0.0000
0.00I0
0+0020
0.0070
000040
0.00 50
0+.0060
000070
0.0080

CSR

0.I0

0.20



T3

18041277
175+8705
1548084
I341122
1137724

93+7801

2191322
21447361
2103557
20549910
201+6420
197+3084
1929903
18806875
18 4e 4000
18061277
1758705
1548084
1341122
1137724
93+7801

2191322
2147361
2103557
20549910
20Ie6420
1973084
1929903
188.6875
18 4+ 4000
180e1277
1758705
I154+8084
1341122
1137724
93e7801

2I9e1322
21447361
2103557
2059910
20I.6420
197308 4
I92.9903
18806875
18 4 4000

VR

34714
36435
408276
700926
I3eI61I0
8247685

3+2305
33443
304661
35965
3e7366
348875
40505
402271
4 4191
406285
48580
6e 4368
9e 4568
1705481
110.3581

401381
41804
43326
4+4956
4+6707
48594
500631
52839
552138
57857
60725
8.0460
I1.8210
219351
I37+9476

48457
50165
51991
53947
526049
508312
60757
6e3406
6.6386

CGR

I1e5714
1261450
1640921
236420
438702
2758951

8.0762
8.3609
8.6651
8e9912
9e3415
97187
1001262
1005677
110477
Il1e5714
I2eI450
160921
236420
438702
2758951

800762
.803609
8e6651
8e9912
93415

97187

I0.I262
105677
IX140477
I1«5714
I2¢1450
1660921
236420
438702
27548951

8.0762
8.3609
846651
8.9912
93415
97187
101262
1045677
II.°477

M2

0.0090
Oe+0I00
O.01I 50
00200
Oe0250
0.0300

00000
O e00IO
00020
C«00130
0400 40
040050
0e.0060
0+0070
0.0080
0.0090
0+0100
0.0150
0«0200
000250
0«0300

0.0000
0«001IO0
0.0020
0.00730
0«00 40
0.0050
0e0060
0+0070
0.0080
0.+00Q90
0.0I00
0.01I50
0+0200
000250
000300

0+0000
0.001I0
00020
0«00130
000040
0+0050
0.0060
000070
0.0080

CSR

0030

0.40

0.50



T3

18041277
1758705
1548084
1341122
1137724

930780!

219eI%22
2147361
2103557
2059910
20I¢6420
197+3084
1929903
188.6875
18 4+ 4000
180.1277
17548705
1548084
1341122
1137724
93e7801

219.£322
2147361
2103557
2059910
20Ie6420
197+3084
1929903
188.6875
18 4+ 4000
1801277
1758705
1548084
I34e1I122
1137724
937801

219eIXI%22
2147361
2103557
2059910
20Ie6420
1973084
192.9903
188.6875
18 4+ 4000

VR

69428
72870
9¢6552
141852
2663221
I165+5371

56534
5.8536
60656
62938
6+5390
680171
7.0883

73974

77334
8.1000

8e5015
I11.2644
165494
307091
1931266

6e 4610
6.6887
69321
71930
74732
77750
8e1010
8e 4542
8.8381
92571
9.7160
128736
18.91136
2500961
22047161

702686
75248
77986
8.0921
8+ 4073
8.7468
9eII36
9+5109
99429

CGR

11571 4
I2eI450
160921
23e6420
438702
27548951

8.0762
803609
86651
8.9912
9e3415
97187
1041262
105677
IT1e¢0477
I1e5714
I2e1450
1640921
236420
4348702
27548951

840762
803609
806651
8e9912
9e3415
97187
I10eI262
10-5677
110477
I1e5714
I2e1450
16.0921
236420
438702
275+8951

800762
803609
8.6651
8e9912
93415
97187
I0e1262
105677
I10477

M2

0.0090
00,0100
0.01 50
O+.0200
0e0250
0.0300

0+0000
0«.0010
0.0020
000130
000 40
0.0050
0.0060
0+0070
0.0080
00090
0«0I00
0401 50
00200
00250
0.0300

00000
0«001I0
0«0020
00030
0.00 40
0400350
00060
0.0070
0.0080
0 «0090
0+0100
0.0I50
0.0200
000250
0.0300

0.0000
0+001I0
00020
000730
000 40
000050
0«0060
0«.0070
0.0080

CSR

0.60

0«70

0.80



T3

180.1277
17548705
15448084
1341122
1137724

937801

219¢I322
21447361
2103557
2059910
2016420
197.3084
1929903
188.6875
18 4« 4000
18041277
17548705
15448084
I341122
1137724
93e7801

2IgeI322
21 47361
21043557
2059910
20Is6420
1973084
192.+9903
188.6875
18 4+ 4000
18041277
1758705
15408084
1341122
1137724
93e7801

219¢1322
21 407361
2103557
2059910
2016420
1973084
1929903
188.6875
18 4+ 4000

VR

1044142
1049305
I4¢4829
212778
39e 4831

248 .3056

8.0763
8+3609
8.6651
8.9913
93415
'9.7187
1061262
105677
I1.0477
115714
121450
160921
23e 6420
438702
275+8951

8.8838
941969
95317
9.8903
10.2756
1006906
11.1388
I1.6245
I2¢1524
127285
133595
1770173
2640062
482572
3034847

946915
10,0330
1063982
10.7895
I1.2098
1106635
I2.1I5I4
I26812
1102572

CGR

115714
I2e1450
1640921
236420
438702
27548951

8.0762
8+.3609
8.6651
8e9912
9e3415
' 9e7187
I0eI262
105677
I1.0477
IT«5714
I2¢1450
1640921
23e6420
438702
275+8951

8.0762
8.3609
8e6651
8e9912
93415
97187
I10e1262
105677
110477
ITSTT A
I2eI450
1600921
236420
438702
27548951

8.0762
803609
8e6651
89912
9e3415
907187
I0eI262
105677
1100477

M2

0«0090
O.01I00
00150
Ce.0200
0.0250
0«.0300

0«0000
040010
0+0020
0«0030
00040
0,00 50
00060
040070
0.0080
O0e«00CQgO
0s0100
0«01 50
00200
0+0250
0.0300

0.0000
00010
00020
0«00730
000040
00050
00060
000070
0.0080
0 «0090
0+0I00
001 50
040200
0.0250
00300

0 +0000
0e«0010
0+0020
0.0030
0.00 40
0.0050
0e.0060
0.0070
0.0080

CSR

©C 90

I.00

II0



33

180.1277
175+8705
1548084
1341122
1137724

93e7801

219e1%322
21407361
2103557
2059910
20146420
1973084
1929903
188.6875
18 4+ 4000
180.1277
1758705
15448084
IZ4eI1I22
1137724
93e7801

219+1I322
21447361
2103557
205.991I0
20I¢6420
197.3084
1929903
18806875
18 40 4000
18041277
17508705
1548084
13401122
1137724
937801

2I19e1322
2147361
21043557
205+991I0
20146420
19743084
1929903
188.6875
18 4+ 4000

VR

!3.8856
145740
I90«3105
28+3704
526442
3310742

I10e 4991
10.8691

11.2647
I11.6886
I2¢1439
126343
131641
137380
1403620
150428
1507885
209197
307346
570312
35846637

11,3067
II.7052
1231313
1205877
130781
136062
141767
1447948
IS¢4667
161999
1740030
2245289
330988
6Ie¢4182
386e2532

I2II47%3
1254173
129977
134868
140122
1405781
151893
I58515
I16e5715

CGR

I1e5714
1241450
160921
236420
438702
2758951

800762
8.3609
8.6651
8e9912
9e341L5
97187
I0.1262
105677
110477
I1.5714
I2eI450
1640921
23e 6420
438702
2758951

8e0762
8+.3609
8e.6651
8.9912
93415
97187
I0e1262
105677
I1.0477
115714
I21450
160921
2306420
438702
2758951

8 00762
8+3609
8.6651
8e9912
93415
97187
101262
105677
110477

O0«0090
O0es0I100
Oe0I 50
040200
0.0250
0«.0300

0e.0000
Ces00IO0
0+0020
O +00130
0«00 40
0+.0050
0.0060
°.°°7°
0.0080
0 «0090
Oes0100
O «0I 50
Ce0200
0«02 50
00300

0.0000
0.00I0
0+0020
000030
0.00 40
0.0050
0.0060
0.0070
0.0080
0+0090
0+0100
0e01 50
0.0200
000350
00300

0+.0000
00010
00020
040030
000 40
.00 50
0+.0060
000070
0+.0080

CSR

I.20

1030

I.40



T3

18041277
17548705
15448084
1241122
1137724

93«7801

VR

173570
1842175
241381
354630
658052
41348427

CGR

I1e5714
I2eI450
160921
236420
438702
2758951

M2

0.0090
0+0100
O.01I 50
Oe0200
Ce«0250
0+0300

CSR

I.e50



M4

0.0429

3

2777831
2733223
26848775
26 40 4486
260.0356
25546383
25102567
24648906
2425401
2382049
2338851
21265132
I9le5126
17048737
15045873
13046445
I11.0364

2777831
2733223
2688775
2644486
26040356
25546387
2512567
2468906
242+5401
23842049
2338851
21251732
I91e5126
170.8737
1505873
130+6445
II11.0364

27778131
2733223
268.8775
264+ 4486
26040356

VR

0.58134
0e5984
Oe6I 42
0.6307
006481
0.6664
0.6857
0e.7061
07277
0e7505
Ce7747
0e9218
1.1334
I.4634
205013
243846
93980

I1.1668
1.1968
103283
I1.2614
I1.2962
103328
13714
Ie4I22
1.4553
I.501I0
I.5494

1.8437
22668

29269
4.1006
67693
187959

I.7502
I1.7953
108425
I.8921
19443

T4

I00.0000

CGR

58341
509842
6eI 417
63071
6e4811
66642
608573
740610
72766
75048
77469
92185
113340
1446345
2050132
3348463
939796

58341
59842
6.1417
603071
6e4811
6e6642
68572
70610
72766
75048
77469
92185

"I11+3340

1406345
30.5033
338463
939796

58341
529842
6.1417
63071
6e4811

APP FAHR

M2

00,0000
Oe.001I0
O e«0020
0+00130
0«00 40
0«00 50
0.0060
0.+0070
c.0080
00090
Oe«0IO00
0.0I 50
00200
Oe0250
00300
0«0350
00400

00000
0«00IO
0«0020
0«0030
0400 40
0.0050
0.0060
0.0070
0.0080
00090
00100
00150
C«0200
0«0250
0.0300
©0.0350
000400

0 «0000
0«001I0
0«0020
0.0030
0+0040

CSR

Oe.I0

OCe20



T3

25506383
2512567
24648906
242+5401
23842049
2338851
2125132
I9Ie5I26
1708737
150458713
13046445
III1.0364

2777831
273%3223
268.8775
264¢ 4486
26040356
25546383
2512567
24648906
2425401
23842049
2338851
2125132
19I+51I26
17048737
1505873
13046445
I11.0364

2777831
273%33223
268.8775
26404486
26040356
25546383
2512567
24648906
242e5401
2382049
2338851
2125132
I9Ie5126
170.8737
15045871
13046445

VR

1.9993
20572
21183
218730
22514
203241
307655
3e 4002
43903
61509
I0.I539
28.1939

203336
243937
20 4567
25229
245924
26657
27429
28244
29106
340019
20988
36874
4+ 5336
58538
8e.2011
1345385
375918

249170
29921
30709
31536
32405
3¢3321
304286
35305
36383
37524
38735
4¢ 6092
5.6670
73173
I0.2516
16692731

CGR

6.6642
68572
740610
702766
75048
7+7469
9+2185
I1e3340
1446345
20.5032
338463
939796

58341
598 42
61417
63071
6e4811
606643
68572
70610
702766
75048
77469
92185
II13340
1446345
2045032
338463
939796

58341
509842
601417
6.3071
6.4811
66642
68572
7.0610
72766
75048
7+7469
9e2185
IIe3340
146345
20.50‘;2
338463

M2

0«00 50
0+0060
0.0070
0.0080
00090
O+0I00
0«01 50
00200
00250
0+0300
000350
0.0 400

040000
0+.00IO0
00020
0.00730
0400 40
0«0050
0.0060
00070
0.0080
00090
O«0I00
O0.0I 50
00200
Ce0250
C 0300
0«0350
0«0 400

0 «0000
0«00IO0
Oe«e0020
0.0030
0.00 40
0.0050
00060
0«0070
0.0080
0.0090
0.0100
0.0150
00200
0.0250
0+0300
0.0350

CSR

0«30

0.+ 40



T3

III1.0364

27707831
2733223
26848775
26404486
26000356
25546383
2512567
2468906
2425401
23842049
2338851
21205132
I9le5126
1708737
150.5873
13046445
II1.0364

2777831
273+3223
26848775
26404486
2600356
25546383
2512567
24608906
2425401
23842049
2338851
21245132
19105126
17048737
150+5873
13046445
I11.0364

2777831
273+3223
2688775
264.4486
260.0356
25546383
2512567
24608906
2425401
23842049

VR

46.9898

35004
35905
36850
37843
3.8886
3+9985
41143
42366
43659
4.5039
46482
55311
6.8004
807807
I230I9
20.3078
56.3878

4+0839
41890
422992
40 4150
45367
4+ 6649
48001
49427
520936
52534
54229
64529
79338
I0e2441
143522
236924
657857

46673
47874
429134
540457
501848
53313
504858
5.6488
508212
6.0038

CGR

9349796

5+8341
59842
6-1417
63071
6e4811
666642
68572
70610
7.2766
705048
77469
92185
IXIe3340
146345
20450132
338463
939796

58341
509842
6eI417
63071
604811
66642
608572
70610
702766
750 48
77469
9.2185
II.3340
1406345
205032
338463
939796

58341
509842
6eI1417
63071
6e4811
6.6642
68572
7.0610
72766
75048

M2

0.+0 400

0.0000
Ce«001I0
0+0020
0.00130
°.°°4°
0,00 50
040060
0.0070
0.0080
00090
0«0I00
O«01I 50
0«0200
O0e02 50
C«0300
000350
040400

00000
Oe00IO
00020
0.0030
0«00 40
0«00 50
00060
00070
0e.0080
00090
0«0I00
O0+0I 50
0+0200
0+.0250
0«0200
001350
040400

0+.0000
0 +0010
00020
0.+00130
0400 40
00050
00060
0 «0070
0.0080
00090

CSR

0450

0+ 60

O+ 70



T3

2338851
2125132
I9I«5126
17048737
15045873
1306445
111.0364

2777831
2733223
268.8775
26404486
260.01356
255+6383
2512567
24648906
2425401
2382049
2338851
2125132
I9I«5I26
170.8737
15058713
13046445
1I11.0364

27778312
2733223
268.8775
264« 4486
2600356
25506383
2512567
24648906
2425401
2382049
2338851
21251132
I9Ie5I26
17048737
15045873
13046445
I111.0364

2777831
2733223
26808775
26444486

VR

6.1976
7+3748
90672
I11.7076
I6e4025
2700770
751837

52507
503858
505376
566764
5+8330
59978
6eI715
6e3549
65489
67543
69722
8.3966
10.2006
I3e171I0
1804528
30.4616
84.5817

58341
5098 42
6eI4L7
643071
6e 4811
66642
608572
70610
72766
75048
7+7469
9+2185
Ile3340
146345
20.5033
338463
939796

6e4175
605827
67559
69379

CGR

7+7469

9e¢2185
IIe3340
1446345
20.5032
338463
939796

58341
509842
6eI 417
63071
6.48II
66642
68572
7e0610
72766
7.5048
7+7469
902185
IXI+3340
1446345
205032
338463
939796

548341
598 42
Gel 4l
63071
64811
66642
68572
740610
72766
7+5048
77469
9+2185
II«3340
146345
2050132
338463
939796

58341
598 42
6.!417
63071

M2

0«0I00
0.0I50
OC«0200
Oe02 50
0«0300
040350
040400

O «0000
040010
0 +.0020
0.0030
00040
0.0050
0.0060
0 +0070
0.0080
0.0090
00100
0.01I 50
040200
0«02 50
000300
0+03 50
000400

0+0000
0+00I0
00020
0.0030
0.00 40
040050
0e.0060
00070
0.0080
0+0090
0.0100
0.01I 50
0+0200
000250
0.0300
0+0350
0.0400

040000
0.00I0
0.0020
0.+0030

CSR

0.80

0.90

I .00



T3

260.0356
255+6383
351.2567
246-8906
24245401
238 .2049
2338851
2125132
I9I« 5126
1708737
15045873
13046445
II1.0364

2777831
2733223
26848775
264+ 4486
26040356
25546383
2512567
24648906
24245401
23842049
2338851
21245132
I9I1«5I26
17048737
1505873
1306445
111.07%64

2777831
2733223
268‘8775
26404486
26040356
2556383
2512567
2468906
242.5401
23842049
2338851
2125132
I9Ie51I26
1708737
1505873

VR

71292
73306
75429
707671
8.0042
842553
8.5216
I0.I 4073
1244674
1640979
225535
372309
10343776

70009
701811
73701
705686
77773
79970
8.2287
844732
8+7319
9.0058
9+2963
I1.0622
136008
175614
2460138
40.6155
1127755

75843
77795
798 42
8+1993
8e4254
8.6634
891 44
91793
94595
97562
I10.0710
I1.9840
147341
190248
266541

CGR

6e4811
646642
68572
70610
702766
75048
77469
92185
II.3340
1446345
2045032
3348463
939796

5+8341
598 42
6e1417
603071
6e4811
66642
68572
70610
72766
705048
77469
9e2185
II1e3340
1446345
2045032
3348463
939796

58341
5+9842
6eX 417
6.3071
6e4811
6.6643
68572
7.0610
72766
75048
77469
9+2185
II1e3340
1406345
2045032

M2

0+00 40
0.0050
0+.0060
0«00 70
o.0080
00090
0«0100
0«01 50
0«0 200
O+0250
00300
0«03 50
00400

0 «00C00
O0+00IO0
00020
000130
0.+00 40
0«00 50
0e.0060
0.0070
0.0080
00090
O .0I00
0«01 50
00200
0+0250
0.0300
000350
0.0 400

0 +0000
O«001I0
00020
00030
0.0040
0400 50
0.,0060
040070
0.0080
000090
00100
O+0I 50
C«0200
000250
0.0300

CSR

I1.I0

I.20



T3

13046445
I1I11.0364

27747831
2733223
268.8775
26404486
260401356
255+6383
2512567
24608906
24245401
23842049
23348851
21265132
I9Ie5I26
170.8737
1505873
13046445
I1IX1.0364

27778131
2733223
2688775
26404486
260.0356
25546383
2512567
246.8906
2425401
23842049
2338851
2125132
19105126
17048737
15045873
130.6445
I11.0364

VR

440001
1221735

8.1677
8+3779
8+5984
8.8300
940735
903298
906001
9+ 8855
10,1872
1045067
108457
I29059
158675
30.4883
287044
47+38 48
13105715

8e7511
849763
Q9e2I26
Qe 4607
9e7216
99963
10.2858
105916
1091 48
Il1e2572
I1.6204
1348277
1740009
219517
307547
5047694
1409694

CGR

338463
939796

58341
598 42
6eI4I7
6.3071
6.4811
66642
6.8572
70610
72766
7.5048
77469
92185
II13340
1446345
205032
338463
939796

58341
5098 42
61417
63071
6.4811
6.6642
6.8573
70610
72766
75048
77469
92185
113340
1446345
2045022
33+8463
93+9796

M2

00350
0«0400

0+.0000
O«.00I0
0 «0020
000730
0«00 40
0«00 50
0e+0060
0«00 70
oe.0080
0«0090
0 «0I00
0.0I50
060200
Oe02 50
00200
00350
0«0 400

O «0000
0 «e001IO
0 0020
0.0030
O 00 40
040050
0 «0060
040070
0e.0080
0+0090
0 «01I00
0e.0I50
0«.0200
0+0250
000300
00350
040400

CSR

Ie«30

Ie40

150



T3/VR/T4 TABLES ADIABATIC CONDITION

M4 T4 APP FAHR
0.0589 I110,0000 1
T3 VR CGR M2 CSR
35302394 Qe 4241 - 4e2411 0+0000
3484681313 Qe 4322 43220 0.0010
3441436 04 4406 44058 0.0020
3396202 Oe 4493 404926 0.0030
3351129 0. 4583 45826 0.00 40
33046218 0. 4676 406759 0.0050
3261466 0e¢ 4773 47727 0.0060
32168713 0e 4873 487132 0+0070
3172438 0.4978 49777 0e.0080
31248162 0.5086 50864 00090
20844041 0.5199 51995 0.0100
286.5758 0.5842 584213 0«01I50
26541268 0.6650 66500 0.0200
2440472 0.7696 76958 0.0250
2322277 09103 9e1028 00300
2029589 11097 110974 00350
182.9322 Ie 4145 I4eI446 0.0 400
1632390 19377 193768 00450
1438710 30457 304568 Oe0500
I24¢8202 6e9608 696079 0e0550 0+I0
3532394 0. 8482 402411 0«0000
34868133 0e 8644 43220 0.001I0
34401436 0.8812 4e 4058 0.0020
3396202 0.8985 404926 0.00730
3351129 0.9165 45826 0+00 40
3306218 0.9352 46759 0.0050
3261466 0e9545 47727 0.0060
3216871 0.9746 487132 0.0070
3172438 0+9955 49777 o.0080
31248162 1.0173 50864 0.0090
3084 40 41 1.0399 51995 0.0I100
28645758 1.1685 584213 0«.0150
2651268 1.3300 66500 0. 0200
24440472 1.5392 76958 %.0250
2333377 1.8206 91028 0.0300
202.9589 22105 11.0974 0+0350
18249322 248289 I4e1446 040400
163+2390 38754 193768 00450

1438710 60914 30e 4568 0.0500



T3

3351129
3306218
22641466
3216873
3172438
3128162
30844041
28645758
26541268
24440472
2233277
20249589
18249322
1632390
1438710
124+8202

3532394
348+68133
34441436
3396202
3351129
33046218
32641466
32168713
3172438
3128162
308. 4041
286.5758
2651268
24440472
2233277
202.9589
1829322
1632390
1438710
I24¢8202

353+2394
34846833
34441436
3396202
3351129
3306218
32601466
32168713
317+2438

VR

229173
203379
213863
2 4366
24889
25432
245997
29211
33250
38479
45514
55487
707213
906884
1502284
3480139

2+5447
25932
26435
26956
27496
28055
308636
29239
209866
30518
31197
35054
39900
46175
54617
6.6584
8.4868
I11.6261
18e2741

417647

29688
320254
3-0841
31448
302078
327131
33409
364113
34844

CGR

405826
446759
47727
48732
49777
50864
51995
58423
6.6500
706958
9+1028
1100974
I14e1446
193768
3004568
696079

402411
43220
4 4058
404926
4.5826
4+6759
407727
448732
49777
50864
51995
58423
6e6500
76958
9e1028

I1.0974

141446

193768

300 4568

696079

402411
43220
404058
424926
45826
4+6759
407727
48732
449777

M2

040040
0.0050
0.0060
0.+0070
0.0080
0.0090
0«s0I00
0.0150
0+0200
0.0250
000300
0.0350
0«0 400
004590
0+0500
0+0550

00000
0.001I0
00020
0.00130
0400 40
0«00 50
0e.0060
000070
0.0080
00090
0«0I00
O«0I 50
0«0200
0+0250
0.0300
00350
0.0400
00450
0+0500
C«0550

0+0000
0.00I0
00,0020
000030
00040
0.0050
00060
000070
0.0080

CSR

O« 50

0«60



T3

71248162
20844041
28645758
2651268
244+0472
2233277
2029589
18249322
1632390
1438710
12448202

3532394
348468133
34441436
2396202
3351129
33066218
22661466
2216873
3172438
2128162
2084 40 41
286.5758
265.1268
2440472
2233277
20249589
1829322
1632390
1438710
1248202

3532394
348+6833
34441436
2396202
3351129
33046218
3261466
3316871
3172438
3128162
2084 40 41
28605758
365-1268

24440472

VR

3e 5605
36396
4.0896
4¢6550
53871
63720
707682
Q9e9O0I2
1345637
213197
4847255

33929
304576
325247
35941
3.6661
37407
38181
3+ 8986
3¢9822
400691
401596
406738
53200
60!566
72822
8¢8779
113157
155014
2443654
5568613

38170
348898
329653
420434
421243
420813
4+2954
43859
424799
45777
426795
5+2580
59850
609262

CGR

50864
51995
508423
66500
76958
9e1028
110974
I41446
1903768
30.4568
69+6079

402411
403220
44058
4+4926
405826
446759
47727
48732
49777
500864
51995
5+8423
6e6500
7+6958
901038
11.0074
I4¢1446
1903768
30.4568
69+6079

4e2411
43220
44058
44926
4.5826
46759
47727
4+8732
49777
50864
51995
5+8423
6.6500
76958

M2

0.0090
00100
0«01 S50
0.0200
00250
0.0300
0+0350
0+0400
00450
Oe«0500
O0.0550

0.0000
060010
0.0020
0.0030
0.00 40
040050
0.0060
0. 0070
0.0080
0.0090
0.0I00
0.0I50
00200
000250
0.0300
0.0350
0e«0400
0e0450
0.0500
0+0550

0.0000
0.0010
0e0020
0+0030
0.00 40
0«00 50
0e.0060
0e«0070
0.0080
0+0090
0+0I00
0+0I50
0.0200
0.0250

CSR

0070

0.80



T3

2233277
202.9589
18249322
1632390
I438710
1248202

353+2394
34846833
34441436
339+6202
3351129
3306218
32661466
321.6873
3172438
2128162
2084 40 41
286+5758
265.1268
24440472
2233277
202.9589
182.9322
1632390
1438710
I24e8202

3532394
34846833
34421436
3396202
3351129
3306218
3261466
3216873
317+2438
3128162
3084 40 41
286.5758
2651268
24440472
2233277
2029589
18249322
1632390
I143.8710

VR

8.1925
99876
1207303
174391
274111
626471

402411
43220
4.4058
40 4926
4+5826
426759
47727
448732
49777
50864
51995
58423
6.6500
746958
9.1028

I1.0074

I41446

1903768

3064568

696079

406652
47542
4+8464
49419
50408
51435
52500
53605
54755
55950
57194
6.4265
7.3:50
8.4654
I0.01131
122071
I55591
213145
335024

CGR

9e1028
I1.09074
I4e1446
193768
30.4568
69¢6079

402411
43220
4e 4058
404926
45826
46759
47727
487132
49777
500864
51995
5+8423
6.6500
76958
9e¢1028
II1.0074
I14eI446
193768
304 4568
696079

40241X
43220
4e 4058
4¢4926
4+5826
46759
47727
4+8732
49777
500864
51995
58423
66500
726958
9.!028
I1.0974
I4eX 446
193768
30e 4568

M2

040300
0.07350
0.0400
Oe0450
00500
00550

0.0000
Oe«00IO0
0+.0020
0.0030
0.00 40
0+00 50
0.0060
00070
0.0080
00090
O.0I00
C«0I 50
0.0200
0+0250
00300
0.0350
00400
0e0450
0«0 500
00550

0+,0000
0e«001I0
0e0020
0+00730
0.0040
0.0050
0es0060
00,0070
0.0080
0.0090
0.0I1I00
0.01I50
0«.0200
0.0250
0.0300
0.01350
00400
0«0450
0.0500

CSR

0«90

I.00



T3

I124+8202

3532394
34846833
34441436
23396202
3351129
130.62!8
32641466
3216873
3172438
31248162
3084 40 41
286.5758
265.1268
24440472
2233277
2029589
1829322
1632390
1438710
12448202

35322394
314846833
34441436
3396202
3351129
33046218
32641466
3216873
31724138
2128162
208+ 40 41
28605758
365.1268
24440472
2233277
2029589
182+9322
1632390
1438710
12448202

3532394
34846833

34441436
3396202

VR

76.5687

500893
51865

502870
53912
54991
Se6I11I1
57272
58479
59733
61037
62394
70107
7.9801
92350
109234
13.3168
169736
232521
2665481
835295

55134
506187
57276
58404
59574
6.0786
62045
6+3352
6e 4710
661217
67593

75949
8e6451

100045
11.83137
144266
18.3880
251898
395938
90e 4903

59375
60509
61682
6.2897

CGR

69¢6079

4e2411
403220
404058
404926
45826
46759
47727
48732
49777
5.0864
51995
58423
6e6500
746958
9.1028
110974
T4 446
193768
200 4568
69+6079

402411
43220
4+ 4058
494926
4.5826
46759
47727
448732
49777
500864
51995
58423
606500
7+6958
9e1028

I1.0074

I4eI446

1903768

30.4568

696079

42411
43220
44058
4% 4926

M2

0.0550

0.0000
0.001I0
040020
00030
0.00 40
0 +00 50
0.0060
040070
0.0080
0.0090
C«0I00
0.0I 50
00200
0«0250
0+0300
000350
040400
0e0450
0.0500
00550

0+0000
0.001IO0
00020
0001720
0.+00 40
0+0050
0.0060
0+0070
0.0080
00090
0.0I00
0.0I 50
0e0200
0«02 50
0+0300
0.0350
040 400
000450
0.0 500
0.0 550

0.0000
0.001I0
O0.0020
0.0073%0

CSR

I«IO

120

I30



T3

3351129
33046218

32661466
321.6873
3172438
31248162
30844041
28645758
2651268
24440472
2233277
20249589
18249322
1632390
I43e8710
1248202

3532394
34846833
34441436
2396202
3351129
33006218
32601466
22146873
3172438
3128162
3084 40 41
286.5758
2651268
24440472
2233277
2029589
1829322
1632390
1438710
1248202

VR

604156
605462
66818
608225
69688
701209
72793
8e1792
Ge31I0I
I0e7741
1207439
155363
19.8025
271275
426395
97+ 4511

6.3616
6e48131
6«6088
6+7390
68739
700138
71590
73098
74666
7.6296
727992
8e7634
99751
115437
136542
1646461
212170
290652
456851
I04¢4118

CGR

405826
446759
47727
48732
49777
500864
51995
5+8423
6+6500
76958
901038
II1.0074
I4e1446
193768
304568
69.6079

4¢2411X
43220
4e 4058
404926
405826
46759
47727
48732
49777
50864
51995
58423
6.6500
76958
901028
II1.0974
I4eI446
193768
3044568
696079

M2

000040
O« 0050
0.0060
0«0070
0e.0080
0«0090
O0+0I00
Ce«0I 50
0«0200
Ce0250
00300
0«03 50
0«0 400
00450
0.0500
0+0550

0.0000
0+.0010
Ce0020
0.0030
0«00 40
C+00 50
0+0060
0+0070
0e.0080
00090
O«0I00
Oe0I 50
Oe«0200
Oe0250
0«0300
00350
00400
000450
O0e«0500
00550

CSR

I.40

Ie50



M4 T4 APP FAHR

0.0808 I20.0000 1
T2 VR CGR M2 CSR
45164163 0.3095 340952 00000
44647250 0+ 3140 31396 0.0010
4420505 0.3185 241852 0«0020
4373928 Oe 32132 322320 00020
4327517 0.3280 32799 0«00 40
42841271 0.3329 33291 0.0050
4225191 0+2380 33797 0+0060
41849274 0.3432 34316 0.0070
41443520 0.3485 34849 0.0080
40947928 0e3540 35398 0+0090
40542498 03596 35961 0«0I0O
38247734 Oe 3904 39037 0.0150
26046875 Oe 4262 620 0.0200
2789821 Oe 4684 46844 0e0250
13176474 Ce 5190 5IQO0I 0+0300
4 29646738 0.5806 58062 0.0350
27640525 06573 65734 00400
2557745 07555 75552 0e0450
2358315 0.8856 8.8560 0.0500
216e2150 1.0662 I0.6615 0.0550
1969172 I1.3336 1343364 0.0600
1779304 I.7707 1747074 0.0650
1592472 26137 2641369 00,0700
1408602 49175 491751 0«0750
1227625 371332 3713321 0.0800 0.10
45164167 0«.6190 30952 0+0000
4467250 0e6279 341396 0.0010
44240505 0.6370 31852 040020
4373928 0.6464 342320 0.0030
4327517 0.6560 32799 0+00 40
4281271 0.6658 203291 0.00 50
4235191 0.6759 3¢3797 0.0060
418.9274 0. 6861 3¢ 4316 0.00 70
41443520 0.6970 3¢ 48 49 0.0080
499.7928 0.7080 3¢5398 0+0090
40542498 0.7192 3+5961 00100
18247734 0.7807 39037 0e0I 50
36006875 008524 4.2620 C«0200

33849821 049369 46844 00250



T3

3176474
296467138
2760525
255+7745
23548315
2162150
1969172
1779304
1592472
14048602
12207625

4510 4163
4467250
4420505
4373928
43247517
42841271
4235191
418+9274
41 443520
409+7928
4052498
38207734
36046875
2289821
3176474
29606738
27640525
2557745
2358315
216e2150
19649172
1779304
1592472
140+8602
12247625

4514163
446+7250
442+0505
4373928
43247517
428.1271
4235191
4189274
41 43520

VR

1.0380
I.1612
13147
I.5II0
17712
21323
206673
35415
502274
981350
742664

009286
09419
0e9556
0.9696
0.9840
0.9987
1.0139
!00295
I.0455
1.0619
100788
I+39712
1.2786
I.4053
155709
17419
I¢9720
22666
206568
3+1985
40009
53122
7.8411
147525
I1I1.3996

102381
I.2559
Ie2741
1.2928
I.3120
13317
I.3519
13726
I.3940

CGR

§5I90I
58062
65734
75552
8.8560
I10.6615
133364
177074
261369
491751
3713321

30952
31396
301852
32320
322799
33291
33797
34316
3+ 4849
35398
35961
349037
42620
46844
S5eIQOI
58062
65734
75552
808560
106615
133364
177074
261369
491751
3713321

30952
31396
31852
32320
32799
33291
33797
34316
3+ 4849

M2

0407300
0«01350
040 400
000450
00500
00550
0.0600
0.0650
0+0700
0e0750
0e.0800

0+0000
0.0010
00020
0+0030
0400 40
0.0050
0.0060
00070
0.0080
0.0090
0.0100
0.0I 50
0.0200
0.0250
0+0300
000250
0+0 400
0e0450
0.0500
C.0550
00600
0+06 50
00700
000750
0.0800

0+0000
0e00I0
00020
0. 00130
0.00 40
0.0050
0.0060
0.0070
0.0080

CSR

0«20

0«30



T3

4097928
40502498
382+7734
360.6875
338.9821
3176474
29646738
2760525
2557745
2358315
2162150
1969172
1779304
1592472
140.8602
!22.7625

45144163
446+7250
4420505
43743928
4327517
4281271
4235191
418.9274
41 43520
4097928
40542498
38247734
36046875
33849821
3176474
296467128
27640525
255+7745
2358315
216e2150
1969172
177+9304
1592472
I140.8602
1227625

45144163
446+7250
442.0505
4373928

VR

I«4159
I.4385
1.5615
I.7048
108738
300760
2e3225
26294
30221
35424
402646
53346
7.0830
I0e 4548
I9.6700
1485329

I.5476
I.5698
I1.5926
I.6160
106400
106646
106898
I.7158
I«7425
1.7699
107981
I.9519
2I31I0
2¢3422
25950
209031
3¢2867
37776
4+ 4280
5+3308
66682
8+.8537
1340685
245875
185.6661

I.8571
108838
I.9IIX

19392

CGR

345398
35961
349037
42620
446844
5«IgO0I
508062
65734
75552
8.8560
10.6615
133364
177074
2641369
491751
371+3321

30952
31396
31852
342320
32799
332901
303797
34316
3+ 4849
35398
35961
39037
4.3620
46844
S5eIgOoI
508062
65734
745552
808560
10.6615
133364
177074
2613609
49+1751
3713321

30952
31396
31852
32320

M2

0.0090
0e0I0O0
0+0150
Qe 0200
0.0250
0+0300
0.07350
0.0400
00450
0.0500
0.0550
0.0600
0.0650
0+0700
0+0750
0.0800

0+0000
0e«00IO
0e«0020
0.00130
0«00 40
0.0050
0e0060
0.0070
0.0080
00090
0+0I00
0e0I50
0e0200
000250
00300
0.0350
0.0 400
0.0450
0.0500
0.0550
0.0600
0.0650
000700
000750
0.0800

0«0000
Oe«00IO0
0e«0020
0.00130

CSR

0.+ 40

OQSO



T3

43207517
428.1271
4235191
418.9274
41 43520
4007928
4052498
38247734
36046875
33849821
3176474
2966738
2760525
2557745
2358315
216e2150
1969172
1779304
1592472
1408602
I2207625

451e4167%
44647250
4420505
43723928
4327517
428.1271
4225101
41849274
41 43520
40947928
4052498
382.7734
36046875
3389821
3176474
2966728
27640525
2557745
2358315
21602150
1969172
1779304
1592472
I140.8602

VR

I1.9680
1.9975
20278
20590
240910
21239
201577
203422
25572
28106
3¢ II40
34837
39441
45331
53136
643969
8.0018
106245
ISe6822
2945050
22247993

21666
2-1978
22297
22634
22959
23304
303658
24021
244395
204778
2¢5173
27326
2.9834
32791
3¢6330
4+0643
46014
502886
6.1992
746131
e 3395
I2¢3952
18.2959
34¢ 4226

CGR

322799
3e3291
323797
344316
3+4849
3+5398
3e5961
3¢9037
402620
406844
S5¢IQ0OI
5.8062
65734
75552
8.8560
I0e 6615
133364
177074
261369
49+1751
3713321

30952
31396
31852
32320
32799
303291
33797
304316
34849
35398
35961
39037
402620
406844
5eI901I
58062
65734
7+5552
8.8560
1006615
133364
177074
2612369
491751

M2

0«00 40
0«00 50
0.0060
0.0070
o.0080
00,0090
0.0100
0.01I 50
00200
0«0250
0+0300
0+0350
0«0 400
000450
0«0500
0.0550
0e.0600
0.0650
0+0700
0.0750
0.0800

0. 0000
O«001I0O
00020
00030
0.0040
0.0050
0.0060
000070
0.0080
C+.0090
O+01I00
O+0I 50
0«0200
O0.0250
0«0300
0e0350
0«0 400
Oe0450
0«0500
0.0550
0«0600
000650
0es0700
Qe0750

CSR

0. 60



T3

12267625

45144163
44647250
4420505
4373928
43207517
42841271
4235191
41849274
4143520
4097928
4052498
38247734
26046875
338.9821
3176474
296¢6738
2760525
2557745
2358315
2I16+2150
1969172
1779304
1592472
I140.8602
12247625

4514167
4467250
4420505
4373928
43247517
4281271
4235191
418+9274
41443520
409+7928
4052498
38207734
36046875
33849821
3176474
29667138
27600525
25527745
23548315

VR

2599325

24762
25117
205482
205856
2.6239
206631
207038
27453
27880
3.8318
28769
31230
3+ 4096
327475
41520
426449
5e2587
60441
700848
. 8.5292
1006691
1401660
2049095
393401
2970657

247857
28257
2.8667
29088
249519
29962
320417
30884
31364
3.1858
32365
35134
348358
402160
406710
52256
59161
67997
79794

CGR

3713321

30952
31396
31852
302320
342799
33291
343797
3¢ 4316
3+ 4849
345398
35961
349037
402620
46844
SeIgOI
58062
65734
75552
8.8560
I06615
133364
177074
261369
491751
3713321

3.0952
31396
31852
32320
322799
33291
33797
3e 4316
3+ 4849
35398
35961
39037
42620
4+6844
501901
508062
65734
75552
8.8560

M2

0.0800

00,0000
0+0010
00020
0e00730
000040
Ce0050
0.,0060
000070
c.0080
0+0090
0.0I00
0.0I 50
0+,0200
000250
°.°3°°
0.0350
0.0400
0.0 450
0.0500
0«0550
0.0600
0«06 50
0«0700
000750
0ces0800

00000
0es0010
0 e0020
0+0030
0«00 40
O0«0050
0+0060
000070
c.0080
0«00g90
O+0100
O0e0I50
O0«0200
O0e«0250
Oe¢ 0300
0.0350
0«0400
Ce0450
OQOSOO

CSR

0.70

0.80



T3

2162150
1969172
1779304
1592472
I40.8602
12267625

45144163
4467250
4420505
437+3928
4327517
428.1271
4235191
418+9274
41 443520
409.7928
40542498
382.7734
36046875
23849821
3176474
296671238
2760525
2557745
2358315
2162150
1969172
1779304
1592472
I140.8602
12247625

4514163
446¢7250
442.0505
437+3928
43207517
428.1271
4235191
41849274
41 43520
4097928
4052498
38247734
36046875
2389821

VR

9+5954
120028
159367
2352132
4402576
3134+1989

340952
31396
3.1853
32320
32799
3.3291
33797
304316
304849
345398
3e5961
349037
4e2620
446844
S5eIgQOI
5‘8062
6¢5734
7+5552
8.8560
I0.6615
133364
177074
26.1369
49+1751
371e3321

34047
304536
35037
35552
346079
306631
37177
37748
38334
38937
39558
402941
4.6882
501528

CGR

I0.6615
133364
177074
261369
491751
3713321

340952
31396
341852
32320
32799
332901
33797
34316
3+4849
305398
3e5961
39037
42620
46844
S5¢IQO0I
58062
65734
75552
8.8560
I0.6615
133364
177074
2641369
491751
3713321

30952
341396
21852
32320
32799
303291
33797
34316
348 49
35398
35961
39037
4.2620
4+6844

M2

0«0550
0e.0600
0.0650
00700
000750
o0.0800

0+0000
O«001I0
0.0020
0.007%0
0400 40
0.0050
0e.0060
0.+0070
0.0080
0.0090
Qe0IOO
OQOISO
0e0200
0e«0250
000300
00350
000400
0.0450
OQOSOO
00550
0.0600
0.0650
0+0700
000750
0.0800

0.0000
0.0010
0+0020
0.00730
000 40
0.0050
0+0060
0.0070
0.0080
0.0090
0.0100
0.01I 50
0+0200
000250

CSR

0.90

I.00



T3

3176474
29646738
2760525
255+7745
23548315
2162150
1969172
177+9304
1592472
I140.8602
12247625

4514163
4467250
4420505
4373928
4327517
4281271
4235191
418.9274
41 4073520
4097928
4052498
38247734
360.6875
33809821
3176474
29646738
27640525
255+7745
23548315
2162150
1969172
1779304
1592472
14048602
12267625

4514163
4467250
44240505
4373928
43247517
428+1271
4235191
418.9274
41 403520

VR

57091
72308
8.3107
97416

117277
I1406701
I9e4782
28.7506
5420926
40844653

2e7142
247676
348223
39359
3499590
4+0556
41179
41819
42477
423154
4+6845
51143
56213
62281
6+9674
7.8881
Qe0662
I0e 6272
I2¢7938
1600037
21e2489
313643
590101
445+5985

4.0238
40815
401408
4.2015
442639
423279
423936
4e 4611
45304

CGR

51901
508062
65734
75552
8.8560
1006615
133364
177074
261369
491751
3713321

30952
31396
341852
32320
32799
332901
33797
34316
3+ 4849
3+5398
35961
309037
4e2620
446844
5IQO0I
5.8062
65734
75552
8.8560

106615
133364
177074
261369
4941751
371e3321

30952
3.1396
341852
32320
32799
33291
33797
364316
3+ 4849

M2

©+0300
0.03 50
0+0 400
0.0450
0+0500
0+0550
0.0600
0+0650
0«0 700
000750
0.0800

0+0000
0+0010
00020
00030
0«00 40
0 .00 50
0.0060
Oe«0070
0.0080
0.0090
0«0100
0.01I 50
00200
000250
00300
000350
0.0400
000450
0.0500
0e0 550
Ce0600
O.0650
000700
0«0750
0e.0800

0«0000
Os001IO
0e0020
0.0030
0.0040
00050
0.0060
0+0070
0.0080

CSR

I.I0

I.20



T3

4097928
40542498
38207734
26046875
3380983!
3176474
29646738
27640525
2557745
2358315
2162150
1969172
1779304
1592472
140.8602
12267625

4514163
4467250
44240505
437+3928
4327517
42841271
4235191
418.9274
4143520
409+7928
4052498
38247734
26046875
338.9821
3176474
296467138
276+0525
2557745
2358315
216e2150
1969172
1779304
1592472
140.8602
12247625

451+ 4163
44647250
44240505
43703928

VR

46017
406750
50749
5+5405
600897
67471
745480
845455
98217
I1.5128
1348600

173373
230197
339780
639276
48207318

43333
43955
4+ 4593
45247
45919
406608
4e7316
448042
4.8789
49557
540346
54652
509667
65582
7.2661
8.1287
92028
I0e5772
12.3984
149262
18.6710
247904
3625917
68.8451
519e8650

406428
4+7095
47778
48479

CGR

325398
35961
39037
402620
446844
§1901
58062
65734
75552
8.8560
I10.6615
1343364
177074
2641369
491751
3713321

309052
21396
341852
3.2320
32799
33291
33797
3¢ 4316
348 49
345398
305961
39037
402620
406844
5¢1Q01X
508062
65734
75552
8e8560
106615
133364
177074
261369
491751
3713321

30952
31396
3.1852
32320

M2

0.0090
0+0100
0+0I50
0.0200
0.0250
0.02300
0.0350
040400
0.0450
0.0500
0.0550
0.0600
0.0650
040700
040750
o0.0800

0.0000
0+001I0
040020
000130
000040
0«00 50
00060
040070
0.0080
00090
0.0I00
OQOISO
00200
Ce0250
0.0300
0+01350
000400
00450
0.0500
0.0550
0.0600
0.0650
000700
0.0750
0.0800

0.+0000
0.0010
0.0020
0.+00730

CSR

I30

Ie40



T3

43207517
4281271
4235191
418.9274
41 43520
40947928
4052498
38247734
26046875
338.9821
3176474
296467138
2760525
2557745
2358315
21642150
1969172
1779304
1592472
I140.8602
12207625

VR

49199
49937
520695
51474
502274
503097
53942
58556
63929
700266
7.785!
87093
98601
11.3328
13+28 40
159923
2040046
265612
39+2054
7307626
5569982

CGR

302799
33291
33797
34316
3+4849
345398
3+5961
39037
42620
426844
5eIg0OI
58062
65734
7+5552
8.8560
I0.661I5
133364
177074
261369
491751
371+3321

M2

000040
000050
00060
000070
00,0080
00090
00100
0e0I 50
0+0200
0.0250
040300
00350
0.0400
0.0450
0.0500
0.0550
0.0600
0.0650
0+0700
0.0750
0.0800

CSR

I.50



M4 T4 APP FAHR

Oe1106 13040000 I
T3 VR CGR M2 CSR
5811546 0e2261 242609 0.0000
57602713 0.2286 22856 0.00I0
5714055 0e2311I 23108 0,0020
5665572 0e23136 23365 0.00730
567261 0623613 243626 0400 40
5569124 0.2389 2¢3892 0.0050
5826 X157 0e2416 204164 0.0060
5473361 Oe2444 204441 0.0070
5425735 Oe2472 204723 0.0080
5378278 Oe2501 25011 0.0090
5330988 0e2530 25304 0.0100
5097026 0.2686 2468613 001 50
48647129 0.2859 248594 0.0200
4641192 0e3053 30528 0+02 50
4419114 0+3270 32702 00300
42040796 0e3516 35163 Ce«0350
398.6143 043797 37973 040400
3775065 Oe 4121 401211 040450
35627473 Oe 4498 4+ 4984 0.0500
336+3281 04944 49436 0+0550
3162406 0e5477 54768 0«0600
296 4768 0e6127 6e1270 0.0650
27740289 0.6937 69374 0.0700
2578895 0.7976 79756 0.0750
2390512 09353 93534 o.0800
22045070 1.1270 11.2698 0.0850
202.2501 Ie4118 I4¢1176 0.0900
18427128 I1.8794 187936 0«0950
1665717 2¢7890 278904 0«.1000
1491376 53298 5229817 0«I1050
1319654 518974 5189742 0.I11I00 0eI0
5811546 Oe 4522 2e2609 0.0000
5762713 Oe 4571 202856 0.0010
5714055 Oe 4622 23108 0.0020
5665572 Oe 4673 23365 0.00120
5617261 Oe 4725 203626 0.00 40
55690124 Oe 4778 23892 0.00 50
5521157 0.48213 24164 0 +«0060

5473361 0. 4888 204441 0.0070



T3

5425735
5378278
5330988
50947026
48647129
46441192
4419114
42040796
39846143
3775065
3567473
33603281
3162406
2964 4768
2770289
2578895
339.0512
22045070
202.2501
18 42738
1665717
1491376
1319654

58141546
5762713
5714055
5665572
5617261
5569124
5521157
5473361
5425735
537+8278
533+0988
5097026
486+7129
4641192
4419114
4200796
39846143
3775065
3567473
3363281
3162406
2964768

VR

0. 4945
Oe 5002

O«5061
0.5373
C«5719
0. 6106
Oe 6540
007033
02595
0e8242
0.8997
009887
I.0954
I¢2254
I1.3875
I.5951
108707
202540
28235
347587
S5e5781
10.6597
1037948

0.6781
0.6857
0s69132
Oe 7009
0.7088
0.7168
0e7249
0e7332
0e7417
0e7503
0+7591
0.8059
008578
0.9158
0.9810
I.0549
I.1392
103363
I3495
I.4831
106430
108381

CGR

204723
25011
245304
2.6863
28594
30528
32702
35163
37973
4eI2II
4¢4984
49436
54768
6e1270
69374
79756
9+3534
1102698
141176
1807936
278904
532983
5189742

22609
3.2856
23108
23365
23626
23892
204!64
204441
24723
25011
25304
206863
248594
3.0528
32702
35163
37973
4eI21X
404984
49436
54768
6e1270

M2

0c.0080
0 +0090
0,0100
0e0I 50
0.0200
00250
040300
0.0350
040400
00450
0.0500
0.0550
0.0600
0.0650
0«0700
000750
0.0800
0.08 50
0.,0900
0.0950
0.1I000
01050
OeIX100

0.0000
0es001I0
0.0020
000030
0400 40
0400 50
040060
000070
0.0080
0+0090
00100
0.+01I 50
0+0200
0.0250
0.0300
000350
0«0 400
040450
0+0500
0.0550
0.0600
0.0650

CSR

0 .20



T3

2770289
257.8895
239.05!2
22065070
2022501
184027138
1665717
14941376
1319654

58161546
5762713
5714055
56605572
5617261
5569124
55241157
5473361
5425735
5378278
5330988
5097026
486+7129
4641192
44149114
42040796
3986143
3775065
3567473
3363281
3162406
2964768
277+9289
25748895
2390512
2205070
20242501
18402738
1665717
1491376
1319654

5811546
57602713
574055
5665572
5617261

VR

240812
203927
2.8060
33810
402353
506381
8e3671
159895
1556923

09043
0eQI42
0.9243
0.9346
©«9450
0e9557
09666
09776
0.988¢9
I1.0004
I.0I22
10745
I.I438
Ie2211
10308!
I.4065%
105189
106484
1.7994
1.9774
21907
24508
27759
31903
37414
445979
56471
75174
I1.1562
2131973
20745897

1.1304
I+1428
I.I554
I.1682
I.1813

CGR

69374
749756
93534
11.2698
1401176
1847936
278904
53+2983
51849742

242609
2.2856
2+3108
203365
243626
23892
204164
2e 4441
204723
25011
25304
2.6863
208594
30528
32702
3e5I63
37973
4eI21I1I
44984
409436
544768
6e1270
69374
79756
93534
II«2698
140!176
18.7936
278904
532983
51849742

22609
302856
23108

203365
23626

M2

040700
0+0750
0.0800
0.0850
00900
000950
041000
0+1050
OeIIOO

0+0000
0.,0010
0¢0020
0 «00130
°.°°4°
0.00 50
00,0060
0.0070
0e.0080
0«0090
0 +0100
00I 50
00200
000350
0.0300
0«0350
000400
0.0450
0.0 500
0+0550
0«0600
0.0650
000700
000750
0.0800
0.0850
00900
0.09350
0+ 1000
OQIOSO
0+I100

O«0000
0.001I0
0+0020
00030
0«00 40

CSR

0430

0040



T3

55649124
5521157
54743361
5425735
5378278
5330988
5097026
48647129
46441192
4419114
4200796
39846143
3775065
35647473
336+3281
31602406
296.4768
2770289
25708895
239.0512
2204 5070
2022501
184427138
1665717
14941376
1319654

5811546
5762713
571+ 4055
5665572
56107261
5569124
5521157
547+3361
5425735
5378278
53340988
50947026
486.+7129
4641192
44149114
42040796
3986143
37725065
3567473

VR

101946
I.2082
1.2220
I.2361
I.2505%
103653
I«3432
Ie4297
I.5264
106351
I.7581
1.8986
240606
202492
2¢4718
207384
30635
3+4687
29878
46767
56349
7.0588
93968
I39452
266492
259+ 4871

1.3565
I1.3714
103865
I¢401I9
I.4176
I1+4335
Te4498
104664
I.4834
I.5006
I.5182
I.6118
I.7157
108337
I.9621
21098
202784
24727
2+6990

CGR

243892
204164
204441
204723
245011
205304
306863
248594
300528
302702
35163
347973
4I21II
404984
409436
5+4768
6e1270
69374
79756
93534
I1.2698
I14e1176
1879136
278904
53+2983
5189742

22609
22856
2¢3108
243365
23626
23892
2.4164
2+ 4441
2e4723
2¢501I1I
25304
306863
248594
300538
32702
345163
37973
4eI211X

404984

M2

0.0050
0.0060
0.0070
0.0080
0+0090
0«0I00
0.01 50
00200
0e«0250
00300
000350
000400
00450
0+0500
0e0550
0.0600
0.0650
0«0 700
000750
0e.0800
0.0850
0.+0900
0.0950
0+I000
0e1050
0«II00

00000
Qe«001I0
O«0020
0.0030
0400 40
040050
0.0060
0.0070
0.0080
0.0090
Oe.0100
0«0I 50
0.0200
0.0250
00300
0.+013 50
040400
0+0450
0.0500

CSR

0050



T3

3363281
23162406
2964 4768
2770289
25748895
2390512
22045070
2022501
18 427138
1665717
1491376
1319654

5811546
5762713
5714955
5665572
§6Ie7261
5569124
5521157
5473361
5425735
53748278
533+0988
50947026
48647129
4641192
4419114
42040796
39846143
3775065
3567473
3363281
31662406
29604768
2770289
257+8895
2390512
22045070
202e2501
184027138
1665717
14941376
1319654

581.1546
57627173

VR

209661
302861
36762
401624
4¢7854
506120
67619
8.4706
Ile2762
16+7343
31.9790
3113845

105826
15999
106176
1.6355
1.6538
I.6725
106915
I.7109
I1.7306
I1.7507
17713
108804
240016
21370
22891
24614
26581
28848
301489
3e 4605
38338
402889
4.8562
5+5829
65474
78889
908823
131555
195233
37+3088
3622819

1.8087
1.8285

CGR

409436
544768
61270
69374
79756
93534
11.2698
1401176
1847936
278904
532983
51849742

22609
22856
2.3108
243365
243626
243892
24164
204441
24723
25011
25304
3.6863
208594
30528
32702
35163
37973
4eI21I1I
44984
429436
504768
601270
69374
729756
93534
II1.2698
1401176
1879136
278904
532983
5189742

22609
2.2856

M2

0.0SSO
0.0600
0406 50
000700
040 750
0 .0800
0.08 50
00900
0«09 50
0+1000
041050
0eII0O

0+0000
0+.0010
0.0020
0.0030
000 40
0.+0050
0e.0060
0+0070
0.0080
0+0090
0«01I00
0.0150
0«0200
0+0250
0.0300
00750
000400
0«0 450
0 +0500
0e«0550
0e.0600
0.0650
0+0700
0e«0750
0.0800
0.08 50
00900
0.0950
0+1000
01050
OeIIOO

0 «0000
Oe«00I0

CSR

0460

0«70



T3

571+4055
566¢5572
56107261
5569124
5521157
5473361
5425735
53748278
533+0988
50947026
48647129
4641192
4419114
42040796
3986143
3775065
3567473
33603281
3162406
296 4768
2770289
25748895
2390512
220.5070
2022501
18 427138
1665717
14941376
1319654

581e1546
57602713
57T 4055
56645572
561e7261
5569124
5521157
547+3361
5425735
537+8278
5330988
50907026
486e7129
4641192
44T 9114
4200796

VR

108486
1.8692
I.8901
I.9I114
I«9331
I.9553

1.9778
20008

240243
21491
22876
2e4422
246161
28170
340378
32969
35987
39549
4e*14
49016
55499
6+3805
7+ 4827
90159
Ile2941
150349
223124
42 e 6386
4151794

2001348
20570
20797
21028
201261
215073
201748
21997
22251
22510
22774
24177
2+5735
27475
29431
3.1646

CGR

2.3108
203365
243626
23892
204164
2+4441
24723
2¢501I1I
25304
2468613
28594
300528
3¢2702
35163
37973
401211
4+4984
429436
5+4768
6eX270
69374
79756
93534
I1.2698
1401176
1847936
278904
532983
5189742

303609
302856
23108
2+3365
3.3626
203892
204164
204441
204723
25011
25304
206863
208594
30528
32702
35163

M2

0.0020
0+00 30
000 40
0.0050
040060
0,00 70
0,0080
0.0090
0.0100
0«01 50
00,0200
0.0250
0.0300
0+03 50
0+0 400
0.0450
0+0 500
0+0550
040 600
00650
Oe0 700
0«0 750
0.0800
008 50
040900
00950
0+I000
0eI050
O«II0O0

0«0000
0.001I0
0«0020
O«00130
0«00 40
O0.0050
0.0060
000070
0.0080
0.0090
0.0100
Oe0I 50
0«0200
O «0250
00300
00350

CSR

0 .80



T3

398461 43
3775065
35607473
32643281
21662406
2966 4768
2770289
25748895
239.0512
22005070
20242501
184.2738
16605717
14941376
1319654

58141546
57622713
5714055
566+5572
5617261
5569124
5521157
54743361
5425735
53748278
533+0988
59947026
486¢7129
4641192
4419114
4200796
39846143
3775065
356+7473
3363281
3162406
296+ 4768
2770289
25748895
23900512
220.+5070
20242501
18427138
1665717
14901376

VR

344175
37090
400486
404492
49291
55143
602437
7.1781
8.418:
I0eI 429
I27059
169143
251014
479685
4670768

22609
302856
23108
243365
23626
23892
3.4164
2e 4441
24723
25011
205304
3.6863
248594
3.0528
32702
35163
327973
4eI211I
4+ 4984
429436
54768
601270
69374
79756
9+3534
I11.2698
1441176
1847936
278904
532983

CGR

37973
41211
44984
429436
54768
641270
69374
79756
93534
I1.2698
141176
1847936
278904
532983
51849742

22609
202856
23108
243365
243626
23892
24164
2e4441
244723
2501I
25304
206863
248594
3.0528
32702
35163
37973
41211
40498 4
49436
54768
6e1270
69374
709756
93534
1102698
I41176
187936
27+8904
532983

M2

0 +0 400
0e0450
0e0500
040550
0+0600
00650
0«0700
0.0750
o.0800
0.08 50
00900
040950
OCeIOO0
041050
0e1100

0.+.0000
040010
00020
000730
040040
0.00 50
0e.0060
0,00 70
o.0080
0.,0090
0+.0100
0401 50
00200
000250
0.+0300
0.01350
0«0 400
040 450
0«0 500
0.0550
0.0600
0.0650
0 +0 700
000750
0+.0800
©.08 50
00900
0.0950
0+I000
01050

CSR

0«90



T3

I31.9654

5811546
5762713
5714055
5665572
56Ie7261I
5569124
5521157
5473361
5425735
5378278
5330988
50947026
48647129
4641192
4419114
42040796
398461 43
3775065
3567473
33603281
316.2406
296.4768
2770289
2578895
2300512
2204 5070
20242501
1842738
16645717
14901376
I31+9654

58141546
57602713
5714055
566.5572
5617261
55609I34
$552%3257
5473361
5425735
5378278
5330988
509+7026
486.7129

VR

51829742

24870
2e 5142
25419
2e¢ 5701
25989
26282
26580
2.6885
27195
27512
27834
209549
31454
33581
35972
38679
41770
45332
49482
54379
6.0245
67397
706312
8e7732
1002887
1243968
I5¢5294
20+6730
306795
586281
5708716

27130
27427
27730
308038
28351
2.867!
28997
29329
309667
340013
340365
32236
34313

CGR

5189742

22609
22856
23108
243365
23626
23892
24164
24441
24723
25011
25304
206863
28594
30528
32702
305163
37973
4eI211
424984
429436
54768
61270
69374
709756
93534
I1.2698
I4¢I176
1847936
278904
5302983
518.9742

2e2609
242856
2.3108
243365
243626
2¢3892
3.4164
2e4441
204723
25011
25304
3.6863
248594

M2

CeIIO0O

00000
040010
040020
0+0030
0400 40
0 .00 50
0+.0060
0«0070
0.0080
00090
O«0I 00
0401 50
00200
000250
0+0300
0407350
00400
000450
0«0500
0.0550
0e0600
0.0650
0«0 700
0«0750
0 .0800
0.08 50
00900
00950
01000
C.1050
Q0eII00

00000
00,0010
0.0020
0.00130
0.0040
0.0050
0.0060
0.0070
0.0080
0.0090
O0+.0100
0401 50
00200

CSR

I «00

I.I0



T3

4641192
4419114
420 0796
3986143
3775965
3567473
336+3281
3162406
2964768
2770289
2578895
2290512
320.5070
20242501
18 4.2738
1665717
1491376
1319654

5811546
5762713
5714055
5665572
561 0726!
5569124
5521157
5473361
54245735
5378278
5330988
5097026
486¢7129
4641192
44T.9114
420.0796
398.+6143
3775065
3567473
3363281
3162406
296+ 4768
2770289
25748895
23940512
22045070
20242501

VR

36634
39242
42195
45567
4¢9453
53981
59323
6e5721
73524
843249
9+ 5708
Ile2241
I3e5238
I16e94I2
225523
334685
639580
6227690

291391
29713
30040
30374
30714
3eI060
31413
31773
322140
32514
3+2895
34922
37173
309686
4e25I2
45712
49364
53574
58479
6e 4267
701198
79651
9.0186
10.3683
1241594
146508
1843529

CGR

340528
2¢2702
345163
37973
4I21I1
424984
409436
54768
6e1270
69374
729756
9+3534
I11.2698
1441176
1847936
278904
532983
51849742

22609
3.2856
23108
243365
23626
203892
204164
2% 4441
204723
25011
25304
206863
28594
3.0538
32702
35163
37973
4.!211
4+4984
409436
5+4768
6.1270
69374
79756
93534
112698
I4¢1176

M2

0.0250
0.0300
000350
040 400
040450
0+0500
0«0550
00600
00650
040700
040750
0.0800
0e08 50
00900
0«09 50
O eION0O
041050
O0eII0O

0+0000
040010
0«0020
0.0030
000 40
00050
0e«0060
O«0070
0.0080
0.0090
0+0100
000150
00200
0+0250
000300
001350
000400
00450
0«0500
0+0550
0s.0600
00650
0.0700
0.0750
0.0800
0.0850
00900

CSR

Ie20



T3

184.2738
1665717
14941376
1319654

5811546
5762713
5714055
56605572
56Te7261
556e9I24
5521157
54723361
5425735
53728278
5330088
50947026
486¢7129
4641192
4419114
420 «0796
398 461 43
377+5065
3567473
33643281
3162406
2966 4768
277+0289
25748895
2390512
220.5070
20202501
18427238
1665717
14941376
1319654

5811546
5762713
5714055
5665572
5617261
5569124
5521157
5473361
5425735
5378278

VR

244317
3602576
69+2878
67406665

31652
341998
32351
32710
3+3077
33449
3.3830
3e4217
304612
35015
3e5426
37608
40032
427139
4+5782
49228
503162
57695
642978
69210
76675
8e5778
9¢7124
I1.1659
130948
157778
197647
26e31I11
3900466
746176
7265639

323913
34284
30 4662
35047
35439
3+5839
36246
10666:
37084
327516

CGR

18.7936
278904
532983
5189742

22609
303856
23108
23365
3.3626
23892
204164
204441
244723
25011
25394
2+6863
248594
30528
32702
35163
37973
4eI2I1
4+498 4
49436
54768
6.1270
69374
729756
93534
112698
I41176
187936
278904
53+2983
5189742

22609
2.3856
2e3108
23365
23626
23892
204164
2+ 4441
204723
25011

M2

040950
0+I000
0+I050
0+I100

0,0000
0e+00IO0
00020
0.0030
0.00 40
040050
00,0060
0400 70
0.0080
0.0090
0+0100
040150
040200
O0+0250
000300
001750
0+0 400
00450
0 +0 500
00550
0e.0600
0.0650
0 0 700
040750
0.0800
0.08 50
0«0Q0O0
0.0950
OeIOOO
0+I050
0sIIOO

0 +0000
0.001I0
0+0020
000030
0400 40
0.0050
0.0060
0+0070
0.0080
0+0090

CSR

I.30

Ie40



T3

53340988
50947026
48647129
46401192
4419114
42040796
39846143
377+5965
3567473
33643281
21602406
2964768
27740289
257+8895
23940512
2205070
2022501
18 4427138
1665717
1491376
1319654

M4

VR

37956
440295
402892
4+5792
49052
502744
546959
61817
67476
74154
802153
91905
1064061
I1.9635
1 440301
16.9048
2141765
28.1904
418357
799475
7784613

T4

CGR

2+5304
2468613
248594
3.0528
32702
35163
347973
401211
44984
429436
54768
6eI270
69374
79756
93534
1142698
141176
18.+7936
3708904
532983
5189742

= XX

M2

0.0I00
00150
00200
00250
0 «0300
007350
00400
00450
0+0500
0+0550
0+0600
0«06 50
00700
000750
0.0800
0e.0850
040900
0«09 50
0+1000
0eI0 50
0eIIO0O

CSR

Ie50



