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!CN-TLYil 	t3.iCi,I 1) ' ATI r.3 IN Jl iT.I;L :;,;i'RING 

1.0 Introduction 

Contact between substances to allow exchange processes 

is a fundamental requirement in many chemical enineering 

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 particles containing voids through 

which a fluid may flow. 	The solid matrix may be fixed or 

moving or may be expanded (fluidised) o.ing to the drag of the 

fluid passing through 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-solid 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. 	Thie distribution of effort has 

been promoted also by the greater complexity of non-oatalytio 
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reactions. 	In some way to remedy this situation this 

project is restricted to the analysis of non-catalytic 

gas-solid reactions. 	The essential feature of a 

non-catalytic gas-solid reaction is the creation of a 

reaction zone or zones whici nove into the unused material 

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 analysis. 	The moving bed equivalent to 

this moving zone system has the solid phase moving into the 

stationary reaction zone. 	In many industrial gas-solid 

reactions a number of reactions may occur either simultaneously 

or consecutively so that further complications arise. 	Any 

analysis therefore which can simplify suoti systems is of 

interest even if the assumptions made in carrying it out 

are valid in some systems only. 

Yiihile it is of interest and important to understand 

the basic mechanisms of pkiysioal phenomena, an engineering 

analysis should aim at the prediction of essential design 

parameters rather than fundamental parameters. To build 

a working reactor for example, the essential design 

parameters are the cross sectional area and length of the 

reotor and the mean residence time the reactants must 

remain in the reactor to aocomplih the desired exchange 

process. 



TABLS I 

Some Commercial Packed Bed Prooeseos 

The directions of the bulk flows Commonly used are 

howu with referenc, to an external, observer G for the solid 

Q for the gas - a stationary phase is indicated by the 

symbol (0) 

Heat transfer - pebble bed heaters and coolers 
	a 	a8  

Limestone oalcination in vertical kilna 	 I 
Low 
High temperature coal carbonleation 	 L 	0 

Zinc eUlphids oxidation D-'L aintar strand 

ZnO reduction in vertical retorts 	 '1 	0 

Calcium oyanamjde from CaC 2  with N 2 	 0 

Lead 
sulphides reduced to oxides 

Copper 

Copper suiphides to suJLphates 

Chain grate atokers 

Blaat furnaces 
 

Grain driers 

Ion exchange, adsorption, gas chromatography 

se 	kLr ond O-rne - r\cclocC O- 

Cemic..cd Techrotog 
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These design parameters are obtained from a 

mathematical simulation of the process. 	A complete 

simulation for non—catalytic processes is 30 complicated 

that it is unlikely that the equations can be solved and so 

simplifying assumptions must be made. 	For large diameter 

beds with approximately uniform flow over the cross 

sectional area it is frequently assumed that operation is 

adiabatic. 	The small diameters necessarily used in 

laboratory apparatus, further complicated by the very 

sudden temperature changes in non—catalytic processes, make 

the design of a suitRble small scale apparatus very difficult. 

1.1 Commercial Use of Packed Beds 

any industrial gas—solid reactions in which the solid 

reactants become exhausted take place in packed beds; for 

instance the oxidation of zinc suiphide, limestone 

calcination, and the reduction of copper ores. 	Table 1 

liSt8 some present industrial uses of packed bed systems 

and Venner (1955) gives a list of processea 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 table. 

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 kline for limestone caloination, 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 and beginning of the caloination 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 sucoesding zone. 	Each 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 siiaft 

furnaces is carried out on Dwight—Lloyd sintor strands. In this 

system the top of the bed is ignited and then air is Bucked down 

through the bed. An exothermia reaction supplies heat to the gas 

which transfers it deeper into the bed heating the solid and 

hence sustaining 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 horizofltal:i.y so that the 

reaction zone inclines at a sliht angle to the horizontal 

when viewed externally. 	Fresh solid is introdied at one 

side of the grate and the exhausted solid removed at the 

other. 	The exothrmic process may be inherent in the 

sintering operation, as in zinc eulphide oxidation, or the 

reaction heat may be supplied by mixing coke or coal with the 



In any gas— solid reaction system regions may be 

distinguished in which separate processes take place; each 

region in whiok one prooess occurs is defined as a zone. 	The 

process may be a combination of phenomena or a single phenomenon. 

For instance, drying and beat transfer, the former process is a 

combination of beat and mass transfer phenomena, the latter 

process Is a single phenomenon. The zone boundaries are 

indicated by characteristic flow parameters the boundary values 

of vhIcb are representative of the start and finish of the 

zone proces3. 
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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. 	Furtkieiore 

if the grate speed is slow compared with the velocity of 

propagation of the reaction zone parallel to gas flow, we 

may neglect the solid cross feed velocity perpendicular to 

the gas flow and consider the system as seen by an observer 

travelling on the grate; which is an unsteady state one 

dimensional ey3tem aligned parallel to the direction of gas 

flow. 	Systems of chain grate stokers are closely allied to 

the wigbt-Lloyd strand and similar considerations apply to 

them. 	Carmen (1957) gives a survey of the different 

arrangements used in these operations, 	Similarly, the 

vertical shaft kilna described briefly above may be 

considered as one dimensional steady state systems with a 

counterfiow of solid and gas. 

Common to eacn of these systems however is that the 

temperature and reactant concentrations may be expressed as 

funotions of distance through the bed and time, or distance 

alone. 	The shape of tnese profiles, of temperature and 

concentration v. distance, can provide the basis for an 

arbitrary division of the system into zones. 	In some 

systems the zones so defined will be the aae as those 

defined by the structure of the reaction vessel. 	IN en wnefl 

this does not occur the division into zones enables the 

see 
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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 suiphide undergoing oxidation 

at some time after the reaction is well established. 	The 

notation used in this figure will be retained throughout the 

manuscript for reference to profiles, that is, the plane of 

cross—section at the gas inlet to the bed is numbered zero 

and arbltrsry zones are defined between successive numbered 

cross sectional planes. 
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In a system containing both exotnermic and endotnermic 

zones the latter may delay the establishment of the former 

by keeping the temperature below that necessary for ignition. 

For instance in zinc suiphide oxidation the drying of the 

mix must be complete before oxidation can 8tart (see fig. 1). 

The velocity of the drying zone may therefore be rate controlling. 

Many.similar endothermio 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 bigi temperature air stream. 	These particles 

have the advsntagea of easy handling, controllable water 

content and well known drying kinetics. 

1.2 Objects 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 prooea8es which it is intended should be investigated are 

those occurring in moving zones in fixed beds o' in the equivalent 

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 tLeoretioal 

simulation of its processes so that the behaviour of the sjstem 
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may be determined without reference to experiment. 	Such a full 

etudi would include prediction of the temperature and 

concentration profiles throughout the system. Vhile in this 

project various theoretical models, for use with a zonal 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 1esigned to reflect as 

nearlr as possible the conditions encountered in industrial 

processes so that any conclusions may apply to full scale plants. 

1.3 Physical Simulation of Processes 

For this analysis an apparatus which will 8ult a number 

of different systems has been designed and built. The aim 

is to reproduce in a small 8ample under adiabatic conditions 

the processes taking place in industrial reaotios. 	The 

design enables the variables under study to be alter d at 

will. 	The size of the samples is Important In most 

non—catalytic processes as each 3ample can be used only once. 

Large samples Pre undesirable as they require a much larger 

parent batch of material: this batch may then be of 

heteroenous composition or a number of different parent 

batches may be needeê 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 small samples are used, say two pounds of 

solid, a number of different systems may be examined quickly 

at low cost once the apparatus is commissioned. 

When a hot gas enters a region where an endothermic 

process is taking place a low temperature zone is created 

and as the endothermio reactants are exhausted the 

temperature rises again. This temperature rise moves as a 

wave through the bed and marks the end of the endothermic 

zone. 	In this situation the velocity of the temperature 

wave is a characteristic feature and in this project it will 

be measured and used as the endothermic zone velooity. 

£ heat transfer zone expands at constant velocity behind 

the endothermic zone, increasing in length as the latter zone 

moves through the bed. 

1.4 TheoreticalSimulation of Processes 

An approximate analysis published by Beverldge (1963) 

assumed constant zone velocities, radial adiabatioity, axial 

symmetry 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 u*ed to teat the validity of this approximate 

analysis by comparing predicted zone velocities to those 

measured experimentally. Making the same assumptions as 

Beveridge zone internal analyses 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. 

n internal analysis will also be made of the heat transfer 

zone expanding at constant velocity and the result of this 

unsteady state analysis used to predict the boundary conditions 

at the inlet to the andotbermic zone. A comparison of the 

experimental and predicted solid temperatures at this 

boundary will be made. 

Analysis by individual zones has been found in the 

literature but the reported results are limited to the 

blast furnace. The formulation of balances wa& in 

numerical terms suitable for particular plants and no 

articles were found which set out a general treatment. 

Various system parameters appear in the theoretical 

simulation, such as epecifJ c heats, and may have to be 

measured. 
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The mathematical models used in the internal analyses 

are simplified differential diffusion models derived from 

the ectuationa set up for example by singer and Alhelm. (1950). 

1.5 Summary of Objectiv es  

To build an experimental apparatus as an accurate physical 

model of industrial gas—solid non—oatalytio processes and to 

measure the velocity of individual endotherrnlo zones such as 

are found in industrial prooessea. 

To test the validity of a previously published analysis 

of such processes by comparison of predicted results with 

experimental Ones. 

To measure any system parameter necessary for the 

above comparison. 

CHAi'T!iR 2 

MATII1MATICAL MODELS OF NON—CATALYTIC :LUlD-.SOLID iROCE3SE3 

To investigate a chemical process it is necessary to 

simulate it by a matiieinatloal 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 conduotivities must be found from either theoretical or 

empirical correlations. 	Systems Incorporating beds of particles 

may be examined to determine system parnmetera or to improve 
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upon the models available. 'ork 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 proposed8 Lamb and ivilhalm (1963) visualised a 

hierarchy of models for various situations which can be 

grouped as :- 

1. DeterminIstic 

Continuum (diffusion model) formulated in terms of 

ordinary or partial differential equations. 

Oiscrete (mixing cell models) finite stage models 

formulated in terms of finite difference equations. 

2. itochaBtic 

7andom perturbation of deterministic model. 

furely stochastic model. 

The diffusion model is essentially for use when the 

flow properties, velocity, temperature and concentration, 

vary over di8tancea of the magnitude of the bed diameter 

so that local variations may be neglected. 	This model is 

found in varying degrees of complexity, for instance, 

variation of properties in one direction only and in more 

than one; adiabatic operation and operation with a heat flux 

tnrough the wall; 	and with and without plug flow of the phases. 
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Most success however has come from the one dimensional 

adiabatic version using plug flow of the phases and simple, 

first or zero order, reactions. 

.hen void spaces and particles beoome large local 

variations in the flow properties begin to effect the 

temperature and concentration profiles. 	3yetems exhibiting 

such behaviour, for instance very short beds, are usually 

analysed using model lB. This assumes the bed is a matrix 

of void spaces each of which may be regarded as a mixing cell 

of characteristic length one particle diameter. This model 

has advantages when axial and radial mixing effects must be 

considered as the diffusion model may account for these 

only by mixing coefficients. To get an analytical solution 

to the diffusion model these must usually be assumed constant, 

whereas in short beds they are in fact a function of bed 

length. 	The atepwise finite difference model however can 

include the variation with length. 

Both the deterniinistio models suffer from the 

disadvantage that they must assume a 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 
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and Beveridge (1966-1967). 	Lamb and ilhe1m (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 LA is the most popular model 

because of its wide application to commercial systems where 

large tube to particle diameter ratio8 and approximately 

adiabatic conditions are found. 	This model will be used in 

the present project. 

It was formulated, for example, by Singer and 'ilhelm 

(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 (f  grad t) - div G'ct + h..(T_t) = 6cat 	 (A) 
oe 

o1id Phase (assuming negligible internal temperature 

variation) 

div(Ic 3grad T) + dlv G503T - h(P-t) + R(-L.H) = 

where T, t are solid and gas temperatures respectively. 

inger and Vsilhelm discuss fully the significance of the 

various terms in these equations. 	Owing to their complexity 

a 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 amplifications 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 simplicationa to the general 

model occur simultaneously. 	Por instance in zinc suiphide 

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 reotion rate at the surface, and heat and mass 

interpha8e transfer resistances taken separately and 

together, and combinations of these. 

2.1 	atems without 71 eaOtion or Exciiange Control -tth. Surface 

The general equations for systems in whici. only 

heat transfer is occurring are equations A and B above with T1 = 0. 

Tie most general solutions available 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 almost complete general solution. 	The 

general solution equations however are very complex with 

resultant computational difficulties. 	The system equations 

with pure heat transfer are also equivalent to mass transfer 

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

More simplified situations which are special oases of 

the more general, such as no radial fluid temperature 

gradients, or plug flow of fluid are also available (Deveridge 

1962). 	The axial boundary conditions for this problem at 

steady state were formulated by Webner and Wilhelm (1956) 

and apply to both l-D and 3-D systems. 	Bisohoff (1961) 

generalised these conditions for any order of reaction and 

recently van Cauwenberghe (1966) has extended the analysis 

to unsteady state systems. 

Of the otner 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 along the axis of the reactor. 	This is 

used for ion exchange, adsorption and desorption under 

linear isotherrns besides pure heat transfer. 

2.2 jystems including nate Control at the iurface by T?eact:L on  

or 1xchane Processes 

As their operation is often isotnermal the non-catalytic 

fluid-solid ion exotiange or rdorption processes may be 

regarded as special oases: w.th )nly the mass balance of the 

general equations, together with the rate of sorption, app1r. 

Some adsorption processes are not isothermal and tlere tue neat 



and mass balances must be coupled. 	The isothermal equations 

are of interest beoause of the wide application of such 

processes but in addition they exhibit some of the features 

of the more complicated reactions enoomtered in 

metallurgical operations and suggest methods of attaok on 

their models. 

The single phase mass transfer situation with linear 

equilibriwn and external diffusion resistance has been 

considered above. 	Biohoff and Lovenspiel (1962) contrast 

and compare diffusion models of different complexity for 

linear rate processes using the second momenta, 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 

oharaoteriatio dimensiona 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 model 

simulate experimental conditions more accurately he used a 

quartio equation instead of a step function at start up. 

The quartio equation was a best fit approximation to the 
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observed input function. 	Chao and Hoelsoher (1966) 

considered the same equations but included a term for active 

surface interonange i.e. an accumulation term for the solid 

concentration (viz.) 

axn - st' am = 6 am + (l-.b) aM 

Pe âz2 	
az 

This corresponds to the isothermal gas—solid reaction 

with a zero order reaction. 

Very little work Is available for adiabatic or 

quasiadiabatic sorption processes. 	Axnundson et al (1965) 

however have considered the transient one dimensional 

equations for adiabatic 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 tneory is for 

single solutes. 

etty and Armstrong (1964) examined the adiabatic 

adsorption 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 valid within the design space 

covered by the experiments. 
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The most general work on coupled heRt and mass transfer 

with chemical reaction is that of Crider and Foes (1966) and 

Lee 	(1966). These papers gave the results of numerical 

solutions of various models. .ridar 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 differential unsteady state equations to evaluate 

respectively axial and radial mixing, axial mixing alone 

and plug flow oeration. 	They used a second order reaction 

iiomogeneous in the fluid phase, varying the reaction rate 

and the thermal capacity of the packing. 

Lee (1966) developed a technique based on Ne?.ton 

Paphson Iteration to solve the one dimensional transient 

equations including axial mixing in the fluid for a first 

order reaction. 	The convergence of the iterative metnod 

is very rapid, three or four steps, and the results are 

compared with Liu and Aniundson's (1963) for the oases of 

isothermal and adiabatic operation. 

A number of workers, Liu (1963)  4arden (1963) and 

Beyer (1964) also have analysed the stability of packed 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 

intere5t 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 approach has been 

by 3ohulman (1963) but this too is a much simplified case. 

ohu1man (1963) formulated the one dimensional, plug 

flow, unsteady state equations for the combustion of carbon 

during catalyst regeneration. 	A term including heat loss 

at the wall is included and balances written for conservation 

of neat, carbon and oxygen. 	These partial differential 

equations 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. 	This is reasonable for catalyst regeneration but not 

for many non-catalytic reactions encountered, for instance, 

limestone calcination and zinc suiphide oxidation. 

The complexity of the equations for this type of system 

has focused considerable attention upon a)proximate solutions. 

A similar situation prevails for many non-linear adsorption 

equilibrium isotherms. 	.n equilibrium isotherm being the 

distribution of solute between solid and flu.id urtctei 

stct€. 
2.3 Approximate o1utions 

Ona 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 shape. 	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 deteruiined. 	This approach has great utility 

as practical, considerations usually demand "favourable" 

equilibrium. 

Tecently Cooney and Lightfoot (1965) have extended 

the proof of the existence of asymptotic solutions to the 

differential equations which describe single solute fixed bed 

exchange prooeasea. 	The existence of these profiles was 

proved by osen (1952) for conditions of zero axial dispersion 

and finite boundary layer mass transfer resistance: the 

solutions are now extended to include axial dispersion. bj 

Cooney and Lightfoot (1965). 	Later they extended their 

results for single solutea to multicomponent systems of 

mutually interferring solutes (1966). 	For Rosen's case 

they consider different types of iaotherms 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 s 

d 2  m - 2m -Xm1  = 0 

dz2  

which when rearranged becomes : 
(.1 

M(Z) 	1 - X ( 	k(z,z') m'1 (z') dz' 

where z' is the reactor boundary. 

The iterative method gives solutions for small values of X. 

A solution is given for the case when the product, 3X, 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 is 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 

operntion 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 tone 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. One is approximation by reduction of 

process variables, the otier 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. 	idgion (1961) reviews the various models 

proposed and advances a similar model of his own (1962). 

Dancoisne and Miohaud also have used this approach 

(1959, 1962). 

Sohiuter ac1 Bitsianos (1961) analysed the meohanin 

of iron ore sintering by creating a combustion zone and then 

quenciing the reaction in order to examine the ainter. 	Cue 

of the first usee of the zone approach was that of Voice and 

ild (1956) and later 74ild and Dixon (1961) who investigated 

the temperature profiles and zone speeds of endotherniio zones 

produced when wet iron ore mixes and calcium carbonate were  



23. 

aintered with coke. However none of these workers have 

formulated the general equations for this type of analysis 

or tried to apply it outeide the limited operation of iron 

ore reduction. 

Beveridge (1963)  formulated the general balances for 

any zone under pseudo-steady state conditions and showed its 

applicability to reaction and exchange processes. 	The 

advantage of this work is its generality and that it throws 

emphesie on to the velocity of the zone as an important 

parameter in design. In addition the general theory has 

applications to the sorption processes described above 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 solid interfaces. 	The general equations for zone 

propagation are simple to use and assume only constant zone 

velocity in addition to the assumptions made above, namely, 

one dimensional representation is possible, uniform flow and 

constant 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 disadvantage 

that constant velocity of the zone must be a realistic 

assumption 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 and thermocouples. 
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CHAPTER - 

XP IMTALA' ,PA*RAT US  

3.0 Introduction 

The apparatus which is tè be a model of the industrial 

systems outlined previously must use small isaples of solid 

in its bed. 	This bed must remain radially adiabatic in spite 

of sudden temperature changes within it and in spite of its 

small diameter. 	In addition the axial temperatute must be 

measured as a function of axial distance and time so that 

the movement of zones may be followed. 	For this it is only 

necessary to place thermocouples in known positions and 

record their output as a function of time. 

The bed is cylindrical and adiabatic conditions are 

achieved by surrounding it with an annular bed in which the 

same processes occur at the same time and level. Because 

it 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 same time in both beds; how this 

is achieved does not matter. 

A test bed within a guard bed was chosen wuen it vas 

found impractical to use wall wound heaters alone to achieve 

adiabaticitY in a single bed. 	The wall temperatures, 

controlled by such heaters, could not follow the sudden 
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temperature rises within the bed when the endotherraiC 

process was complete at 1iny level. 	The guard bed method 

also has the advantage that once the technique of matching 

the temperature is mastered, it may be applied easily 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. 

For each gas—solid system examined the apparatus must 

supply the gas and the heat for the endothermio 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 heat for the endotheic process is supplied by 

the gas stream heated outside the bed. 	This corresponds to 

heating the gas by passage through an exothermic zone 

before the endothermic one. 	The choice of v8riablee to be 

controlled depends on the system being examined2 the system 

chosen for this projeot was air/wet catalyst carrier and for 

this system the variables are gas inlet temperature, gas 

inlet moisture content, gas flow rate and solid moietre 

content. 

This system was chosen because owing to the large beat 
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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 

particles may be used repeatedly and the water content of 

them can be varied. 	'%ater is often present in particles 

used for metallurgical operations as froth flotation is a 

common preliminary treatment and so the system has a 

practical industrial counterpart. 	Fig. 3 shows a block 

diagram of the apparatus. 

3.1 Notes on Apparatus Design 

The apparatus 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 a dry basis (m 2 ) its dry bulb 

temperature (t 2 ) and its flow rate on an inert basis ((i). 

The inlet moisture content is controlled by a saturator 

and bypass unit after the air oompressor. 	The temperature 

t 2  is controlled by the flow rate through a pipe heated by 

an electric element supplied from a Variao. 	The flow 

rate is varied 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  



AIR EXIT 

- CONDENSER & 
ROTAMETER 

GUARD AND 
TEST BEDS 
A & B 
ATM OSFHERE 
VENTS 

FURNACE 

HUMIDITY 
N 

KI 

SATURATOR 

& BYPASS 

r 

COMPRESScp & 
ORIFICE IN EXIT PIPE 
& MAIN ROTAMETER 
AIR INTAKES 
&Si GEL 3D 

FiG3 
BLOCi< DIAGRAM OF APPARATUS 



27. 

set into the flange and filled with packing, the same 

diameter as the guard bed. The measuring part of the 

apparatus is considered separately from the gas conditioning 

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

3.1.0 Gas Supply 

The compressor draws air eitner directly from the 

surrounding atmosphere or through a siuiaa 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. 

Interonangeable orifices allow the pressure to be maintained 

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 atabilises the 

furnace exit temperature down stream of the orifice. Oil 

is filtered and flow fluctuations damped by passing the air 

through a glass wool filter and ba].lotini 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 junction 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 tc ci. vert Lo t*t 

atmosphere or to the mounting flange. The direction of 

flow is chosen by the position of a double cone valve 

which blocks either one of the pipes. 	The cone is mounted 

on a rod sO that a simple push pull, action switches the gas 

from the atmosphere vent to the test position. 	The 

pressure drop throub the vent is adjusted to be the same 

as across 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 

adiabatic 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 3ed 

The bed itself consists of a three inezi inside diameter 

flanged brass tube supporting an inner one inch inside 

diameter "Piberfrax" paper tube. Externally wound heater 

sections supply the heat capacity requirements of the brass 

bed and any external losses. Four Varlacs each control the 

voltage applied to a group of three sections together with 

individual rheostats for fine adjustments. 	Trial runs to 

set the heaters to maintain adiabatic steady state conditions 
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are carried out before a statistical design experiment. 

The 'Fiberfrax' tube has a heat capacity negligible 

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

insulator which reduces longitudinal conduction. 	The bed 

is sealed to the flange with a damp 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 carries 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_300  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 rim 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 mu]tipoint recorder. 

At each level there are two tieriocoun1es 9  one on 

the test bed axis and one in the centl-e of the guird 

bed and these are linked to adjacent points on the 

multipoint recorder, the rotary switch allows 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 furnace thermocouples measure 

the temperature of the furnace exit gas, the wall of the 

pipe leading to the flange, the junction of the well wall 

and the flange and the gas at the well centre just below 

the gauze at the bottom of the beds. 

The temperature is 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 apparatus is suitable for some systems as it stands 

but for others minor modifications would be necessary. For 

instance, 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 

valve system attached to a cnrbon 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 Technique of Operation 

Before each run the furnace heater currents and total 

mass flow of gas are set and the apparatus warms up with the 

gas vented to atmosphere through A. 	The starting of the 

compressor and switching on of the heaters is accomplished 

with a time delay relay in the early hours of the morning. 

The values of the variables set are checked once steady 

state has been reached with the gas vented through A and no 

bed in place. 

To 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 so that temperature fluctuations due to flow 

fluctuations before and after the change over from the dummy 

to the actual bed are minimised. At the start of the run 

the dummy bed is replaced by the actual 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 veloolty 

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 and adiabatic conditions are obtained. 

The flow through the test bed must be maintained 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. Heaters are wound in axial seotions 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 

oonditions. 

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 	hoto9tc4h5 oo5te. 
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is set to supply gas slightly in excess of the requirement 

for equal gas flow per unit area of arose—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 (t 2 ). 	In practice however slight 

adjustments can be made provided these compensate so that 

t 2  is unaltered. 

The decision to change the velocity of the guard bed 

wave is based upon the difference between the thermocouple 

readings at the same level in the guard and teat beds. 

As sOOn as this is greater than zero the guard bed velocity 

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 and considerable exerience is neceaary to 

maintain adiabatic conditions throughout a run. 	Typical 

multipoint recorder ohart showing the adjacent temperatures 

at successive levels is shown in fig. 4. 
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CIIAPT RR 4 

AN ANALY3IS BY A EA 1 ABL LCN1 TCHN1c..UE 

The complete continuum model for heat and mass 

transfer in a packed bed with chemical reaction was 

formulated by 3inger and i].helm (1950) but as we have seen 

solutions are only possible for simplified versions. The 

amplifications used in this work are chosen from consideration 

of conditions in industrial packed beds. 	The main 

assumptions, of radial adiabaticity and angular symmetry 

perpendicular 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; but still is solvable only for 

the simplest chemical rate expressions. 

As has been shown it is possible to separate the complex 

processes ocour-'-ing in many non-catalytic gas-solid reactions 

by postulating the existence of zones. 	The processes 

occurring within these zones, although individually complex, 

may be capable of solution as the number of processes 

considered together is reduced. The usual approach defines 

one zone as equivalent to the bed and so all processes must 

be included in one analysis. 

The one dimensional model can be applied to individual 
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zones defined by the hypothesia of the separable zone 

approach and hence an internal analysis made of them. 

The definition of the zone limits fixes the zone boundary 

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 unrealistic simplification to permit 

an analytical solution. Various zones associated with 

through circulation drying in fixed and moving beds are 

consi dered. 

4.0 ioving 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 balances for each can then be represented by 

one model in which the unsteady state process of a moving 

zone may be represented by stedy state equations. 	Thia 

may be called the pseudo-steady state viz, 

K f  d 
2  t - (G - Vo,,c )c dt 	h(T - t) = 0 	(1) 

d. 
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' ärn - (G - Vop )dm + k(M - m) 	0 	(2) 

dz6 	 d. 

E d 2  T + V(l - Ô)pO 	- hV(T - t) + 	(-AH) 	0 	(3) 
3 
d. 	 dir 

2 	.e V(l - 	 - k(M - 	1 	0 	(4) 

solutions to this 6eneral model will be presented for 

certain oases Q 4.2). First let us consider the overall 

balance equations (see Chapter 2 9  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 baaie of this project 

it seems suitable 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 alone, 

heat transfer + drying and heat transfer + a cemical reaction 

are all oomon in industrial systems (see fig. 1 ). 	Let us 

look at the published balances as applied to heat transfer 

and 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 

aocuracy with which the control parameters (m2t 2  M4  G) 

values are known. 

4.1.1 Jonstant Tate Drying one + Heat Transfer 

Mass Balance 

__ = 
 

V(l —6),fl5 	- m2  

Heat Balance 

G - \I) 	= C 3 (T 2  - t 4 ) + M 4L 4  

v(1_o) 	
(C 	m20)(t2 - t 4 ) 

For the ease of general application the balances have 

been rearranged as functions of characteristic groups. 

Drying Zone 

	

(G - Vô10 )(c + cm2) = M 4 (o -p m2oW ) 	 ( 5) 

V(l - o)/0O 	0 	(m4  - m2 ) 

where M is called group CSR - capacity solids ratio 

C 
S 

and a + zn2o 	" 	
" 	 cc;R - 	I, gas 
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t 3  = (c + m2c) LT4 + T 4 	 (6) 

m4 —m 2  

Heat Transfer Zone Balance 

v= (T 2 —T3 ) 
	

(7) 

- t 3  

Tables have been produced on a digital computer for the 

dependent variables as functions of the characteristic 

groups (see Appendie) For this purpose the drying zone 

heat balance has been separated from that for the heat 

transfer zone as in equation (6) above. And 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 

corresponding to the OGR values as sometimes m 2  is the more 

convenient parameter. 	An illustration of the tables' 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 fister than the later 
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ones an expanding zone will be created between the two: 

if vice versa 18 the case the temperature and concentration 

profiles through the zones will become self sharpening as 

the faster zones cannot move out of sequence to overtake 

the slower. 

While these simple overall balances can predict the 

velocity of a sequence of zones they can supply no estimate 

of the zone length which is an essential parameter if the 

separable zone technique is to be used for design purposes 

neither can they link zones separated by an expanding zone. 

This information can only come from the Internal analyses, 

which follow. 

4.2 Internal Analyses 

4.2.1 zone with Pure Heat Transfer Procee! 

The equations for the internal anelysis of a zone 

without reaction become equation. (l)a..flcL ( ) 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. 	egions 

of pure heat transfer are needed to balance any zone system 

such as is proposed here. 

The solution to the equations depends upon wnether 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 18 integrable once at 

sight. 	The resulting cubic equation has an analytical 

solution and so the general solution becomes 

t 	az 0 1 e 	. oe 	0 5 	+ 0
4  

similarly 

a'z 	A'g 	' 
T 	0  e 	4 02 e 	4 c e 	+ 0 4  

wtiere a. 0 0 and ', P ', ' are the roots of the cubic 

auxiliary equation which may have three teal and separate, 

three real equal or one real and two imaginary 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 differential equations. 	This is the 

diffusion model which must be used in conjunction with tne 

approximate zone theory as this assumes plug flow of gas 

and solid. 
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- Po dt + (T - t) 	0 
	

(8) 
hD dz 

V(]. - 6) , 	dT - (T—t)=O 
	

(9) 

hv Dp 
	 dz 

Tixese when combined into a second order equation have 

an immediate solution which oharaoterieee the temperature 

profile by only two diznensionlees groups. 

—st'(l - V t 	+ oe 	 ) z 

T = c 	02Ve 	- v.R) z 

where St' Is a modified Btanton number hvDp/G'o 

is the ratio G'0/i(1 - 6)/ 0 0 

Once the8e two parameters are known the calculation of 

the zone length follows and hence the mean residence time 

necessary to establish given conditions in the zones before 

and after the heat transfer zone. 

The modified stanton number may be calculated from 

correlations of the J I, factor of Chilton and Colburn (1934: 

with modification for the volumctric heat transfer 

coefficient used in the definition of St'. 	A typical 
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representative of such correlations, by De Acetia and 

Thodos (1960) was used here as it was derived from 

ex'ørimenta on a similar system. VR  i9 known ±,e eect 

LV 	roughputs of aolid and gas. The profile ae 

easily seen to be an exponential 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 

partlole diameter ratios and solids of low oonduotivity and 

relatively low temperature gradients through the bed. In 

some metallurgical processes the temperatures reached are 

high enough to warrant the inolueion of the axial terms in 

the internal analysis even though the metal ores may have low 

conductivltiee. 	For instanc, it is thought that axial 

conduction and radiation, carrying 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 	ndothermic Lonea 

For reasons given previously by 3everidgo (1963) the 

endotherraic zones in any sequence are likely to move the 

slowest, and being posaibly rate controlling their internal 

analysis in of some Interest. 	Although the velocities of 
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individual zones may be predicted by the approximate 

approach using overall balances internal analysis of the 

zones 19 required to fix their lengths and temperature 

and mass concentration profiles. 

Constant flate Drying Zone 

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 gas and solid have some fractional 

approach to each other (say 0.01 0C for instance) the length 

is practicable. 	If the moisture content of the solid 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 eight as the solid temperature 

remains constant at the wet-bulb temperature. 

F 

- Go dt + 
dz 

(T - t) = 0 (10) 

This has the general solution : 

t - T = Ce3tZ 

and if the boundary conditions on the zone at plane. (3) 

and (4) are inoluded : 
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zO, t=t 1 ; 

- 	0-St'z 	 (11') 

t 3 -T4  

The similar aolution for mass transfer Is : 

m - m 

a3  a5  

-kvDp .z 
De G (12) 

where a is the saturation moisture content of the gas at 

the wet-bulb temperature. 

Above the gas temperature profiles for the much simli.fied 

model Used to predict 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 ohange in gas erithalpy due to 

the increase in the moisture content of the gas on passage 

through the zone. The differential equations have been 

modified to include this effect giving for the fluid phase 

Heat Balanoe 

	

+ mw1 dt 	(T- t) - 0 	(13) 

[DP 	hvDPj dz 
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Maae Balance 

_, 	.. = 	(rn—rn 8 )  dyn 

1tDp dz 

When integrated the general solution for heat transfer 

may be compared with the solution to the more simplified 

equation presented earlier. 

t - P 	(a1  + B1
) e - z/A1 	

(14) 

3 	 + B1 e 

Qualitative oomparison profiles, fluid 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 qualitative profiles were 

based show that the humid heat variation may be ignored for 

practical purposes (see Appendix 3). 

gui1ibriuin Zone 

In this zone a gas almost saturated i5 being cooled 

and the solid previously at ambient temperature is heating 

up to the equilibrium temperature, the wet bulb temperature. 

As a 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 

considered outside the scope of the project. The overall 

balances 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 otner zones and in a stationary bed will 

approach its potential maximum velooity. The drying zone 

therefore expands with plan. (4) moving at the velocity 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 to the solid temperature and the temjieratUre 

gradients are infinitesimally small. 	However the results 

of this project bear out the buffer zone postulate (see 

Chapter 5). 

4.2.3 Model for re9ent Exjerimenta1 	stem 

In any moving zone system which caters for zones 
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moving at different speeds, heat transfer regions must be 

	

specified which expand or contract. 	For instance in the 

stationary bed used in this project a drying zone moves 

through the bed causing an expanding heat transfer zone to 

follow it. 
IeipeTCLtLl.Te C k)La 

1' 	 E-.d Uj bed. 

	

TDrLL\q zQn- 	ct tLc'(\L e 1  

-> 1 -  - 	f\t ture 

-7--- 

i5c&rC€ -\1oL)gh IccL 

Terpercctuie pks kruL*cJh 

Cit 	SL;C - SiVe 

Showing this behaviour on a distance v time graph we plot 

the time for the temperature wave front to reach 

sucoeesively higkier ttierraocouple levels. 
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z 

StCL C 

±roih H 
beck. 	I  

! 	 i 

_7N  T0 ot ec- 

P  O~ M. 
%W1401 tLn-e. —>8 

the cross aatched zone represents the endothermic 

drying zone moving at constant velocity and with constant 

width. 	The vertical shading represents the fresh wet 

solid and the horizontal shading the buffer zone expanding 

between the drying and equilibrium zone. 	The left to right 

shaded portion represents the constant velocity, contaflt 

width equilibrium zone and the right to left shading 

represents the aeat transfer zone expanding behind the 

drying zone. 

xpanding one 

This expanding zone cn be repre3eiited by the one 



Expanding Zone Boundary Conditions 

At expending boundary z VG Y' 0 ? m 9-7 0 T = i. 3  

At fixed boundary z = 0 Z' = 0 e = = t 2  

As z—o Y'-,co Tia finite 

N.B. t at e = 0 t z = 0 unknown as discontinuity 
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dimensional unsteadi state heat transfer equations. 	If 

back diffu8ion of the gas and conduction through the solid 

can be ignored and the rearmoat zone expands at constant 

velocity, these unsteady state equations may be solved 

using Laplace Transforms 	As this teci'ue treats initial 

value problems the independent variable z Is transformed 

using the substitution Y = z - 	so tnat the knovai 

boundary conditions at the expanding boundary become 

initial conditions at Y = 0. 	Graphically the effect of the 

transformation is to expand the right to left shaded 

portion of the z/ê plot above to occupy the whole quadrant. 

Fluid Heat Balance 

Joli 

where 
	0 = ( G—VÔ,,o)e 

- 	e:c 



50. 

The analytical solution obtained is not immediately 

usable as it involves integrals derived from the 

convolution treorem. 	Three solutions of interest arise 

from these heat balances on the two phases; solid and 

fluid teinperstures as functions of distance, and hence the 

fluid condition at the expanding boundary. 	41so rarising 

from the general solutions are the trivial solutions at 

the inlet to tue expanding zone. 	The derivation of tieae 

solutions is given in the appendix.() 

General 3olutions 

Fluid .hase 

/1 

I 1z' 

te ' 	(T3  - t 2 ) 
- 1/2 

q.(C2 	 + + 2-)i 	 2-) 
1 

j e 	q( 	')I (qT) d d 

0 

I cx T 
+ 	e— . q. tI 1 (q) 

J 0  
+ t2 e 	(19) 
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Solid Phase 

Te" 	(T 3— t 2 )q 	e (t 2  + 2t)/2  I1(q(2 + 21/2) d 

+ P 3  + t 2(e' 	1) 	 (20) 

Fluid Conditions at 'xpanding Boundary Y' = 0 

	

—c 	—1 

2 
P 3  - t 

Jo 
2 	q.e . 	Ij. (qT)d1 + t 2 	 (21) 

The last of these three equations is integrable 

analytically to give an 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 unsteady state equations 

although stated here in terms of temperature are valid for any 

general concentration parameter and as the form of the 

solutions vemains the same the integrals have been calculated and 

graphed as functions of their generalised parameters for future use. 

The fluid condition at the expanding boundary has been 

graphed as : 

	

t 2  - t 3 	a 	P1 	k4z, z') 	 (22) 

	

- T 	 l/2 

DDOIII 
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where k(,z') denotes the integral expression. 	Similarly 

the solid temperature function, as it is usually the solid 

temperature which is measured, has been calculated and graphed asi 

7 ,  / 
e 	ft 2 	P 

Y ,  t2T 	V 

F' 2 	k(75,z',Y') 

01/2 

(23) 

The form of the functions is ahown in fig. 6 from which it 

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

increase the fluid exit conditions approach a constant value. 

By a suitable iterative procedure this function may be used to 

determine the inlet boundary conditions for a zone ahead of 

the expanding one. 	In this way, using graphical iteration, 

the inlet conditions to the drying zone were found and hence 

theoretical velocities for the zone calculated for comparison 

with those measured. 

4.3 Overall Balances - 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 

gradients without completing the whole zone internal analysis 

which presents the difficulty. Webner and Wilhelm and their 
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successors snowed how to attack this problem when they 

considered boundary conditions in flow reactors (1956 9  1961 9  

1966). 

if the zone system is divided into three zones 

(i) -00< z < a 

a c z c b 

(iii) b ( z < 	0O 

and all reaction or exchange processes are confined to the 

zone ab, the differential mass and heat balances may be 

formulated for the semi—infinite end zones. 	These will be 

simpler than the balances 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 exohange 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 

solid in the and zones. 	It is possible that solids 

baokinixing occurs in moving beds but very little is known 

about 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 



across the zone boundary. 
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- t - c Ctc.in 

C: 

	

- >o .-.-. 	 ci 	 b 

For heat transfer however tkiere is the possibility 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 dt - 1 T - 1 	dT - tb + 1 	dtb 	
- 0b - 	dTb 

	

a 	a - a - 	a  
Pef dz  V2 	Pef dz 	Pef dz 	VIR 	Pe dz 

- 	(-H) 	1a - Mib) = 0 	(24) 
C 

S 
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where Pe = GY 'cIp 	Pe 5  = cPcDp 	and a 	M IL  d1 , the 

k 	 k 
f 	 S 

total entlialpy of i species. 

Mass Balance 

CMia flhib+,+ 	C S MIb 
Pef 	 V 	 Pe 	V 

- 1 	C 	- Mib) = 0 	(25) 

where Pef  and ±e 5  are the corresponding groups for mass 

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

E 3  

The differential heat balances, and similarly the mass 

balance, take the simplified form below for the end zones. 

Fluid Balance 

1 	d 2  t - dt • 	t'(T - t) = 0 	 (26) 

dz 

Solid Balance 

1 	dT + 1 dT - st'(T—t) = 0 	 (27) 

Pe dz2 	dz 
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The differential equations may be integrated and combined 

to give : 

	

1 .dt — t + 1 	dT + T 	= k 	 (28) 

Pe dz 	 Ps 5  dz 	V 
IR 

As z - 	 and dT --  0 ; t and T  

dz 	dz 

andT 	CO 

Hence 
—1 	 -•1 

For zone —°°< z < a k = t(—°°)(V 	— 1) = TA(V 	— 1) 	(29) 

b ( z c +O k a To(VR — i) 	 (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 boundary conditions at finite values of z 

replaced by those at +c'O . 	riting this in fUll with gas 

and condenaible enthalpies written separately : 

VR I 	 E.Cibib(TA_ t') — 	Ci Mi  (TA  t') + (T c— T )c a + h(frli —Mib) 

— b Hib + C(T — T a )  
S.  

(31) 

similarly for the drying zone we may anew that 2 

miA=mi('° )= 	mia 	 % + 	dm1; 	m( + 0)==m0  

dz GDP 
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iystem Parameters Used in 0mpUter ¶)esi 
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and the conditions at + ooreplaoe the conditions at the 

finite zone boundaries when axial effects are present. 

The overall mass balance then becomes : 

= 	- Mi  

C 	rniAmib 

These zones may be analysed internally when the heat 

transfer analysis is the same as given in appendix (3) and 

the mass transfer analysis is as published by uehner and 

'ilhelm (1956). 

4.4 Application of the separable zone Technique 

To lllu8trate 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 typical of the 

boundaries of these zones when they occur on a i)wight Lloyd 

sinter strand during zinc suiphide oxidation. 	To illustrate 

also how the technique 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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i\ typical value of the moisture content of the wet 

suiptilde 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 (T2 ) 

and the gas temperature at the same point (t 2 ). 	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 tnree zones were therefore linked by a trial and error 

method using the overall balances and once all the overall 

balances were satisfied, the internal analyses 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, {o 	thi-ee 

r-ei- esentattVe 	CctS€5. 
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tF TF tF F F 

1 	1029 1000 308 110 106 1.214 

ii 	1390  1000 405 120 114 0.877 

iii 	1857 1000 533 130 122 0.646 

1 	1 D 	1 + 1D(ifls) 

	

27.3 45.7 	9" 

	

8.3 41.0 	6" 

	

5.4 3b.9 	5" 

particle 

dl aineters 

In result (1) the gas and solid temperatures are very 

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

true values found In practice. 	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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CHA!T 

!tesults and Discussion 

5.0 !suLt9 

5.0.1. Apparatue 

An apparatus has been built for the study of unsteadY state 

gas—solid systems such as are found in nonoatalytlo fixed bed 

processes. The apparatus was used to measure the velocities of 

moving zones in such systems while maintaining adiabatic conditions 

as found in industrial beds of large cross section. J.'ie 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 nonoatalytic gas solid 

systems under adiabatic conditions when small samples are used 

were successfully overcome by surrounding the test bed by a guard 

bed in which the some processes occurred. (See Chapter 3.) The 

fea8ibility of this technique was proved in operation and velocity 

measurements on the gas solid system air—wet porous ctalyat 

pellet a. 

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 trio drying zone velocity (V) 



Thm Time for temperature 	ave to reoh 	each 

No. thermocouple level from time 	ero (mine) 

02 VJ 04 05 06 07 08 09 010 011 C12 

*53 1406 28.9 16.8 54.7 65.1 80.9 91.2 108.3 118.7 135.1 146.9 

*56 16.9 31.4 46.5 61.1 74.0 90.7 107.1 126.7 143.1 161.9 176.1 

*64 12,6 27.8 41.3 55.6 69.8 86.7 98,7 117.4 1304 145.2 157.7 

*65 19.8 39.5 58.8 80.0 101.0 120.2 142.5 175.2 199.0 223.5 241.2 

*63 6.6 13.4  19.8 27.3 35.4 41.8 47.9 55.2 61.6 70.3 75.4 

*61 5.8 13.6 19,8 27.5 34.0 41.5 47.7 55.5 62.0 70.0 78.2 

*57 6.2 16.8 24.6 32.4 41.6 50.6 57.2 68.4 77.6 86.0 93.0 

*67 9.0 17.4 26.2 33.5 42.4 51.1 58.7 68.7 76.7 85.1 94.9 

*52 6.4 15.1 23.6 30.2 37.8 46.1 52.2 61.4 67.8 74.8 81.2 

*66 10.2 20.4 29.9 42.3 51.7 61.9 70.0 - 93.3 105.9 118.3 

*59 9.2 19.8 27.0 39.4 49.4 58.6 67.0 79.4 90.0 97.4 108.2 

*58 10.6 25.6 35.6 47.8 59.0 b8.6 77.0 92,4 106.0 120.6 134.6 

*9 2.7 7.1 11.0 15.3 19.6 23.6 27.4 31.4 35.6 40.0 43.6 

*55 3.6 7.6 12.4 16.6 20.8 24.8 29.4 34,8 39,7 45.0 49.3 

*62 3.6 9,8 14.2 18.2 23.2 27.8 31.9 37.9 41.8 47.0 51.0 

*60 4.2 11.0 15.6 20.8 26.1 31.8 W 43.4 47.6 53.8 58.8 

*94 5.5 12.2 19.7 27.5 36.9 45.0 51.8 64.2 71.7 80.4 89.0 

*95 3.8 10.2 15.6 21.1 26.5 33.2 37.7 45.3 51.3 58.7 64.3 

W96 4,3 10.9 15.1 23.2 29.1 35.0 41.3 49.4 55.8 63.6 70.2 

*97 5,5 15.8 2398 33.4 43,4 52.2 63.6 76.1 85.6 98.6 10900 

186 10.5 24.2 37.0 54.0 69.0 83.5 94.5 112.8 128.5 143.5 156.5 

*91 15.5 36.5 51.8 72.2 86.5 110.5 126.8 157,8 177.2 203.2 220.0 

*88 5.0 12.5 173 25,4 30.4 40.2 47.2 56.4 62.2 71.4 79.8 

*90 6 1 1 14.6 21.6 28.5 35.7 45.3 51.1 60.8 68.1 76.4 82.9 

*93 8.2 20.6 27.7 37.0 48.2 58.0 66.1 77.5 86.8 95.2 105.5 

*92 7.4 184 26.2 37.4 47.2 56.7 66.4 74.8 84.4 92.3 101.4 

*89 2.9 7.2 11.2 16.3 2098 25.5 28.4 34.0 38.5 41.2 46.4 

*87 3,6 8.8 12.8 17.6 22.2 26.4 31.2 36.8 42.1 46.8 52.8 

l,2.3-------- indicate thermoaouple levels 

is always time zero and 
in at the bottom of the bed. 
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XP.IMITAL DATA 

Run 	Levels 	Scaled Values of md. Var. 	Expt. 	Theor. 
No. 	 m 	M 	 t 	G 	V/G 	V/a 

W53 1 -1 -0.8 -1 -1 30.6 33.2 
W56 a 1 -1.2686 -1 -1 25.2 29.0 
V64 M -1 0.6286 -1 -1 27.8 28.5 

W65 aM 1.3 1 -1 -1 1910 20.0 

V63 t -1 -0.8 1 -1 58.6 62.4 
W61 mt 0.4 -0.7714 1 -1 57.2 62.6 
W57 Mt -1 1.5143 1 -1 46.8 52.3 

W67 mMt 1.3 1.1429 1 -1 47.8 52.1 
Vs52 G -1 -0.8857 -1 1 33.8 33.9 

66 mG 1.75 -0.3571 -1 1 24.7 24.7 

W59 MG -1 1.4571 -1 1 25.5 26.4 
W58 aMG 0.4 1.1714 -1 1 21.0 23.7 

W69 tG -1 -0.7314 1 1 61.7 63.3 
W55 mtG 2.2 -1.3429 1 1 55.0 64.8 
W62 MtG -1 1.2514 1 1 53.8 52.8 
W60 aMtG 0.9 1.4 1 1 46.7 51.8 
W94 2 0.0857 1 -1 47.9 57.0 
i95 1.1 -1.8120 1 -.1 67.6 70.8 

W96 1.1 0.1543 2 -1 61.6 71.1 
W97 1.2 -0.9257 1 -2 56.6 63.7 

Runs W52 - 69 

Runs IA94 - 97 
Variables are 

a 
Base 	0.01 

are the o 
are extra 
scaled to 

lb .water 
lb drygas 

riginal factorial design 
points to make up composite desii 
zero at the centre of the expt. range 

t 	 G 
15.25 lb.water 230 °P 	320 lb 

lb.drysolid 	 hr.ft 
Ciii t 
Range 	0 1 01 	 1.75 
Scaled m-0.Ol 	 M-15.25 
Var. 	0 1 01 	 1.75 
Units V/G 	ins.hr .ft 2  

min.lb  

65 	 75 

t-230 	 G-320 

65 	 75 



Cl 0 
C2 	0.8125 
03 = 1.875 
04 	2.8125 
05 = 3.8125 
06 	4.8125 

07 = 5.875 
08 = 6.75 
09 7.9375 
ClOu 8.8125 
C11= 9.875 
012=10.75 

Run Levels Scaled Values of md. Var. !xpt. Theor. 

No. a M t G V/G V/G 

W86(3) 1 -1 -0 1 0114 -1 -1 27.0 30.8 

W91 aM 0.92 1.3429 -1 -1 19.6 22.7 
V88 at 0.975 -0.2 1 -1 54.3 60.0 

W90 Mt -1 1.0114 1 -1 52.7 54.6 

W93 mG 0.9 -0.7143 -1 1 26.2 30.7 

W92 bG -1 1.1429 -1 1 26.9 27.2 

W89 tG -1 0.0171 1 1 58.1 58.2 

W87 aMtG 0.94 1.0857 1 1 52.1 52.1 

w86(3) - 93 Thme for 1/2 replicate check experiment 

W72 -1 -1.8114 0 -1 50.4 54.9 

W73 -1 -2.0000 -1 0 35.4 38.6 

W75 -1 -2.5771 0 0 53.4 57.5 

W74 -1 -201943 1 0 73.5 76.6 
W71 -1 -1.2400 0 1 50.4 51.8 

W77 -1 -3.6686 -'3. -1 46.6 49.6 
W79 -1 -4.8349 1 -1 103.8 106.4 

80 -1 -4.9289 -1 0 63.1 62.9 
w82 -1 -2.6857 1 0 75.5 75.1 

v84 -1 -5.0000 0 1 86.5 88.4 

1V71 - 84 	xtx'a rune perfor,aed as test runs during 
development of apparatus. 

Height of thermocouples from bottom of bed (inches) 

3olld used in the bed was catalyst support pellets supplied by 
Norton Abrasives Ltd.,e1wn Garden City. 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 whioh is discussed in Appendix 4. 	Inlet 

gas temperature (t2 )

1 

 inlet gas moisture content (ni2 )

1 

 gas 

flow rate (G) and solids' moisture content (m 4 ) were the 

variables altered. 

For each set of experimental conditions, a theoretical 

"velocity" was also calculated. 	This response, chosen from a 

theoretical oonsideration 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 statistioal reasons given in Appendix 4, but 

equations (33) and (35) correspond to the same not of 

experimental conditions as do (34) and (36). 

xperimenta1 Respons 

V a 43.31 - 26m - 4.21M + 14.63t 2  + 0.92G - 0.66m2  i 0.51m 2  

- 1.81t 2  - 0,22G2  + 0.23mM # 0.5mt - 0.32mG - 0.94Mt 

+ 0.067MG - 0.034tG 
	

(31) 

V = 39,44 - 2.31m - 3.96M + 14 23t p 0.9G - 0,2m 2  .* 0.902  

- 0.33t 2  + 0.53G2  - 0.072mM .. 0.087mt - 0.48mG - 1.50Mt 

- 0.068MG + 0.03tG 	 (34) 
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Theoretical Responses 

V = 45.07 - 1.24m - 4.46M .p 15,3t + 0.17G - 0.6bm 2  + 0.46M2  

- 1.14t 2  + 0.08G2  - 0.25mM + 1.25mt + 0.04mG - 0.98Mt 

	

- 0.36MG - 0.25tG 
	

(35) 

V = 42.27 - 1.56m - 4.16M + 15.47t + 0.23G - 0.11m2  + 0.86M2  

	

- 0.518t 2 	079G2  - 0.007mM + 1.06mt 	p 0.12mG - 1. 421VIt 

	

- 0.13MG - 0.17tG 
	

(36) 

5.1 Disoussion 

5.1.1 tpParatue 

The main advantag, of the bed design in the apparatus is 

that it can duplicate for small samples, conditions normally 

found in commercial reactors of large adiabatio cross seotion. 

The degi' 	' bed witnin 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 and allowing adiabatic 

conditions to be maintained while reproducing processes 

	

whose temperature profiles change abruptly. 	In small lagged 

beds the heat oapaoity 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 compared to the particles. 

And externally wound heaters cannot 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 praotioe. For very high 

temperature applications or processes producing very fast 

moving zones the apparatus would have to be modified and 

automated. For instance, it is not practicable to mount the 

bed by hand at gas inlet temperatures much above 50C1C and if 

the zones move fast, some form of automatic control would t-

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 

expensive or in short supply. 

Of the four independent variables the measurement of the 

inlet gas moisture was the '"st inexact. 	The measurement of 

gas moisture contents is very difficult in either near dry or 

near saturation conditions. 	Lorenzen (1941) shows how the 

accuracy of a wet and dry bulb thermocouple hygrometer falls 

off at low moisture contents. 	The htidity sensor was 

orrcale at the low jnOijtuDe contents and required frequent 

oheokin due to drifting at the high ones. The errors in 

the other variables were small by comparison. The error in 



Tab1 4 

Statistical Design * 10 pta Statistical Design + 8 pts 

99 99 
Coeff. Expt. Conf. 	Theoretical Txpt. Conf. Theoretical 

TI ange Value ange Value 

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 

b. 2.32 -5.61 -4.16 -5.99 -2.43 -4.46 

bt 1.17 12.302 15,47 16.31 12.95 15.30 

b,, 2.90 -1,1C 0.23 2.62 -0.78 0.17 

b2 2.42 -2.82 -0.11 1.96 -3.29 -0.66 

1.41 0.471 0.86 2095 -1.94 +0.46 

b t  2 2.71 -3.37 -0.52 1.66 -5.28 -1.14 

bG2  3.59 -2.53 0.791 3.22 -3.66 0.08 

b, 1.39 -1.54 -0.007 1.94 -1.9 0.25 

bt 1.79 -1,62 1.06 2.09 -1.08 1.25 

1.2 -2.15 0.115 1.17 -1.81 0.04 

0.46 -2.55 -1.42 0.53 -2.60 -0.98 

blG 1.08 -1.09 -0.13 1.99 -1.86 0.36 

btG 2.04 -1.98 -0.17 1.62 -1.69 -0.25 
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the temperature measurement is about $ at worst. The 

rotazueter can be read to a similar accuracy. 	The solid 

sampling method was e*amined 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. 

5.1.2 Data 

As the coefficients of the second order terms in the 

approximate polynomial.a are generally much smaller than those 

of the first order terms, the velocity of the temperature wave 

(defined as V/a) 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 p'ediotione was assessed by comparing 

corresponding coefficients in the two pairs of polynomials 

(equations 33 to 36). 	From earlier experiments, it was 

concluded that the errors in the responses were normally 

distributed and so confienoe limits were calculated for the 

coefficients. Table 4 shows both sets of coefficients together 

with the confidence range for the experiments], ones* 	s the 

range includes the coefficients from the tneoretioal responses, we 

conclude that within experimental error the approximte zone 

theory predicts the experimentally found respoase.. 

The size of the coefficient for G terms and for the 



TABLE 	Comparison of Experimental and Theoretical Raeults(*) 

Comparison of 	eaponaea (V/U) 

TI un V/U (xpt1.) 10b 	VJG (Theoret.) 10 6  Jjff 

Yi 52 338 - 4 - 0,3 
W53 306 332 8.5 

W54 617 633 2.6 

V55 550 648 17.7 

W56 252 287 13.9 
Vv57 468 523 11.8 
W58 210 237 12.9 

W59 255 264 3.5 
Vu60 467 518 10.9 
W61 572 626 9.4 
Y62 538 528 1.9 

63 586 624 6.5 

Y64 278 285 2.5 
V65 190 200 5.3 
1666 247 247 0 

N67 478 521 9.0 

Factorial Mean Difference 7.3 
xtra pta. 	of 	 it ___ 

Overall 

PABL: 5g.. Comparison of et Bulb TemDeraturee 

Run T.. 	Iixpt1,) T. 3  (theoretical) 
W 86 (3) 	75 	O F 75°F 

W 87 106 98.4 

w 88 106 108.2 
W 89 96 95.1 
W 90 97 95.5 
V 91 94 94.1 
W 92 75 75.3 

93 95 1ll.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 invalidate 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 r funamental one. 

Tables 5 and 6a show both experimental and theoretical 

true velocities and the difference between them and a 

comparison of some measured and calculated wet bulb 

temperatures. 	The closeness of most of the theoretical 

velocities to those measured shows the validity of the 

separable zone approximate analysis technique. The mean 

difference between the velocities is shown at the foot of 

the Table. 

The close agreement in most cases between the wet bulb 

temperatures indicates the soundness of the expanding zone 

analysis. 	It was found that three or four trials of the 

iterative numerical calculating teotinique gave the wet bulb 

temperature to the same accuracy as it could be measured; a 

very fast convergence which emphasises the utility of the 

expanding zone analysis. 	An example is given in Appendix 5 

which illustrates this calculating 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 conolusions from the statistical 

analysis 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 snmplea as measured by the sinifioanoe 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. 1 . Relation between 3tati9tioal 7guatione and Theoretical Model 

The analysis of variance technique which was applied 

first to the results was a preliminary investigation to 

determine the relative magnitudes of the effects present. 	It 

indicated a more suitable dependent variable than the velocity 

itself (i.e. the quotient V/G) but was only used to examine 

the feotorial deein for snags, such as ineraoti'ii effects. 

Three mathematical models of the system (air/wet 

catalst pellets) which aa used in the experiments are 

presented. 	These are(1) 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 expriment. 

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 (1) and (ii) is equivalent to comparison of models (1) 

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 (iii) 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 

variable 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 variable space which were used in its 

derivation. 	Therefore once again the model (ill) should 

be used except at one of these points, although the 
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polynoinLal would be expected to be a very near approximation 

to model (iii) at points within the design space. 

In general the polynomial models are useful for 

comparing experimental reaults with those predicted by the 

theoretical model over a region of variable space, but at 

individual points in the space the theoretical model should 

be used. 

5.2. 	Some General Consideratioua. 

The simplicity of the separable zone technique imposes 

limitations on its applicability. 	Any system to which the 

technique is to be applied must be represented at least 

approximately by a l—D set of equations for the differential 

heat and mass balances. The division of the system into 

zones is another approximation and this demands iell 

established zones such as are shown in the estimated typical 

profile fig. 1 ( See Chapters 1 and 2 ). 	The internal 

analyses of the zones are restricted further tè 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 exotheruxic and endotheruto zones; the separable zone 

technique will apply to both if the assumptions of constant 

velocity and width are satisfied. 	This system is most likely 

when a slow endothermio zone preceeds a faster exotberuiic one, 

so that a self sharpening profile is produced. However, a 

countercurrent gae-solid system constrains the zones to be of 

constant width and the separating zone analysis is particularly 

applicable. 

For instance calcium carbonate decomposition in often 

carried out in vertical kilna in which the zones are of 

constant width. In these kilna 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 calcining zone, for instance, is 

limited to the length of the kiln in which the hot flue gas 

is in ocntaot 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 

internal 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 Tiecommendations for Future ork 

The separable zone technique 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 endothermia work would be to investigate a true 

endothermic reaction, for instance, a carbonate decomposition, 

and after this to experiment with systems Of exothermio and 

endotheimic, or a eequenOe 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 technique for examining other 
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complicated systems reacting at high temperatures (above 

100000 say) such as some metallurgical processes, can be 

developed. For instance, limestone oaloination and zinc 

suiphide oxidation show complicated sequential zone 

systems. 

Adiabatic sorption and deeorption problems are another 

field, hardly touched as yet, which are suitable for the 

separable zone technique and the concentric bed apparatus. 

This work would be at low temperatures with a consequent 

simplification of conetruotion 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 some industrial situations. 	If this 

proved to be a useful and feasible design method then 

academic and industrial research on single reactions would 

have more immediate application as work by different authors 

could be combined for industrial use using the separable 

zone technique. 
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APPND1X 1 

N omen ci at ure 

A 	constant coefficient in differential equation; cross 

sectional area 

Al  constant group 	G'(c 	+ 

B constant coefficient in differential equation 

B1 H  group 	(m 3  - m 4 ) 	}'cw/hD 

b estimate of true coefficient 0 in statistical polynomial 

o specific her't of solid or liquid with subscripts which 

indicate 9Lication (Btu/lb Op) 

o ditto for gas or vapour 	(Btu/lb Op) 

C
k  constants of integration (k 	1, 	2 9 	3 ....) 

D differential operator; 	constant coefficient 

d.f statistical degrees of freedom 

B e  F constant coefficients 

F variance ratio 

) function of ( 	) 

gas mass flow rate (lb/hr. ft 2 ); G I  G - Vôp 

modified gas mass flow rate )  ubcr4L s sohcI rvlczss 461' rc±e 

) 	function of ( ) 

hv 	volumetric heat transfer coefficient (Btu/hr. ft 2  0F) 

H 	enthalpy 

i,j,k integers 

11 	modified Bessel Function of the first kind 

Jji 	heat and mass transfer correlation expressions 
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Ic 	volumetric mass transfer coefficient (lb/hr. ft2 	conch) 

k 0 , kf  axial solid and gas thermal conduotivitlea 

k( 95,Z'), k( ç$z'') 	integrals used in representing the 

re suit a of internal anal y si a of an expanding he at 

transfer zone 

1 	length of a zone with subscripts indicating which zone, 

no subscript for heat transfer zone 

Laplacian Operator 

in, X 	concentration on an inert basis of active component in 

gas and solid respectively (lb/lb inerts) 

in 9 	gas moisture content at saturation 

n 	integer 

P 0  constant coefficients 

p 	variable in Laplace Transform equations 

constant " 

R 	of coefficients 

5, a 	variables in Laplace Transform equations 

t, T 	gas and solid temperatures 

ii it 	 of 	 of transformed by Laplace 

t ran Bformation 

V 	zone velocity or in a cowiterourrent gas-solid system 

mean solids velocity (ft/kir) 

i,j) experimental rwi numbers (i, j integers) 

Y, Y' independent variables in expanding zone equations 

Y 	z — v e); y' hDY/V(l — 6) /C 8a1 
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Z, 	 ditto 	Z = U2 (Z) 	Z' ZhD ,'aoa 2  
z/p 	 p 

tatistioa]. Matrices (See Appendix 4) 

X 	matrix of independent variables 

V 	transpose of X 

B 	vector of coefficients 

Y 	 ' I 	responses 

D 	desii matrix 

2 = X(X.X') 1  transforming matrix 

C M (X.x') 	precision matrix 

Dimensionless Groups 

Rep = 1)pG particulate Peynolde Number 

/ 

Fe 5 , PSf 	, 	k 	axial Peolet Numbers for heat 

G'oDp G'oDp transfer solid and fluid respectively 

Pe' 8 , Pe' 	Be , Ef 	ditto for mass trsnafer 
(PDp (PDp 

St' 	 modified Stanton Number for heat transfer 

G'o 

= - Vô, 	velocity ratio 
V(l - 

Greek Symbols 

aoil root of equation 

	

If It 	 ; variable in Laplace Transform (see iec) 

P i 	coefficients in statistical polynomials (i = 1 9  2 9  3 ...) 
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root of equation 

2 	statistical coeffioients of skewness and excess 

6 	fractional voids 

gas density 

/23 	solid bulk density 

time 

VR 
independent variables used in expanding zone en'lysia 

group 

Subscripts 

ij,k integers 

i,o 	inlet, outlet 

p 	constant pressure 

w 	water 

\VB 	wet bulb 

S 	sotct 
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NDIX 2 

Trnsfoation to Moving Origin 

GI >. 

t+dtd76 

d 7z .  

7;3 	z+d7, 

Stationary observer 

Z ¶+d z. 

Observer moving at V 

Consider gas mass flows to be constant. 	The fluid heat 

balance over an element of bed length d 13 an unsteady 

state one dimensional partial differential equation with 

respect to a stationary origin. 

i.e. Fluid Heatala.nce 

-G0at + h.(T-t) = ôe at 	 (1) 
ae 

Solid Phase Balance 

- h ( - t) = (1 
-/1108 

 aoT 	 (2) 
ae 

Now define 	z'= ,- Ve 	 i.e, origin moving at 

velocity V 

Then at = at • aZI + at . 	at 
aZ' a 	ae' a. 	aZ' 
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at = at aZ' + at as' =at -  Vat 

ae 	oZ' ôe 	a' as-  ae 

and if we write G = G + V 
110

and substitute the above 

equations in (1) and (2) above 

	

-h(T-t)=(1-ö)A2c 	V aT  

	

80 ae" 	az' 

Rearranging : 

-(-Vo,,) dt + h(T-t) = 0 

v(1 - 	 - h(T - t) 	0 

dZ' 

since at and aT ore zero by definition in new coordinate 

system (quasi stationary state). 
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A:'NDfl 3 

Internal Analyse8 

The zones for which detailed internal analyses are given 

are defined in terms of the estimated typical profile (see 

qpter 2). 	Analyses are given for a pure heat transfer zone 

and for a constant drying rate zone. 	1he former is also 

applicable to the equilibrium zone under certain assumptions. 

The estimated typical 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 analysis 

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 tpioa1 profile similar to that above, but 

under unsteady state conditions. 	See estimated profiles 

opposite. 

3.1 Internal Analyi a of a Zone with Only Heat Transfer 

taking place under Pseudo Steady State Gonditions 

The heat transfer zone is defined in terms of the 

estimated typical profile as that zctne between planes (2) and 

(3). 	In this zone heat transfer takes place by bulk 

convection from the gas to the solid. ?or 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 'ilhelm (1950) which apply are 

obtained by setting R = 0 in equations (1) and (2) in 

Chapter 4. The equations however, are still second order 

and as they are simultaneous equations they may be combined 

to give the quartic differential equation A3.3. 

__ - 	+ h.(Tt) = 0 	 A3.1 

dzô 	dzô 

dT + V(1 - 6) ,,,c 5C 3  dT - h(T - t) = 0 A3.2 

Combining the above in dimensionless form : 

d4t + P dt - Q dt - R dt = 0 	 A3.3 

which 18 immediately integrable to give : 

d3t + P d 2  t - 	at - it = o 	 A3.4 

dz 	dz 	dz 

where P = Pe 8  - Pe 	; Q an St 12e 3  + Pe 5Pe - Pe 

StVR 

Pe8IPefSt' + 
L 

The general solution to the quartic differential 

equation depends on the roots of the cubic auxiliary 

equation from A3.4. 

D3+PD2—QD-1=0 
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which my 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 1. 	Perry (4th !dition). 

The general solution has the following form 

t=o1 e 	+o2e 	+0 35 	+0 4 
	 A3.5 

where 
. 2 '3 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 distinct. 	The choice depends on 

the magnitudes of P, Q  and 7. 

These equations are useftUl in the approximate zone 

theory when axial effeots, eddy diffusion and conduction, must 

be included in the internal analysis of the zone (see Chapter 4). 

However, as the keynote of this separable 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 

dimensionless groups. 



Adiabatic Heat Transfer without Axial fffeOtS 

Heat Balance - Both Phases 

- G0 dt + V(l - 	dT 	0 
d 

Fluid Phase Alone 

A3.6 

- G'c dt + b(T - t) 	C 	 A3.7 
dt 

Differentiating A3.7  and eliminating dIf by substitution from 

A3.6 	
dZ 

G'o.d2t+ 	fl- 	G'o \dt=0 
hD dz2 	 V(l - o),/2 80 5 ) dz 

from which integration gives 

-Pz 
t 	o 	+ 	 A3.8 

where P 0  = st'(l - VR) 

and 
-Pz 

+ o2VRe ° 
	 A3.9 

Boundary Conditions 

z=0 	t=t 2 	T=T2  

z=l 	t=t 	T=T 

hence we may write four equations for the conditions of 

each phase at the boundaries and diacuas the conditions they 

impose upon the general solutions and their Use. 
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General Conditions 

z=0 	t =0 +0 

z=1 	t 3 =c1  + 0
2  

-P1 
z=1 	T3=cl+o2VRe ° 

z=O 	T2=c1+c2VR 

Subtracting A3.13 from A3.12 and A3.11 from A3.10 

A3.10 

A3.11 

A3.12 

A3.13 

-P1 	 -P1 

	

T2 - T3=o2VF( 1- e 	) ; t2-t3=02(1-e ° ) 

t 2 	t 3 = 1 	 A3.14 

Now we can say 	tt3 	T 2 ) 	 P 3  ,-  

	

t2>T2 	t 3  >T 

If t2 > T and t 3 > T3  then 

Let us put t 2 a P 2  + a and examine conditions as a - 0 

-P1 
From A3.12 	 a 	=T - 01 

O2VR 

and substituting in A3.11 

C = V jj 	- 

VRl 

and so from A3.10 



82. 

- Vt - P 3  

v-1 

If we back substitute for 01 02 in A3.12 we get 1 as a 

function of V and known temperatures 

-P1 
e ° =t2(VRl)VRt3+T3 

P 2  - 

Rearranging and substituting for 	from A3.14 

—P ol 
a 	 a 

t 3  - 1 3  

where P 0 M st'(l - VR) 

A3.15 

If a a 0 and t 3 )T 3  then from A3.15 

- VR)1 = 0 

(1 - V)1 = -cO 

and since if a = 0 	VR>l  then P0 < 0 .' 1 

If a>0  and t 3  = P 3  then from A3.15 

e 5t'(l - VR) 1  

(1 VR)1  00 

and since a > 0 V<1 then P 0 'O 	1 = 00 

-P1 
and if a = 0 and t 3 = P 3  a 	0 .. 1 indeterminate 

0 
Therefore, even for approximation purposes, no matter 

how closely the gas and solid temperatures at the zone 



83. 

boundaries approach each other they must never be set equal. 

In general 	st'(l - 	= in a 
— 

1= 	1 	in a 
3t'(i - VR) 	t 3  - 

and the conditions for sensible solutions are 

forVR 	1 	a >0 	andt3>T3 

1 thenl>C if a>t 3 _T 3  

1 
to 	1 > 0 	ifa>t3 — T3 

A corollary is as a—>0 ; 	01 —t 2  and O20 

Limiting Case 

As the general golution to the heat transfer equations 

includes (1 V) in the exponential exponent the limiting 

case of V--1 should be examined as this could arise in 

practice. 	From the four equations resulting from the 

application of the boundary conditions A3.10 A3.13 the 

length of the zone may be written as 

1=1 lnt 2 -T2 =llna A3.16 

P - P 

Aei>0 wemay say V<1 

VR>l 

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



sketches below 

V( 	I 

6 	cr 	 I 	 0 	 L"LT 

As N --> I , a P and 1 tends 1  0/0 indeterminate. This 

case may be examined using L 'Hopita]. 'a rule. 	Using the 

overall balance on the heat transfer zone 

= 	- 

t 2  - 

to substitute in A3.16 we may write this as 

1 	t 2 t 3  ma 

St'(a = ) 

Now we may regard t 2  - t 3  as a fixed permissible temperature 

oharige in a given situation and so 

1 = t - t 3  f(a) 

St 

and f(c&) = 1 	f) = 1 

by L'Hopita.l's Ru].. 

	

lini 1 	t 2  - t 3  urn 	f(a) 	t 2  - t 3  . 1 

St' 	f2 (a) 	t 2  - 

84. 

VR 
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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 

 Solid temperature is constant. 

 The specific heat of the gas is constant 

throughout the zone. 

The rate of evaporation from the solid surface is 

given by evap k(m9 - m) 

No temperature or concentration gradients exist 

inside the particles. 

Isobars are superimposed on enthalpy/temp. plot and 

T' = P reference (temp.). 

Fluid Phase - Heat Balance 

 Gel 	h(T—t)=C 	wherec=c+owrn 3 	A , 3.17 

Solid Phase 

A3.18 

Fluid Phase - i•iaes Balance 

- G' dm + k(m4 - m) = 0 	 A3.19 
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Solid iha8e 

- k(m4  - m) = - R ev 	 A3.20 

where m 4  = in 8  as at the drying zone boundary plan. (4) the 

as is very nearly 100 1 saturated. 

As T is constant the integrated equations are in 

dimensionless form z = /Dp 
-by Dp 

Z 
t - T = Ce Glo 

in4  - in  = De 
V4 z  

hence inserting the boundary condition Z = 0 9  in = in3 , t = 

-St 'z 
t-T = e 

- T 

-kDp 
in -m 4 	= e 	 A3.21 
in 4  -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 gas moisture concentration along the 

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

Fluid Piiaae - Heat Balance 

- GC + cm(z) dt + h(T - t) 	0 	A3.22 

L 	Jd 
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Solid ?hase 

iL—kL(T—t) = 0 	 A3.23 

Fluid Phase - Mass Balance 

- Ydm + ç(m 4  - in) = 0 	 A3.24 

substituting for in from the integrated form of the mass 

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

dimensionless form 

+ Lrn4 + (in 3  - in4) 	

Zj G ICWJ dt + (T - t) 	C 

hVDP 	 hD dz 

Rearranging 

P Z GIc 

- G'(c +nio) 	+ 	(in —m)e " 	- w dt+T-t=0 

hyDp 	
p z 

- 

_li 
i.e. (A1  + B1 e 	) dt + T - 	= 0 

dz 

Separating variables in A3.25  and integrating $ 

dt =- 	dz 
--li z t — T 	A1 +B1 e 

dz 	 + C 

--1 z lfl(_T)=_J Al+Ble  

A3.25 
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Using the substitution U = e 	and separating partial 

fractions, the right hand aide is integrated 

- 

ln(t-T)=-1 	z+lln(A1 +B1 e 	 C 

Al 	 j 

	

t - r 	C's 
-z/A1 	

A3.26 
+ B1e 1Z)-(lA1 

At zO t = t 3 

t 3 -T= 

(A1  + B1
) £2. Al  

and SLA1  = G'(o1 + m4c) = 1c.1 (c_.+ m4c) 

	

GI 	 hD 	 1w 

for the system air-water (Lewis Relation) 

i.e. 	t=t -T = (A + B) e 	1 	 A3.27 
- T 
	

A1  + B 1  e 

Check z=O t=l 

z-,00 t-0 



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 a 9  the saturated moisture content of the 

gas corresponding to different wet bulb temperatures in the 

drying zone. 

Assume c = 0.25 Btu/lb dry gas 

= 0.5 Btu/lb yap. 

m3 m2 0lbH204b dry gas 

Go = 400 lb dry gas/ft 2  hr 

6=0.6 	Dp =0.0066ft 

0.055 lb/ft hr 

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

1.1 
0.41 - Re 	0.15 

= 	0.725 - 

- 	—0.15 

uaD_ 	 = 1.06 

• m2o) 

kD = 0.76 
Go 

and let us assume St' = 	V p 	 = 

+ m2o) 
	

G(c + m4o) 



PLOT OF 
.41 
	

GAS TEMPERATURE v DISTANCE THROUGH 

DRYING ZONE 

.31 
constant humid heat 

variation in humid 	
Ig zone 

saturation gas moisture cotnt 
t 

non 
dimen1  1 

I . 

.2 

.1 
.1 

a 
	 ml 

n 

11 2 	4 
	

6 	8 	10 
2 

Particle diameters 
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—St 'z 

z 	= e 	 (os, + m2o) a 

(o p m4O) + (m2  - fl14) ce 

I 	iT• 4 = in3 	0.0]. 0.05 

0 1 1 1 

1 0.34650 0.3425 0.3295 

2 0.12000 0.1182 0.1114 

4 0.01440 0.01412 0.01367 

8 0.00020 0.000196 0.0001818 

10 0.00003 0.0000275 0.0000254 

0.1 

1 

0.3118 

0.1038 

0.0121 

0.000167 

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 Transfer in an Expanding Zone 

Intro duct ion 

In any moving zone system which caters for zones moving 

at different speeds heat transfer regions must be specified 

which either expand or contract. For instance, a hot gas 

passing through a packed bed accompanied by an endothermic 

reaction causes an expanding heat transfer zone to follow the 

reaction zone. 
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It is possible to show this behaviour on a distance v 

time graph, plotting the time to reach various point a in the 

bed for the zone. 

Distance 

112 

 

Time 0 

The shaded portion represents the heat transfer zone 

expanding with increasing time. 	The shaded band represents 

the reaction zone moving at oonatant velocity. 

The analysis of an expanding heat transfer zone presented 

below will apply only to a zone expanding at constant velocity. 

Back diffusion in the fluid and 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 3olution 

The 1 - D U.S.S. equations for heat transfer in a 

packed bed : 
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Fluid Phase 

- Go 	+ h(T - t) m 6/0 at 	 A3.28 
a J. 	 ae 

Solid Phase 

- b(T - t) = (1 - 6) 1,c 5c 3  aT 	 A3.29 
ae 

Putting the coordinate of distance in dimensionless form 

these equations become 

- 	o at + ( T 	t) 	o at 
Ir- 

hD az 

 —T+t 	(l6) ,,c 	4T 

A3.30 

A3.31 

whereZ = 

Boundary Conditions 

t 2 	z = 0 
	

initial value 

T = T 	 z = V0 	e=e 
	end value 

NB t 4 e = 0 unknown as a discontinuity 
z:CO 

However, by changing the independent variable we can 

convert t 2  and T into initial values and as an initial value 

problem the equations can be solved using Laplace Transforms. 



93. 

Change of Variable 

t = f(z,E3) 

dt =at 	dz + at\ d€ 	 A3.31 

	

az)
& 	

aol 

New independent variablee 1, Z are chosen where 

y 	a1 	- zi 	 A3.32 
Dp  

Z = az 	 A3.33 

which are dimensionlesa and let a1  = a2  1 

Then 	 z =j(z,Y) 

e 	t (z,Y) 

dz dZ + aZ 	dY 	 A3.34 

!f') y 
de = a\ dZ 	a? '\ dY 	 A3.35 

az) 1  

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

dt = at 	\ dZ + 	dY j # at 	 dZ + 	dY 

	

azj az)1 	aYJz 	i1 z [,Iy 	Iz 
Hence 

at 	at.j+ at. 	 A3.36 
az/ 1 	az az 	ag 	aZ 
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and al 
kay) 

Now = 

(t2 

f\ =1; 
a 2  

öz 	ay 	d19 	aY 

	

+ p 
	

+ 
___ 

I 	
'It 	 CX V 

L1 V 	 V 	 a v 

Q 	I 	:) 	; 
z 	I 	 azi I 

Hence A3.36 and A3.37 above become 

Lt' =Lt. 
or1 I 	OZ 	U 2 a G 	a2V 

.i\ = i/ o+ LL . 1.  
eY/ 	azL 	do 

13.37 

A3.38 

A3.39 

jUO3t1tLtjfl from .3.38 and A3.39 into original equatione A3.34 

and 35 

— Go 	at — 	at + ( T — t) 	6/' 0 a1V at a - 

hVDp '  aZ 	oY 	 h 	D oY 

(T—t)=i(1—o)oo 	oV aT 
ki 	 li 	aY 

Colleoting terms we get 

— Go at 
IIVDP . a . 

— (T — t) 	 f o . a — 	'o a1V]ot 
a Z 	

[D 	 hD 	J àY  

A3.40 
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- (T - t) = V(1 - 6)c 5 	 A3.4]. 

hD 	
àY 

Now let Us redefine independent variables again as : 

L 	 YI L 
= Go a 2 	= 

hD 
V(1 - 6)1o9c9 a1 

hD 

equations A3.40 and A3.41 become : 

—at + ('r—t) = —~ at 	 A3.42 
àY' 

- (T — t) = 	ar 	 A3.43 
àY' 

where 	= (G - VÔIP )o 	wnich is always > C 

V(l - ó)fsC s  

The change of independent variable affects the z/EI plot 

so that the expanding zone is now represented by the full 

quadrant. 

z 

rXP 

ZX e 

\ 	' Exp. H • T • Zone \\ 

LWAI  
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since z = 0 	Z = 0 	Y 	a] Ve 

z = Ve 	Y M 0 

e now solve equations A3.42 and A3.43 using a Laplace 

Transform defined w.rt. i' 

i.e. 	[f(z')l = fe 	z' f(Z') dZ' 	?(e) 

now transforming A3.42 and A3.43 we get 

t(o) 	+ 	T ( a) - ( a) 
= -

Ø.L. 	( a) 	 (Li) 
dY' 

- 	(s) - T(sY 	L (e) 	 (L2) 
- 	 dY' 

Differentiate (L2) wr.t. Y' 

	

d2T+ dY=dT 	 (L3) 
dYl 2 	dY' 	dY' 

ubatituting for dE in (L3)  from (Li) 
dY ,  

•d7T = —' [t(o) — (a .p i)T + 
dY' 2 	dY' 	0 L 

Substituting for E from (1,2) 

+ a! = — 1 	t(o) - (a + 1)(dY'd + 	+ 

dY' 2 	dY' 	L 	) 	J 
+1 + 3 + 1 dY- 	 - 	 (L4) 

dY,2 	 AYI 

U 



ME 

=-2exP; [s+l-~ 	/+ (0+1) 2 #t) +  

Let us change variable operator § to p where p = 	+ ( 	+ 1) 

(L5) becomes  

_2øJ+t2  

i.e. 	= T 3 	t 2  e1' 

70 
_Jp2 - 4 jJ+ t 2e '  (L6) 

Now we Imow 	- 

f e xp ( 	
Jp2 - 4 12 

•• rearrange (L6' 	in this form 

exP[P - 	- 40J1'_ ii 	+ 	- t 2  te '  
t2L 20 

thenlet=Y' 	k
2 = P 	q whereq2 =475  

20 

i.e. 	Tey 	T3  - t 2  exp Lp(p - k)j - 1 + T 	4. t 2 (e 	- 1) (L?) 

The let and 3rd terms may be inverted directly md the 2nd 

term using the convolution theorem. 

Let 	1 	be denoted by !(s) 

S 

- '- 1 	" 	 " 

The inversion operation is :  
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and separately these invert to : 

—1 
£ 	?(e) = f(z') =1 

—aZ' 	 —aL' 	 —1/2 
p) 	e 	g(Z') 	e 	q(Z' 2  + PIZI) 

I]• 

 

1 1 2 	
+ 1/21 

+2pz') 

The convolution expression is thus 

f o

Z  

azf() a 	 g (z' T) d= 	f(z' —) e 	L  g() aT 

which becomes 

1/2 	[ q(  2 	l/'21 
q f e 	(1 2 + 	) 	Ii 	+ 2T) 	

j d J o 

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

cz' 
1/21 —1/2 

Te"  = (T3  — t 2 )q I e a 	+ 2p) 	I, [q( 2 + 2pT) j d  

J o  

+ T3  + t2(e yl  — 1) 	 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 s 
.ubstituting in (L2) for (s) 

t(e) 	!(a) + dY 
dY' 

t2 exp 	[ + 1 — .Je+ ( + 1 ])  2 - 

+ 	— 2 2 [ 
	

+ _ 
	+ 	+ 

[ -ø + 1 —j[s+( l)J74J 

i.e. 	= (T3  — t 2  exp Y O 	-0 js + 1 +1 — / 
8 	

ía + 1 -Ø — J(e + 1 	
)2 — 

4] + 

Put p = e + 1 + 

e ' E t 2 	' exp Y 	 41 1 + 
	P  [_JP2_4 	— 2 _jp2 — 
	] 2L 

+t2e yl 

8 

PUt= Y 	 q2 =4Ø 

eT 	. 	— k) 	
— k) + t 2 8Y 	 (L8) 

Yl 
8 	 8 
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(T3_-t 2 ) [ - Ic (e' 	- 1) 	+ 	- Ic + t 2 e ' 	(L9) 

we know inverae of exponential .'. require 

Ic 
a1 	

c p - Ic) d1 

equire (p - Ic) 

N owp _k p _k.P = Pk 

p + k 	p + k 

but k2=p2-q2 •. 	p - k 	q2(p+k)=q2S 1  (Baternan) 

1 	
- Ic) 	q2 . q. 	11 (qZ') 

- 
1 ( Ic)=Je- 0  a qT -1 I1(t) dt  

We can now apply the convolution theorem again to invert 

product which inoludes exponential. 	The inverted solution 

becomes $ 

te" M 
(T3 	t:){J 	'e_q2 + 2 p!)

-112 
	[q(2 + 2P) 1 ] 

Je 1  11(qt)dtdt 4 e 	 Il (T)d] 

+ t 2 0 	 A3.45 
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This equation (A3.45) is the equation for the gas 

temperature profile in an expanding heat transfer zone 

expanding with constant ve1ooit. 	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 preceeding and succeeding zones. 

Boundary Behaviour 

= C - noving boundary 

ZI 

t 3  = T3  - t2 je1 	 + t 2 	A3.46 

o 20 
T - 3 - 

At Z' = 0 - fixed boundary 

t 2  = t 2  

=T + A3.47 

And we can rearrange these equations as : 

t 2  - t3 = K(,Z') = F1  
t 2  - 	01/2 
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(. 
or 	 + 	t 2 (e /- 

t2-T2 	 P t 
—o 	—>1 

i.e. t 3 -p T 3  as 	 (large  

'I 	Y 	OD (large Y') 

I L 
. 7 

J o 

where K(,Z') 	e 	11 (Q/'C)&t 

For utility the information on gas temperatures is produced as 

a plot of F v 5i for different Z' and P1  v Z' for different 

~i 	'?  1 1 - - - - - - - - 

06 

0 

0696 
	

Z' 4  >/, 
	

0 
Intagration of Convolution Txpreesion 

Vie require to integrate 
1/2 

wherea.Ø.1 	qc2 
ci T 	

4) 
— 	-1 

'r 	I1(q't)d 

jo 	 = VR Go 
V(1 - 
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Let us change variable by putting 't= z' L cj.rtcL ciotO (rLoieS 

1 

J o  

The general term for the modified Bessel function is : 

00 

E 	(gz'/2)2 

k=O 	k!k+1 

Hence the general term of the integral becomes : 

00 ( QZ,)2k + 1  

k 0 2 

Jk -(+ l)z'L 

ki k + 1 

Expanding this and integrating term by term : 

/1 
-(çI + 1)z' L 

e 
2 	—( ct4 1)Z't 

(2L') 

3 _(iØ +  i)z't 

  2! 11 	{_(+ 1)z' 	[-(+ i)z'J 2  

2 

+ 

2k 	 2k-1 

 
t ki

e 

	

	 _ 	- 2kL 
)2k

k + 	-( 0+ 1)z' 	[-(+ 1)z'] 2  2  

2k - 2 

	

+2k(2k-1L 	+--- 2k(2k-1)---2k-(2k1) 

	

-(q+ i)z'] 3 	L (+ 1)zJ2k + 1 J 
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This expansion in series can be written as : 

\2k + 1 	+ 1)7,' 	2k 	 n 	2k 
 

QZ - 	
e 	 _ I 

k=0(21 	ki k+1! 	Ln= 0 	+1n+ 	n + 'J o  
wklere UP is the differential operator of order n. 

Putting in limits this becomes : 

AtT= 1  

	

2k 	 - 
+ 

e 	i 2i 	21d 

ki k + 11 [n = 0 	
+ 1 )fl + 1 fl + 1 2k - ni 

1>0 	
2k + 1 

k= \2J 

At'! =0 

00 

- 	
2k+1 

k = o(2 / 

2k! 

y + 1) 2k + 1 Z9 2k + 1 
1 

ki k+1! 

integrated expression is : 

00 	 - 

1 2I (2k+1   
2k1 

2k+1 z,2k+1 
k=02) 	k! k+1! L 

2k 

- e 	
+ 1)z' 	

2k! 

n 	0 	
+ 1 )fl + 1 n + 1 2k 

- U!] 

Since for computation this involves 01 = 1 write as 8 
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00 

1 - 	 2k!  

i 2  J 	k! k + 11 L + 
1) 2k + 1 	+ 1 	+ 1)z' 

k  

( 2k 

71 	
II (2k - n) 

L n 0 (0+ 
1 )fl + 1 Z ,n 71 

+ lJ+ 	
' 

ij 2 
	Ø+ 

- 	i)z' 

1)Z' 

i.e. compute let term k = 0 separately. 

A similar approach is not practicable for the integral in 

the expression for the aolid temperature profile A3.44 and so 
) 

this was integrated numerically using a repeated Simpeona Rule 

method. A standard library subroutine was used for the 

integration. 	This was supplied by the &1nburgh University 

Computer hit. 

The results of this numerical integration were displayed 

graphically as a plot of F 2  v k($,Z'Y') similar to the plot 

0 1/2 

used f or the integrals resulting from the boundary condition 

at Y' = 0 

where 
Y.f 

.2. 	It2 
YI 

- t 3) ' 

F = k( z'Y'1 

ee ove-LecS fo'r ptot5 of F 8 



EXPANDING ZONE BOUNDARY FUNCTION (Plot of FvV, & F, V 2") 
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EXPANDING ZONE SOLID PROFILE FUNCTION(PIotof F2vZ':contours of constant V&Y) 
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Ai'P DIX 4 

Analysis of Results 

4.0 Introduction 

As the approximate analysis which this project is 

examining assumes 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 

assessing the effect of these variables because fewer 

experiments are needed than if one variable is altered at a 

time and interactions between variables, Aiff any, are revealed 

by this design. 	A two level design was onosen as a three 

level design requires eighty—one experiments which was too 

many for the time available, taking into consideration the 

preparatory rune 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 interactions 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 conditiona. 

Inherent in the analysis of variance teokmique is an 

estimate of the experimental error due to random sources 

and also the revelation of any unexpected interaction 

between øupposedly independent variables. For instance, 

a first analysis of variance 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 gains in the handling of the experimental 

data as matrix operations are easy using a digital 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 7aotoria1 Desi gn  

A four factor two level design reqUires sixteen 

experiments for each full replicate and eight for each half 

replicate (Davies 1963, Moroney 1962). 	'he design points 

for the full replicate are represented in the design space 

by the vertices of a hyperoube. 	The variables, known as 

the independent variables, affecting the drying zone velocity 

are gas inlet moisture content (in), solids inlet moisture 

content (i), gas inlet temperature (t) and gas mass flow 

rate (s). 
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In calculating the analysis of variance results the 

method of Yates (1937) was used for ease of computation. 

riting the combinations of the variables in their standard 

order they are 

1, m, , m11, t, mt, Mt, mMt, G 9  mG, luG, mMG, tG, mtG, MtG, 

nilult G 

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 initially of second degree, iioring quadratic effects, 

but examination of the coefficients of the interaction terms 

suggested that a better fit might be obtained by including 

these. 

Polynomial without uadratio Terms 

= 0 pPlm .p02M 4 3t +P4G 4 	 + 
Ol + 

+ 23Mt + p 241IG + 034tG 	
A4.1 

Polynomial including uadratjc Terms 

quation A4.1 with four extra terms 

- - - + 
plim2  +022M+ 33t + 44G 	 A4.2 

Hence eleven coefficients must be estimated to fit 

equation A4.1 and fifteen to fit equation A4.2. 

In general if D is the matrix showing the combinations of 



110. 

individual v:ilu of the independent variables in each 

separate rm, called the design matrix, X is the matrix of 

independent vari8blea required for fitting an equation of 

given degree, where X is formed from the arose product terms 

in A4.1 and A4.2 above. 

The estimates of the true coefficients P are the elements 

of a column vector B formed as 

B=P.Y 

where Y is the column vector of responses and T = (XTX)XT 

and Is called the transforming matrix. 

The basic full replicate faotorial design using two levels 

does not provide sufficient observations to include the 

quadratic terms in the polynomial. The design is therefore 

augmented with extra points to form a composite design (Davies 

1963). 	In this case, a non central composite design was 

compiled with four extra points extending from the vertex 

(1, —1 0  1 9  -.1) of the hyperoube. 	It Is usual to scale the 

independent variables in the design to a zero value at half 

tiaeir range i.e. the upper level becomes +1; the lower -1. 

scaling the variables 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 ininizn1n. 	Similar factorial designs 

were used to determine the effect of qualitative 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 and also possible soUrceS of variation in the 

sampling soheme for solid moisture content. 

4.0.2 Choice of 'ange of Independent Variables 

The choice nd zero level of the variables were onosen 

for praotioal 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 anges Used 

M 	 t 

Zero 	0.01 lb i,ater 	15.25 lb water 	2300F 	320 lb 

/lb dry gas 	lb dry solid 

Range 0.01 	 1.75 	 65 	75 

The higher level of m corresponds to saturation at 2500 

and the levels of (t) and (G) were chosen to give rune of 

about 1 to 2 hours duration. 

4.1 Pnalyaie 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 oons3.sVs or 
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successive records from individual thermocouples starting 

with the thermocouple at 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 earne for all rune, and 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 velooity 

of the temperature wave and hence of the rear boundary of 

the endothermic drying zone. 

The falling rate period is assumed to be insignificant 

in the drying of these particles and as a consequence of this 

the initial rising point on each therm000uple marks the 

point at which the solid moi9turs content reaches zero. 

This is substantiated by the sharp temperature rise away 

from the wet bulb temperature and by the agreement between 

measured and calculated theoretical velocities. 

The plots of distance v. time (zlCo plot) are usful 
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to give an indication of any anomalies in a run (see fig. 7) 

but two separate responses can oharacterise a run. 	One is 

the reciprocal of the run's total time (until the last 

thermocouple traoe starts to rise) and the other is the 

gradient of the beat straight line on the z/8 plot, 

calculated using least squares method. Both thise have 

advantages; the former takes into account the operator's 

skill in controlling unexpected changes in conditions which 

may cause 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 technique allows confidence 

limits to be calculated for the velocity. For showing up 

the effects present the analysis of variance was performed 

using the total time parameter; for fitting the polynomial, 

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 ooeffioient of z with 

A large number of rune was completed, in addition to 

those for the experimental design, under varying conditions. 

Those rina for which full information was available were 

included in the polynomials using the methods of Plaekett 

(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 manufacturers. The thermocouple e.m.f. 'a 

were converted to temperatures using manufacturers tables. 

These two measurements were the most accurate of those of 

the independent variables and their errors were estimated 

at 5 and $ respectively. 

The moisture 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 approaoh 

was used when measuring the packed bulk density of the solids. 

Then the whole design was repeated in tubes of different 

diameters to test for any wall effect. 

Diacussin of Analysis 

The analysis of variance was applied first to the 

experimental results from the full factorial design to 

determine which of the independent variables had significant 

effects on the velocity of the drying zone. 	A polynomial 

function of the four independent variables was fitted to the 
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Least 3quarea technique of Gauss. 	Here the matrix of 

velocity results appears as a vector of responses. 	The 

response may be any variable characteristic of the drying 

zone velocity. 

At each point in the design spaoe 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 

polynomials. 

Ana13sea of Variance 

The mean squares resulting from the analyses are given 

in Table 5. 	The response 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 O c12 	As coding the data 

does not affect the analysis, 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 
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esu1ts of Ap1ying Bartletts Pest to Analysis of Variance 

Interaction Mean Sq. 	d.f. log M.i 

000.759 1 17.8802 

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 1 0.7702 

84.680 1 1.9279 

82.710 1 1.9176 

8.236 0.9158 

435.848 13.795 

= 	(d.f1 )1og10 (M,3) 

where i refers to each 
interaction effect 

d.f. associated with sum of individual (ri.4 1  = U. 

i.e. 	= 39.62 

log (Ms)T = 	1.5979 

(d.f) log (AS)T = 17.5769 

Bartlette test compute : 

2.303((d.f) log1(I:3)2 	- (d.f. 1 ', 	1091 (i.i)) 

= 8.86 	N.S. at l' level (see Davies 1962) 
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residual is likely to lead to erroneous conclusions as, 

using the variance ratio, F test the value the ratio must 

exoeed 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 and comparison of these with the residual 

encounters the difficulty mentioned above. Fortunately, 

Bartletts Test is available which is designed to show up 

any heterogeneity of a set of mean squares assumed to be 

homogeneous. 	In testing the effects mean squares in these 

analyses whenever mean squares were pooled to obtain an 

improved estimate of the error variance Bartletta Test has 

been carried out (Table 6). 

In analysis 1 9  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 aix two factor interactions are 

significant, one at the 20 level, two at the 5 level and 

one at the 0.1$ level of significance. 	While it 1s quite 

possible that the mean square significant at the 20 level 

arose by chance and even that the two significant at the 5t 

level did so, it is inconceivable that a mean square so 

large as to be highly significant at the 0.1' level arose by 
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chance. 	Our first conclusion 18 that there is a very strong 

interaction effect on the velocity from t and G and possibly 

much smaller interactions due to M 4m2  with G. Testing the 

significance of the mean square due to the effect of the 

main variables, shows them all to be highly significant at 

the O.] level. 

This 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 vsriable is the reciprocal time 

divided by G, the mass flow rate and coded for ease of 

computation. 	Once again the three factor interactions were 

pooled and 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 20 level. 	As this mean square oould possibly have 

arisen by chance, the two factor interactions were added to 

the pool and this set of mean squares subjected to Bartlette 

Test, whicri showed no evidence of heterogeneity. 	The main 

effects were compared with this estimate based on eleven 

degrees of freedom, and it was fod that now the variable 

G had 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 allow the deiegn levels 
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to be maintained. At the same time a routine check on the 

\ayne Kerr humidity transducer disclosed that the element 

had disintegrated and the values of m2  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 analyses were valid, a half 

replicate of the original design was performed. 	The results 

of this analysis 3 (see specimen analysis of variance Appendix 

5) showed the main effects in, M o  t to be highly significant, 

and the G effect to have a low significance. 	As the 

interactions are to some extent mixed with the main effects 

in a half replicate, this analysis confirmed the analyses 1 

and 2. 	In analysis 3 the interactions were pooled with an 

estimate of the variance obtained from test re 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 variables affecting the response, and that the 

independent variable G has no significant effect upon the 

response V/G. 	e 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 Response Surfaces 

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 polynomial coefficients to be 

uncorrelated. 	In the designs used the levels varied about 

their assumed orthogonal levels of + 1 but the true vslues 

were known and 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 orthogonal design and 

the estimates will be correlated to some degree. However 

the standard error will be lese.than for the orthogonal 

design. 

For these experiments a 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 9  1 9  -1) by one unit 

and 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. 
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As the fitting of the polynomial was carried out on 

a digital computer, polynomials were fitted using both the 

orthogonal design levels and the true non-orthogonal levels. 

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 variances of 

the estimates of the coefficients was very slight, and the 

correlation coefficient was always very small between the 

estimates (order 0.1) so as the non-orthogonal design was 

a truer representation of the experimental conditions, the 

experiment and theory were compared on the basis of the 

second degree polynomial fitted to the non-orthogonal 

design for four factors. 

A semi orthogonal design vith three factors was also 

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 approximate graphical representation of the surface, the 

assumption 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. 



m '1 - 
1. JL.).0 a 

rror Distribution 

''irst 3et of Test Puns 

Coefficient of skewness 	= - 0.738 

	

excess 	 0.38 

Probability of "students" t being different from the normal 

distribution value is given in Davies (1963) 

Normal distribution t = 2.776 4 d.f. 	Probability of 

exceeding this value is 5 (double sides test) 

For the values of 6 	 2 given above this becomes ; 

Prob, 	t > 2.776 is 6.43$ due to skew 

II 	 I. 	 U 
	

If 	4.7& 	to 	It 	excess 

econd 3et of Test fluns 

Coefficient of skewness 	= 0.5060 

to 	 of  excess 	2 - - 1.2556 

Prob. 	t > 2.776 is 	5.725 	due to skew 

If 	
" > 	It 	5.65 	it 	to 	excess 
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4.2.1 	rror Distribution 

Two sets of five and six runs respectively were 

available which had been carried out at the same points in 

the design space. 	The coefficients of skewness and excess 

of these sets were calculated to determine the departure of 

the distributions about their means from normality. 	The 

coefficients are given in Table 7 and indicate that the 

assumption 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 1.5% from the 

normal probability. 	This is only true for the comparison 

of a mean with its standard value, for a comparison of 

variances tne difference in probabilities is much more 

aerious. 	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 orthogonal and non-orthogonal designs 

and effect of extra points on main effects coefficients 

Orthogonal N on-orthogonal 

Design 
	 Std. error 	3td. error d.f. 

2nd degree - linear 
	

- 5.06 	 3.88 	5 

linear interaction only 
	 4.17 	0.29 	 T 

2nd degree composite 5.06 3.36 5 

as above ., quadratic terms 4.17 0.96 P 

.s 8 extra points 5.0 2.38 13 	i 

3.06 0.902 P 

4 	10 	•' 6.64 2.60 15 	E 

4.47 1.75 

Non-orthogonal Joefficients 

Composite Desi 

t 2  G 

-2.345 -4,469 14.241 0.875 

-1.493 -4.427 15.457 0.207 	T 

Composite Design + 8 extra points 

-2.162 -4.209 14.628 0.917 
-1.243 -4.462 15.303 0.174 	P 

Composite Design + 10 extra points 

-2.313 -3.963 14.234 0.900 
-1.560 -4.156 15.473 0.232 	T 

xperimenta1 eeponae 

P = Theoretical 
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instance to teat if any were significantly different from 

zero, might be greatly in error. 	The coefficients' 

estimates were tnerefore compared using the t - teat to 

evaluate confidence limits 

i.e. 	 b 	 + t . s .J c i 

The level of confidence chosen to compare the 

coefficients was the 99.5 level i.e. the probability that 

the true coefficient lies outside the confidence interval 

is 0.5%. 

4.2.2 	esponsea and Fitted i'olynomiala 

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 teat 

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 tiarx 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 a region 

of very low solids moisture content. 	The final choice of 

the fitted polynomials 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 lO 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 lImit8 following 

the experimental 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 preliminary 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 intervals for the coefficients from the original 

design and the half replicate are mutually inclusive of the 

coefficients when the design equation is applied slightly 

outside the design space. 

may conclude that the similarity of the results for 

the predicted V/G and the measured V/a as compared by their 

fitted second degree polynomials indicates that overall 

balances on the drying zone have predicted the velocity of 

the zone to witriin the experimental error. 

4.3 i:easurement of 	stem arameters 

The packed density of the solid particles and their 

specific heat were required for the theoretical calculation 

of the drying zone velocities. 	The speoifio heat was 

measured using the method of mixtures repeated a number of 

times and using the mean value. 	The packed density was 

measured by filling a known volume with the solids and weighing. 

It was tnought that a variation in the voidage of the bed and 

hence in the packed density might have been introduced by the 

vibration of the bed. 	The possibility of a wall effect in 

the bed was also investigated. 

The effect of vibration was analysed qualitatively using 

a two level two factor factorial experiment; two levels of 

vibration frequency and of duration of vibration, rep1icate 

twice. 	The design was repeated in tubes of three different 



T BL 737  9 

Measurement of Jystem Parameters 

xperimental Factorial Desii Analysis 

Bulk T)eisity LeasUrement 

1" Dia Tube 1.5" Dia Tube 2" Dii Tube 
2ean Sq, 	51g. Mean Sq. Sig. rnean Sq. 21g. 

f 703 	20% 5151 204, 15488 N938 
136 	N.. 78 N.S. 3698 N.S. 

fe 6 	N.S. 36 N.S. 13284 N.S. 
error 239 2700 12387 

Mean b.d. 80.45 lb/ft 3 	81.57 lb/ft 3 	80.45 lb/ft 3  

f = vibration frequency, e = vibration time 

Mean Bulk Density = 80.8 lb/ft 3  

Sample Scheme Teat 

Loading tecimique T, Time of taking 8ample e 	;ize of sample 

, Time Interval before weighing I 

Treatment Mean Square Significanoe 

T 2.5998 N.s. 
8 12.9241 of 

Te 1.1148 of 

S 3.1370 91 

ST 0.6360 to 

39 0.0315 of 

1 1.5034 of 

IT 0.4364 if 

I3 0.0944 N 

IS 0.1679 11 

irror variance residual = 40.9 based on 32 d.f. 
Conolusion - no significant variation in moisture content of 
sample introduced by soUrces considered 
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diameters. 	An analysis of variance of the results showed 

no significant effects and all the responses were pooled 

to give a mean estimate (see Table 9). 

01 
	

Another important parameter measured was the moisture 

content of the solids which was determined by sampling 

immediately prior to the run. 	It was thought that the 

technique of loading 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 practice and an 

analysis of variance 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. 

A'PDIX 5 

Specimen Calculations 

5.1 Sp ecimen Heat Balances 

Although precautions were taken during the design and 

the operation of the apparatus to maintain an adiabatic test 

bed to oheok the efficacy of these precautions a heat balance 

was carried out. 	A run was selected at random and the heat 

balance carried out over an arbitrary time interval. 

Then 

L t iaeat input in the gas 	Increase in heat content 
- e J 

of solid + bed walla] 1-  heci.t Losses 

which can be expressed as 

& 2 
G  J IC 

p (t - t 0  ) + m1 111  - HOj d 

1 

rjs.Ie( Tdzde 

J 
compta 

Now H = Cw(tB - t') + Ltym + o(tj - tB) 

H0 = Cw(twB - t') + 1tuB0 	o(t 0  - twB) 

If we balance these neat quantities once the run is 

established m0  has reached, and is constant, at the 

saturation value at the bed wet bulb temperature (tvB = t 0 ). 

0 
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3imilarly t l  m are kept constant and hence we may simplify 

the above equations. 

- t 0 ) . mj[CW(tV,B 

- mO[CW(tWB - t') + LtIB1J 

- t') + LtyB + c(tj - twBJ 
1 1  

= 	 - 	Tdz 

comp t S. 

Of those parameters we may obtain twB I from m1 , t1  and 

t 0  from the chart records of the rim and also (GE9 1 ). 

The system parameters 
/1
,01  C 

Si 
 are found from experiment and 

when J refers to the walls, the design of the bed allows us 

to negleot ,,O and C 3 . 	To find the integral we measure the 

temperatures at each thermocouple level along the length of 

the bed at G and 2  and integrate graphically the area 

between the T/Z profiles which are drawn. 

Details of the calculations are given overleaf. 	The 

balances were carried out for a 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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Heat reqd. for drying 

Net heat in the gae (including 
enthalpy change during drying) 

Increase in bed heat content 

Heat unaacotmted for 

' -iectt tevrecL for dr'3 

V88 (m 

69 

4.70  

0.52 

4.18  

15.5% 

4l) 

Jtu 	157.9 Btu 

Btu 	1.52 Btu 

Btu 	1.87 Btu 

Btu 	0.35 Btu 

0 • 22% 

As the heat unaccomted 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 adiabatic model. 

Calculations 

Ii 

ystein parameters (I - 	= 80 lb/ft 3  A = 0.00769 ft 2  

1 = 10.75 ins C 	0.26 Btu/lb 

o = 0.25 Btu 	solid °F 
/lb air F 	= 0.445 Btu/water 

yap. °F 

lIeasured parameters 	m1  = 0.0194 	m0  = 0.0545 

t = 2950F 	to a 107 0F 

= 76°F 	t, 	= 107°F 

	

- t') = 44.59 Btu/lb wat. yap. 	Lt\B = 1050.6 Btu/lb 

	

" I 	 i 
Cw(tB - t') = 74.95 	 Lt,.. = 1033.3 

	

0 	 0 

= 23 mine. 	G = 245 lb/ft2hr. 
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Net heat into system in gas 

	

G ~c(t i  - t 0 ) + mj [Cw(t,'B i  - t') + 	
+ o(tj  

- 	
- t') + Lt3 	

A 

4.70 Btu 

Net heat - 'euired for exckiange process = 26.9 Btu 

ee fig. ' ±'or T/z graphs at e 1 , e 2  
1 

Area between curves 	Tdz = 0.728 mI/ft 

0 

1 1  

Increased enthalpy of bed =/ 5C 3A(e 2  - 8 1 ) 	Tdz 

Jo 

80 . 0.26 • 0.00769 • 23 . 0.728 
60 	0.0225 

= 0.52 Btu 

W 89 

	

Measured parameters t1 = 2950? 	 t 0 = 95 0p 

mj  = 0 	 M = 0.0365 

= 395 lb/f t 2hr ae = 30.9 mine 

	

0w(tv,B0 - t') = 62.98 	 = 1040.1 Btti/lb 

= G 
I 
 C(t i  - t0) 

- mo(Cw(t.B - t') p LtWB)1j 

= 1.52 Btu 



1.30. 

Net heat reuired for exoange proceee = 157.9 Btu 

From f1. 	of ,/z gmphs at D, e 2  

-.rea between curves 	Tdz = 2.63 rnV.ft 

Increesed enthalpy of bed = a 
8 

A( &  2 - &1) J Tdz 

= 80 • 0.26 • 0.00769 • 30.9 • 2.63 

60 	0.0225 

187 Btu 



m] M1  t1  G 

m  1  M  2  t 1  G 

ni 21  t1  G1  

!h1 2M2  t 1  G 

m11t 2 G1  

mi1t 2G1  

rn2M 7't 2 G1  

2.770 	5.3441 

2.5671 4.1744 

2.3191 9.7595 

1.8553 9.5294 

5.3706 5.4696 

4.3889 4.3169 

5.2329 10.7177 

28.8074 

29.8584 

5918 

0438 

-1. 3998 

-2.5162 

-0.2086 

9.5185 

19.2889 

9.7865 

20.0719 

-0. 6737 

-1.9181 

-1.4817 

4.2965 	9Y42 -1.5621 	0.0984 

3.1255 -C.2099 -1.1697 	9.7704 

M 
4 

t 2  

1 4 t 2 	* 

• 

-0.46.8 

-0.9817 

-0. 7814 

-0. 7003 

-0.7897 

-0.7724 

-0.2301 

-.1 • 1527 

-1.3635 

-0.2539 

0.0453 

0.0811 

0.0173 

1M 2t, G2  

n21t1 "2 

m1M1t 2G2  

m1M2t 2G2  

m2M1t 2G2  

in2M2t2 2 

2.3441 

2.5086 

1.8083 

¶:, .7537 

4.9640 

5.0633 

4.2909 

58.6658 

10.r34 -0.4520 	0.0128 	- 

	

-1.2444 -1.1164 -e.0779 	2.105 
-1 

	

-0.0804 	0.3070 	0.0589.10 Pooled 

	

0.9396 	0.5150 	0.0166 	- 

	

-0.2108 1.1640 0.0847 	Pooled 

	

0.2992 -1.1504 0.0827 	Pooled 
-1 

-0.0638 -0.3630 0.0824.10 Pooled 

- 	
- 	 28.5880 

5.2 	peciI!ien ;na1ais of Variance - .na1ys1s of Variance 3 

(Yates Ietkiod) repeat 1/2 replicate 

?esponse 	 Mean Variance 

Treatment 	V/G 	(1) 	(2) 	(3) 	(4) 	iquare 	?atio F Rffect 

58.6658 

-5.6356 

-3. 9160 

-0.1102 

20.0558 

-1. 3248 

0.7288 

0.2354 

1.0510 

1.9850 50.126 

0.9584 24.202 
-2 

0.0759.10 - 

25.1397 634.84 

0.1096 2.962 

0.0332 - 

-1 
0.0346.10 Pooled 

0.0690 	1.743 
- - 	 ------- - ---- - 	 -- -.-- - 

15.6996 31.2909 17.1496 24.6072 75.5344 

X 	13.1078 27.3749 35.8806 24.3968 -6.8352 

Y 16.4511 -2.7627 -2.4952 9.7648 -0.7008 

13.4073 -.679 -1.5310 .93C4 u.to - 

X + 28.8074 58.6658 53.-32 49.CC4C 3.6992 

Z + Y 29.8584 -5.6356 -4.0262 19.6952 -0.0448 

- -2.5918 -3.9160 18.7310 -0.2104 - 

- Y -3.0438 -0.1102 0.9642 0.1656 - 

X+ ~ +Y 58.6658 53.0302 49.0040 68.6992 

(X-) -5.6356 -4.0262 19.6952 -0.0448 

- Y) 

3 factor interactions 
pooled with residual to 

'ivn 	 eiti;ate of 

error viriance of 0.0370 
bed ui 	d.f, 

Check 

**** F reaches 0.3$ sig. level 

C11-1 
	

II 	 ii 

	

it 	 14 

20.0 
	

If 	 II 

N. 	F not si gnific ant 

- F les8 than 1 



Plot (1) - t 3  & V V T for 
exptl. values of m2  t 2  M4  
Plot (2) - boundary condn. 

integral for moving bound'y 
of expanding zone h.t. zone 

I Assumet=t-&z'=O 	I 

From 

plot (2) find 

VR corres, 
to t 3  

( From 	 I 

	

plot (2) find\ 	 I 

	

F1  corre. I 	 I 

	

to z' and VRJ 	 I Increase I 	z'byl 

From F1  and intersection 

of linear t 2 v T 4  plot 

with original t 3  v T find 

a corresponding V Q  

accuracy 	NO 
s uf f I ci en t 

YES 
END 

FLOW DIAGRAM 
THEORETICAL CALCULATiON OF V/G 



131. 

5.3 5pecimen Calculation of Theoretical ROBPOflSS 

Method 

The technique is one of graphical iteration using the 

tables computed from the overall 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 

bowidary (Y' = 0). 

Construct from the computer tables plots of t 3 , the drying 

zone gas inlet temperature and V, the velocity ratio 

corresponding to this temperature versus P 4 , the wet bulb 

temperature of the wet solid in the drying zone. 	Do this 

for the values of the independent variables set for a given 

experimental run (in U t). 

Assume, at ' = 0 9  a value of t 3  = t 2  and find the 

corresponding V. Use this value of 	to find a value for F i  

at z' = 1 from a plot of the results of the expanding zone 

analysis. 	From the definition of F19  t 3  = F 1  T  4 + (1 - 

so plot t 3  v T and from where this plot cuts original t 3  v 

plot find a new t 3  and hence V. 	Use this V to get a new 

and repeat until a constant value of V R is reached. 	Hence from 

the definition of 	calculate the theoretical response V/ch 

Specimen Calculation for Pun 1688 

Independent variable values * 
t 2 	 I 4  

0.020 lb moist/lb dry gas 	295 0F 	0.149 lb moist/lb dry solid 



37 

32 

27 7 

 

.f 3  

°F 

 

1:9  

22 

'7 

12 

3 

~90- 

 

T °F 

FIG9 
t 3 & VR V - 

	

for run W8 
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Hence ii 4/0 5  = 0.573 

From computer tables draw fig. 9 

1asume z = C o  t3  = t 2 = 295 °F and we know by definition of P1  

that t 3 = F1T 4  + (1 - 

Graphical Iteration 

z 	t3 	 Fi 	t 3 	T4 	New VP T 4  

0 	295 	3.2 	0.226 	250.9 	100 

253.2 110 4.1 

1 	- 	4.1 	0.223 	251.5 100 

253.7 110 4.07 

2 	- 	4.07 	0.244 	247.4 100 

249.8 110 4.17 

3 	- 	 4.17 	0.240 	248.2 100 

250.6 110 4.15 	108.2 

Hence, for W88 calculated VR 	4.15 

i.e. 	G(c # m2o) = 4.15 	(Vo( negligible of G) 

V(1 - ÔO8C 8  

V = 0.0006 
G 	 diff 10% 

xperimenta11y determined V = 0.000543 
G 

imi1ar calculation for run W89 gave cab. V = 0.000582 
diff 0.17% 

exptl. V = 0.000581 
G 
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COMPtJTR TABLES 

(see chapter 4 ) 

T 4 	et bulb temperature 

M4  = m4  = saturation moisture content of air at 

APP FAHR is redundant 

a t 3  gas temperature inlet drying zone 

VP  = velocity ratio group (G - V6f)o / Y(1 - 6),a 50 5  

0GB a capacity gas ratio ( 	m20 ) / (a4 - a2) 

CSR a ospacity solids ratio M 4, o n  

a2  aM agas moisture oorxtent inlet drying zone 



T4 APP 	FM-iR 

0.0157 70.0000 I 

T'3 VR CR M2 	 CSR 

136.3022 105901 15.9014 090000 
131.9735 1.7012 17.0121 0.0010 

127.6603 1.8285 18.2847 0.0020 
123.1625 1 •9757 1 9.7571 000010 
119.0801 2.1481 21.4812 0.0040 
114.8129 2.3527 21.5267 090050 
ixo.6xo 2.5991 25.9930 0.0060 

106.1242 2.9025 29.0248 0.0070 
102.1024 1.2842 32.8418 o.008o 
97.8955 1.7795 17.7946 000090 
93.7036 4.4479 44.4785 0.0100 

72.9642 35.5678 355.6779 000150 	 0010 

116.3022 3.1803 15.9014 000000 

131.9735 3.4024 1790131 000010 

12796603 3.6569 18.2847 0.0020 
12393625 3.9515 19.7573 0.0030 
119.0801 4.2962 21.4812 0.0040 
114.8129 4.7053 23.5267 000050 
iio.56xo 5.1986 25.9930 0.0060 

106.3242 5.8050 29.0248 0.0070 
102.1024 6.5684 32.8418 0.0080 
97.8955 7.5589 37.7946 000090 
93.7036 8.8957 44.4785 000100 

-72.9642 71.1356 355.6779 0.0150 	0.20 

136.3022 4.7704 15.9014 0.0000 

111-9715 5.1036 17.0121 000010 

127.6603 5.4854 18.2847 000020 
123.3625 5.9272 19.7573 000030 
119.0801 6.4444 21.4812 0.0040 
114.8129 7.0580 23.5267 000050 
iIo.5610 7.7979 35.9910 o.006o 

106.3242 8.7074 39.0248 090070 
102.1024 9.8525 32.8418 o.008o 
97.8955 11.3384 37.7946 000090 
93.7036 13.3436 44.4785 0.0100 

72.9642 106.7034 355.6779 000150 	0030 

	

1 3 6 .1 022 	6.6o6 	15.9014 	000000 

	

131.9735 	6.8048 	17.0121 	0.0010 

	

127.6603 	7.3139 	18.2847 	0.0020 



13 VR CR M2 

123.3625 7.9029 19.7573 000030 
119.0801 8.5925 21.4812 0.0040 

114.8129 9.4107 23.5267 000050 
ixo.5610 1093972 25.9930 0.0060 
106.3242 11.6099 29.0248 0.0070 
102.1024 13.1367 32.8418 o.008o 
97.8955 15.1178 37.7946 000090 

93.7036 17.7914 44.4785 000100 

72.9642 142.2712 355.6779 000150 

CSR 

0 • 40 

136.3022 7.9507 15.9014 000000 

131.9735 8.5o6i 17.0121 000010 

127.6603 9.1423 18.2847 0.0020 
123.3625 9.8787 19.7573 000030 
119.0801 10.7406 21.4812 0.0040 

114.8129 11.7634 23.5267 000050 
110.5610 12.9965 25.9930 0.0060 
106.3242 14.5124 29.0248 0.0070 
102.1024 16.4209 32.8418 o.008o 
97.8955 18.8973 37.7946 000090 
93.7036 2292393 44.4785 000100 

72.9642 177.8390 355.6779 0.0150 0050 

136.3022 9.5409 1599014 000000 

131.9735 10.2073 17.0121 0.0010 

127.6603 10.9708 18.2847 000020 
123.3625 11.8544 19.7573 000030 
119.0801 12.8887 21.4812 0.0040 
114.8129 14.1160 23.5267 000050 
110.5610 15.5958 25.9930 o.006o 
106.3242 17.4149 29.0248 0.0070 

102.1024 19.7051 32.8418 o.008o 
97.8955 22.6768 37.7946 000090 
93.7036 26.6871 44.4785 0.0100 

72.9642 213.4067 355.6779 000150 0 • 6o 

136.3022 1101310 15.9014 000000 

131.9735 11.9085 17.0121 060010 

127.6603 12.7993 18.2847 0.0020 
123.3625 13.8301 19.7573 000030 
119.0801 15.0309 21.4812 0.0040 
114.8129 16.4687 23.5267 000050 
iio.56xo 18.1951 25.9930 o.006o 
106.3242 20.3173 29.0348 0.0070 
102.1024 22.9893 32.8418 o.008o 
97.8955 26.4562 37.7946 000090 
93.7036 3101350 44.4785 000100 

72.9642 348.9745 355.6779 060150 0070 



T3 VR C1R M2 	 CSR 

136.3022 12.7211 15.9014 000000 

1 1 1 .9715 11.6097 1790121 000010 

127.6601 14.6278 18.2847 0.0020 

121.1625 15.8059 19.7573 000010 
119.0801 17.1850 21.4812 0.0040 
114.8129 18.8214 23.5267 0.0050 
110.5610 20.7944 25.9930 0.0060 
106.3242 23.2198 29.0248 0.0070 
102.1024 26.2735 32.8418 o.008o 
97.8955 30.2357 37.7946 080090 
93.7036 35.5828 44.4785 000100 

72.9642 284.5423 155.6779 0.0150 	o,8o 

136.3022 14.3113 15.9014 000000 

131.9735 15.3109 17.0121 000010 

127.6603 16.4562 18.2847 0.0020 
123.1625 17.7816 19.7573 000030 
119.0801 19.3331 21.4812 000040 
114.8129 21.1740 23.5267 000050 
iio.5610 23.3937 25.9930 o.006o 
106.3242 26.1223 29.0248 090070 
102.1024 29.5576 32.8418 o.008o 
97.8955 34.0151 37.7946 000090 
93.7036 40.0307 44.4785 0.0100 

72.9642 320.1101 355.6779 000150 	0090 

136.3032 1509014 15.9014 000000 

131.9735 17.0121 17.0121 0.0010 

127.6603 18.2847 18.2847 0.0020 

123.3625 319.7573 19.7573 000030 
119.0801 21.4812 21.4812 090040 
114.8129 23.5267 21.5267 000050 
110.5610 25.9930 25.9930 o.006o 

29.0248 29.0248 0.0070 
102.1024 32.8418 32.8418 0.0080 
97.8955 37.7946 37.7946 000090 
93.7036 44.4785 44.4785 0.0100 

72.9642 355.6779 155.6779 000150 	1.00 

136.1022 17.4916 15.9014 000000 
131.9735 18.7133 17.0121 000010 

127.6603 20.1132 18.2847 0.0020 
121.3635 21.7331 19.7573 0.0030 
119.0801 23.6294 21.4812 000040 
114.8129 25.8794 23.5267 000050 
11095610 28.5923 25.9930 o.006o 
106.3242 31.9272 29.0248 090070 
102.1024 36.1260 33.8418 o.008o 



Tj VR CR M2 

97.8955 41.5741 37.7946 000090 
93.7036 48.9264 44.4785 0.0100 

72.9642 391.2457 355.6779 000150 

136.3023 19.0817 15.9014 000000 

131.9735 30.4145 17.0121 000010 

127.6603 21.9416 18.2847 0.0020 
123.3625 23.7088 19.7573 000030 
119.0801 25.7775 21.4812 090040 
114.8129 28.2320 2395267 000050 
ii0.56to 31.1916 25.9930 o.006o 
106.3242 34.8297 29.0248 0.0070 
102.1024 39.4102 32.8418 o.008o 
97.8955 45.3535 37.7946 000090 

93.7036 53.3743 44.4785 0.0100 

72.9642 426.8135 355.6779 0.0150 

CSR 

1.10 

I • 20 

136.3022 30.6719 15.9014 000000 

131.9735 22.1158 17.0121 0.0010 

127.6603 23.7701 18.2847 0.0020 
123.3625 25.6845 19.7573 000030 
119.0801 27.9256 21.4812 090040 
114.8129 30.5847 23.5267 000050 
110.5610 33.7909 35.9930 0.0060 
106.3242 37.7322 29.0248 090070 
102.1024 42.6944 32.8418 o.008o 
97.8955 49.1330 37.7946 000090 
93.7036 57.8221 44.4785 000100 

72.9642 462.3813 355.6779 000150 I .30 

1 - 6.3022 22.2620 1599014 0.0000 

131.9735 23.8170 17.0121 000010 

127.6603 25.5986 18.2847 000020 
123.3625 37.6603 19.7573 0.0030 
11900801 30.0737 21.4812 0.0040 

114.8129 32.9374 23.5267 0.0050 
110.5610 36.3902 25.9930 o.006o 
106.3242 40.6347 29.0248 0.0070 
102.1024 45.9786 3298418 0.0080 
97.8955 52.9124 37.7946 000090 
93.7036 62.2700 44.4785 000100 

72.9 6 4 2  497.949' 355.6779 0.0150 

136.3022 23.8531 1599014 000000 

131.9735 35.5182 17.0121 000010 

127.6603 37.4370 18.2847 0.0020 
123.3625 29.6360 19.7573 090030 
119.0801 32.2218 21.4812 090040 
114.8129 3502900 23.5267 0.0050 

I • 40 



VR CR 

iio.5610 38.9894 25.9930 0.0060 
106.1242 41.5372 29.0248 000070 

102.1024 49.2627 32.8418 o9oo8o 
97.8955 56.6919 37.7946 000090 
93.7036 66.7178 44.4785 000100 

72.9642 533.5168 355.6779 0.0150 

CS R 

I • 50 



0.0222 80.0000 i 

Tj VR CR 112 

172.9927 1.1276 11.2761 0.0000 

168.6388 1.1830 11.8300 000010 

164.3005 1.2439 12.4388 0.0020 
159.9777 103111 1301112 0.0030 
155.6703 1.3857 13.8575 0.0040 
151.3783 1.4691 14.6907 000050 
147.1016 1.5627 15.6270 0.0060 
142.8402 1.6687 16.6868 0.0070 
138.5938 1.7896 17.8961 0.0080 
134.3625 1.9289 19.2890 000090 
130.1461 200911 20.9109 000100 

109.2860 3.5805 35.8055 000150 
88.7884 11.9317 119.3169 0.0200 

CSR 

0 • tO 

T3/VR/T4 TABLES ADIABATIC CONDI TI ON ij
i ll  

114 	 T4 
	

APP FAHR 

172.9927 2.2552 11.2761 000000 

168.6388 2.3660 1108300 0.0010 

164.3005 2.4878 12.4388 0.0020 
159.9777 2.6222 13.1112 0.0030 
155.6703 2.7715 13.8575 090040 

151.3783 2.9381 1496907 000050 
147.1016 3.1254 15.6270 0.0060 
142.8402 3.3374 z6.6868 0.0070 
138.5938 3.5792 17.8961 0.0080 

134.3635 3.8578 19.2890 000090 
130.1461 4.1822 20.9109 0.0100 

109.2860 7.1611 35.8055 000150 
88.7884 23.8634 119.3169 0.0200 0 • 20 

172.9927 3.3828 11.2761 000000 

i68.688 3.5490 11.8300 000010 

164.3005 3.7317 12.4388 000020 
159.9777 3.9333 13.1112 000030 
155.6703 4.1572 13.8575 0.0040 
151.3783 4.4072 14.6907 000050 
147.1016 4.6881 15.6270 o,006o 
142.8402 5.006o 16.6868 000070 
138.5938 5.3688 17.8961 0.0080 
134.3625 5.7867 19.2890 000090 
130.1461 6.2733 2009109 000100 
109.2860 10.7416 35.8055 0.0150 
88.7884 35.7951 119.3169 0.0200 0.30 



T3 VR CQR M2 

172.9927 4.5105 11.2761 0.0000 

168.6388 4.7330 11.8300 000010 

164.3005 4.9755 12.4388 0.0020 
159.9777 5.2445 1391112 0.0030 
155.6703 5.5430 13.8575 0.0040 
151.3783 5.8763 14.6907 000050 
147.1016 6.2508 15.6270 0.0060 
142.8402 6.6747 16.6868 0.0070 
138.5938 7.1584 17.8961 o.008o 
134.3625 7.7156 19.2890 000090 
130.1461 8.3644 2009109 0.0100 

109.2860 1493222 35.8055 0.0150 
88.7884 47.7268 119.3169 0.0200 

CSR 

0 • 40 

172.9927 5.6381 11.3761 0.0000 

168.6388 5.9150 11.8300 000010 
164.3005 6.2194 1204388 0.0020 
159.9777 6.5556 13.1112 000030 
155.6703 6.9287 13.8575 0.0040 
151.3783 7.3454 14.6907 000050 
147.1016 7.8135 15.6270 0.0060 
142.8402 8.3434 16.6868 0.0070 
138.5938 8.9480 17.8961 o.008o 
134.3625 9.6445 19.2890 0.0090 
130.1461 10.4554 2099109 000100 

109.2860 17.9027 35.8055 0.0150 
88.7884 59.6585 119.3169 000200 0050 

172.9927 6.7657 11.2761 000000 

168.6388 7.0980 11.8300 0.0010 

164.3005 7.4633 12.4388 0.0020 
159.9777 7.8667 1301112 000030 
155.6703 8.3145 13.8575 0.0040 
151.3783 8.8144 14.6907 0.0050 
147.1016 9.3762 15.6270 o.006o 
142.8402 10.0121 z6.6868 0.0070 
138.5938 10.7377 17.8961 0.0080 
134.3625 11.5734 19.2890 000090 
130.1461 12.5465 2009109 000100 

109.3860 21.4833 35.8055 0.0150 
88.7884 71.5901 119.3169 0.0200 

172.9927 7.8933 11.2761 000000 

168.688 8.2810 11.8300 000010 

164.3005 8.7072 12.4388 000020 

159.9777 9.1778 13.1112 0.0030 
155.6703 9.7002 13.8575 0.0040 
151.3783 10.2835 14.6907 0.0050 

0 • 6o 



T3 VR CQR M2 

147.1016 10 .91 8 9 15.6270 0.0060 
142.8402 11.6807 16.6868 0.0070 

118.5918 12.5271 17.8961 0.0080 
1 14.1 62 5 11.5021 19.2890 000090 
110.1461 1 4. 6 17 6  2009109 000100 

109.2860 25.0618 35.8055 0.0150 
88.7884 83.5218 119.3169 0.0200 0 • 70 

172.9927 9.0209 11.2761 0.0000 

168.6188 9.4640 11.8300 000010 

164.3005 9.9511 12.4388 0.0020 
159.9777 10.4889 1301112 0.0030 

155.6703 ii.o86o 13.8575 0.0040 
151.1783 11.7526 14.6907 000050 
147.1016 12.5016 15.6270 o.006o 
142.8402 1 3.3494 16.6868 0.0070 
138.5938 14.3169 17.8961 0.0080 

134.3625 15.4312 19.2890 000090 
130.1461 16.7287 2009109 000100 

109.2860 28.6444 35.8055 0.0150 
88.7884 95.4535 119.3169 000200 0 • 8o 

172.9927 10.1485 11.2761 000000 

168.6388 10.6470 11.8300 000010 

164.3005 1101950 12.4388 000020 
159.9777 z3t.8000 13.1112 000030 

'55• 6 7 0 3 12.4717 13.8575 0.0040 
151.3783 13.2217 14.6907 000050 
147.1016 14.0643 15.6270 o.006o 
142.8402 15.0181 16.6868 0.0070 
138.5938 16.1065 17.8961 o.008o 
134.3625 17.3601 19.2890 000090 
130.1461 18.8198 2009109 0.0100 

109.2860 32.2249 35.8055 0.0150 
88.7884 107.3852 119.3169 0.0200 

172.9927 11.2761 11.2761 000000 

168.6388 1108300 11.800 000010 

164.3005 12.4388 12.4388 0.0020 

159.9777 13.1112 13.1112 000030 
155.6703 13.8575 13.8575 090040 
15103783 1496907 14.6907 000050 
147.1016 15.6270 15.6270 o.006o 
142.8402 16.6868 16.6868 000070 
138.5938 17.8961 17.8961 o.008o 
134.3625 1902890 19.2890 090090 
130.1461 20.9109 2009109 000100 

109.2860 35.8055 35.8055 0.0150 

0090 



T3 	 VR 	 CQR 	 M2 
	

CSR 

88.7884 	119.1169 	11 9.1 16 9 	0.0200 
	

1.00 

172.9927 12.4038 11.2761 000000 

168.6388 1300130 II.83oo 000010 

164.3005 13.6827 12.4388 000020 
159.9777 1494223 1301112 000030 

155.6703 15.2432 13.8575 0.0040 
151.3783 16.1598 14.6907 0.0050 
147.1016 17.1897 15.6370 0.0000 

142.8402 18.3555 x6.6868 000070 
138.5938 19.6857 17.8961 o.008o 
134.3625 21.2179 19.2890 000090 
130.1461 23.0020 20.9109 0.0100 

109.2860 39.3860 35.8055 0.0150 
88.7884 131.2486 119.3169 0.0200 I • 10 

17299927 13.5314 11.2761 0.0000 

168.6388 14.1960 11.8300 0.0010 

164.3005 14.9266 13.4388 0.0020 
159.9777 15.7334 1301112 000030 

155.6703 16.6290 13.8575 0.0040 
151.3783 17.6289 14.6907 0.0050 
147.1016 18.7524 15.6270 o.006o 
142.8402 20.0241 16.6868 0.0070 
138.5938 21.4753 17.8961 0.0080 
134.3625 33.1469 19.2890 090090 
130.1461 2500931 2009109 0.0100 

109.2860 42.9666 35.8055 0.0150 
88.7884 143.1803 119.3169 0.0200 1.20 

172.9927 14.6590 11.2761 000000 

168.688 15.3790 11.8300 000010 

164.3005 16.1705 12.4388 0.0020 
159.9777 17.0445 13.1112 000030 

155.6703 18.0147 13.8575 090040 
151.3783 19.0980 14.6907 0.0050 
147.1016 20.3152 15.6270 0.0060 
142.8403 21.6928 16.6868 0.0070 
138.5938 23.3649 17.8961 0.0080 
134.3625 25.0758 19.2890 000090 
130.1461 27.1842 2009109 0.0100 

109.2860 46.5471 35.8055 0.0150 
88.7884 155.1120 119.3169 0.0200 

172.9927 15.7866 11.3761 000000 

168.688 16.5620 11.800 0.0010 

164.3005 17.4144 12.4388 0.0020 
159.9777 18.3556 1301112 000030 
155.6703 19.4005 13.8575 090040 

1.30 



Tj VR CR 112 

151.3783 20.5670 14.6907 000050 
147.1016 21.8779 15.6270 0.0060 

142.8402 23.3615 16.6868 0.0070 
138.5938 25.0545 17.8961 o.008o 

134.3625 27.0047 19.2890 000090 
130.1461 29.2753 2009109 0.0100 

109.2860 50.1277 35.8055 0.0150 
88.7884 167.0437 119.3169 0.0200 

Cs R 

I • 40 

172.9927 16.9142 11.2761 0.0000 

168.6388 17.7451 Iz.83oo 0.0010 

164.3005 18.6583 12.4388 000020 
159.9777 19.6667 13.1112 000030 
155.6703 20.7862 13.8575 0.0040 
151.3783 22.0361 14.6907 000050 
147.1016 23.4406 15.6270 o.006o 
142.8402 2500302 16.6868 0.0070 
138.5938 26.8441 17.8961 o,008o 
134.3625 28.9336 19.2890 000090 
130.1461 31.3663 2009109 0.0100 

109.2860 53.7082 35.8055 000150 
8807884 178.9754 119.3169 000200 I • 50 



M4 T4 APP 	FAHR 

000310 9000000 I 

T3 VR CR 

219.1322 0.8076 8.0762 000000 
214.7361 o.86x 8.3609 000010 
210.3557 o.8665 8.6651 0.0020 
205.9910 0.8991 8.9912 000030 
201.6420 0.9341 9.3415 090040 
197.3084 0.9719 9.7187 000050 
1 92 0 99 0 3 1.0126 10.1262 o.006o 
188.6875 1.0568 10.5677 0.0070 
184.4000 1.1048 11.0477 o.008o 
180.1277 1.1571 11.5714 000090 
175.8705 192145 12.1450 0.0100 
154.8084 1.6092 16.0921 0.0150 
134.1122 2.3642 23.6420 000200 
113.7724 4.3870 43.8702 090250 
93.7801 27.5895 275.8951 000300 

Cs R 

0 • 10 

219.1322 1.6152 800762 0.0000 
214.7361 1.6722 8.3609 000010 
210.3557 1.7330 6.6651 000020 
205.9910 1.7982 8.9912 000030 
201.6420 1.8681 9.3415 0.0040 
197.3084 1.9437 9.7187 0.0050 
192.9903 2.0252 10.1263 0.0060 
188.6875 2.1135 1065677 0.0070 
184.4000 2.2095 11.0477 0.0080 
180.1277 2.3143 11.5714 0.0090 
175.8705 294290 13.1450 0.0100 
154.8084 3.2184 16.0921 090150 
134.1122 4.7284 33.6420 0.0200 
113.7724 8.7740 43.8702 0.0250 
93.7801 55.1790 275.8951 000300 

21991322 2.4229 8.0762 0.0000 
214.7361 2.5083 8.3609 000010 
210.3557 2.5995 8.665! 000020 
205.9910 2.6974 809912 000030 
201.6420 2.8024 9.3415 0.0040 
197.3084 2.9156 9.7187 000050 
192.9903 3.0379 10.1262 o.006o 
188.6875 3.1703 10.5677 000070 
18 4.4000 3.3143 11.0477 0.0080 

0.20 



Tj VR CQR M2 

180.1277 1.4714 11.5714 000090 
175.8705 3.6435 1291450 0.0100 

154.8084 4.8276 16.0931 000150 
134.1122 7.0926 21.6420 000200 

113.7724 1 1. 1610  43.8702 0.0250 
91.7801 82.7685 275.8951 0 0 0300 

CSR 

0.30 

219.1322 3.2305 8.0762 000000 

214.7361 3.3443 8.3609 000010 

210.3557 3.4661 8.665! 0.0020 
20509910 3.5965 8.9912 000030 
201.6420 3.7366 9.3415 090040 
197.3084 3.8875 9.7187 000050 
19209903 4.0505 10.1262 0.0060 
188.6875 4.2271 10.5677 0.0070 
184.4000 494191 11.0477 o.008o 
180.1277 4.6285 11.5714 000090 
175.8705 4.8580 12.1450 060100 

154.8084 6.4368 16.0931 0.0150 
134.1122 9.4568 23.6420 0.0200 
113.7724 17.5481 43.8702 0.0250 
93.780! 110.3581 275.8951 000300 0 • 40 

21981122 4.0381 8.0762 0.0000 

214.7361 4.1804 8.3609 0.0010 

210.3557 4.13 26  8.6651 0.0020 
205.9910 4.4956 8.9912 000030 

201.6420 4.6707 9.3415 0.0040 

197.3084 4.8594 9.7187. 000050 
192.9903 5.063! 10.1262 o.006o 
188.6875 5.2839 10.5677 0.0070 
184.4000 5.5238 11.0477 0.0080 
180.1277 5.7857 11.5714 000090 
175.8705 6.0725 12.1450 0.0100 

154.8084 8.0460 16.0921 0.0150 
134.1122 11.8210 23.6420 0.0200 
113.7724 21.9351 43.8702 000250 
93.7801 137.9476 275.8951 000300 

219.1322 4.8457 8.0762 000000 

214.7361 5.0165 8.3609 000010 

210.1557 501991 8.661 0.0020 
20589910 5.3947 8.9912 000030 
201.6420 5.6049 9.3415 0.0040 
1 97.1 08 4 5.8112 9.7187 0.0050 
192.9903 6.0757 10.1263 0.0060 
188.6875 6.3406 10.5677 0.0070 
184.4000 6.5286 11.0477 0.0080 

0050 



T3 VR CGR M2 

180.1277 6.9428 11.5714 000090 
175.8705 7.2870 1201450 000100 

154.8084 9.6552 16.0921 0.0150 
134.1122 14.1852 23.6420 0.0200 
111.7724 26.1221 43.8703 0.0250 
93.7801 165.5371 275.8951 000300 

CSR 

0.6o 

219.1322 5.6534 8.0762 000000 

214.7361 5.8526 8.3609 060010 

210.3557 6.0656 8.6651 0.0020 
205.9910 6.2938 8.9912 0.0030 
201.6420 6.5390 9.3415 0.0040 
197.3084 6.803! 9.7187 000050 
192.9903 7.0883 10.1262 0.0000 

188.6875 7.3974 10.5677 0.0070 

184.4000 11.0477 o.008o 
180.1277 8.z000 11.5714 000090 
175.8705 8.5015 1291450 0.0100 

154.8084 11.2644 16.0921 0.0150 

114.1122 16.5494 23.6420 000200 
113.7724 30.7091 43.8702 000250 
93.780! 193.1266 275.8951 0.0300 

219.1122 6.4610 8.0762 000000 

214.7361 6.6887 8.3609 000010 

210.3557 6.9321 8.6651 0.0020 
20509910 7.1930 809913 000030 
201.6420 7.4712 9.3415 0.0040 
197.3084 7.7750 9.7187 000050 
192.9903 8.ioto 10.1262 0.0060 

188.6875 8.4542 10.5677 000070 
184.4000 8.8381 11.0477 o.008o 
180.1277 9.2571 11.5714 000090 
175.8705 9.7I60 12.1450 000100 

154.8084 12.8716 16.0921 090150 
13491122 18.9116 23.6420 0.0200 
113.7724 35.0961 43.8702 090250 
91.7 80 ! 220.7161 375.8951 0.0300 

219.1322 7.2686 8.0762 000000 

214.7361 7.5248 8.3609 000010 

210.3557 7.7986 8.6651 0.0020 
20509910 8.0921 8.9912 0.0030 
201.6420 8.4073 9.3415 000040 
197.3084 8.7468 9.7187 000050 
192.9903 9.1136 10.1262 0.0060 
188.6875 9.5109 10.5677 0.0070 
184.4000 9.9429 11.0477 o.008o 

0 • 70 



Tj VR CR M2 

180.1277 10.4142 11.5714 0.0090 
175.8705 10 091 0 5 12.1450 060100 
154.8084 14.4829 16.0921 000150 
114.1122 21.2778 23.6420 0.0200 
113.7724 39.4831 43.8702 000250 
93.7801 248.3056 275.8951 000300 

CSR 

0.90 

219.1322 8.0763 8.0762 000000 
214.7361 8.3609 8.3609 000010 
210.3557 8.661 8.6651 000020 
20509910 8.9912 8.9913 0.0030 

201.6420 9.3415 9.3415 0.0040 
197.3084 9.7187 9.7187 000050 
193.9903 10.1262 10.1262 0.0060 
18896875 10.5677 10.5677 000070 
1804000 11.0477 11.0477 0,0080 
180.1277 1195714 11.5714 000090 
175.8705 12.1450 12.1450 000100 
154.8084 16.0921 16.0921 0.0150 
134.1122 23.6420 23.6420 0.0200 
113.7724 43.8702 43.8702 0.0250 
93.780! 275.8951 275.8951 000300 I .00 

21991322 8.8838 8.0763 000000 
214.7361 9.1969 8.3609 0.0010 
210.1557 9.5117 8.6651 0.0020 
20509910 9.8901 8.9912 000030 
201.6420 10.3756 9.3415 090040 
1 97.1 08 4 10.6906 9.7187 0.0050 
192.9903 11.1388 10.1262 o.006o 
188.6875 11.6245 10.5677 090070 
184.4000 12.1524 11.0477 o.008o 
180.1277 12.7285 11.5714 000090 
175.8705 13.3595 12.1450 000100 
154.8084 1797013 16.0921 000150 
134.1122 26.0062 23.6420 000200 

11 1.77 2 4 48.2572 43.8702 090250 
93.7801 303.4847 275.8951 000300 

219.1322 9.6915 8.0762 000000 
214.7361 1000310 8.3609 000010 
210.3557 10.3983 8.661 0.0020 
305.9910 10.7895 8.9912 0.0030 
201.6420 11.2098 9.3415 0.0040 
197.3084 11.6625 9.7187 000050 
192.9903 12.1514 10.1262 o.006o 
188.6875 12.6812 10.5677 0.0070 
184.4000 13.2572 11.0477 o.008o 

I .1.0 



Tj VR CR M2 

180.1277 i.886 11.5714 000090 
175.8705 14.5740 1291450 000100 
154.8084 1 9 0 1 10 5 16.0921 0.0150 

1101122 28.1704 23.6420 0.0200 
113.7724 52.6442 43.8702 090250 
93.7801 331.0742 275.8951 000300 

CSR 

I • 20 

219.1322 10.4991 8.0762 000000 
214.7361 10.8691 8.3609 0.0010 
210.3557 11.2647 8.66x 0.0020 
205.9910 ii.6886 809912 000030 
201.6420 12.1439 9.3415 0.0040 
197.3084 12.6343 9.7187 000050 
192.9903 13.1641 10.1262 o.006o 
188.6875 13.7380 10.5677 0.0070 
184.4000 14.3620 1190477 0.0080 
180.1277 15.0428 11.5714 000090 
175.8705 15.7885 12.1450 0.0100 
154.8084 20.9197 16.0921 0.0150 
134.1122 30.7346 23.0420 0.0200 
113.7724 57.0312 43.8702 000250 
93.7801 358.6637 275.8951 000300 1.30 

21901322 11.3067 8.0762 000000 
214.7361 1197052 8.3609 000010 
21003557 1201312 8.661 0.0020 
20509910 12.5877 8.9912 0.0030 
201.6420 13.0781 9.3415 0.0040 
197.3084 13.6062 9.7187 000050 
192.9903 14.1767 10.1263 o.006o 
188.0875 14.7948 10.5677 0.0070 
184.4000 15.4667 11.0477 o.008o 
1 80 01277 16.1999 11.5714 000090 
175.8705 17.0030 12.1450 0.0100 
154.8084 22.5289 16.0921 000150 
1301122 33.0988 23.6420 0.0200 
113.7724 61.4182 43.8702 0.0250 
93.7801 386.2532 275.8951 000300 

21901322 12.1143 8.0762 000000 
214.7361 12.5413 8.3609 000010 
210.3557 12.9977 8.6651 000020 
20599910 13.4868 8.9912 000030 
201.6420 14.0122 9.3415 0.0040 
197.3084 14.5781 9.7187 000050 
192.9903 15.1893 10.1262 0.0060 
188.6875 15.8515 10.5677 000070 
184.4000 16.5715 11.0477 0.0080 

I • 40 



T3 VR CR 

180.1277 17.1570 1195714 0.0090 
175.8705 18.2175 12.1450 000100 
154.8084 24.1381 16.0921 000150 
134.1122 35.4630 2396420 0.0200 
113.7724 65.8052 43.8702 0.0250 
93.7801 413.8427 275.8951 000300 

CSR 

I • 50 



0.0429 10000000 x 

T 3 VR CR M2 

277.7811 0.5814 5.8141 000000 

271.1221 0.5984 5.9842 000010 

268.8775 0.6142 6.1417 0.0020 
264.4486 0.6107 6 .1 0 7 1  0 00010 
260.0156 0.6481 6.481! 0.0040 

255.6383 0.6664 6.6642 0.0050 

251.2567 0.6857 6.8572 o,006o 
246.8900 0.7061 7.0610 000070 

242.5401 0.7277 7.2766 o.008o 
21 8 .2 0 49 097505 7.5048 000090 

213.8851 0.7747 7.7469 000100 

212.5132 0.9218 9.2185 0.0150 
191.5126 1.1334 11.3340 0.0200 
170.8737 1.4634 106345 000250 
150.5873 2.0503 20.5032 000300 

130.6445 3.3846 33.8463 000350 

111.0364 9.3980 93.9796 0.0400 

CSR 

0.10 

M4 	 14 
	

APP FAHR 

277.7831 1.1668 5.8341 000000 

273.3223 1.1968 5.9842 0.0010 

268.8775 1.2283 6.1417 0.0020 
264.4480 1.2614 6.3071 000030 
260.0350 1.2962 6.4811 0.0040 
255.6383 1.3328 6.6642 000050 
251.2507 1.3714 6.8572 0.0060 
246.8906 1.4122 7.0610 0.0070 
242.540! 1 .4553 7.2766 o,008o 
238.2049 1.5010 7.5048 000090 

231. 88 5 1 
 

1.5494 7.7469 000100 

212.5132 1.8437 9.2185 000150 
191.5136 2.2668 11.3340 0.0200 
170.8737 2.9269 14.6345 090250 
150.5873 4.1006 3005032 000300 
13006445 6.7693 33.8463 000350 
111.0364 18.7959 93.9796 090400 

277.7831 1.7502 5.8341 000000 

273.3223 1.7953 5.9842 000010 

268.8775 1.8425 6.1417 000020 
264.4486 1.8921 6.3071 000030 
260.0356 6.4811 0.0040 

0.20 



13 VR CcR 

2 55. 6 3 8 1 1 .9993 6.6642 000050 
251.2567 2.0572 6.6572 o.006o 
246.8906 2.1183 7.0610 0.0070 
242.5401 2.1830 7.2766 o.008o 
238.2049 2.2514 7.5048 000090 
233.8851 2.3241 7.7469 000100 

212.5132 2.7655 9.2185 0.0150 
191.5126 3.4002 11.3340 0.0200 
170.8737 03903 14.6345 000250 
150.5873 6.1509 20.5032 000300 
130.6445 1001539 33.8463 000350 
111.0364 28.1939 93.9796 0.0400 

CSR 

0.30 

277.7831 2.3336 5.8341 000000 

27303223 2.3937 5.9842 000010 

268.8775 2.4567 6.1417 0.0020 
264.4486 2.5229 6.307! 000030 
260.0356 2.5924 6.48!! 090040 
255.6383 2.6657 6.6642 000050 
251.2567 2.7429 6.8572 o.006o 
246.8906 2.8244 7.0610 0.0070 
242.5401 2.9106 7.2766 o.008o 
238.2049 300019 7.5048 000090 
231.8851 3.0988 7.7469 0.0100 

21295132 1.6874 9.2185 0.0150 

191.5126 4.5336 11.3340 0.0200 
170.8737 5.8538 14.6345 000250 
150.5873 8.2013 2005012 000300 
130.6445 13.5385 33.8463 000350 

111.0364 37.5918 93.9796 0.0400 

277.7831 2.9170 5.8341 000000 

273.3323 2.9921 5.9842 0.0010 

268.8775 3.0709 6.1417 0.0020 

264.4486 3.1536 6.3071 000030 
260.0356 3.2405 6.4811 0.0040 
2 55. 6 3 8 1 3.3321 696642 0.0050 
251.2567 3.4286 6.8572 o.006o 
246.8906 3.5305 7.0610 0.0070 
242.5401 3.6183 7.2766 o.008o 
238.2049 1.7524 7.5048 000090 
233.885! 3.8735 7.7469 000100 

212.5132 4.6092 9.2185 0.0150 
191.5126 5.6670 11.1340 0.0200 
170.8737 7.3172 14.6345 0.0250 
150.5871 10.2516 2005033 000300 
130.6445 16.9331 31. 8 4 6 1 000350 

0 • 40 



yR CR M2 

111.0364 46.9898 93.9796 0.0400 

CSR 

0 • 50 

277.7831 3.5004 5.8341 090000 

273.3223 305905 5.9842 0.0010 

268.8775 3.6850 6.1417 0.0020 

264.4486 3.7843 6.3071 0.0030 

260.0356 1.8886 6.4811 000040 
355.6383 3.9985 6.6643 000050 

251.2567 4.1143 698572 o.006o 
246.8906 4.2366 7.0610 0.0070 
242.5401 4.3659 7.2766 o.008o 
238.2049 4.5039 7.5048 000090 
233.8851 4.6482 7.7469 000100 

212.5132 5.5311 9.2185 0.0150 
191.5126 6.8004 11.3340 0.0200 
170.8737 8.7807 14.6345 000250 
150.5873 1203019 20.5032 0 0 0300 

130.6445 20.3078 33.8463 000350 
111.0364 56.3878 93.9796 0.0400 

277.7831 4.0839 5.8341 0.0000 

273.3223 4.1890 5.9842 000010 

268.8775 4.2992 6.1417 090020 
264.4486 4.4150 6.3071 000030 

260.0356 4.5367 6.481 1 0.0040 
355.6383 4.6649 6.6642 000050 
251.2567 4.800! 6.8572 0.0060 
246.8906 4.9427 7.0610 000070 

24205401 5.0936 7.2766 0.0080 
238.2049 5.2534 7.5048 000090 
2 33. 88 5 1  5.4229 7.7469 0.0100 

212.5132 6.4529 9.2185 000150 
191.5126 7.9338 11.3340 0.0200 
170.8737 10.2441 14.6345 0.0250 
150.5873 14.3522 2005032 000300 
130.6445 23.6924 33.8463 0.0350 
111.0364 65.7857 93.9796 0.0400 

277.7831 4.6673 5.8341 000000 

273.3223 4.7874 5.9842 000010 

268.8775 4.9134 6.1417 0.0020 
264.4480 5.0457 6.3071 000030 
26o.o56 5.1848 6.4811 0.0040 
255.6383 5.3313 6.6642 000050 
251.2567 5.4858 6.8572 0.0060 
246.8906 5.6488 7.0610 0.0070 
242.540! 5.8212 702766 o.008o 
238.2049 6.0038 7.5048 000090 

0 • 60 

0 • 70 



T' YR CtR M2 

233.8851 6.1976 7.7469 000100 

212.5132 7.3748 9.2185 0.0150 
191.5126 9.0672 1193340 0.0200 
170.8737 11.7076 14.6345 0.0250 
150.5873 16.4025 20.5032 000300 
130.6445 27.0770 33.8463 000350 
111.0364 75.1837 93.9796 0.0400 

CSR 

0.80 

277.7831 5.2507 5.8141 0.0000 
273.3223 5.1 3 5 8  5.9842 000010 
268.8775 5.5276 6.1417 0.0020 
264.4486 5.6764 6.3071 000030 
260.0356 5.8330 6.4811 0.0040 
255.6383 5.9978 6.6642 0.0050 
251.2567 6.1715 6.8572 0.0060 
246.8906 6.3549 7.0610 0.0070 

242.5401 6.5489 7.2766 0.0080 
238.2049 6.7543 7.5048 060090 
233.8851 6.9722 7.7469 000100 
212.5132 8.2966 9.2185 000150 

191.5126 10.2006 11.3340 0.0200 
170.8737 13.1710 14.6345 000250 
150.5873 18.4528 20.5032 000300 
130.6445 30.4616 33.8463 0 0 0350 
111.0364 84.5817 93.9796 0.0400 

277.7831 5.8341 5.8341 000000 

273.3223 5.9842 5.9842 000010 
268.8775 6.1417 6.1417 0.0020 
264.4486 6.3071 6.3071 000030 
260.0356 6.4811 6.4811 0.0040 

2 55. 6 3 8 1 6.6642 696642 0.0050 
251.2567 6.8572 6.8572 o.006o 
246.8906 7.0610 7.0610 0.0070 
242.5401 7.2766 7.2766 0.0080 
238.2049 7.5048 7.5048 000090 
233.8851 7.7469 7.7469 000100 
212.5132 9.2185 9.2185 0001.50 
191.5126 11.3340 11.3340 000200 
170.8737 14.6345 14.6345 000250 
150.5873 20.5032 20.5032 000300 
130.6445 31. 8 4 6 3 33.8461 0.0350 
111.0364 91.979 6  93.9796 0.0400 

277.7831 6.4175 5.8341 000000 
273.3223 6.5827 5.9842 000010 
268.8775 6.7559 6.1417 0.0020 
264.4486 6.9379 6.3071 000030 

0.90 

I .00 



Tj VR CGR M2 

260.0356 7.1292 6.4811 0.0040 
255.6383 7.3306 6.6642 000050 
251.2567 7.5429 6.8572 o.006o 
246.8906 7.7671 7.0610 0.0070 
242.5401  8.0043 7.2766 0.0080 

238.2049 8.2553 7.5048 000090 
333.8851 8.5216 7.7469 0.0100 

212.5132 10.1403 9.2185 0.0150 
191.5126 12.4674 11.3340 0.0200 
170.8737 16.0979 14.6345 000250 
150.5873 22.5535 20.5032 0.0300 
130.6445 37.2309 33.8463 0.0350 
111.0364 103.3776 93.9796 0.0400 

277.7831 7.0009 5.8341 000000 

273.3223 7.1811 5.9842 000010 

268.8775 70701 6.1417 0.0020 
264.4486 7.5686 6.3071 000030 

260.0356 7.7773 6.4811 000040 
255.6383 7.9970 6.6642 000050 
251.2567 8.2287 6.8572 o.006o 
246.8900 8.4732 7.0610 090070 
242.5401 8.7319 7.2766 o.008o 
238.2049 9.0058 7.5048 000090 

233.8851 9.2963 7.7469 000100 

212.5.132 11.0622 9.2185 000150 

191.5126 .13.6008 11.3340 0.0200 
170.8737 17.5614 14.6345 000250 
.150.5873 24.6038 20.5032 0.0300 
130.6445 40.6155 33.8403 000350 
111.0364 112 .7755 93.9796 0.0400 

277.7831 7.5843 5.8341 000000 

273.3223 7.7795 5.9842 000010 

268.8775 7.9842 6.1417 0.0020 
364.4486 8.1993 6.3071 0.0030 
260.0356 8.4354 6.4811 0.0040 
355.6383 8.6634 6.6643 000050 
251.2567 8.9144 6.8572 0.0060 
246.8906 9.1793 7.0610 000070 
242.5401 9.4595 7.3766 o.008o 
238.2049 9.7562 7.5048 000090 
233.885! 10.0710 7.7469 000100 

212.5.132 11.9840 9.2185 000150 
191.5126 107341 11.3340 0.0200 
170.8737 19.0248 14.6345 0.0250 
150.5873 26.6541 20.5032 000300 

CSR 

I .10 

1.20 



13 VR CR M2 

130.6445 44.0001 33.8463 000350 
111.0364 122.1735 93.9796 0.0400 

CSR 

I .30 

277.7831 8.1677 5.8341 0.0000 

273.3223 8.3779 5.9842 000010 

268.8775 8.5984 6.1417 0.0020 

264.4486 8.800 6.3071 000030 
260.0356 9.0735 6.4811 0.0040 
255.6383 9.3298 6.6642 000050 
251.2567 9.6001 6.8572 0.000 

246.8906 9.8855 7.0610 0.0070 
242.5401  10.1872 7.2766 0.0080 
238.2049 1065067 7.5048 000090 
233.8851 10.8457 7.7469 0.0100 

212.5132 1209059 9.2185 000150 
191.5126 15.8675 11.3340 090200 
170.8737 20.4883 106345 0.0250 
150.5873 28.7044 20.5032 000300 
130.6445 47.3848 33.8463 000350 
111.0364 13195715 93.9796 0.0400 

277.7831 8.7511 5.8341 000000 

273.3223 8.9763 5.9842 000010 

268.8775 9.2126 6.1417 0.0020 
264.4486 9.4607 6.3071 0.0030 

260.0356 9.7216 6.4811 0.0040 

255.6383 9.9963 6.6642 000050 
251.2567 10.2858 6.8572 o.006o 
246.8906 10.5916 7.0610 0.0070 
242.5401 10.9148 7.2766 0.0080 
238.2049 11.2572 7.5048 000090 
233.8851 11.6204 7.7469 000100 

212.5132 13.8277 992185 000150 

191.5126 17.0009 11.3340 0.0200 
170.8737 21.9517 14.6345 0.0250 
150.5873 30.7547 20.5032 000300 
130.6445 50.7694 33.8463 000350 
111.0364 140.9694 93.9796 0.0400 

I • 40 

I • 50 



T3/VR/T4 TABLES ADIABATIC CONDITION 

M4 14 APP 	FAHR 

0.0589 11060000 i 

13 VR CR 112 	 CSR 

353.2394 0.4241 02411 000000 
348.6833 0.4322 4.1320 0.0010 

344. 1 41 6  004406 4.4058 0.0020 
339.6202 0.4493 4.4926 0.0030 
335.1129 0.4583 4.5836 0.0040 
330.6218 0.4676 4.6759 0.0050 

32691466 0.4773 4.7727 0.0060 
321.6873 0.4873 4.8732 0.0070 
117.2418 0.4978 4.9777 0.0080 

312.8162 o.o86 5.0864 000090 
308.4041 0.5199 5.1995 0.0100 
286.5758 0.5843 5.8423 000150 
265.1268 o.660 6.600 0.0200 
244.0472 0.7696 7.6958 0.0250 
223.3277 009103 9.1028 0.0300 
202.9589 1.1097 11.0974 000350 
182.9322 1.4145 14.1446 0.0400 
103.2390 1.9377 19.3768 0.0450 
143.8710 1.0457 30.4568 000500 
124.8202 6.9608 69.6079 000550 	0010 

353.2394 0.8482 4.2411 0.0000 
348.6833 0.8644 4.3220 000010 

344.1436 0.8812 4.4058 0,0020 
339.6202 0.8985 4.4926 000030 
335.1129 0.9165 4.5826 0.0040 
330.6218 0.9153 4.6759 000050 
326.1466 0.9545 4.7737 o.006o 
321.6873 0.9746 4.8732 000070 
317.2438 009955 4.9777 0.0080 
312.8163 1.0173 5.0864 000090 
308.4041 100399 5.1995 000100 
286.5758 1.1685 5.8423 000150 
265.1268 1.3300 6.65oo 0.0200 
244.0472 1.5392 7.6958 0.0250 
321.1277 1.8206 9.1028 000300 
202.9589 2.2195 11.0974 000350 
182.9132 2.8289 14.1446 0.0400 
163.3390 1.8754 19.3768 0.0450 
143.8710 690914 30.4568 000500 



13 VR CtR M2 

335.1129 2.2913 4.5836 000040 
330.6218 2.3379 4.6759 000050 
326.1466 3.3863 07727 o.006o 
321.6873 2.4366 4.8732 0.0070 
317.2438 2.4889 4.9777 o9oo8o 
312.8162 2.5432 5.0864 0.0090 
308.4041 2.5997 5.1995 000100 

286.5758 299311 5.8423 000150 
265.1268 3.3250 6.600 0.0200 

244.0472 3.8479 7.6958 0.0250 
22393277 4.5514 9.1028 000300 
202.9589 5.5487 11.0974 000350 
182.9322 7.0723 14.1446 0.0400 
163.2390 9.6884 19.3768 0.0450 
143.8710 15.2284 30.4568 000500 
124.8202 34.8039 69.6079 0.0550 

CSR 

0 • 50 

353.2394 2.5447 02411 000000 

348.6833 2.5932 03220 0.0010 

144.1436 2.6435 4.4058 000020 
339.6202 2.6956 4.4926 060030 

335.1129 2.7496 4.5826 0.0040 
330.6218 2.8055 4.6759 0.0050 
326.1466 2.8636 4.7727 o.006o 
321.6873 2.9239 4.8732 0.0070 

317.2438 2.9866 4.9777 o.008o 
312.8162 3.0518 5.0864 0.0090 
308.4041 3.1197 5.1995 0.0100 

286.5758 3.5054 5.8423 090150 
265.1268 309900 6.6500 0.0200 
244.0472 4.6175 796958 0.0250 
22303277 5.4617 9.1028 0.0300 
202.9589 6.6584 1100974 0.0350 
182.9322 8.4868 101446 0.0400 
163.2390 11.6261 19.3768 0.0450 
143.8710 18.2741 30.4568 000500 
124.8202 41.7647 69.6079 0.0550 

35303394 2.9688 4.2411 0.0000 

348.6833 3.0254 4.3220 000010 

344.1436 '3.0841 4.4058 0.0020 
339.6202 3.1448 4.4926 000030 
335.1129 3.2078 4.5826 0.0040 

330.6218 3.271' 4.6759 000050 
326.1466 3.3409 497727 o.006o 
121.6873 3.4113 4.8732 0.0070 
31702438 3.4844 4.9777 o.008o 

0 • 60 



13 VR CR M2 

112.8162 3.56o5 5.0864 000090 

108.4041 3.6196 5.1995 000100 

286.5758 4.0896 5.8423 0.0150 
265.1268 4.6550 6.6500 0.0200 
244.0472 5.3871 7.6958 090250 
223.3 2 77 6.3720 9.1028 .0300 
202.9589 7.7682 1100974 0.0350 

182.9322 909012 14.1446 090400 
163.2390 13.5637 19.3768 0.0450 
143.8710 2103197 30.4568 000500 

134.8202 48.7255 6996079 000550 

CSR 

00 70  

353.2394 3.3929 02411 0.0000 

348.6833 3.4576 493220 000010 

344.1436 3.5247 4.4058 000020 

339.6202 3.5941 4.4926 000030 
335.1129 3.6661 4.5826 0.0040 
330.6218 3.7407 4.6759 000050 
126.1466 3.8181 4.7727 o.006o 
321.6873 1.8986 4.8732 000070 

317.2438 3.9823 4.9777 o.008o 
312.8162 4.0691 5.0864 0.0090 
308.4041 4.1596 501995 0.0100 

386.5758 4.6738 5.8421 0.0150 
265.1268 503200 6.6500 0.0200 
244.0472 6.1566 7.6958 0.0250 
223.3277 7.2822 9.1028 000300 
202.9589 8.8779 11.0974 000150 
182.9322 11.3157 14.1446 0.0400 
163.2390 15.5014 1901768 090450 
143.8710 24.3654 30.4568 0.0500 
124.8202 55.6863 69.6079 000550 

351.2394 3.8170 4.2411 0.0000 

14 8 . 68 33 3.8898 4.3220 000010 

344.1436 3.9653 04058 0.0020 
339.6202 4.0434 4.4926 000030 

335.1129 4.1243 4.5826 0.0040 
330.6218 4.2083 4.6759 000050 
326.1466 4.2954 4.7727 o,006o 
321.6873 4.3859 08733 000070 

117.2438 4.4799 4.9777 o.008o 
312.8162 4.5777 5.0864 000090 
308.4041 4.6795 501995 000100 

386.5758 5.2580 5.8433 000150 
265.1268 5.9850 6.600 0.0200 
244.0472 6.9262 7.6958 000250 

0.80 



Tj VR CR 112 

223.3277 8.1925 9.1038 0.0300 
202.9589 9.9876 11.0974 0.0350 
182.9322 12.7302 14.1446 090400 
163.2390 17.4391 19.3768 0.0450 
143.8710 27.4111 30.4568 0.0500 
124.8202 62.6471 69.6079 0.0550 

CSR 

0090 

353.2394 4.2411 4.2411 000000 
348.6833 4.3220 493220 000010 

344.1436 4.4058 4.4058 0.0020 
339.62 02  4.4926 4.4936 0.0030 
335.1129 4.5826 4.5826 090040 
330.6218 4.6759 4.6759 090050 
326.1466 4.77 2 7 4.7727 o,006o 
321.6873 4.8732 4.8732 0.0070 
117.2438 4.9777 4.9777 0.0080 
312.8162 5.0804 5.0864 000090 
308.4041 501995 5.1995 0.0100 

286.5758 5.8423 5.8423 000150 
265.1268 6.600 6.600 0.0200 
244.0472 7.6958 7.6958 0.0250 
223.3277 9.1028 9.1028 000300 
202.9589 11.0974 11.0974 000350 
182.9322 14.1446 14.1446 0.0400 
163.2390 19.3768 19.3768 0.0450 
143.8710 30.4568 30.4568 000500 
12498302 6996079 69.6079 000550 

35392394 496652 4.2411 000000 
348.6833 4.7542 03220 000010 
344.1436 4.8464 4.4058 000020 
339.6202 4.9419 4.4926 0.0030 

335.1129 5.0408 4.5826 0.0040 
330.6218 5.1435 4.6759 0.0050 
326.1466 5.2500 4.7727 o.006o 
321.6873 5.605 4.8732 090070 
317.2438 5.4755 4.9777 0.0080 
312.8162 5.5950 5.0864 000090 
308.4041 5.7194 5.1995 000100 
286.5758 6.4265 5.8433 000150 
265.1268 7.3150 6.6500 0.0200 
244.0472 8.4654 7.6958 0.0250 
223.3277 1000131 9.1028 000300 
202.9589 12.2071 11.0974 000350 
182.9122 15.5591 14.1446 0.0400 
163.2390 21.3145 19.3768 0.0450 
143.8710 33.5024 30.4568 0.0500 

1.00 



Tj VR CR M2 

1 24. 8 2 0 2 76.5687 69.6079 000550 

353.2194 5.0893 4.2411 000000 
348.6833 5.1865 4.3220 0.0010 

144. 1 41 6  5.2870 4.4058 0.0020 
139. 6202  5.19 12  4.4926 0.000 

115. 112 9 5.4991 4.5826 0.0040 

110.6218 S.6111 4.6759 0.0050 
126.1466 5.7272 4.7727 o,006o 
321.6873 5.8479 4.8732 0.0070 
317.2438 5.9733 4.9777 o.008o 
312.8162 6.1037 5.0864 000090 
308.4041 6.2394 5.1995 0.0100 
286.5758 7.0107 5.8423 0.0150 
265.1268 7.9801 6.6500 0.0200 
244.0472 9.2350 7.6958 000250 
223.3277 10.9234 9.1028 000300 
202.9589 13.3168 1100974 0.0350 
182.9322 16.9736 14.1446 0.0400 
163.2390 23.2521 19.3768 0.0450 
143.8710 36.5481 30.4568 0.0500 

124.8202 83.5295 69.6079 000550 

CSR 

1010 

1420 

151. 2 394 5.5134 492411 000000 
348.6833 5.6187 493220 000010 

344.1436 5.7276 4.4058 0.0020 
319. 6 2 0 2 5.8404 4.4926 000030 
315. 11 29 5.9574 4.5826 0.0040 
330.6218 6.0786 4.6759 090050 
326.1466 6.2045 4.7727 0.0060 
321.6873 6 .1152 4.8732 0.0070 
317.2438 6.4710 4.9777 0.0080 
312.8162 6.6123 5.0864 000090 
308.4041 6.7593 5.1995 0.0100 
286.5758 7.5949 5.8423 0.0150 
265.1268 8.6451 6.65oo 0.0200 
244.0472 10.0045 7.6958 0.0250 
223.3277 11.8337 9.1028 0.0300 
202.9589 14.4266 11.0974 000350 
182.9322 18.3880 101446 090400 
163.2390 35.1898 1903768 0.0450 
143.8710 39.5938 30.4568 000500 
12498202 90.4903 69.6079 090550 

35302394 5.9375 4.2411 	000000 

34 8 . 68 11 6.0509 4.3220 	000010 
344.1436 6.1682 4.4058 	0.0020 
339.6202 6.2897 4.4926 	000030 

1030 



T3 VR CR r12 

315.1129 6.4156 4.5826 0.0040 
130.621 8  6.5462 4.6759 090050 
326.1466 6.6818 4.7727 o.006o 
321.6873 6.8225 4.8732 0.0070 
317.2438 6.9688 4.9777 0.0080 
312.8162 791209 5.0864 0.0090 
308.4041 7.2793 5.1995 0.0100 

286.5758 8.1792 5.8423 000150 
265.1268 903101 6.600 0.0200 
244.0472 10.7741 7.6958 0.0250 
22393277 12.7439 9.1038 000300 
202.9589 15.5163 1160974 000350 
182.9322 19.8025 14.1446 0.0400 
163.2390 27.1275 19.3768 0.0450 
143.8710 42.6395 30.4568 0.000 

124.820 2 97.4511 69.6079 0.0550 

CSR 

I • 40 

353.2394 6.616 02411 0.0000 

348.6833 6.4831 03220 000010 

344. 1 41 6  6.6088 4.4058 0.0020 
139.6202 6.7390 4.4926 000030 

33501129 6.8739 4.5826 0.0040 
330.6218 7.0138 4.6759 000050 
326.1466 7.1590 4.7727 o.006o 
321.6873 7.3098 4.8712 000070 

317.2438 7.4666 4.9777 o.008o 
312.8162 7.6296 5.0864 0.0090 
308.4041 7.7992 501995 000100 

286.5758 8.7034 5.8423 0.0150 
265.1268 9.9751 6.6500 0.0200 
244.0472 11.5437 7.6958 000250 
22 3.3 2 77 13.6542 9.1028 000300 
202.9589 16.6461 11.0974 0.0350 
18209322 21.2170 14.1446 0.0400 
163.2390 29.0652 19.3768 0.0450 
143.8710 45.6851 30.4568 0.0500 
1208202 104.4118 69.6079 0.0550 I • 50 



o.o8o8 120.0000 I 

Tj VR CR M2 

451.4161 001095 1.0952 000000 

446.7250 0.1140 1.1196 0.0010 

442.05 0 5 0.3185 .1852 0.0020 
417.1928 0 .1 2 12 302120 000030 
432.7517 0.3280 3.2799 0.0040 
428.1271 0.3129 3.3291 000050 

421.5191 0.3380 3'1797 0.0060 

418.9274 0.3432 3.4116 0.0070 
414.3520 0.3485 3.4849 o.008o 
409.7928 0.3540 3.5398 000090 
405.2498 0.359 3.5961 0.0100 

382.7734 0.3904 1.9017 000150 

360.6875 0.4262 620 0.0200 
338.9821 0.4684 4.6844 0.0250 
317.6474 0.5190 501901 000300 

4 296.6738 o.8o6 5.8062 0.0350 
276.0525 0.6573 6.5734 0.0400 

255.7745 0.7555 7.5552 0.0450 
235.8315 0.8856 8.8560 000500 
216.2150 1.0663 io*66i5 000550 
196.9172 1.3336 13.3364 o.o600 
177.9304 1.7707 17.7074 0.0650 
159.2472 2.6137 26.1369 0.0700 
140.8602 4.9175 49.1751 090750 
122.7625 37. 1 31 2  371.1321 0.0800 

[sI1t 

0.10 

M4 
	

T4 
	

APP FAHR 

451.4163 0.6190 3.0952 000000 

446.7250 0.6279 3.1396 0.0010 
442.0505 0.6370 3.1852 000020 
437.3928 0.6464 3.2320 000030 

432.7517 0.6560 3.2799 0.0040 
428.1271 0.6658 3.3291 000050 

423.5191 0.6759 3.3797 0.0060 
418.9274 o.686 3.4316 000070 
414.3520 0.6970 3.4849 o.008o 
409.7928 0.7080 3.5398 000090 
405.2498 0.7192 3.5961 0.0100 

382.7734 0.7807 3.9037 0.0150 
160.6875 0.8524 4.2630 0.0200 
338.9821 0.9369 4.6844 0.0250 



T3 
	

yR 	 CR 
	

Ma 
	

CSR 

317.6474 i.0380 501901 0.0300 
296.6718 1.1612 5.8062 0.0150 
276.0525 1 '3 1 47 6.5714 090400 

255.7745 1.5110 7.5552 0.0450 
215.8115 1.7712 8.8560 0.0500 
216.2150 2.1123 10.6615 000550 
196.9172 2.6673 13.3364 o.o600 
177.9304 3.5415 17.7074 o.o60 
159.2472 5.2274 26.1369 0.0700 
140.8602 9.8350 49.1751 0.0750 
122.7625 702664 371.3321 o.o800 0 • 20 

451.4163 0.9286 1.0952 0.0000 

446.7250 0.9419 3.1396 000010 

442.05 0 5 0.9556 3.1852 0.0020 
437.3928 0.9696 3.2320 000030 
432.7517 0.9840 3.2799 0.0040 
428.1271 0.9987 3.3291 000050 
423.5191 100139 3.3797 o.006o 
418.9274 100295 3.4316 0.0070 
414.3520 1.0455 3.4849 0.0080 
409.7928 1.0619 1.5198 000090 
405.2498 1.0788 3.5961 000100 

382.7734 1.1711 3.9037 0.0150 
160.6875 1.2786 4.2620 0.0200 
338.9821 1.4053 4.6844 0.0250 
317.6474 1.5570 5.1901 000300 
296.6738 1.7419 5.8062 0.0150 
276.0525 1.9720 6.5734 090400 
255.7745 2.2666 7.5552 000450 
235.8315 2.6568 8.860 000500 
216.2150 3.1985 10.6615 000550 
196.9172 4.0009 13.3364 o.o600 
177.9304 503122 17.7074 0.0650 

159.2472 7.8411 26.1369 0.0700 
140.8602 14.7525 49.1751 0.0750 
122.7625 111.3996 371.3321 o.o800 

451.4163 1.2381 3.0952 000000 

446.7350 1.2559 3.1396 000010 
442.0505 1.2741 3.1852 0.0020 
437.3928 1.2928 3.2320 000030 

432.7517 1.3130 3.2799 0.0040 
428.1271 1.3317 3.3291 000050 
423.5191 103519 3.3797 o.006o 
418.9274 1.3726 3.4316 0.0070 
414.3520 103940 1.48 49 0.0080 

0030 



13 VR CR M2 

409.7928 1.4159 3.5398 0.0090 
405.2498 1.4385 3.5961 000100 

382.7734 1.5615 3.9037 0.0150 

360.6875 1.7048 4.2620 0.0200 
338.9821 1.8738 4.6844 090350 
317.6474 2.0760 5.1901 000300 
290.6738 2.3225 5.8062 000350 
276.0525 2.6294 6.5734 0.0400 
255.7745 3.0221 7.5552 0.0450 
235.8315 3.5424 8.86o 000500 

216.2150 4.2646 io.661 000550 
196.9172 5.3346 13.3364 o.o600 
177.9304 7.0830 17.7074 o.o6o 
159.2472 10.4548 26.1369 000700 
140.8602 19.6700 49.1751 0.0750 
122.7625 148.5329 371.3321 0.0800 

CSR 

0 • 40 

451.4163 1.5476 3.0952 0.0000 

446.7250 1.5698 3.1396 0.0010 

442.0505 1.5926 3.1852 0.0020 
437.3928 z.6i6o 303320 000030 
432.7517 1.6400 3.2799 0.0040 
428.1271 1.6646 3.3291 000050 
423.5191 1.6898 3.3797 0.0000 

418.9274 1.7158 3.4316 0.0070 
414.3520 1.7425 3.4849 o.008o 
409.7928 1.7699 3.5398 0.0090 
405.2498 1.7981 3.5961 000100 

382.7734 1.9519 3.9037 0.0150 
360.6875 2.1310 4.2620 0.0300 

13 8 .9 8 2 1  2.3422 4.6844 0.0250 
117.6474 2.5950 501901 000300 

296.6738 2.9031 5.8062 000350 
276.0525 1.3867 6.5734 0.0400 
255.7745 1.777 6  7.5552 0.0450 
235.8315 4.4280 8.86o 0.0500 
216.2150 5.3308 10.6615 0.0550 
196.9172 6.6682 13.3364 o.o600 
177.9304 8.8537 17.7074 0.0650 
159.2472 i.o685 26.1369 0.0700 
140.8602 24.5875 49.1751 0.0750 
122.7625 r8.6661 37 1 .132 1  o.o800 

451.4163 1.8571 3.0952 	000000 

446.7250 1.8838 3.1396 	0.0010 
44290505 109111 3.1852 	000020 
437.3928 1 .9192 3.2320 	000030 

0650 



Tj yR CcR M2 

412.7517 1.9680 3.2799 0.0040 
428.1271 1.9975 1.1291 000050 
421.5191 2.0278 3.3797 0.0060 
418.9274 290590 3.4316 0.0070 
414.1520 2.0910 3.4849 0,0080 
409.7928 3.1239 3.5398 090090 
405.2498 2.1577 3.5961 0.0100 
382.7734 2.3422 399037 0.0150 
360.6875 2.5572 4.2620 000200 
118.9821 2.8106 4.6844 0.0250 
317.6474 391140 5.1901 090100 
296.6738 3.4837 5.8062 000350 
276.0525 3.944' 6.5734 090400 
255.7745 4.5331 7.5552 0.0450 
235.8315 5.3136 8.8560 000500 
216.2150 6 .19 6 9 io.66i5 0.0550 
196.9172 8.0018 13.3364 o.o600 
177.9304 10.6245 17.7074 0.0650 
159.2472 15.6822 26.1369 0.0700 
140.8602 29.5050 49.1751 090750 
122.7625 222.7993 371.1321 0.0800 

CSR 

0 • 6o 

45 1 .4 16 1 2.1666 3.0952 000000 
446.7250 2.1978 3.1396 0.0010 
442.0505 2.2297 3.1852 0.0020 
417.39 28  2.2624 3.2320 000010 
432.7517 202959 1.2799 0.0040 
428.1271 2 .13 0 4 3.1 2 9 1  000050 
423.5191 2 .1 6 5 8  3.3797 o.006o 
418.9274 204021 3.4116 0.0070 
414.3520 2.4395 3.4849 0.0080 
409.7928 2.4778 3.5398 000090 
40502498 2.5173 3.596! 0.0100 
382.7734 2.7126 3.9037 000150 
360.6875 2.9834 4.2620 0.0200 
318.9821 3.2791 4.6844 0.0250 
317.6474 3.6330 501901 000300 
296.6738 4.0643 5.8062 000350 
276.0525 4.6014 6.5734 0.0400 
255.7745 5.2886 7.5552 000450 

215.8315 6.1992 8.8560 000500 
216.2150 7.4631 10.6615 000550 
196.9172 9.3355 13.3364 o.o600 
177.9304 12.3952 17.7074 0.0650 
1 59. 2 47 2  18.2959 26.1369 000700 
140.8602 34.4226 49.1751 000750 



T3 YR CR 112 

122.7625 2 59.93 2 5 371.3321 o.o800 

CSR 

0 • 70 

451.4163 204762 300952 000000 
446.7250 295117 3.1396 0.0010 
442.0505 2.5482 3.1852 0.0020 
437.3928 2.5856 3.2320 000030 
43297517 3.6239 3.2799 0.0040 
428.1271 2.6633 3.3291 0.0050 
423.5191 2.7038 3.3797 o.006o 
418.9274 2.7453 3.4116 0.0070 
414.3520 2.7880 3.4849 o.008o 
409.7928 3.8318 3.5398 000090 
405.2498 2.8769 3.5961 000100 
382.7734 3.1230 3.9037 000150 
360.6875 3.4096 4.2620 0.0200 
338.9821 3.7475 4.6844 0.0350 
317.6474 01520 5.1901 000300 
296.6738 4.6449 5.8063 000350 
276.0525 5.2587 6.5734 0.0400 

255.7745 6.0441 7.5552 0.0450 
235.8115 7.0848 8.8560 000500 
216.2150 8.5292 Io.66i5 0.0550 
19609172 10.6691 13.3364 o.o600 
177.9304 14.1660 17.7074 0.0650 
159.2472 2009095 26.1369 090700 
140.8602 39.3401 49.1751 0.0750 
122.7625 297.0657 371.1321 0.0800 

451.4163 2.7857 3.0952 000000 
446.7250 2.8257 3.1396 0.0010 
44290505 2.8667 3.1852 0.0020 
437.3928 2.9088 302320 000030 
432.7517 2.9519 3.2799 0.0040 
428.1271 2.9962 3.3291 0.0050 
423.5191 3.0417 3.3797 o.006o 
418.9274 1.0884 3.4316 0.0070 
414.3520 3.1364 3.4849 0.0080 
409.7928 3.1858 3.5198 000090 
405.2498 3.2365 1.5961 0.0100 

382.7714 3.5134 3.9037 0.0150 
360.6875 1.8158 4.2630 0.0200 
338.9821 4.2160 4.6844 0.0250 
117.6474 4.6710 5.1901 000300 
296.6738 5.2256 5.8062 000350 
276.0525 5.9161 6.5734 000400 
255.7745 6.7997 7.5553 0.0450 
235.8315 7.9704 8.86o 000500 

0 .8o 



T3 VR CR M2 

216.2150 9.5954 10.6615 0.0550 
196.9172 12.0028 13.3364 o.o600 
177.9304 15.9167 17.7074 0.0650 
159.2472 2 1.5 2 3 2  26.1369 0.0700 
140.8602 44.2576 4991751 0.0750 
122.7625 114. 1 9 8 9 371.3121 o.o800 

CSR 

0090 

451.4163 3.0952 3.0952 0.0000 

446.7250 3.1396 3.1396 000010 

442.0505 1.1852 3.1852 0.0020 
437.3928 3.2320 302320 0.0030 

432.7517 3.2799 3.2799 0.0040 
428.1271 3.3291 303291 000050 
423.5191 3.3797 3.3797 0.006O 

418.9274 1.43 16  1.4316 0.0070 

414.3520 3.4849 3.4849 0.0080 

409.7928 3.5398 3.5398 000090 
405.2498 3.5961 3.5961 000100 

382.7734 3.9037 3.9037 000150 
360.6875 4.2620 4.2620 0.0200 
338.9821 4.6844 06844 0.0250 
317.6474 501901 501901 000300 
296.6738 5.8062 5.8062 060350 
276.0525 6.5734 6.5734 0.0400 
255.7745 7.5552 7.5552 o.0450 
235.8315 8.86o 8.86o 000500 
216.2150 10.6615 10.6615 000550 
196.9172 13.3364 13.3364 o.o600 
177.9304 17.7074 17.7074 0.0650 
159.2472 26.1369 26.1369 000700 
140.8602 4991751 49.1751 0.0750 
12207625 371.3321 371.3321 0.0800 

451.4163 3.4047 3.0952 000000 
446.7250 3.4536 3.1396 000010 
44290505 3.5037 1.1852 0.0020 
437.192 8  3.5552 3.2320 000030 
432.7517 1.6079 3.2799 0.0040 
428.1271 3.6621 393291 000050 
423.5191 3.7177 3.3797 o.006o 
418.9274 3.7748 3.4316 000070 
414.3520 3.8334 3.4849 0.0080 
409.7928 3.8937 3.5398 000090 
405.2498 3.9558 3.5961 090100 
382.7734 4.2941 3.9037 000150 
360.6875 4.6882 4.2620 0.0200 
338.9821 5.1528 4.6844 0.0250 

1600 



yR 	 CR 
	

H 2 
	

CSR 

117.6474 5.7091 5.1901 000300 
296.6718 6.3868 5.8062 000350 
276.0525 7.2308 6.5714 0.0400 
255.7745 8.3107 7.5552 0.0450 
235.8315 9.7416 8.8560 0.0500 
216.2150 11.7277 io.6615 0.0550 
196.9172 14.6701 13.3364 0.0600 
177.9304 19.4782 17.7074 000650 
159.2472 28.7506 26.1369 0.0700 
140.8602 500926 49.1751 0.0750 
122.7625 408.4653 371.3321 0.0800 1.10 

451.4163 3.7142 3.0952 000000 
446.7250 3.7676 3.1396 000010 

442.0505 3.8223 3.1852 0.0020 
437.3928 3.8783 302320 000030 
432.7517 3.9359 3.2799 0.0040 
428.1271 3.9950 3.3291 000050 
423.5191 4.0556 3.3797 0.0060 
418.9274 4.1179 3.4316 0.0070 
4103520 4.1819 1.4849 o.008o 
409.7928 4.2477 3.5398 000090 
405.2498 4.1 1 54 3.5961 000100 
382.7734 4.6845 3.9037 000150 
360.6875 5.1143 4.2620 090200 
338.9821 5.6213 4.6844 0.0250 
317.6474 6.2281 5.1901 000300 

296.6738 6.9674 5.8062 060350 
276.0525 7.8881 6.5734 0.0400 
255.7745 9.0662 7.5552 090450 
235.8315 10.6272 8.8560 000500 
216.2150 12.7938 10.6615 000550 
196.9172 16.0037 13.3364 0.O6OO 
177.9304 21.2489 17.7074 0.0650 
159.2472 31.3643 26.1369 0.0700 
140.8602 5900101 49.1751 090750 
122.7625 445.5985 371.3321 o.o800 

451.4163 4.0238 300952 0.0000 
446.7250 4.0815 1.1396 000010 
442.0505 4.1408 3.1852 0.0020 
437.3928 4.2015 3.2320 000030 
432.7517 4.3639 1.2799 0.0040 
428.1271 4.1 2 79 3.3291 000050 
423.5191 4.391 6  3.3797 o.006o 
418.9274 4.4611 3.4316 0.0070 
414.3520 4.5304 3.4849 o.008o 

1020 



Tj VR CR M2 

409.7928 4.6017 3.5398 000090 

405.2498 4.6750 3.5961 0.0100 

382.7734 5.0749 1.9017 0.0150 

360.6875 5.5405 4.2620 0.0200 

338.9821 6.0897 4.6844 090250 

317.6474 6.7471 5.1901 000300 

296.6738 7.5480 5.8062 0.0350 

276.0525 8.5455 6.5734 0.0400 

255.7745 9.8217 7.5552 0.0450 

235.8315 11.5128 8.8560 000500 

216.2150 13.8600 10.6615 000550 

196.9172 17.3373 13.3364 o.o600 
177.9304 23.0197 17.7074 o.o650 

159.2472 33.9780 26.1369 0.0700 

140.8602 61.9276 49.1751 0.0750 

122.7625 482.7318 371.3321 0.0800 

CSR 

1.30 

451.4163 4.3333 3.0952 000000 

446.7250 4.3955 3.1396 000010 

442.0505 4.4593 3.1852 000020 

437.3928 4.5247 3.2320 000030 

432.7517 4.5919 3.2799 0.0040 

428.1271 4.6608 3.3291 0.0050 

42395191 4.7316 3.3797 o9oo6o 

418.9274 4.8042 3.4326 0.0070 

414.3520 4.8789 3.4849 0.0080 

409.7928 4.9557 3.5398 000090 

405.2498 5.0346 3•596' 000100 

382.7734 5.4652 3.9037 000150 
360.6875 5.9667 4.2620 0.0200 

338.9821 6.5582 4.6844 0.0250 
317.6474 7.2661 5.1901 000300 

296.6738 8.1287 5.8062 0.0350 

276.0525 9.2028 6.5734 0.0400 

255.7745 10.5772 7.5552 0.0450 
235.8315 12.3984 8.8560 0.0500 
216.2150 14.9262 io.66z 0.0550 

196.9172 18.6710 13.3364 o.o600 
177.9304 24.7904 17.7074 0.0650 

159.2472 36.5917 26.1169 0.0700 

140.8602 68.8451 49.1751 0.0750 

122.7625 519.8650 371.3321 0.0800 

451.4163 4.6428 3.0952 000000 

446.7250 4.7095 3.1396 000010 

442.0505 4.7778 3.1852 0.0020 
417.3928 4.8479 3.2320 000030 

I • 40 



T3 yR CR M2 

432.7517 4.9199 3.2799 0.0040 
428.1271 4.9937 3.3291 090050 
423.519 1  5.0695 3,3797 o.006o 
418.9274 5.1474 3.4316 0.0070 

414.3520 592274 3.4849 0.0080 
409.7928 5.3097 3.5398 000090 
405.249 8  5.3942 3.5961 0.0100 

382.7734 5.8556 3.9037 0.0150 
360.6875 6.3929 4.2620 000200 

338.9821 7.0266 4.6844 000250 
317.6474 7.7851 501901 000300 

296.6738 8.7093 5.8062 000350 
276.0525 9.8601 6.5734 000400 
255.7745 11.3328 795552 0.0450 
235.8315 13.2840 8.86o 0.0500 
316.2150 1599923 io.66iS 000550 
196.9172 20.0046 13.3364 0.0600 

177.9304 26.5612 17.7074 o.o6o 
159.2472 39.2054 36.1369 090700 
140.8602 73.7626 49.1751 0.0750 
122.7625 556.9982 37193321 o.o800 

CSR 

I .50 



0.II06 13000000 I 

13 VR CR M2 

581.1546 0.2261 2.2609 000000 

576.2713 0.2286 2.2856 000010 

571.4055 0.2311 2.1108 0.0020 
566.5572 0.2316 2.3365 000030 

561.7261 0.2363 2.3626 0.0040 
556.9124 0.2389 2.3892 0.0050 
552.1157 0.2416 2.4164 o.006o 
547.3361 0.2444 2.4441 0.0070 

542.5735 0.2472 2.4723 0.0080 
537.8278 0.2501 2.5011 000090 
533.0988 092530 2.5304 0.0100 
509.702() 0.2686 2.6863 0.0150 
486.7129 0.2859 2.8594 0.0200 
464.1192 0.3053 3.0528 0.0250 
44199114 0.3270 3.2702 000300 
420.0796 0.3516 3.5163 0.0350 

198.6143 0.3797 3.7973 0.0400 
377.5065 094121 4.1211 0.0450 
356.7473 0.4498 4.4984 000500 
316.3281 0.4944 4.9416 0.0550 
316.2406 0.5477 5.4768 o.o600 
296.4768 0.6127 6.1270 o.o6o 
277.0289 0.6937 6.9374 0.0700 
357.8895 0.7976 7.9756 0.0750 
239.0512 0.9353 9.3534 o.o800 
220.5070 1.1270 11.2698 o.o8o 
202.2501 1.4118 14.1176 000900 
184.2738 1.8794 18.7916 0.0950 
166.5717 2.7890 27.8904 0.1000 
149.1376 5.3298 53.2983 001050 
131.9654 51.8974 518.9742 001100 

581.1546 0. 4522 2.2609 0.0000 
576.2713 0.4571 2.2856 000010 
571.4055 0.4622 2.3108 0.0020 
566.5572 0.4673 2.3365 000030 
561.7261 0.4725 2.3626 0.0040 
556.9124 0.4778 2.3892 000050 
552.1157 0.4833 2.4164 o.006o 
547.3361 0.4888 2.4441 000070 

Cs R 

0.10 

M4 
	

T4 
	

APP FAHR 



VR CR M2 

542.5735 0.4945 294723 0.0080 
537.8278 0.5002 2.5011 000090 
511.0988 0.5061 2.5304 000100 
509.7026 0 .5171 2.6863 000150 
486.7129 0.5719 2.8594 0.0200 
464e1192 0.6106 1.0528 0.0250 
441.9114 0.6540 392702 0.0300 
420.0796 0.7033 3.5163 0.0350 
198.6143 0.7595 3.7973 0.0400 
377.5065 0.8242 4.1211 0.0450 
356.7473 0.8997 4.4984 0 9 0500 
336.3281 0.9887 4.9436 0.0550 
316.2406 190954 5.4768 o.o600 
296.4768 192254 6.1270 o.o6o 
277.0289 1.3875 6.9374 0.0700 
257.8895 105951 7.9756 0.0750 
239.0512 1.8707 9.3534 0.0800 
22005 0 70 2.2540 11.2698 o.o8o 
202.2501 2.8235 14.1176 000900 
184.2738 3.7587 18.7936 090950 
166.5717 5.5781 27.8904 0.1000 
149.1376 10.6597 53.2983 0.1050 
131.9654 103.7948 518.9742 001100 

CSR 

0.20 

581.1546 0.6783 2.2609 0.0000 

576.2713 0.6857 2.2856 000010 
571.4055 0.6932 2.3108 0.0020 
566.5572 0.7009 2.3365 000030 
561.7261 0.7088 2.3626 000040 
556.9124 0.7168 2.3892 0.0050 
552.1157 0.7249 2.4164 o.006o 

547.3361 0.7332 294441 0.0070 
542.5735 0.7417 2.4723 0.0080 

517.8278 0.7503 205011 000090 
533.0988 0.7591 2.5304 0.0100 

509.7026 0.8059 2.6863 0.0150 
486.7129 0.8578 2.8594 0.0200 
464.1192 0.9158 3.0528 000250 
441.9114 0.9810 3.2702 000300 
420.0796 1.0549 3.5163 000350 
398.6143 101392 3.7973 090400 
377.5065 1.2363 4.1211 090450 
356.7473 1.3495 4.4984 000500 
336.3281 1.4831 4.9436 0.0550 
316.2406 1.6430 5.4768 o.o600 
296.4768 1.8381 6.1270 0.0650 



VR CR M2 

277.0289 2.0812 6.9374 0.0700 
257.8895 2.3927 7.9756 0.0750 
239.0512 2.8060 9.3534 0.0800 

220.5070 .38io 11.2698 0.0850 
202.2501 4.2353 14.1176 0 0 0900 

184.2738 5.6381 1897936 0.0950 
166.5717 8.3671 27.8904 0.1000 

149.1376 15.9895 53.2983 001050 
131.9654 155.6923 518.9742 001100 

CSR 

0010 

581.1546 0.9043 2.2609 0.0000 

576.2713 0.9142 2.2856 000010 

571.4055 0.9243 2.3108 000020 
566.5572 0.9346 2.3365 000030 

561.7261 0.9450 2.3626 0.0040 
556.9124 0.9557 2.3892 000050 
552.1157 0.9666 2.4164 o.006o 
547.3361 0.9776 2.4441 000070 
542.5735 0.9889 2.4723 o.008o 
537.8278 1.0004 2.501! 000090 
533.0988 1.0122 2.5304 000100 

509.7026 1.0745 2.6863 090150 
486.7129 1.1438 2.8594 0.0200 
464.1192 102211 390528 0.0250 
441.9114 1.3081 3.2702 000300 
42000796 1.4065 3.5163 0.0350 
398.6143 1.5189 3.7973 0.0400 
377.5065 1.6484 4.1211 0.0450 
356.7473 1.7994 4.4984 000500 
336.328! 1.9774 4.9436 0.0550 
316.2406 2.1907 5.4768 o.o600 
296.4768 2.4508 6.1270 o.o6o 
277.0289 2.7750 6.9374 0.0700 
25708895 3.1903 7.9756 0.0750 
239.0512 3.7414 9.3534 o.o800 
22005070 4.5079 11.2698 o.o8o 
202.2501 5.6471 14.1176 000900 
184.2738 7.5174 18.7936 000950 
166.5717 11.1562 27.8904 001000 

149.1376 2103193 53.2983 0.1050 
131.9654 207.5897 518.9742 0.1100 

581.1546 1.1304 2.2609 000000 

576.2713 1.1428 2.2856 000010 
571.4055 1.1554 2.3108 0.0020 
566.5572 1.1682 2.3365 000030 

561.7261 i.i8il 2.3626 000040 

0 • 40 



Tj VR CR M2 

556.9124 1.1946 2.1892 000050 
552.1157 1.2082 2.4164 o.006o 
547.336! 1.2220 2.4441 0.0070 

542.5715 1.2361 294723 o.008o 

517.8278 1.2505 2.5011 000090 

513. 0 9 88  192652 2.5304 000100 

509.7026 1.1432 2.6863 090150 
486.7129 1.4297 2.8594 0.0200 
464.1192 1.5264 3.0528 0.0250 
441.9114 1.6351 3.2702 000300 
42 0 . 0 79 6  1.7581 3.5163 0.0350 

198.6143 1.8986 3.7973 0.0400 
377.5065 2.0606 01211 090450 

156.7473 2.2492 4.4984 0.0500 
336.3281 2.4718 4.9436 0.0550 
316.2406 2.7384 5.4768 o.o600 
296.4768 3.0635 6.1270 0.0650 
277.0289 3.4687 6.9374 0.0700 
257.8895 3.9878 7.9756 0.0750 
239.0512 4.6767 9.3534 0.0800 
220.5070 5.6349 11.2698 0.080 
202.2501 7.0588 14.1176 000900 
184.2738 9.3968 18.7936 0.0950 
166.5717 13.9452 27.8904 001000 

149.1376 26.6492 53.2983 0.1050 
131.9654 259.4871 518.9742 0.1100 

CSR 

0050 

581.1546 103565 2.2609 000000 

576.2711 1.3714 2.2856 0.0010 
571.4055 1.3865 2 .1 108  0.0020 
566.5572 1.4019 2.1165 000030 

561.721 1.4176 2.3626 000040 
556.9124 1 .4135 2.1892 000050 
55201157 1.4498 2.4164 0.0060 
547.3361 1.4664 2.4441 0.0070 

542.5735 1.4834 2.4723 o.008o 
537.8378 1.5006 2.5011 000090 
533.0988 1.5183 2.5304 0.0100 

509.7026 x.6xi8 2.6863 000150 
486.7129 1.7157 2.8594 0.0200 
464.1192 1.8317 3.0528 090250 
441.9114 X.96a1 3.2702 0.0300 
420.0796 2.1098 3.5163 000350 
398.6143 2.2784 3.7973 0.0400 
377.5065 2.4727 4.1211 090450 
35 6 .7473 2.6990 4.4984 0.0500 



VR CR M2 

116.3281 3.9661 4.9436 000550 
316.2406 3.2861 5.4768 o.o600 

296.4768 3.6762 6.1270 0.0650 
277.0289 4.1624 6.9374 0.0700 
257.8895 4.7854 7.9756 0 0 0750 
23900512 5.6120 9.3534 0.0800 
220.5070 6.7619 11.2698 0 .080  

202.250! 8.4706 14.1176 0.0900 
184.2738 11.2762 18.7936 0.0950 
166.5717 16.7343 27.8904 001000 

149.1376 31.9790 53.2983 0.1050 
131.9654 311.3845 518.9742 0.1100 

CSR 

0 • 6o 

581.1546 1.5826 2.2609 0.0000 

576.2713 1.5999 2.2856 0.0010 
571.4055 1.6176 2.3108 0.0020 
566.5572 1.6355 2.3365 000030 

561.7261 1.6538 2.3626 0.0040 
556.9124 1.6725 2.3892 0.0050 
552.1157 1.6915 2.4164 o.006o 

547.13 61  1.7109 2.4441 0.0070 
542.5735 1.7306 2.4723 o.008o 
517.8278 1.7507 205011 0.0090 
511.0988 1.7713 2.5304 0.0100 
509.7026 1.8804 2.6863 0.0150 
486.7139 3.0016 2.8594 0.0200 
464.1192 2.1370 3.0528 000250 
441.9114 2.2891 3.2702 000300 

420.0796 2.4614 3.5163 0.0350 
398.6143 2.6581 3.7973 0.0400 
377.5065 2.8848 4.1211 0.0450 
356.7473 3.1489 4.4984 000500 
336.3281 3.4605 4.9436 0.0550 
316.2406 398338 5.4768 o.o600 
296.4768 4.2889 6.1270 0.0650 
277.0289 498562 6.9374 090700 
257.8895 5.5829 7.9756 0.0750 
219.0512 6.5474 9.3534 o.o800 
220.5070 7.8889 11.2698 0.08o 
202.2501 9.8823 14.1176 000900 
184.2738 13.1555 18.7936 000950 
166.5717 19.5233 27.8904 0.1000 

149.1376 37.3088 53.2983 0.1050 
'31.9654 363.2819 518.9742 0.1100 

	

581.1546 	1.8087 	2.2609 	0.0000 

	

576.2713 	1.8285 	2.2856 	000010 

0 • 70 



Tj VR CQR M2 

571.4055 1.8486 2.3108 0.0020 
566.5572 1.8692 2.3365 000010 
561.7261 1.8901 2.1626 0.0040 
556.9124 1.9114 2 .1 8 9 2  0.0050 
552.1157 109331 3.4164 0.0060 

547.3361 1.9553 2.4441 0.0070 

543•5735 1.9778 2.4721 0.0080 

517.8278 2.0008 2.5011 000090 
531.0988 2.0243 2.5304 000100 

509.7026 2.1491 2.6863 000150 

486.7129 2.2876 2.8594 0.0200 
464.1192 2.4422 3.0528 000250 

441.9114 2.6161 3.2702 000300 

42 0 . 0 79 6  2.8130 3.5163 0.0350 
398.6143 3.0378 3•7971 0.0400 
377.5065 3.2969 01211 0.0450 
356.7473 3.5987 4.4984 090500 
336.3281 3.9549 4.9436 090550 
316.2406 4.*14 5.4768 o.o600 

296.4768 4.9016 6.1270 0.0650 
277.0289 5.5499 6.9374 0.0700 
257.8895 6.80 7.9756 0.0750 
239.0512 7.4827 9.3534 o.o800 
220.5070 9.0159 11.2698 o.o80 
202.2501 11.2941 14.1176 000900 
184.2738 15.0349 18.7936 0.0950 
166.5717 22.3124 37.8904 0.1000 

149.1376 42.6386 53.2983 091050 
131.9654 415.1794 518.9742 001100 

CSR 

581.1546 3.0148 2.2609 000000 

576.2713 2.0570 2.2856 000010 
571.4055 2.0797 2.3108 0.0020 
566.5572 2.1028 2.3365 000030 
56107261 2.1263 3.1 6 2 6  0.0040 
556.9124 2.1503 2.3892 000050 
552.1157 2.1748 2.4164 0.0060 
547.3361 2.1997 2.4441 000070 
542.5735 2.2251 2.4723 0.0080 
537.8278 2.2510 2.5011 000090 
533.0988 2.2774 2.5304 0.0100 
509.7026 2.4177 2.6863 0.0150 
486.7129 3.5735 2.8594 0.0200 
464.1192 2.7475 3.0528 0.0250 
441.9114 2.9431 3.2702 000300 
420.0796 3.1646 3.5163 0.0350 



Tj VR CR 112 

19 8 . 61 41 3•075 3.7973 0.0400 
177.5065 3.7090 4.1211 090450 
15 6 .7473 4.0486 4.4984 000500 

336.3281 4.4492 4.9436 0.0550 
3 16 .2406  4.9291 5.4768 o.o600 
296.4768 5.5143 6.1270  0.0650 
277.0289 6.2437 6.9374 000700 
2 57. 88 95 7.1781 7.9756 0 0 0750 
239.0512 3.4181 9.3534 0.0800 
220.5070 10.1429 11.2698 0.0850 
20202501 12.7059 14.1176 0 0 0900 
184.2738 16.9143 18.7936 0.0950 
166.5717 2501014 27.8904 0.1000 

149.1376 47.9685 53.2983 0.1050 
131.9654 467.0768 518.9742 001100 

CSR 

0090 

581.1546 2.2609 2.2609 0.0000 

576.2713 2.2856 2.2856 000010 
571.4055 2.3108 2.3108 0.0020 
566.5572 2.3365 2.3365 000030 
561.7261 2.3626 2.3626 0.0040 
556.9124 2.3892 3.3892 0.0050 
552.1157 2.4164 2.4164 o.006o 
547.3361 3.4441 3.4441 090070 

542.5735 2.4723 2.4723 0.0080 
537.8278 2.5011 2.5011 0.0090 
533.0988 2.5304 2.5304 000100 
509.7026 2.6863 2.6863 000150 
48607129 2.8594 2.8594 0.0200 
464.1192 3.0528 3.0528 0.0250 
441.9114 3.2702 3.2702 000300 
420.0796 3.5163 3.5163 000350 
398.6143 3.7973 3.7973 0.0400 
377.5065 4.1211 4.1211 0.0450 
356.7473 4.4984 4.4984 0.0500 
336.3281 4.9436 4.9436 000550 
316.2406 5.4768 5.4768 o.o600 
296.4768 6.1270 6.1270 O.o65o 
277.0289 6.9374 6.9374 090700 
257.8895 7.9756 7.9756 0.0750 
2 19. 0 5 12  9.3534 9.3534 o.o800 
22005070 11.2698 11.2698 0.080 
20202501 14.1176 14.1176 000900 
184.2738 18.7936 18.7936 000950 
166.S717 27.8904 37.8904 001000 

1 49. 1 17 6  53.2983 53.2983 001050 



T3 	 VR 	 CR 	 t12 
	

CSR 

131.9654 	518.9742 	518.9742 	0.1100 
	

1000 

581.1546 3.4870 2.2609 0.0000 

576.2713 295142 2.2856 000010 

571.4055 2.5419 2.3108 0.0020 
566.5572 2.5701 2.3365 000030 

561.7261 2.5989 2.3626 0.0040 
556.9124 2.6282 2.3892 0 0 0050 
552.1157 2.6580 2.4164 o.006o 
547.3361 2.6885 2.4441 0.0070 

542.5735 2.7195 2.4723 0.0080 
537.8278 2.7512 2.5011 000090 
531.0988 2.7834 2.5304 0.0100 

509.7026 2.9549 2.6863 0.0150 
486.7129 3.1454 2.8594 0.0200 
464.1192 3.3581 3.0528 0.0250 
441.9114 3.5972 3.2702 000300 
420.0796 3.8679 3.5163 000350 
398.6143 01770 3.7973 0.0400 
377.5065 4.5332 4.1211 0.0450 
356.7473 4.9482 4.4984 000500 
336.3281 5.4379 4.9436 0.0550 
316.2406 6.0245 5.4768 o.o600 
296.4768 6.7397 6.1270 o.o6o 
277.0289 7.6312 6.9374 090700 
257.8895 8.7732 7.9756 0.0750 
23900512 10.2887 9.3534 0.0800 
22005070 12.3968 11.2698 o.o8o 
202.2501 15.5294 14.1176 000900 
184.2738 20.6730 18.7936 000950 
166.5717 30.6795 27.8904 001000 

149.1376 58.6281 53.2983 001050 

131.9654 570.8716 518.9742 001100 

581.1546 2.7130 392609 0.0000 

576.2713 2.7437 2.2856 000010 

571.4055 2.7730 2.3108 0.0030 

566.5572 2.8038 2.3365 000030 

561.7261 2.8351 2.3626 0.0040 
556.9124 2.8671 2.3892 000050 
552.1157 2.8997 2.4164 o.006o 
547.3361 3.9329 2.4441 000070 
54295735 2.9667 2.4723 o.008o 
537.8278 300013 205011 0.0090 
533.0988 3.0365 2.5304 000100 
509.7026 3.2236 2.6863 000150 
486.7129 3.4313 2.8594 0.0200 

1.10 



Tj VR CR 

464.1192 3.6634 3.0528 000250 
441.9114 3.9242 '3.2702 0.0300 

420.0796 492195 3.5163 000350 
398.6143 4.5567 3.7973 0.0400 
377.5065 4.9453 4.1211 000450 
356.7473 503981 4.4984 000500 
336.1281 5.9323 4.9436 000550 
316.2406 6.5721 5.4768 o.o600 
296.4768 7.3524 6.1270 0.0650 
277.0289 8.3249 6.9374 000700 
257.8895 9.5708 7.9756 0.0750 
239.0512 11.2241 9.3534 o.o800 

220.5070 13.5238 11.2698 0.080 
202.2501 16.9412 14.1176 090900 

1802738 22.5523 18.7936 0.0950 
166.5717 33.4685 27.8904 001000 

149.1376 63.9580 53.2983 0.1050 
131.9654 622.7690 518.9742 0.1100 

CS R 

1.20 

581.1546 2.9391 2.2609 000000 

576.2713 2.9713 2.2856 000010 

571.4055 3.0040 2.3108 000020 
566.5572 3.0374 2.3365 0.0030 
561.7261 3.0714 2.3626 000040 
556.9124 3.1060 2.3892 090050 
552.1157 3.1413 2.4164 0.0060 

547.3361 3.1773 2.4441 0.0070 
542.5735 3.2140 2.4723 0.0080 
537.8278 3.2514 2.5011 0.0090 
533.0988 3.2895 2.5304 000100 

509.7026 1.49 22  2.6863 060150 
486.7129 3.7173 2.8594 0.0200 
464.1192 3.9086 3.0528 000250 
441.9114 4.2512 3.2702 000300 
420.0796 4.5712 3.5163 000350 
398.6143 4.9364 3.797 0.0400 
377.5065 5.3574 4.1211 090450 
356.7473 5.8479 4.4984 0.0500 
336.3281 6.4267 4.9436 000550 
316.2406 7.1198 5.4768 o.o600 
296.4768 7.9651 6.1270 0.0650 
277.0289 9.0186 6.9374 000700 
257.8895 10.3683 7.9756 0.0750 
23900512 12.1594 9.3534 0.0800 
22005070 14.6508 11.2698 o.o8o 
202.2501 18.3539 14.1176 000900 



Tj VR CcF M2 

184.2738 24.4317 18.7936 000950 
166.5717 36.2576 27.8904 0.1000 

149.1376 69.2878 5.2983 001050 
131.9654 674.6665 518.9742 001100 

CSR 

10 3 0  

581.1546 3.1652 2.2609 090000 

576.2713 3.1998 2.2856 000010 
571.4055 3.2351 2.3108 0.0020 
566.5572 3.2710 2.3365 000030 
561.7261 3.3077 2.3626 0.0040 
556.9124 3.3449 2.3892 0.0050 
552.1157 3.1 8 3 0  2.4164 o.006o 
547.3361 3.4217 2.4441 000070 
542.5735 3.4612 2.4723 o.008o 

537.8278 3.5015 205011 000090 
533.0988 3.5426 2.5304 000100 

509.7026 1.7608 2.6863 0.0150 
486.7129 490032 2.8594 000200 
464.1192 4.2739 3.0528 0.0250 
441.9114 4.5782 3.2702 000300 

420.0796 4.9228 1.5161 000350 
398.6143 5.3162 3.7973 0.0400 
377.5065 5.7695 4.1211 0.0450 
356.7473 6.2978 4.4984 0.0500 
116.3281 6.9210 4.9436 000550 
316.2406 7.6675 5.4768 o.o600 
296.4768 8.5778 6.1270 0.0650 
277.0289 9.7124 6.9374 0.0700 
257.8895 11.1659 7.9756 0.0750 
239.0512 13.0948 9.3534 o.o800 
22005070 15.7778 11.2698 0.080 
20292501 19.7647 14.1176 000900 
184.2738 26.3111 18.7936 000950 
166.5717 39.0466 27.8904 0.1000 
149.1376 74.6176 53.2983 0.1050 
131.9654 726.5639 518.9742 0.1100 

581.1546 3.3913 2.2609 000000 
576.2713 3.4284 2.2856 000010 
571.4055 3.4062 2.3108 0.0020 
566.5572 3.5047 2.3365 000030 
561.7261 3.5439 2.3626 0.0040 
556.9124 3.5839 2.3892 0.0050 
552.1157 3.6246 2.4164 o.006o 
547.3361 1.6661 2.4441 090070 
542.5735 3.7084 2.4723 o.008o 
537.8278 3.7516 2.5011 0.0090 

I • 40 



t14 	 T4 

T.1 VR CR M2 

533.0988 1.7956 2.5304 000100 

509.7026 4.0295 2.6863 0.0150 

486.7129 4.2892 2.8594 0.0200 

464.1192 4.5792 1.0528 0.0250 

441.9114 4.9052 1.27 0 2 0.0100 

420.0796 5.2744 1.5163 0.0150 

398.6143 5.6959 3.7973 0.0400 

377.5065 6.1817 4.1211 0.0450 

356.7473 6.7476 4.4984 000500 

116.3281 7.4154 4.9416 000550 

316.2406 8.2152 5.4768 0.0600 

296.4768 9.1905 .1270 0.0650 

277.0289 10.4061 6.9174 0.0700 

257.8895 11.9635 7.9756 000750 

239.0512 14.0301 9.3534 0.0800 

220.5070 16.9048 11.3698 o.o8o 

202.2501 21.1765 14.1176 000900 

184.2738 28.1904 18.7936 090950 

166.5717 41.8357 27.8904 001000 

149.1376 79.9475 53.2983 0.1050 

131.9654 778.4613 51899742 0.1100 

CSR 

I • 50 


