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ABSTRACT 

The kinetic mechanisms of adsorptive drying were studied, The gas 

determined fortemperature and concentration expiration curves were 

moist air and the two desiccants, activated alumina (Alcoa F-1) and 

conditions, ThreeLinde molecular sieve 4-A under adiabatic fixed bed 

one bed diameter, twodifferent granule sizes, two different flow rates, 

weredifferent bed lengths, and two different feed gas concentrations 

studied. 

into aModels of kinetic mechanisms were devised and incorporated 

computerized numerical analysis program along with previously determined 

coefficientsorption therms, diffusivity relations, and heat transfer 

correlations. The models included the bipore concept and surface/ 

internal release of heat of adsorption among others, The program was 

untilrepeatedly executed with parameter adjustments in between 

results.coincidence was obtained between theorectical and experimental 

found that theDuring the course of parameter adjustments, it was 

mass transfer filmtotal diffusivity, D, the heat of adsorption, X, the 

coefficient. kg, and the coefficient of heat transfer by radiation, hj^, 
Linde molecularhad to be multiplied by 2.4, 1.27, 3.0, and 0.5 for 

sieve 4-A, and 3.0, 1.4, 3.0, and 0.5 for activated alumina. 

respectively. These multiplications are justified in the thesis. 

In the computer program, the diffusion equations were expressed in 

concentration andterms of partial pressure and temperature instead of 

finite differencetemperature which gave a remarkable advantage in the 
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The finite differencecalculation of mass transfer at the interface, 

of thescheme of Crank and Nicolson was used due to the shortcomings 

A variable increment size wasDouglas method discussed in the thesis, 

used in the granule to increase the speed of calculation, The explicit 

were eliminated.nature speeded calculations because iterative loops 
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CHAPTER I 

INTRODUCTION 

Stationary beds of granular desiccants have been and are being 

used to dry gases in the chemical industry, the food processing industry, 

research, thethe petroleum industry, in wind tunnel research, space 

drying of oxygen for use at high altitudes, air-conditioning in space 

capsules, and in the preparation of isotope gases for separation by 

gaseous diffusion among a host of other applications. This drying 

operation is a transient diffusional operation of chemical engineering 

belonging to a group generally referred to as the "percolation" 

heatoperations. The latter include fixed bed ion exchange, 

recuperation, certain types of chromatography, ion exclusion, fixed bed 

sorption in general. 

theDuring the course of evolution of the percolation operation 

mechanismsadvantages of a scientific understanding of the diffusional 

involved became apparent as is evidenced by the literature starting with 

Anzelius (8) in 1926. A significant volume of research has been and is 

being done in this area, However, due to the complex nature of these 

and solved.processes, only approximate models have been proposed 

Typical simplifying assumptions are linear sorption equilibrium 

constantisotherms, isothermal operation, constant linear velocity, 

reasons theintraparticle diffiisivity, and others. For obvious 

literature on the percolation operation is permeated with the ordinary 

diffusivity, D^. The way in which D^ depends on concentration and 
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literature, Thetemperature is generally disregarded in much of the 

same is true for thermal diffusion and its contribution to the sorptive 

kinetic mechanism. It is well known that an adsorption and thermal wave 

of these wave frontspass up through a percolator and that in the region 

temperatures up to about 248“F have been measured with a feed gas 

temperature of 70“F. Thus thermal diffusion can have a very pronounced 

effect on the course of sorption and the sorption waves. 

it has beenIn past engineering designs of sorption equipment, 

assumed that thermal diffusion does not exist. So-called "constant 

basismean values of ordinary diffusivities have also been used as a 

sofor design. These numbers are generally guesstimated to be oversized 

that the design is on the "safe side. " i.e., it is an overdesign. This, 

It is intended that thisof course, is not the most economical design, 

research will shed light on this state of affairs in such a way as to 

betweenprovide the computer programs that give the best coincidence 

experiment and theory. 

devised forIn recent years several computer programs have been 

analyzing and/or designing fixed bed sorption operation (15,25,32,72, 

104,105,115) and in Dr. Jury's case (72) the program is even equipped 

to take into account the thermal as well as the ordinary diffusion 

concentrationcoefficient and the way in which these vary with sorbate 

and temperature. The state of this part of the art has until recently 

been much further advanced than has been the case for the diffusion 

coefficients in sorbent solids and other matters related to sorptive 

kinetic mechanisms. 
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therms,Past research in the department has covered the sorption 

diffusivities, and recuperative properties of desiccant beds (12,23,61, 

69,70,74,75,79,80,86,87,94,96,101,114,132,133,157). 

These results now make it possible to computerize a precision data 

For thisanalysis scheme for studying percolation kinetic mechanisms, 

a set ofpurpose it is necessary to conduct in the laboratory 

inpercolation runs and then to follow up with a computerized analysis 

which a search is made for coincidence between the experimental and 

theoretical results. This then is the purpose of this thesis. The 

practical benefits should be obvious. 

molecularThe five adsorbents—i.e., activated alumina, Linde 

sieve 4-A, Florite, Drierite, and silica gel—have been the subjects of 

the past research program in the department, Here just two of these— 

i.e • # activated alumina and Linde molecular sieve 4-A—are of concern. 



CHAPTER II 

HISTORICAL REVIEW OF PERCOLATION STUDIES 

Active interest in the development of understanding the percolation 

operations began about 1926. Since that time, various investigators 

and morehave tried to analyze these processes, first analytically 

recently numerically. The following is a summary of these efforts. 

The work of Anzelius (8) is generally regarded as the beginning of 

In 1926 he treated the basic heatmodem day percolation research, 

solution for therecuperation mathematically and obtained an analytical 

case of uniform initial gas and bed temperature with gas film 

thecontrolling. A year later, in 1927, Nusselt (125) developed 

analytical solution for the case of nonuniform initial bed temperature. 

In 1929, Schumann (145) used more assumptions to simplify 

Anzelius's solutions and reduced the results to a standard, dimension 

are no thermalless chart. The assumptions involved are: (1) there 

in thetemperature gradients in the solid, (2) the axial conduction 

fluid and in the solid may be neglected, (3) the thermal parameters are 

heat transferindependent of temperature effects, (4) the rate of 

between gas and solid is proportional to the average temperature 

difference, (5) all volume changes due to temperature may be neglected, 

(6) the bed is adiabatic, (7) the temperature of the gas is uniform over 

cross section of the bed, and (8) the initial gas and bed temperatures 

solution entailed aare uniform. He found that actually evaluating his 

rather large amount of computation which was in fact practically 

4 
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time and bedimpossible except for very small values of dimensionless 

His model still received much attention because of its impact1ength. 

and thermalin the prediction of breakthrough curves in fixed adsorbers 

19 32
regenerators. It was first used by Furnas (45,46,47) in 1930 and 

in determining the coefficient of heat transfer between a flowing gas 

and a bed of granular particles. He used graphical integration to 

of dimensionlessevaluate Schumann's solution and extended the range 

time and bed length parameters, Lowan (106), Saunders and Ford (143), 

the heat transferand Mondt (119) also used this approach in obtaining 

curves byfilm coefficient by matching the experimental and theoretical 

eye. However, these curves do not allow easy interpolation of 

intermediate values of the dimensionless bed length parameter. 

resultsIn 1928, Ponndorf and Knipping (134) reported experimental 

involving gas drying in silica gel and charcoal beds as a parallel work 

of the analytical solutions by Anzelius (8), Nusselt (125), Schumann 

(145), and Furnas (45,46,47). Derr (41) reported his experimental 

Similarresults in 1938 about drying of air by activated alumina, 

1939, and by Amero,experimental results were reported by Ahlberg (3) in 

Moore, and Capell (5) in 1947 on silica gel and Florite, respectively. 

relation betweenHowever, no discussion was presented of the dynamic 

heat recuperation and sorption in stationary beds. 

studied theSmith (147) in 1934 and Binnie and Poole (13) in 1937, 

cross flow heat exchanger problem and obtained a double power series 

andsolution which can also be applied to the heat recuperation 

adsorption problems. 
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for theIn 1939, Wicke (158,159) reported on analytical solution 

drying of gases by porous solids. In 1943, Gamson, Thodos, and Hougen 

transfer in the(48) presented a review of heat, mass, and momentum 

flowing of gases through granular solids. Several years later, in 1946, 

Grossman (54) solved the transient heat transfer problem by finite 

difference methods where he included an arbitrary initial temperature 

distribution and heat of reaction. A year later, Brinkley (19) extended 

HisAnzelius's work to include the case where the solid generated heat. 

and fluid asexpressions are obtained for the temperatures of solid 

the heat sourcefunctions of position and time, and he assumed that 

of the solid withfunction is a linear function of the temperature 

coefficients independent of position and time. A year later in 1947, 

Hougen and Marshall (60) studied isothermal adsorption in granular beds 

where the mass transfer across the film is controlling which is 

analogous to the heat transfer problem handled by Anzelius (8) and 

Schumann (145). A linear equilibrium relationship between fluid and 

content of theadsorbate concentration was assumed, and the adsorbate 

gas present in the bed at any instant was neglected in comparison to 

total adsorbate passed through in a cycle, A nuntoer of graphical 

methods and analytical studies have also appeared in that decade (37,59). 

In 1952, Jury and Licht (83,84) developed a generalized analytical 

solution, besides Wicke (158,159) and Eagleton and Bliss (43), which 

included the above case and two additional cases of intragranular 

diffusion controlling and activated diffusion controlling. They 

concluded in this study that the idealized theories were applicable to 
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longer beds, That same year, Rosen (138) reported a theoretical 

a fixed bed.investigation of the transient mass transfer behavior of 

The system was a bed of spherical particles of uniform radius, through 

which a fluid flows with a constant linear velocity and constant density. 

film coefficient,Other assumptions to linearize the system were constant 

constant internal diffusion coefficient, and a linear adsorption 

isotherm. The heat of adsorption was not considered, Thus, the 

for the effluentsolution was obtained by utilizing Laplace transform 

fluid concentration as a function of time and bed length. A simplified 

in which theapproximation to the exact solution was also presented 

effect of the film coefficient was not considered as a rate controlling 

in thisstep, Two years later, Rosen (139) evaluated the integals 

problem numerically in terms of dimensionless time, bed length, and 

film resistance parameters. Also in 1952 Kasten, Lapidus, and Amundson 

of an isothermal(89) presented a solution for the transient behavior 

adsorption bed. However, the use of their derived equations for heat 

and mass transfer was limited because of the restrictive assumption of 

a linear adsorption isotherm. In 1956 Amundson (6) developed analytical 

solutions for non-adiabatic heat transfer in fixed beds taking into 

account heat generation, Axial mixing was also assumed but he did not 

consider intraparticle diffusion. Instead he assumed the major 

resistance to heat transfer was in the gas film at the particle surface. 

silicaIn 1954, Hubard (62) presented equilibrium data for 

gel-water vapor. Carmen and Haul (24) presented the constant-volume 

method of measuring the diffusion coefficients of a gas or a liquid 
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solution into a solid. In 1956, Acrivos (1) developed the 

in which theone-dimensional model for isothermal fixed bed operation 

He solved bothadsorption isotherm is either linear or Langmuir type, 

heat and mass transfer with chemical reaction numerically. In 1960, 

transfer resistanceAcrivos (2) pointed out that in the models the mass 

an axial diffusionaround and within the particles can be replaced by 

will resultterm, because the existance of the mass transfer resistance 

in an axial dispersion. 

work onIn 1957, Sanlaville (142) published his pioneering 

simultaneous heat and mass transfer during air drying in fixed beds of 

activated alumina. The results indicated that heat transfer alone 

On this basis he formulatedcontrolled the overall speed of sorption. 

well withequations and concluded that these solutions agreed 

experimental data. However, his work was restricted to shallow beds. 

that anAt the same time. Jury (69) demonstrated mathematically 

assumption regarding the rate equation for isothermal bed operation 

which had been made by Eagleton and Bliss (43) was applicable only to 

the transientthe longer times. Reilly (135) obtained solutions to 

heat transfer problem in the form of Fourier series, allowing for 

andvariation in arbitrary initial solid temperature distribution 

arbitrary inlet gas temperature. In 1958 Kota and Aoki (98) reported 

which istheir study of adiabatic adsorption of Kaken gel desiccant, 

solutions.produced by gelation on desiccant clay from Na-Silicate 

Emphasis was placed on measuring effluent temperature of stationary beds 

rather than developing the theory. Vermeulen (152), in 1958, and 
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Granville (52), in 1964, reviewed the methods for gas separation or 

purification by adsorption. 

As an extended application of the mass transfer zone, Treybal (151), 

in 1955, and Nutter and Burnett (126,127), in 1963 and 1966, reported 

Molecular Sieves.their studies on the fixed bed drying of air using 

solved transientBetween 1963 to 1965, Masamune and Smith (110,111,112) 

mass transfer from a flowing fluid to a fixed bed of particles 

mathematically for the conditions where either external diffusion, 

control theintraparticle diffusion, or surface adsorption processes 

rate. Gupta and Thodos (55), in 1962, and Bradshaw and Ntyer (17), in 

heat and mass1963, made separate investigations on simultaneous 

transfer in fixed and fluidized beds. Gupta and Thodos (55) correlated 

the Colburnavailable literature data to yield a relationship between 

j-factor modulus and a modified Reynolds number. Bradshaw and Myers 

for(17) showed that the log-mean driving force was satisfactory 

the ratio ofevaluating heat and mass transfer coefficients provided 

inlet to outlet driving force was not large. Also in 1962, Leavitt 

for cases(102) presented an analysis of non-isothermal adsorption 

where the mass transfer zone is stable. He assmed that no heat is 

transferred through the bed wall. His treatment was broad enough to 

cover cases where there is a significant change in the superficial gas 

velocity as the adsorption proceeds in the transfer zone, Gould (51), 

in 1961; Ross and Olivier (140), in 1964; and Deitz (40), in 1965, 

reported the theoretical and experimental aspects of physical chemistry 

of adsorption. 
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In 1964, Bowen t21) has outlined an approach to the problem of 

nonlinear isotherm.prediction for isothermal fixed bed adsorption with 

end ofHe confined the mathematical analysis to the low concentration 

the adsorption zone of activated alumina-water vapor system. Getty and 

at 1 atm.Armstrong (50) reported air drying over activated alumina 

under dynamic adiabatic conditions. His equations are easy to use, but 

the procedure has not been widely applied because the dynamic data for 

correlation.the specific system must be collected to develop the 

theIn 1965, Major, Sollami, and Kammermeyer (108) investigated 

and Linde Molecularcaibon dioxide removal from air by activated carbon 

on kineticsSieve. Tien and Thodos (150) extended their earlier work 

for systems having nonlinear isotherm. They used the computer to 

of isothermal fixedproduce concentration-bed length-time relationships 

wavebed adsorption, Amundson, Aris, and Swanson (7) applied the simple 

in a fixedtheory to the problem of adiabatic adsorption and desorption 

simultaneous axialbed. In 1966, Chao and Hoelscher (31) reported the 

dispersion and solid-fluid mass exchange in a packed bed adsorber. They 

used the Pec let number to characterize axial dispersion and impulse 

of the axialresponse technique to obtain the simultaneously values 

Peclet number. Leung and Quon (105) developed a model with a numerical 

solution for the transient behavior of a packed bed of uniform spheres. 

Although the existence of thermal gradients within the solid particles 

was considered, the effect of the varying gas velocity was neglected. 

were obtainedSeparate solutions for heat transfer and for mass transfer 

but no attempt was made to solve the simultaneous case. Bobcock, Green, 
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and Periy (10) reported theoretical studies of longitudinal dispersion 

mechanisms during steady flow. The equations obtained were applicable 

to both heat and mass transfer processes. 

In 1967, Meyer and Weber (115) extended Rosen's model (138,139) and 

of adiabaticobtained a numerical solution of the differential equations 

fixed bed adsorption. Their model incorporated heat and mass transfer 

resistances within and around the adsorbent particles of homogeneous 

uniform spherical size, The adsorption isotherms are not restricted to 

bed and the wall isany special form, and the heat transfer between the 

included as well as heat losses from the wall to the surroundings. 

There are several drawbacks in their model such as: many of the 

adsorbent beds cannot be adequately approximated as spherical particles 

unknown but theof uniform size; the solid diffusion coefficients are 

solution of the model is sensitive to the intraparticle diffusivity and 

requires a high accuracy of the diffusivity determination while only 

the magnitude of the transfer coefficient can be evaluated by matching 

the experimental data and the numerical solutions. 

deals withCarter's work (25), in 1966, and (26,27,28), in 1968, 

activated alumina.isothermal and adiabatic air drying in fixed beds of 

heat and massHe developed numerical solutions for the simultaneous 

ontransfer case. Later in 1972, Carter (29) treated adsorption of CO^ 

Linde molecular sieve-4A. His program of numerical calculations gave 

and isothermalresults that closely agreed with experiment both adiabatic 

thecases. Handley and Heggs (56,57), in 1968 and 1969, investigated 

heat transfer mechanism in regular shaped packing and proposed a 
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of the Schumann'scomputer program which employed a numerical solution 

wasmodel (145). However, variation of the gas velocity down the bed 

not considered. Another limitation of this study was that the evaluated 

correlation for heat transfer film coefficient applied only to spherical 

to thepacking. In 1968, Y. Kim (96) fitted an analytical expression 

equilibrium sorption therm data of Mattem (113). An attempt to 

analyze percolation runs was hampered by problems associated with the 

debug of a digital computer analysis. Rimpel, Camp, Kostecki, and 

Canjar (137) presented the kinetics of physical adsorption of propane 

from helium on fixed bed of activated alumina at 30'’C and at atmospheric 

pressure. They found that the internal diffusion appeared to be by a 

and thispore diffusion rather than by a surface diffusion mechanism, 

staterate can be best described by Pick's equation for unsteady 

diffusion into a sphere. 

model ofIn 1969, Lee and Weber (104) presented a mathematical 

bed. Theirisothermal adsorption of a single component in a fixed 

model accounts for the diffusional resistance between the bulk gas and 

diffusionalthe surface of the adsorbent particles, and for the 

resistance within the particles. The adsorption reaction within the 

pores is assumed to be very rapid compared to these two rate controlling 

mechanisms. The model can be used for isotherms of any shape and for 

gaseous feeds of any concentration. The partial differential equations 

of the model were solved numerically. In 1970, Chi and Wasan (33) 

and adiabaticdeveloped an experimental technique for isothermal 

dynamic adsorption desorption processes. The equations governing such 
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simultaneouslyprocesses and the nonlinear equilibrium relations were 

solved on the digital computer. Homg (61) presented nonlinear sorption 

sieve-4A.equilibria for activated alumina and Linde molecular 

of the massMarcussen (109) developed the theoretical calculations 

isotherm andtransfer rates. His model included a nonlinear adsorption 

simultaneous resistance to mass transfer in the pore system of the 

between thesolid and in a film surrounding the particle. A comparison 

activated alumina-numerical solutions to the model and experiments of 

effectivewater vapor system allows a determination of both the 

resistance as adiffusion coefficient in the pore and the gas film 
“6 2 -0.5 

and 0.85 x Refunction of gas velocity which are 3.6 x lo m /sec 

respectively. 

scheme for theIn 1971 Jury (72) published his numerical analysis 

associatedsolution of systems of mixed partial differential equations 

beds of sorbentwith simultaneous heat and mass transfer in packed 

and allowsgranules. The model treats the general adiabatic percolator 

withfor variations in gas velocity and in physical properties 

temperature and concentration. In addition, his numerical analysis is 

involvedfree of instability problems. At that time his method 

in a simulatedimplicit techniques and proved satisfactory when used 

a numericalexperimental run. Kondis and Dranoff (97) presented 

molecularanalysis of nonisothermal sorption of Ethane by Linde 

sieve-4A in batch system. The diffusivity was assumed to be a function 

of temperature and adsorbed gas concentration, Lee and Chi (103) 

developed analytical solutions for Acrivos (1,2) and Vermeulen (152) 

models for irreversible nonlinear isotherm. 
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In 1972, Jefferson (68) developed simplified single parameter 

models which under certain conditions were used to predict breakthrough 

curves in packed adsorbent and thermal regenerator beds. Garg and 

Ruthven (49) employed a numerical analysis of isothermal adsorption of 

molecular sieves.a single component from a dilute gas mixture on Linde 

and solidThey assumed constant linear velocity, a Langmuir isotherm, 

phase diffusion controlling, The ordinary diffusivity was expressed as 

a function of temperature and concentration, In 1973, E. K. Kim (94) 

activatedreported the ordinary diffusion coefficient of Florite, 

aliimina, Linde molecular sieve-4A, Drierite, and silica gel. In 1974, 

Berbano (12) treated the heat recuperation problem numerically. His 

and theanalysis was noteworthy because of its stability, efficiency, 

explicit techniques used. He considered both intragranular heat 

conduction and variable gas velocity along the bed. Also in 1974, 

for mass transferWeber and Chakravorti (155) reviewed several models 

solution for thein isothermal fixed beds and presented a numerical 

general case of a pore model with gas film resistance. 

of diffusionPollock (132), in 1976, continued E. K. Kim's studies 

combinations ofof adsorbing gases in porous sorbent solids by various 

interstitialfree diffusion, Knudsen diffusion, surface diffusion, 

diffusion, and grain boundary diffusion, Both ordinary and thermal 

of irreversiblediffusion were investigated using the thermodynamics 

totalprocesses to derive the general flux equations so-called 

permeability and total diffusivity. His research also produced a new 

approach to numerical integration which views the definite integral in 
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terms of steady state flux instead of the conventional area 

the maximuminterpretation. He also developed a method for calculating 

column withouttemperature which can occur in a fixed bed sorption 

Isostericfirst producing the solution to the percolation problem. 

heats of adsorption were also investigated, and a logarithmic 

dependence of the differential heat of adsorption on loading was found. 

andAlso in 1976, Braener (18) used the fundamental thermodynamic 

statistical thermodynamics equations to derive adsorption equations for 

under the basisfixed bed adsorption on heterogeneous surface adsorbents 

of distributionof Langmuir models. His method involves the calculation 

functions of adsorption energy, which were estimated from the integral 

equation for the adsorption isotherm. For calculation of the adsorption 

series in the kernelisotherm and the surface pressure, he used a Taylor 

of the integral equation for different pressure ranges and for any 

distribution function of the adsorption energy. Schestopalov, Kisarov, 

ofand Fisher (146) presented an algorithm for the calculation 

sorbent. Itadsorption-desorption processes in a fixed bed of a 

involves calculation of inner diffusion as a function of granule 

saturation, mass transfer as a function of adsorption space saturation 

and the working layer length. Dropping the functional dependence of the 

internal diffusion coefficient on radius causes a decrease of the 

but the authorsaccuracy of the dynamic characteristic calculations, 

considered the results still acceptable for practical purposes. 

Crittenden (38) presented the mathematical model of fixed bed adsorption 

for single and multicomponent adsorbates. Thomas (149) presented the 



16 

mechanism of gas fixation on a zeolite. Henri on (58), Rhodin and 

Adams (136), and Gregg and Sing (53) reviewed the adsorption of gases 

and solids. Astakhov, Romankov, and Lukin (9), and Ostrovskii (128) 

conditions andpresented fixed bed adsorption isotherms of various 

adsorbents. 

modelIn 1977, Carter and Husain (30) developed a new simplified 

that considers the rate of adsorption by the granules to be proportional 

to the concentration difference (w^- w) so that: 

p^(dw/dt) = a*a*Pg*D^(w^ - w)/b 

are, respectively, the bed and granule densitiesin which p^^ and p g 

(kg/m^), w and w are, respectively, the average and surface adsorbate 
s 

a is externalconcentration on the adsorbent (kg/kg), t is time (hr), 

2 3 
is the effectivearea of granules per unit volume of bed (m /m ), D 

2 
and b is the meanadsorbed phase solid diffusion coefficient (m /sec), 

radius of the adsorbent granules (m). a is a constant to compensate 

which is foundfor the loss in driving force using the above equation, 

be 5.0.to This rate equation is based on one derived by Jury (70) as 

The calculationa "long time" approximation to internal diffusion. 

finitemethod was non-iterative and used an implicit Crank-Nicholson 

difference substitution in the partial differential equations. The 

13 times whenKDF9 digital computer time can be reduced approximately 

for the solidcompared to the numerical solution of the equations 

to thediffusion model and applroximately 26 times when compared 

model. Theirnumerical solution of the equations for the pore diffusion 
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of makingsimplified methods have considerable potential in practice 

rapid and accurate assessments of the performance of deep beds of 

under isothermaladsorbents having a nonlinear isotherm and operating 

modelconditions. The theoretical results using this simplified rate 

theshowed excellent agreement with the experimental values on 

adsorption of carbon dioxide from a flow of dry helium gas on fixed bed 

of 4A molecular sieve granules. Also in 1977, Von Rosenberg, Chambers, 

controlledand Swan (154) published a numerical solution of surface 

fixed bed adsorption. A simple numerical method was developed which 

can be described by equations of the form 

- B^{u(3c/9x)+(9c/9t)} = B2(9w/9t) = f(c,w) 

where c is the concentration of sorbate in the fluid, w is the 

in the directionconcentration of sorbate on the solid, x is the length 

is the capacity ofof flow, t is the time, u is the fluid velocity, B^ 

for sorbate, andthe fluid for sorbate, B^ is the capacity of the solid 
Break-f(c,w) is a function which describes the rate of adsorption, 

through curves calculated by this method agree with experimental curves 

for the adsorption of carbon dioxide from a stream of nitrogen by 

molecular sieve. The computation time can be decreased by a 

modification which allows the time increment to be increased for a 

fixed length increment. 

done inA number of researches on kinetics of adsorption were 

of adsorbents.1977 under various conditions, assumptions and models 

Katawa and Ulin (90), and Zolotarev, Kataeva, and Ulin (160) presented 
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curves for a fixeda numerical calculation and analysis of expiration 

bed of biporous adsorbents in the case of a linear adsorption isotherm. 

The method described is based on a numerical inverse Laplace trans 

the error information within the changing interval 0.01-0.99 and 

determining the expiration curves is less than 2%. The computer 

theirprogram is written in ALGOL language. The authors considered 

curves for variousprogram stable enough for calculating the expiration 

time ratios.biporous adsorbent shapes at various diffusion relaxation 

for theMiura and Hashimoto (118) presented analytical solutions 

breakthrough curves of fixed bed adsorbers under constant pattern and 

a reviewlinear driving force approximations. Dubinin (42) presented 

of thermodynamics and osmotic theories of adsorption and of equilibrium 

adsorbents.and kinetics of gas and vapor adsorption on microporous 

S. G. Kim (95) reported a numerical solution of the equations describing 

adsorption in fixed bed columns, Both liquid film controlling and 

the concentrationintraparticle diffusion controlling were assumed and 

distributions in the bed were estimated by numerical analysis under 

with theconstant pattern conditions. The results were compared 

published experimental data and it was shown that for highly porous 

adsorbents, e.g., activated carbon, the method with the assumption of 

intraparticle diffusion controlling mechanism was a good approximation 

for concentration distributions. Nazarok and Kravetskii (122) and 

Nazarok, Ostrovskii, Kravetskii, and Khinkis (123) presented the 

in batchkinetics of adsorption of readily adsorbable substances 

The numerical calculations of thesystems with a Langmuir's isotherm. 

https://0.01-0.99
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were carried outadsorption kinetics for spherical adsorbent granules 

under conditions of constant concentration of adsorbate. The 

Nam and Rheecalculations involve internal and gas film diffusion. 

(121) published an asymptotic solution and effective dispersion 

coefficient for a fixed bed adsorption system. Saveleva, Zamashkin, 

Savelev, and Dvoretskii (144) reported the possibility of separating 

vapor-air mixtures on carbon molecular sieves which were prepared from 

poorly-sintering and lean coal. 

An analytical model of temperature breakthrough curves in heating 

or cooling a fixed bed column without and with adsorption or desorption 

was derived by Gerald, Radeke, and Gelbin (2) in 1977. Nagarev, 

Enikew, Shumyatskii, Torocheshnikov, and Ermakov (120) reported the 

thermal effects during drying of air on silica gel. Novak (124) 

presented a method for the study of interphase mass transfer at very 

low Reynolds number in packed beds, Cienibroniewicz and Schulz (36) 

solids, Theirpresented diffusion coefficients of gases in porous 

formula was derived for kinetics obtained at various intervals of 

adsorbate concentrations. Aleksashenko (4) derived an equation 

sorbents fromdescribing the internal diffusion coefficient in porous 

dimensions. Anonlinear adsorption isotherm for particles of large 

number of articles concerning diffusion in adsorbents (11,16,20,34,35, 

129,141,161,162,163) were published in that year. 

In 1978 Keda, Fujino and Katoh (91) presented a numerical method. 

based on the cell model, to obtain breakthrough and temperature curves 

nonlinearfor nonisothermal, fixed bed adsorption column with 
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The effects of the variables on heat and mass transferequilibrium, 

overall heatwere studied for solid phase mass transfer coefficient, 

transfer coefficient at column wall, length of bed or number of cells. 

and equilibrium isotherms, The bed performance based on the cell model 

based on theapproach gives essentially the same result as that 

diffusion model approach when the cell has the same height as 1 particle 

diameter and the value of Reynolds number and Schmidt number is large 

enough. Also in 1978, McGreavy and Nussey (116) presented a theory of 

on solidsimultaneous heat and mass transfer in transient adsorption 

particles in a fixed bed. The intraparticle transport arises from 

surface diffusion and the nonlinear adsorption isotherm, although other 

sensitivityphysical and operational parameters display parametric 

Volskchuk,effects with regard to predicted breakthrough curves. 

Gorlov, Dubinin, Erasho, Zolotarev, and Ulin (153) presented the 

kinetics of adsorption in biporous adsorbents in case of a sharply 

convex adsorption isotherm, Maachi and Vergnaud (107) reported the 

4A and 3A. Lason,adsorption of water vapor on molecular sieves type 

mixtures onand Nodzenski (100) reported the adsorption of C02+Xe 

aliimina of various porosity as functions of total and relative pressures. 

Jaroniec (64,65,66,67) worked on adsoiption in multi-component 

gases. 

in this thesisThe elegant kinetic mechanisms under consideration 

the utilityand the need for high speed numerical computation suggest 

of a table in which we can summarize the distinguishing features of past 

research.(and present even though premature at this point) numerical 
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in theThese details were either omitted or discussed qualitatively 

in Table I. Itabove historical review because they are now summarized 

broad range ofis quite obvious from the table that there is a very 

influence ofcomputational times involved when one considers the 

iteration andincrement size, implicit calculations involving repeated 

Some researchers also hadsimple versus elegant kinetic mechanisms, 

Some of thestability problems and these are not noted in the table. 

claims in the table are too broad as will become more and more obvious 

during the course of this thesis. 
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CHAPTER III 

THEORY AND NUMERICAL PROCEDURES 

The simultaneous heat and mass transport of percolation operations 

differentialwill be defined in terms of a system of mixed partial 

equations which are nonlinear, The sorption therm expressions, heat 

transfer film coefficient relations, and diffusion relationships 

release of heat ofincluding the new bipore model and surface/internal 

adsorption will be assembled along with appropriate bed equations into 

a method for accounting for experimental results of fixed bed percolator 

anruns. Second order interpolation followed by integration over 

as a method forincrement of the time or space variable will be used 

arriving at finite difference equations equivalent of the original 

partial differential equations of bed increments. Thomas algorithm will 

be used as a method to determine the partial pressure or temperature 

inside the granules. 

heat ofIn all the previous work it was assumed that all the 

adsorption is liberated at the very surface of the granule, In the case 

or all of theof free and/or Knudsen diffusion into a granule some 

adsorption heat might be liberated inside of the granule at the point of 

adsorpt ion. It is more beneficial to use a model that takes this effect 

into account. The fraction of heat of adsorption released internally, 

EF, and the fraction of heat of adsorption released at granule surface. 

1-EF, will be included in the equations involved. 

23 
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From attempts to fit activated alumina data it became necessary to 

adopt a bipore model. This model involves blind micropores which are 

shown in Figure 1. Figure 2 shows the segmental granule shown in 

Figure 1. For simplicity, the continuous phase fraction in the granule 

is a, and the dispersed phase fraction is 1-a. The average concentra-

the totaltion in the microsphere of the dispersed phase is C^, 
Since we dodiffusivity is D^, and the radius of the microsphere is R^. 

a proportionallynot have any information on and R^, we will assume 
fraction EFl which is defined as follows: 

D,/Rj = EF1*D/R^ (1) 
Q a 

For simplicity, it has been assumed in writing the transport 

equations that: 

across its1. The gas phase velocity profile in the bed is uniform 

cross-section. 

If it is2. The specific heat of the gas phase, Cp^, is constant. 
of thenot, it would be included in the appropriate derivatives 

isequations in which it appears. Later this interpretation 

limited to one At and C then is allowed to vary from one At
PG 

to the next. 

3.A sketch of a packed bed section is shown in Figure 

The overall gas phase mass balance over a differential bed length. 

Az is 

(2)9Pg/9t + 9vpg/9z = - oa^J*/£ 
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- Disperse phase 

Continuous phase 

Pores 

Figure 1. The Granule with Bipore Model. 

As As As As As 

KAL = 8 7 6 5 NS-NA 3 2 1 
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r R r = o 

Ar Ar Ar Ar 

Figure 2. The Granule Segments. 
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27 

The solute gas mass balance is 

9Cg/3t + 9vCj./az = - aa^JVe (3) 

The gas phase thermal balance is 

3PgTg/3t + 3vpgTg/3z = (hayeCpg)(T*-Tj,)-(4hj^/eCpgdj)(Tg-T,^) 

(4) 

as aThe h in Eq. (4) was taken from Berbano's thesis (12) 

correlation which is 

(5)h = V21(k,/Dp)(NpP'''^NpP 
V23 

where V21 = 0.64152 

V22 = 0.67160 

V23 = 0.34 6 85 

and h was taken from the literature (14) which is 
w 

h„ - CW (k^/d,) (N,p 
0.83 

(6) 

on the basics ofThe convectional mass transfer rate equation is (based 

diffusion) taken to be 

j* = (7) 

The gas phase equation of state is (assuming ideal gas law behavior) 

(8)^T ~ ^G*^^G 
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For the drying of air the Lewis relation is applicable, i.e. 

h = kj,CpgPg (9) 

In addition to 

boundary conditions 

the 

are 

foregoing 

specified 

equations 

such as 

above, the initial and 

C„(o,t)
b 

v(o,t) 

= constant 

constant 

(10) 

(11) 

T„(o,t) = constant (12) 
u 

(13)C|.(z,o) = constant 

(14)Tg(z,o) = constant 

In addition to heat storage in the tube that contains the bed. 

see Figure 3, the radiation heat loss from the bed via the tube wall to 

the vacuum insulation was considered. A heat balance on an elemental 

section of the tube consequently yields 

3V3t = {4h„dj/p^Cp^(d2-d^))(T,-T„) 

(15) 

the initial condition is 

(16)T„U.0) = Tj 

which isand the equation for h^ was taken from the texts (14,99) 

(17)= 1.712 X 10’® CR(tJ+t^) (Tj^+T^) 
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where 

(l/e3) + (V'^Ap (1/ (18) 

In developing the finite difference equivalents of the percolation 

followed byequations. Jury's method of second order interpolation 

integration (72) was used. 

for a finiteThe gas phase thermal balance, Eq. (4), can be written 

bed length Az, illustrated in Figure 4, in which the gas phase in each 

case obtainstage is assumed uniformily mixed. In this we 

3Pg(I+l,t)Tg(I+l,t)/3t = (l/Az){v(I,t)Pg(I,t)Tg(I,t)-v(I+l,t) 

Pg(I+l,t)Tg(I+l,t)}+(hayeCpg) 

{T*(I+l,t)-Tg(I+l,t)}-(4hyECpgdj) 

{Tg(I+l,t)-T^(I+l,t)}-(aaye)Tg(I+l,t) 
J*CI+l,t) (19) 

bed incrementwhere I refers to the bed increment prior to the current 

I+l being computed. 

If ideal gas behavior with constant pressure operation is assumed. 

1. e. 

(20)P/R = Pg(I+l,t)Tg(I+l,t) = constant 

then 

(21)3P(,(I+l,t)T^,(I+l,t)/3t = 0 
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and, for purposes of scaling set 

(22)G(I+l,t) = v(I+l,t)P(,(I+l,t) 

Then, Eq. (19) reduces to 

G(I+l,t2)T(,(I+l,t2)-G(I,t2)Tg(I,t2) = (ha^Az/eCp^) {t*(I+1 ,t2) 

-T(,(l+1 ,t2) }- C4hj^z/eCpj,dj) {T(, (1+1 ,t2) -t,^(I+1 >^2'^ > 

-(aa^Az/e){Tg(l+l,t2)J*(I+l,t2)} (23) 

where refers to the time prior to the current time t2 being 

computed. 

The overall gas phase mass balance, Eq. (2) is 

8Pg(I+l,t)/3t = (l/Az){v(I,t)Pg(I,t)-v(I+l,t)Pj,(I+l,t)} 

(24)-(aaye)J*(I+l.t) 

and thenThis can be integrated by second order interpolation 

integration, and multiplied by Tg(I+l,t2), i.e. 

Pg(I+l,t2)Tg(I+l,t2)-pg(I+l,tpTg(l+l,t2) 

= 3(At/Az){G(I,tp-G(I+l,tp-(aa^Az/e)J*(I + l,t^)}Tg(I + l,t2) 

+(1-3)(At/Az){G(I,t2)-G(I+l,t2)-(aa^Az/e)J*(I+l,t2) }Tg(I+l,t2) 
(25) 

Eq. (23) and (25) may be manipulated into the form 
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P/R-Pg(I+l,tpTg(I+l,t2J 

= 3(At/Az){G(I,tp-G(I+l,tp-(aa^Az/e)J*(I+l,t^)}Tg(I+l,t2) 

+ (l-3)(At/Az)[G(I,t2)T(,(I+l,t2)-G(I,t2)T(,(I,t2)-(ha^Az/eCpg) 

{T*(I+l,t2)-Tg(I+l,t2)}+(4hj^Az/eCpgdp{T(,(I+l,t2)-T^(I+l,t2)}] (26) 

The heat balance for the elemental section of tube wall, Eq. (15) 

IS 

3Tj^(I+l,t)/8t = {4h^dj/p^Cp^td^-d2)}{T(,(l+l,t)-T^(I+l,t)} 
(2 7)-{4h„dyPTCpT(d„2-d^)){T„(I*l,t)-T^} 

Again second order interpolation followed by integration can be used. 

and Eq. (27) is then 

Tj^(I+l,t2) = [T^(I+l,tp 

+3{YTg(I + l,t^)-(Y+YR)'r^^(I+l.t^)} + (l-3)YTg(I+l,t2)+YRT^]/ 

{l+(l-3)(Y+Yo)} (28)
R 

where 

(29)Y = 4djh^^t/{p.pCp.p(d^-d^)} 

(30)= 4d„h„At/(p^Cp^(d2-d5)} 

From the stability analysis (72), it was shown that computations are 

unconditionally stable if 3 1/2. So for convenience, we can set 

3 = 0 (31) 
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and define the normalized temperatures 

TG(I-H,t2J = {Tg(I+l,t2)-Tj}/Tj (32) 

TW(I+l,t2) = {Tj^(I+l,t2)-Tj}/Tj (33) 

TA = (34) 

UT(t2,l) = {T(t2,l)-Tj}/Tj (35) 

Finally, Eq. (28) is reduced to 

TW(I+l,t2) = {TW(I+l,tp+Y‘TG(I+l,t2)+YR-TA}/(l+Y+YR) (36) 

Eq. (28).The T^(I+l,t2) in Eq. (26) is eliminated by means of The 

via theresulting equation produces a result solvable for TG(I+l,t2) 

simplifying relations (29)-(36) as follows 

(37)TG(I+l,t2) = QB+QA-UT(t2,l) 

where 

QA = l/[(eCp(,/hayAt){pg(I+l,t^) + (At/Az)G(I,t2)}+l 

+4hj^(l+YR)/{ha^dj (l+Y+Yo) >] (38)
R 

QB = QA[(£Cpg/ha^At){P/RTj-p^.(I+l.tp + (At/Az)G(I,t2)TG(I.t2)} 

+4h^{TW(I+l,tp+YR*TA}/{ha^dj(l+YnR)}] (39) 

from the gasHaving TG(I+l,t2) in hand, we can calculate Pg(I+l,t2) 

law, i.e. 

Pg(I+l,t2) = P/R-Tg(I+l,t2) (40) 

https://At/Az)G(I,t2)TG(I.t2
https://QA[(�Cpg/ha^At){P/RTj-p^.(I+l.tp
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on, thusThe G(I+l,t2J can be calculated from Eq. (23) and so 

G(I+l,t2) = [G(I,t2){TG(I,t2)+l} + (ha^Az/eCpg){m’(t2,l)-

TG(I+l,t2)}-(aayAz/e){TG(I+l,t2)+l}J*(I+l,t2)] 

/{TG(I+l,t2)+l} (41) 

The solute gas mass balance, Eq. (3), can be rearranged to 

3Cg(I+l,t)/3t = (l/Az){v(I,t)C^.(I,t)-v(I+l,t)Cg(I+l,t)} 

-(aa,ye)J*(I+l,t) (42)
V 

If we define a mole fraction, Y, such that 

(43)V = C,/p, = P/P^ 

then, Eq. (42) can be rewritten as 

p^,(I+l,t2)Y(I+l,t2)-Pc(I+l,tj)Y(I+l,t^) 

= 6(At/Az){G(I,tpY(I,tj)-G(I+l,tj)Y(I+l,t^)-(aayAz/e) 

J*(I+l,t^)}+(l-3)(At/Az){G(I,t2)Y(I,t2)-G(I+l,t2)Y(I+l,t2) 

-(aayAz/e)J*(I+l,t2)} (44) 

For 3=0, Eq. (44) can be solved for Y(I+l,t2) as follow 

Y(I+l,t2) = {(Az/At)Pg(I+l,tpY(I+l,tj)+G(I,t2)Y(I,t2)-(aa^Az/e) 

J*(I+l,t2)}/{(Az/At)p^,(I+l,t2)+G(I+l,t2)} (45) 

The mass transfer rate equation, Eq. (7), is 

(46)J*(I+l,t2) = kg{pg(I+l,t2)Y(I+l,t2)-C*(I+l,t2)}/{l-Y(I+l,t2)} 
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This can be solved for Cg(I+l,t2) thus 

C(,(I+l,t2) = Pg(I+l,t2)Y(I+l,t2)-{l-Y(I+l,t2)}J*(I+l,t2)/kg (47) 

The granule-gas interface thermal balance is 

(48)
R(l-EF)XaJ* = h(T*-Tg)+k(8T/9r)^ ^ 

The granule-gas interface equilibrium relation in general is 

(49)C* = C*(P*,T*) 

The granule equation for continuity of heat around the granule, as shown 

in Figure 1 (page 25), is 

9pCpT^/9t = 9J^/9r+(2/r)J^+AEF{a(9C^/9t) + (l-a)(9Cy9t)} (50) 

where 

= k(9T^/9r) (51) 

Thenand Tj - T because thermal diffusivity, a = k/pCp is large, 
a c “ 

can be eliminated between Eq. (50) and (51), thus 

9t /9t = a{9^T /9r^+(2/r)(9T79r)} 
c c c 

+(XEF/pCp){a(9C^/9t)+(1-a)(9Cj/9t)} (52) 

The continuous phase mass balance for an increment of granule shown in 

Figures 1 and 2 is 

9C^/9t = {9J^/9r+(2/r)J^}-{(l-o)/a}(9Cy9t) (53) 
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where i£ we include thermal as well as Fickian diffusion 

= D{3C/3r+6(3T/9r)} (54) 

and 

(55) 
6 = -(3C/3t)j = 0 

c 

Since the sorption therm is 

C = C(P,T) (56) 

and 

(57)dC = (3C/3P)^dP+(3C/3T)pdT 
then 

= D(3C/3P)^[3P/3r+(3T/3r){6+(3C/3T)p}/(3C/3P)^] (58) 

Pollock (132) showed from his experiments that 

{6+(3C/3T)p}/(3C/3P)^ = 0 (59) 

So 

(60)= D(3C/3P)^(3P/3r) 

The dispersedand the term D(3C/3P)^ is the so-called permeability, PE. 

phase equation for continuity of mass is taken to be 

3Cy3t = (15 DyR^)(C-Cj) (61) 

This was taken from literature (70) and it is assumed to apply here 

because we do not have any information of the dispersed phase. 

theIn addition to the above equations, we must also specify 

initial and boundary conditions such as, for example 
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= 0 (62){8T(r,t)/9r} 
r=o 

= 0 (63){3C(r,t)/9r} 
r=o 

(64)T(r,o) = constant 

(65)C(r,o) = constant 

=. J* (66)('’c)r=R 

If we use the Euler chain rule 

9Cy9t = (9C/9P)^(9Py9t) + (9C/9T)pC9Ty9t) (67) 

and 

(68)dC = (9C/9P)^dP+(9C/9T)pdT 
or 

(69)AC = (9C/9P)^AP+(9C/9T)pAT 
or 

C-C^ = (9C/9P)^(P-P^) + (9C/9T)p(T-T^) (70) 

If “ is large then = t, and the rate equation for dispersed phase, 

Eq, (61), may be written 

9C^/9t = (9C/9P)^(9P^/9t) + (9C/9T)p(9T/9t) 

(71)= (15 DyR^)(9C/9P)^(P-P^) 
or 

9P^/9t = (15 DyR^)(P-P^)-{(9C/9T)p/(9C/9P)^}(9T/9t) (72) 

If we define 

(73)TE = «x(3C/9T)p 
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DP = P -P (74) 

and adopt the normalized notations 

UT = (r/R){(T-Tj)/Tj} (75) 

UP (76)= (r/R){(P-Pj)/DP} 

UPD = (r/R){(P^-Pj)/DP} (77) 

Eq. (72) can be written 

(78)3UPD/9t = (15 DyR^)(UP-UPD)-{(TE«D*Tj)/(PE-a-DP)}(9UT/3t) 

and the finite difference form lised here is 

UPD(t2,K)-UPD(t^,K) = (15*Dj*At/R^){UP(t2,K)-UPD(t2,K)} 

-{(TE(K)-D(K)-Tj)/(PE(t2,K) -a-DP) }{UT(t2,K)-

UT(tj,K)} (79) 

For convenience we can define 

(80)PHID = 15-D^‘At/R^ = 15*EF1*D(K)‘At/R^ 

(81)DELUrCK) = UT(t2,K)-lJr(tj,K) 

W06 (82)= TE(K)-D(K)/(PE(t2,K)-a) 

Eq. (79) can be solved for UPD(t2,K), thus 

UPD(t2,K) = {UPD(tj,K)+PHID*UP(t2,K)-W06*Tj-DELUT(K)/DP}/ 

(1+PHlD) (83) 
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withoutTo accommodate rapid changes at the surface of granule 

drastic increases in N, where N is the total number of segments, we 

AS into NR Ar asdivide r into NS AS and then we subdivide NA of NS 

At the interface let us define our model inshown in Figure 2 (page 25). 

of the interface assuch a way that the results will apply either side 

shown in Figure 5. 

theThen for the granule thermal balance or mass balance, 

central difference3^U(t,r)/9r^ term can be finite differenced using the 

procedure in such a way that the Ar is positive thus 

9^U(t,r)/9r^ = 9(9U/9r)/9r = A(AU/Ar)/Ar 

= A[{U(t,r+(Ax)2/2)-U(t,r-(Ax)2/2)}/ 

{r+(Ax)2/2-(r-(Ax)2/2)}]/{r+(Ax)2/2 

-(r-(Ax)2/2)} (84) 

(85)= A{U(t,r+(Ax)2/2)-U(t,r-(Ax)2/2)}/(Ax)2^ 

= [U(t,r+(Ax)2)-U(t,r)-{U(t,r)-U(t,r-(Ax)2)}]/ 

(Ax) 2^ (86) 

Using linear interpolation as shown in Figure 6 

U(t,r-(Ax)2) = U(t,r)-{(Ax)2/(Ax)^}{U(t,r)-U(t,r-(Ax)^)} (87) 

and then 

9^U(t,r)/9r^ = [U(t,r+(Ax)2)-2-U(t,r)+U(t,r)-{(Ax)2/(Ax)^} 
(88){U(t,r)-U(t,r-(Ax)p}]/(Ax)2^ 
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U(t.r) 
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Figure 6. Linear Interpolation of U(t,r-CAx)2) 
and U(t,r-(Ax)2/2). 
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= {U(t,K-1)-(1+DX)‘UCt,K)+DX*U(t.K+1)}/(DELX2)^ (89) 

where 

(90)DX = (Ax)2/(Ax)j 

(91)
DELX2 = (Ax)2 

The equation in the form 

3U(t2,K)/9t = K{9^U(t2,K)/8r^} (92) 

finite differencewhere K is a constant, can be written into a general 

form for the diffusion equation. Thus 

U(t2,K)-U(tj,K) = 0{K-At/(Ax)2^}{DX*U(t2,K+l)-(l+DX)-U(t2,K) 

+U(t2,K-l)}+(l-0){K-At/(Ax)2^}{DX-U(t^,K+l) 

-(l+DX)*U(tj,K)+U(t^,K-l)} (93) 

where 

2 

0 = 0; Schmidt method; stable if K*At/(Ax)2 <.1/2 
2 

0=1; Von Newmann method; stable for all K*At/(Ax)2 

0 = 1/2; Crank Nicolson method; stable for all K*At/(Ax)2 

for all0 = l/2-l/{12*(K*At/(Ax)2^)}; Douglas method; stable 

K*At/(Ax)2^ 
Eq. (52) may be written 

9T^/9t = a{9^T^/9r^ + (2/r)(9T^/0r)}+{X*EF/(p-Cp)} 
[a{ (9C/ 9 P) ^ (3 P^/ at) + (9C/ 9t) p ( 9t ^/ 9t)} 

+ (1-0) (15‘EFl/R^)PE(t2,K) (P^^-Pj) ] (94) 

or 
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{l-X*EF*a-TE(K)/k}(9UT/3t) 

= aC3^in’/9r^)+{a-X‘EF-DP/(p-Cp‘Tj)}{PE(t2,K)/D(K)} 
(95)[9UP/at+D(K) (15*EFl/R^){(l-a)/a}{UP(t2,KJ-UPD(t2,K)}] 

If we define 

B1 = l-X*EF*a*TE(K)/k (96) 

B2 (97)= {a-X-EF-DP/(p-Cp-Tj)}{PE(t2,K)/D(K)} 

The finite difference form of Eq. (95) becomes 

Bl*{Ur(t2,K)-in'(t^,K)} 

= 0{a*At/(DELX2)^}{DX-UT(t2,K+l)-(l+DX)-01(12,K)+U(t2,K-l)} 

+ (l-e){a-At/(DELX2)^}{DX-Ur(t^,K+l)-(l+DX)-UT(tj,K) +U(tj,K-l)} 

+B2[UP(t2,K)-UP(t^,K)+PHID{(1-a)/a}{UP(t2,K)-UPD(t2,K)}] (98) 

If we define 

BETA = 2-(DELX2)^/(a-At) (99) 

Eq. (98) can be rearranged to read 

-(2•0•DX/BETA)•UT(t2,K+I)+{B1+2•0•(I+DX)/BETA}•UT(t2,K) 

(100)-(2-0/BETA)-111(12,K-1) = DE 
where 
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DE = {2*(l-0)•DX/BETA}*UT(t^,K+l)-{2*(l-e)•(1+DX)/BETA-B1} 

•UT (t ^, K) +{ 2 • (1 - 0) /BETA} -UT (t^, K-1) +B2 • [UP (t2, K) -UP (t ^, K) 

(101)+PHID-{(l-a)/a}{UP(t2,K)-UPDtt2,K)}] 

The Thomas algorithm may be developed from Eq. (100) by first 

defining 

(102)UT(t2,K-l) = BE(K-l)-UT(t2,K)+GE(K-l) 

thus 

-(2•0•DX/BETA)‘UT(t2,K+1)+{Bl+2•0•(1+DX)/BETA-2 *0•BE(K-1)/ 

(103)BETA}-UT(t2,K) = DE+2*0•GECK-1)/BETA 

Then 

(104)BE(K) = 2*0*DX/{B1*BETA+2*0*(1+DX)-2*0*BE(K-1)} 

GE(K) = {DE*BETA+2*0*GE(K-1)}/{B1«BETA+2*0*(1+DX) 

(105)-2*0‘BE(K-1)} 

These formulas can be applied anywhere in the granule by setting (Ax)2 

and (Ax)j. If 

{K-(NA*NR+1)} < 0; (Ax)2 = (Ax)^ = Ar 

= 0; (Ax)2 = Ar and (Ax)^ = As 

> 0; (Ax) 2 = (Ax)^ = As 
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The granule-gas interface thermal balance, Eq. (48), is 

(k/h*Ar){UT(t2,l)-(YT/RN)*UT(t2,2)} 

= TG(I+l,t2)-UT(t2,l)+{(l-EF)-A^a/(h*Tj)}J*(I+1,t2) (106) 

If we define 

YY = (YT-1)/YT = RN/YT (107) 

A2 = k/h (108) 

then 

TG(I+l,t2) = {(A2/Ar)+l}-UT(t2,l)-{A2/(Ar-YY)}-UT(t2,2) 

-{(l-EF)-X-a/(h*Tj)}J*(I+l,t2) (109) 

By using Eq. (37), TG(I+l,t2) can be eliminated thus 

UT(t2,l) = [{A2/(YY*Ar)}-UT(t2,2)+QB+{(l-EF)*X-a/(h*Tj)} 

J*(I+l,t2)]/(l+A2/Ar-QA) (110) 

By comparing this with Eq. (102), we see that 

BE(1) = {A2/(YY*Ar)}/(l+A2/Ar-QA) (111) 

or 

GE(1) 

BE(1) 

= 

= 

[QB+{(l-EF)*X*a/(h-Tj)}J*(I+l,t2)]/(l+A2/Ar-QA) 

l/{(RN/YT)(DB1*P8+1+DB2)} 

(112) 

(113) 

GE(1) = [DBl*(AP+BB6)+DB3*TW(I+l,t,)‘h /h+{Ar*(l-EF)‘X'O/JL W 

(k-Tj)}•J*(I+1,t2)]/(DBl•P8+1+DB2) (114) 
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where 

DBl = P7*Ar/(A2*P9) (115) 

DB2 

DB3 

= 

= 

(y+1) •hi,,*P10*Ar/(A2*P9*h)W 

P10*Ar/(A2*P9) 

(116) 

(117) 

P7 

P8 

PIO 

P9 

= 

= 

= 

= 

e-Cp(,/(h*a^-At) 

Pg(I+l,tj)+G(I,t2)/(Az/At) 

4/{a^-dj-(l+Y+YR)} 

P7*P8+l+P10*(Y+l)*hj^/h 

(118) 

(119) 

(120) 

(121) 

also 

AP = P/(R.Tj)-P(,(I+l,t^) 

BB6 = G(I,t2)*TG(I,t2)/(Az/At) 

QA = 1/P9 

(122) 

(123) 

(124) 

QB = (P7/P9) (AP+BB6) + (P10/P9) •TW(I+l,tp‘hj^/h (125) 

The continuous phase equation for continuity of mass, Eq. (53), is 

9C /3t
C 

= 3D(3C/9P)^(3P^/3r)/3r+(2/r)D(9C/3P) (9P /3r)
T C L c 

-{(l-a)/a}(15-DyR^^)(3C/9P)^(P-P^) (126) 

If we define 

Pc = (Pc-Pi>/DP (127) 
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(128) 

(129) 
I 

becomesand use the Euler chain rule for the 3C^/9t, Eq. (126) 

(3C/aP)^OP^/3t) + (9C/3T)p(Tj/DP) (9T^/9t) 

= {9D(9C/9P)^(9P^/9r)/9r+(2/r)-D-(9C/9P)^(9F /9r)} 

(130)-{(l-a)/a}(15-DyR^)(3C/9P)^(P^-P^) 

= (1/r^) {9D(9C/9P)^r^ (8P^./9r) /9r} 
(131)-{(l-a)/a}(15*D^/R^)(3C/9P)^(P^-P^) 

From the definition of UP, Eq. (76), we have 

(132)P^ = (R/r)*UP 

Then 

(133)9P^/9r = R{-(l/r^)*UP+(l/r)(9UP/3r)} 

(l/r^){9D(9C/9P)^r^(9P^/9r)/9r} 
(134)= (l/r^){3PE(t,r)r^(3P^/9r)/9r} 

= (R/r^) [9PE(t,r)l-UP(t,r)+r9UP(t,r)/9r}/9r] (135) 

= (R/r)[(1/r){-3PE(t,r)UP(t,r)/9r+PE(t,r)9UP(t,r)/9r} 

+3PE(t,r){9UP(t,r)/3r /9r] (136) 

= (R/r)[{-APE(t,r)UP(t,r)+PE(t,r)AUP(t,r)}/ rAr 

+APE(t,r)AUP(t,r)/(Ar)^] (137) 
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chooseIn implementing the central difference procedure we 

so the quantitiesr+(Ax)2/2 and r-(Ax)2/2 because (Ax)2 < (Ax)^, and 

PE(t,r-(Ax)2/2), UP(t,r-(Ax)2/2), PE(t,r-(Ax)2), and UP(t,r-(Ax)2) can be 

in Figure 6, page 41.linearly interpolated in the (Ax)^ interval, as shown 

{UP(t,r)-UP(t,r-(Ax)2/2)}/{(Ax)2/2} = {UP(t,r) 
(138)-UP(t,r-(Ax)j)}/(Ax)j 

and 

{UP(t,r)-UP(t,r-(Ax)2)}/(Ax)2 = iUP (t, r)-UP(t, r-(Ax) ^ }/(Ax) ^ 
(139) 

We can also linearly interpolate PE and write a similar pair of 

formulas. Thus 

UP(t,r-(Ax)2/2) = UP(t,r)-{(Ax)2/2(Ax)j}{UP(t,r)-

(140)UP(t,r-(Ax)j)} 

= [1 -{ (Ax) 2/2 (Ax) ^ }] -UP (t, r) +{ (Ax) (Ax) ^ } 

(141)•UP(t,r-(Ax),) 

UP(t,r-(Ax)2) = [1-{(Ax)2/(Ax)^}] •UP(t,r)+{(Ax)2/(Ax)^} 

(142)•UP(t,r-(Ax)^) 

PECt,r-(Ax)2/2) = [l-{(Ax)2/2(Ax)^}]•PE(t,r)+{(Ax)2/2(Ax) 

(143)•PE(t,r-(Ax)p 

PE(t.r-(Ax)2) = [1 -{ (Ax) 2/ (Ax) j } ] -PE(t, r) +{ (Ax) ^1 (Ax) ^ } 

(144)•PE(t,r-(Ax) j^) 
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Then Eq. (137) can be written 

(l/r^){9DOC/3P)^r^OP^/9r)/3r} 

= (R/r) -{PE(t,r+(Ax)2)+PE(t,r)}{UP(t,r+(Ax)2)+UP(t,r)}/ 

{4r (Ax) 2} + [1 -{ (Ax) 2/2 (Ax) ^ } ] PE (t, r) +{ (Ax) ^12 (Ax) ^ } 

PE(t,r-(Ax)p [1 - {(Ax) 2/ 2 (Ax) ^ } ] UP (t, r) +{ (Ax) 2/2 (Ax) ^ } 

UP(t,r-(Ax)p /{r(Ax)2> + {PE(t.r)/r(Ax)2} (1/2) 

{UP(t,r+(Ax)2)+UP(t,r)} - [l-{(Ax)2/2(Ax)j}]UP(t,r) 

+{(Ax)2/2 (Ax)j}UP(t,r-(Ax)p + {PE(t,r+(Ax)2)+PE(t,r)} 

{UP(t,r+(Ax)2)-UP(t,r)}/{2(Ax)2^} - [1-{(Ax)2/2(Ax)j}] 

UP(t,r)- [1-PE(t,r)+{(Ax)2/2(Ax)j} PE(t,r-(Ax)^ 

{(Ax)2/(Ax)^}]UP(t,r)-{(Ax)^1(Ax)^}UP(t,r-(Ax)^ /(Ax) 2^ 
(145) 

If we define 

(146)SDX = 1-(Ax)2/(Ax)^ 

(147)SDX2 = 1-(Ax)2/2(Ax)j 

DELXl (148)(Ax)^ 

(149)DX2 = (Ax)2/2(Ax)j 
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Eq. (145) can be written 

(l/r^){8D(9C/8P)^r^OP^/9r)/9r} 
= (R/r) -{PE(t,K-l)+PE(t,K)}{UP(t,K-l)+UP(t,K)}/{4r(Ax)2} 

+{SDX2•PE(t,K)+DX2•PE(t,K+1J}{SDX2•UP(t,K)+DX2•UP(t,K+1)}/ 

{r(Ax)2}+{PE(t,K)/2r(Ax)2}{UP(t,K-l)-SDX-UP(t,K)-DX-

UP(t,K+l)}+{PE(t,K-l)+PE(t,K)}{UP(t,K-l)-UP(t,K)}/{2(Ax)2^} 
-{SDX2•PE(t,K)+DX2•PE(t,K+1)}‘DX•{UP(t,K)-UP(t,K+1)}/(Ax)^ 

(150) 

or 

= {R/r(Ax)2^}{AAP(t)-UP(t,K+l)-BBP(t)-UP(t,K) +CCP(t) •UP(t,K-l)} 

(151) 

where 

AAP(t) = (DX2*DELX2/r+DX){SDX2*PE(t,K)+DX2*PE(t,K+l)} 

-PE(t,K)•DX*DELX2/2r (152) 

BBP(t) = (DELX2/4r+l/2){PE(t,K-l)+PE(t,K)}+(DX-DELX2*SDX2/r) 

{SDX2*PE(t,K)+DX2«PE(t,K+l)}+(SDX*DELX2/2r)PE(t,K) (153) 

CCP(t) = (l/2-DELX2/4r){PE(t,K-l)+PE(t,K)}+(DELX2/2r)PE(t,K) (154) 

If we assume 

PE(t,K+l) = PE(t,K) = PE(t,K-l) (155) 

the coefficients reduce to 

AAP(t) = DX*PE(t,K) (156) 
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(157)BBP(t) = (l+DX)*PE(t,K) 

(158)CCP(t) = PE(t,K) 

and if we replace PE with a this is applicable to Eq. (95) as well. 

The finite difference equivalent of Eq. (131) is 

(3C/3P)^{UP(t2,K)-UP(tj,K)} + (9C/9T)p(Tj/DP){Ur(t2,K)-UT(tj,K)} 

= {e*At/(Ax)2^}{AAP(t2)•UP(t2,K+l)-BBP(t2)•UP(t2,K) 

+CCP(t2)*UP(t2,K-l)}+{(l-0)At/(Ax)2^}{AAP(tj)• 

UP(tj,K+l)-BBP(t^)*UP(tj,K) +CCP(t^)*UP(tj,K-l)}-{(l-a)/a} 

(159)(15-EFl•D(K)-At/R^)(9C/9P)^{UP(t2,K)-UPD(t2,K)} 

If we define 

(160)DEN = (Ax)2^*PE(t2,K)/{0*D(K)*At} 

(161)DIN = (Ax)2^*PE(tj,K)/{(l-0)•D(K)-At} 

PHIDl = PHID/(1+PHID) (162) 

W02 = (1-0)/a (163) 

Then Eq. (159) may be written as 

{UP(t2,K)-UP(t^,K)}+W06*Tj*DELUr(K)/DP 

= (l/DEN){AAP(t2)*UP(t2,K+l)-BBP(t2)*UP(t2,K)+CCP(t2)* 

UP(t2,K-l)} + (l/DIN){AAP(tj)*UP(tj,K+l)-BBP(tj^)-UP(tj,K) 
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+CCP(tj)*UP(tj,K-l)}-W02*PHIDl{UP(t2,K)-UPD(tjK) 

(164J+W06-Tj*DELUr(K)/DP} 
or 

-AAP(t2)*UP(t2,K+l)/DEN+{l+BBP(t2)/DEN+W02*PHIDl}-UP(t2,K) 

(165)-CCP(t2)*UP(t2,K-l)/DEN = DE 

where 

DE = AAP(tj)*UP(t^,K+1)-{BBP(tj)-DIN}-UP(t^,K)+CCP(tj)‘UP(t^,K-1 ) 

(166)-{W06•T j•DE LUT(K)/DP}(1+W02•PHID1)+W02•PHID1•UP D(t ̂ ,K) 

Using the Thoms equation 

(167)UP(t2,K-l) = BEtK-l)-UP(t2,K)+GE(K-l) 

We can eliminate UP(t2,K-l) from Eq. (165), thus 

(168)DIVP*UP(t2,K) = AAP(t2)-UP(t2,K+l)+DE*DEN+CCP(t2)-GE(K-l) 

where 

(169)DIVP = DEN+BBP(t2)+DEN*W02*PHIDl 

and then by comparison with Eq. (102), we see that 

(170)BE(K) = AAP(t2)/DIVP 

(171)GE(K) = {DE*DEN+CCP(t2)-GE(K-l)}/DIVP 

For Crank-Nicolson’s method 6 = 1/2. The above equations can be 

used anywhere inside the granule by setting (Ax)2 and (Ax)^. 
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If 

{K-(NA‘NR+1)} < 

= 

> 

0; 

0; 

0; 

(Ax)2 

(Ax) 2 

(Ax)2 

= 

= 

= 

(Ax)^ = Ar 

Ar and (Ax) ^ 

(Ax)j = As 

= As 

Eq. (24) can be written (3 = 0, as described by Eq. (31)). 

(Az/At)Pg(I+l,t2)+G(I+l,t2) = (Az/At)p^,(I+l,t^)+G(I,t2) 

-(aa^Az/e)J*(I+l,t2) (172) 

and Eq. (45) can be written 

Y(I+l,t2)i(Az/At)Pg(I+l,t2)+G(I+l,t2)} 

= (Az/At)p^,(I+l,tpY(I+l,t^)+G(I.t2)Y(I,t2) 

-(aa^Az/e)J*(I+l,t2) (173) 

Eq. (173) can be replaced by Eq. (172), thus 

Y(I+l,t2){(Az/At)Pg(I+l,tp+G(I,t2)-(aa^Az/e)J*(I+l,t2)} 

= (Az/At)Pg(I+l,tj)Y(I+l,tp+G(I,t2)Y(I,t2) 

-(aa^Az/e)J*(I+l,t2) (174) 

If we define 

Q3 = (Az/At)P(,(I+l,tj)+G(I,t2) (175) 

Q4 = (Az/At)Pj,(I+l,tpY(I+l,tj)+G(I,t2)Y(I.t2) (176) 

and A3 = aa^Az/e (177) 
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Then 

(178)Y(I+l,t2) = {Q4-A3-J*(I+l,t2)}/{Q3-A3-J*(I+l,t2)} 

and 

(179)l-Y(I+l,t2) = (Q3-Q4)/{Q3-A3*J*(I+l,t2)} 

Eq. (43) can be written 

(180)C*(I+l,t2) = P(,(I+l,t2){DP-UP(t2,l)+Pj}/P^ 

If we replace Eq. (46) by Eq. (180), we have 

J*(H-l,t2){l-Y(I+l,t2)}/{kgPg(I+l,t2)}-Y(I+l,t2) 

(181)= -(DP/P.j.)-UP(t2,l)-Pj/P.j. 

or 

{Q5*J*(I+l.t2)-Q4}/{A3-J*(I+l,t2)-Q3} 

(182)= (DP/P.j.)-UP(t2,l)+Pj/P.j, 

where 

(183)Q5 = (Q3-Q4)/{kgP(,(I+l,t2)}+A3 

If we divide the left-hand side term of Eq. (182) mathematically , we 

will have 

{Q5-J*(I+l,t2)-Q4}/{A3-J*(I+l.t2)-Q3} 

(184)= Q5/A3+{(Q5*Q3/A3-Q4)/A3}/{J*(I+l,t2)-Q3/A3} 

and we can approximate 1/{J*(I+I,t2)-Q3/A3} by 
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1/{J*(I+I,t2)-Q3/A3} = -A3/Q3-(A3/Q3)^J*(I+l,t2) 

-(A3/Q3)^{J*(I+l,t2)}^- . . . (185) 

where 

CF = 

= 

= -A3/Q3{l+CF(A3/Q3)J*(I+l,t2)} 

[-l+l/{l-(A3/Q3)J*(I+l,t2)}]/{(A3/Q3)J*(I+l,t2)} 

l/{l-(A3/Q3)J*(I+l,t2)} 

(186) 

(187) 

Then Eq. (182) becomes 

Q4/Q3-(CF/Q3)(Q5-Q4•A3/Q3)J*(I+l 

= (DP/P^)-UP(t2,l)+Pj/P-r (188) 

or 

J*(I+l,t2) = {Q4-(Q3/P^)(DP-UP(t2,l)+Pj)}/{CF(Q5-Q4-A3/Q3)} (189) 

Also, Eq. (60) can be written 

J*(I+l,t2) = PE(t2,l)(DP/Ar){UP(t2,l)-YT*UP(t2,2)/RN} (190) 

If we replace Eq. (188) by Eq. (190), we will have 

Q6{UP(t2,l)-(YT/RN)UP(t2,2)} + (DP/P.j,)UP(t2,l) = Q4/Q3-Pj/P.j, (191) 

where 

Q6 = (CF/Q3)(Q5-Q4*A3/Q3)(DP/Ar)PE(t2,l) (192) 

or 

UP(t2,l) = {Q6/(Q6+DP/P.j.)}(YN/RN)UP(t2.2) 

+{(Q4/Q3) - (Pj/P^) >/iQ6+DP/P.j,} (193) 



56 

So that 

(194)BE(1) = (Q6*YT)/{RN(Q6+DP/P^)} 

(195)GE(1) = (Q4/Q3-Pj/P^)/(Q6+DP/P^) 

Eq. (190)In the program J*(I+l,t2) in Eq. (189) is called CQ and in 

is called YJST. 

Dr. Jury developed the following long-time calculation equations in 

He defined theorder to speed the program up for large values of time, 

relationlarger value of time limitation by the dimensionless 

D*t/R^ > 0.101 (196) 

The details of this relation can be read from literature (70). 

The continuous phase thermal accumulation rate is 

(197)3T^/3t = (15-a/R^)(T*-T^)+{3*a*EF-X/(p-Cp-R)}J* 
which can be finite differenced to 

Tc(l-l,t2) = [T^(I+l,tj)+15*a*At‘T*(I+l,t2)/R^+{3*a*EF‘X*At/ 
(198)(p-Cp*R)}J*(I+l,t2)]/(l+15-a-At/R^) 

The gas film heat transfer equation is 

(199)a(l-EF)XJ* = h(T*-Tg) + (5-a-p*Cp/R) (T*-T^) 

We can eliminate of Eq. (199) by using Eq. (198) thus 
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a(l-EF)XJ*(I+l,t2) = -h*Tg(I+l,t2)+ih+(5-a-p«Cp/R)/ 

(l+15*a‘At/R^)}T*(I+l,t2)-{(5*a*p*Cp/R)/(l+15*a*At/R^)} 
T^(I+l,tp-{(15-a*At/R^)/(l+15*a-At/R^)}*a-EF*X-J*(I+l,t2) 

(200) 

If we define 

A4 = 15*At/R^ (201) 

(202)A7 = 5*a*p*Cp/R 
A8 = (l-EF)X (203) 

A9 = A4 'a (204) 

W02 = (l-0)/a (205) 

W03 = 3*At/R (206) 

W04 = 1+A9 (207) 

W07 = a(A8+A9*X*EF/W04) (208) 

WO = h/W07 (209) 

W1 = (h+A7/W04)/W07 (210) 

(211)W2 = {A7-T^(I+l,tp/W04}/W07 

Eq. (200) can be written 

(212)J*(I+l,t2) = Wl*T*(I+l,t2)-WO*Tj,(I+l,t2)-W2 

The granule continuous phase mass balance is 

(213)ac^/3t = (15*D/R^)(3C/3P)^(P*-P^)-{(l-a)/a}(3Cy3t) 



58 

used to eliminateThe dispersed phase material balance Eq. (71) can be 

in pressure/acyat from Eq. (213) and the result can be written 
temperature form thus 

(9C/aP)^(9P^/3t) + (3C/9T)pOy3t) 

= (15*D/R^)(3C/3P)^(P*-P^)-{(l-a)/a}(15-DyR^) 
(214)(9C/3P)^(P^-P^) 

Eq. (197) can be used to eliminate 3T^/3t thus 

3P^/3t = -(3C/3T)p/(3C/3P)^[(15-a/R^)(T*-T^)+{3*a-EF*X/(p*Cp-R)} 

(215)J*] + (15-D/R^)(P*-P^)-{(l-o)/a}(15-DyR^)(P^-Pj) 

The finite difference form of this equation is 

P^(I+l,t2) = P^(I+l,tj)-W06[A9{T*(I+l,t2)-T^(I+l,t2)} 

-{a-EF-X-W03/(p-Cp)}J*(I+l,t2)]+A4*D(l){P*(I+l,t2) 
(216)-P^(I+l,t2)}-W02-W0l{P^(I+l,t2)-Pj(I+l,t2)} 

where 

(217)WOl = 15*D^‘At/R^ 

(218)W06 = (3C/3T)p/(3C/3P)^ = TE-D/(PE-a) 

Eq. (71) may be written 

(3C/3P)^(3P^/3t) + (3C/3T)p(3Ty3t) = (lE-D^R^) (3C/3P)^(P^-Pj) 
(219) 
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and we can use Eq. (197) to eliminate which is equal to 3T^/9t 
thus 

3Py3t = -(3C/3T)p/(3C/3P)^[(15*a/R^)(T*-T^)+{3*a*EF-X/ 
(220)(p-Cp-R)}J*] + (15-DyR^)(P^-P^) 

The finite difference equivalent of this is 

Pd(I-l.t2) = P^(I+l,tp+W01*P^(I+l,t2)-W06 [A9{T*(I+l,t2)-

T^(I+l,t2)}+{a*EF*X*W03/(p*Cp)}J*(I+l,t2)] /(1+WOl) 
(221) 

This can be used to eliminate P^(I+l,t2) in Eq. (216) thus 

{1+A4*D(1)*WW0}P^(I+I,t2) 

= P^(I+l,t^)+WW0*Pj(I+l,t^)+A4*D(l)*P*(I+l,t2) 

-{a*EF*X*W03*W06*(l+WW0)/(p*Cp)}J*(I+l,t2) 

(222)-W06*A9(l+WW0){T*(I+l,t2)-T^(I+l,t2)} 

where 

WWO = W02*W01/(1+W01) (22 3) 

Eq. (198) can be used to eliminate t
c 
(I+l,t-)̂

 
from Eq. (222) thus 

{l+A4*D(l)+WWO}P^(I+l,t2) 

= P^(I+l,tj)+WW0*Pj(I+l,tp+A4*D(l)*P*(I+l,t2)-{a*EF*X*W03* 

W06•(1+WWO)/(p •Cp•W04)}J*(I+1,12)-{W06•A9•(1+WWO)/W04} 
(224)T*(I+l,t2)+{W06‘A9*(l+WW0)/W04}T^(I+l,tp 

https://Pd(I-l.t2
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If we define 

W05 

WWl 

WW2 

= 

= 

= 

1+A4*D(1)+WW0 

W06*A9*(1+WW0)/(W04*W05) 

[P^(I+l,tp+WW0*P^(I+l,tp+{W06*A9*(l+WW0)/W04} 

(225) 

(226) 

T^(I+l,tp]/W05 (227) 

WW3 

WW4 

= 

= 

a*EF*X‘W03*W06*(l+WW0)/(p*Cp*W04*W05) 

A4*D(1)/W05 

(228) 

(229) 

then 

P^(I+l,t2) = WW4*P*(I+l,t2)-WWl*T*(I+l,t2)+WW2-WW3*J*(I+l,t2) 

The granule continuous phase mass balance may be written 

(230) 

0C^/3t = (3/R)J*-{(l-a)/a}(9cy3t) (231) 

When compared with Eq. (213), we have 

J*(I+l,t2) = (5-D/R)(8C/9P)^{P*(I+l,t2)-P^(I+l,t2)} (232) 

We can eliminate P^(I+l,t2) by using Eq. (230) thus 

[R/{5*D(l)}-(9C/9P)^WW3]J*(I+l,t2) 

= (9C/9P)^(l-WW4)P*(I+l,t2)+(3C/9P)^*WWl*T*(I+l,t2) 

-(9C/9P)^WW2 (2 33) 
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If we define 

W5 = R/{5‘D(1)}-(9C/9P)^WW3 (234) 

W3 = (9C/9P)^(1-WW4)/W5 (2 35) 

W4 = (9C/9P)^WW1/W5 (236) 

W6 = (9C/9P)^WW2/W5 (237) 

Then 

J*(I+l,t2) = W3*P*(I+l,t2)+W4*T*(I+l,t2)-W6 (238) 

Eq. (37) can be written 

T*(I+l,t2) = {Tg(I+l,t2)-Tj(l+QB-QA)}/QA (239) 

which can be used to eliminate T*(I+l,t2) from Eq. (238) thus 

J*(I+l,t2) = W3*P*(I+l,t2)+W4{Tg(I+l,t2)-Tj(l+QB-QA)}/QA-W6 (240) 

Also, T*(I+l,t2) in Eq. (151) can be eliminated by Eq. (239) thus 

J*(I+l,t2) = (Wl/QA-WO)Tg(I+l,t2)-W9 (241) 

where 

W9 = W2+W1*t 
I 
•(1+QB-QA)/QA (242) 

If we set 

W7 = (243)Q3 = (Az/At)Pg(I+l.tp+G(I,t2) 
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(244)W8 = Q4 = (Az/At)Pg(I+l,tpY(I+l,t^)+G(I,t2)Y(I,t2) 

Then Eq. (178) can be written 

(245)Y(I+l,t2) = {W8-A3*J*(I+l,t2)}/{W7-A3-J*(I+l,t2)} 

We can use ideal gas law, = Pg'^^g’ eliminate Pgtl+l,t2) from 

Eq. (46) thus 

P*(I + l,t2) = P.j,[Y(I+l,t2)-{R/(kgP.j,)}T(,(I+l,t2){l-Y(I+l,t2 )} 

(246)J*(I+l,t2)] 

(240) thuswhich can be used to eliminate P*(I+l,t2) from Eq. 

J*(I+l,t2) = W3-P.j,[Y(I+l,t2)-{R/(kgP.j,)}T(,(I+l,t2){l-Y(I+l,t 2)} 

J*(I+l,t2)] + (W4/QA)*Tj,(I + l,t2)-W6-W4*Tj-

(1+QB-QA)/QA (247) 

(241) thusFrom this we can eliminate Tg(I+l,t2) by using Eq. 

J*tl+l,t2) = W3*P.j.*Y(I+l,t2)-W6-W4*Tj* (1+QB-QA)/QA+[W4/QA 

-(R-W3/kg){l-Y(I+l,t2)}J*(I+l,t2)][{J*(I+l.t2) 

+W9}/(W1/QA-W0)] (248) 

Also we can eliminate Y(I+l,t2) by using Eq. (245), thus 

J*(I+l,t2) = W3*P.j,*[{W8-A3*J*(I+l,t2)}/{W7-A3*J*(I+l,t2)}] 

-W6-W4*Tj*(l+QB-QA)/QA+(W4/QA)[{J*(I+l,t2) 

https://R-W3/kg){l-Y(I+l,t2)}J*(I+l,t2)][{J*(I+l.t2
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+W9}/(W1/QA-W0)] + (R*W3/kj,)J*(I+l,t2) 

[{J* tI+l,t2)+W9}/(Wl/QA-WO)][(-W7+W8)/ 

(249){W7-A3*J*(I+l,t2)}] 

If we define 

(250)WIO = W4*W9/{tWl/QA-WO)QA}-W6-W4*Tj*(l+QB-QA)/QA 

(251)Wll = (R*W3/kg)(W8-W7)/(Wl/QA-WO) 

W12 = W14/(W1-QA*W0) (252) 

W13 = {W7+(P^*W3+W10)*A3-W9*W11-W7*W12}/[2*{W11 
+(1-W12)*A3}] (253) 

(254)W14 = (W3-P^*W8+W10*W7)/[{W11+(1-W12)*A3}(W13)^] 

Then 

1/2 
} (255)J*(I+l,t2) = W13{l-(1-W14) 

with theThis completes the theory and its extensions along 

pertinent finite differencing operations leading to the writing of a 

Fortran algorithm for the simultaneous solution of the equations 

involved. 

are ratherThe additional limiting conditions not already discussed 

initial state ofobvious. It is necessary for example to describe the 

concentrations andthe bed and gas contained therein, i.e., the initial 

temperatures must be specified. The concentration, temperature, and 
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and UT variablesflow rate of the inlet gas must be specified. The UP 

At themust be set equal to zero at the center of the granule, 

gas-granule interface the temperatures and partial pressures must be 

equal and the heat and mass flow rates in the two phases at the 

interface must match up. 

The diffusion routines remain to be developed and this is done in 

the following chapter. 



CHAPTER IV 

DIFFUSION ROUTINES 

should beFrom the theory presented in the previous chapter it 

and these inobvious that D(K), PE(t2,K), and TE(K) must be calculated 
from the sorptionturn require the calculation of (9C/3P)^ and (9C/9T)p 

III all thetherm. For this purpose we have assembled in Tables II and 

earlier pertinent research results obtained here at The University of 

Tennessee, Knoxville. These results are taken from various theses and 

We will be concerned hereother references (77,78,79,80,85,86,87,88). 

molecularonly with the results for activated alumina and Linde 

sieve-4A. 

Activated Alumina Diffusion Parameters 

In the case of activated alumina 

t/AE 
(256)X = (P/Pg) 

The oneand it is necessary to have an analytical expression for P^. 

given in the steam table (92) for 32°F and above is 

(257)Pg = {220.88/(1.01325 x 14.696 x 144)}exp(EPA) 
where 

EPA = 10"^(374.136-TC)SUM/(TC+273.15) (258) 

65 

https://10"^(374.136-TC)SUM/(TC+273.15
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SUM = -741.9242-29.721(TD)-11.55286(TD)^-0.8685635(TD)^ 
+0.1094098(TD)"^+0.439993(TD)^+0.2520658(TD)^ 
+0.05218684(TD)^ (259) 

TD = 0.65-0.01(TC) (260) 

TC = t/1.8-273.161111111111 (261) 

If we define 

ZA = l-(n+l)X^+nx"'^^ (262) 

ZB = 
n+1 

1+(B-1)X-BX (263) 

Then 

W = {A-B*X/(1-X)}(ZA/ZB) (264) 

and 

n 

aW/3X=[A-B/{(l-X)ZB}] [ZA/(l-X)+n(n+l)X (X-1) 

-{X*ZA(B-l-B(n+l)x")}/ZB] (265) 

Let 

DCl = 3C/ax = (p/18.01534)(3W/3X) (266) 

then 

3P/3C = AE*P/(DC1*t*X) (267) 

and 

31nP/31nC = C-AE*P/(P*DC1-t-X) (268) 
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From Table III, we can write 

1/2
PE = CC*T •e 

(269){BB*T+l-a^g*P/P^) 

(270)D = PE*AE*P/(DC1*T*X) 

from metric units toAll the parameters in Table III have to be changed 

English units such as 

o„l/2
AA = 1.952347015D-9 lbmoles-£t/hr*lb‘ R 

BB = 2.176666667D-2 1/“R 

CC = 489.5788676 (ft\dsorbent) ^/lbmole‘hr*ft*°R^^^ 
EE = 10764.36 'R 

3 = 0.6785017209 £t\dsorbent/lbmole 

a = 0.2114 dimensionless 

AE = 1335.56922 “R 

From the definition of TE, Eq. (73), we can write 

(271)TE = a*DCl*(3X/aT)p 

We can take logarithm of Eq. (256) thus 

(272)InX = (t/AE) (InP - InPg) 

and the derivative form of Eq. (272) is 

(273)(l/X)OX/8T)p = {(lnP/Pg)/AE}-(T/AE)(dlnP^/dT) 

https://10764.36
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We can take logarithm of Eq. (257), thus 

X 14.696 X 144)}+0.01(374.136InPg = ln{220.88/(1.01325 
(274)-TC)SUM/(TC+273.15) 

and the derivative form of Eq. (274) is 

dlnPg/dT = {-0.01/(TC+273.15)^ x 1.8}(374.136+273.15)SUM 
+{0.01/(TC+273.15)}(374.136-TC)(dSUM/dT) (275) 

Also 

dSUM/dx = (-0.01/1.8){-29.721-2(11.55286)(TD)-3(0.8685635) 

(10)^+4(0.1094098 (10)^+5(0.439993) (TO)'^+6(0.2520685) 

(10)^+7(0.05218684)(TO)^} (276) 

If we define 

(277)OLPSAT = -dlnPg/dT 

and 

OSUM = dSUM/dx (278) 

Then 

(279)TE = -a-0Cl-X{ln(Pg/P)+T-0LPSAT}/AE 

Linde Molecular Sieve-4A Oiffusion Parameters 

From Table II (page 66) we have 

(280) 

https://0.01/(TC+273.15
https://TC)SUM/(TC+273.15
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(281)W = A*B‘X/(1+B*X)+C-D*X/(1+D-X) 

Then 

3W/3X = A*B/(1+B*X)^+C-D/(1+D*X)^ (282) 

Let 

DCl = 3C/3X = (p/18.01534)(3W/3X) (283) 

then 

3P/3C = P/(DC1-X) (284) 

and 

31nP/31nC = C/(DC1-X) (285) 

From Table III (page 67), we can write 

PE = CC*e -EE/t. (1-6*C)C/P+AA/t 
1/2 

(286) 

and 

D = PE*P/(DC1‘X) (287) 

from metric units toAll the parameters in Table III have to be changed 

English units such as 

B = 3.069699154D-9 £t2.0Rl/2/ib 

D = 1.491244527D-11 £t^*°R^/^/lb 

AA = 1.988713121D-6 lbmoles*£f“R^^^/lb*hr 

CC = 36.84667369 £t\dsorbent/hr*£t 

EE = 12589.2 “R 
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6 = 1.042796517 ft^/lbmole 

AE = 13516.2 “R 

We can take logarithm of Eq. (280), thus 

InX = lnP+AE/T-(l/2)lnT (288) 

and the derivative form of Eq. (288) is 

(289)(l/X)(3X/9T)p = -AE/t^-1/(2-t) 
Then, TE from Eq. (271) can be written 

TE = -a-DCl*X*(0.5+AE/T)/T (290) 

In all of the previous calculations the temperature, t, and the 

partial pressure, P, are calculated from the reduced temperature, UT, 

and the reduced partial pressure, UP, thus 

(291)T = {DUM*UT(tj,K)+l}Tj 

and 

(292)P = DUM*UP(t^,K)*DP+Pj 

where 

DUM = NS/(N-K+1) when K > NR*NA+1 (293) 

or 

DUM = NS/{NS-NA+(NR*NA-K+1)/NR} when K < NR*NA+1 (294) 



CHAPTER V 

PROGRAM DEVELOPMENT 

the courseIn any development, extending over a decade or more, 

become soof events tends to become blurred with time and notebooks 

of thesevoluminous that it is a major chore to retrace footsteps 

in thisevents. Thus it was felt that an account should be included 

Anotherthesis in such a way that it is concise and understandable, 

form of charts andrequirement of such an account is that it take on the 

order to comprehendnot require reading of a lot of textual material in 

the overall picture of the development. 

students,It should also be pointed out here that numerous graduate 

and the machinelaboratory assistants from both the electronics shop 

and most ofshop, and part-time or full-time employees were involved 

them have their own records of account, usually in the form of 

notebooks, and this also contributes to the difficulty of retracing at 

some later date exactly the course of events that transpired at any 

particular time in the development. 

increase theThe overall objectives in this development were to 

computational speed to its maximum and to put into the program all the 

kinetic details envisioned to satisfy the requirement of satisfactory 

fit of the experimental data. 

1967. ThisDr. Jury started the program development on March 16, 

in the form of aand subsequent phases of this development are shown 

flow chart in Figure 7. 

75 
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March 16, 1967 

Dr. Jury started the program 
development using crude 
techniques. The first program 
was written by this date. 

I 
August 12, 1967 

Dr. Jury revised the program 
to use Thomas algorithms in 
concentration and temperature 
loops which gave a tremendous 
improvement. 

I 
June 4, 1968 

Dr. Jury had investigated (and 
submitted to be published) the 
solution to the instability 
problem (72). Results of the 
program were also presented. 

1 
1965-1971 March 1965-December 1968 

Mattem (113), Edwards (44), and Y. W. Kim used Dr. Jury's deck 
with his diffusion subroutineHorng(61) determined the sorp 

tion therms for Drierite, silica which contained errors and gave 
him trouble. He used Mattem'sgel, Florite, activated alumina, 

and Linde molecular sieve-4A. sorption therm for Drierite 
(113) in his diffusion 
subroutine. 

I 
September 1968-February 2, 1969 

Van Brunt found errors in Y. W. 

Kim's diffusion subroutine, but 

debug was incomplete and 
trouble continued. 

Figure 7. Flow Chart of Program Development. 
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June-July 1969 

Pollock (130) developed an 
operable version of Y. W. Kim's 
diffusion subroutine. 

June 1969-November 1973 

E, K. Kim (94) initiated the 
diffusion cell research. 

1 
June 1969-March 1974 

Berbano (12) successfully 
applied explicit temperature 
loop to his recuperator 
research. 

August 1973-December 1976 

Pollock completed the diffusion 
cell research and the develop 
ment of explicit expressions 
for diffusion coefficients in 

activated alumina, Florite, 
silica gel, Drierite, and 
Linde molecular sieve-4A. 

May 16-June 23, 1977 

The author wrote a program 
using the Thomas algorithm to 
solve the Douglas finite 
difference form of the granule 
mass diffusion equations. 

July 7, 1977 

The author combined all the 

foregoing into a much improved 
percolation program. The 
speed of calculation was also 
increased. 

Figure 7 (continued) 
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September 2, 1977 

The concentration loop was 
converted to an approximate form 
of pressure loop. Emphasis was 
shifted to experimental work in 
January 1978. 

I 
May 29, 1978 

The author started to apply the 
program to the experimental 
results and found bugs traced 
to dimensional inhomogeneities. 

I I 

August 28, 1978 

The author's deck used Douglas 
finite difference and amplifi 
cation factor, AMPF, with 
looping back. Several material 
balance checks and periodic 
write were added. 

1 

December 11, 1978 

The author copied Dr. Jury's 
deck because of its high speed 
and began to fit data. Nega 
tive partial pressure, PP, 
forced the author to increase 

the division, K, of UP(1,K) up 
to 224. Too long CPU time for 
activated alumina was required. 

i 

September 10, 1978 

Dr. Jury converted his deck 
totally to high speed. No 
looping back with amplifica 
tion factor, but still used 
Douglas finite difference. 

January 21, 1979 

Dr. Jury converted his deck to 
subdivision of outer shells and 

used Crank-Nicolson finite 

difference. He ran series of 

tests to determine the best NA, 
NR and NS. 

i 
February 21, 1979 

Dr. Jury added the internal 
heat generation to Thomas 
algorithm. 

Figure 7 (continued) 
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1 
February 24, 1979 

The author copied Dr. Jury deck 
because of its faster speed and 
added bipore concept because 
activated alumina fitting 
suggested the need for it. 
LMS-4A fitting was OK, but 
activated alumina fitting gave 
the oscillatory results and 
bombed because of the error in 

not differentiating saturation 
pressure, P , in the calcula 
tion of TE.^ Dr. Jury correc 
ted this error. The fitting 
was continued to determine the 

best EF, EFl, and SIG. 

£ 

May 2, 1979 

The comparison between the 
results of Dr. Jury's deck and 
the author's deck showed that 

Dr. Jury's shifted a few 
minutes to the left of the 

concentration curve which is 

closer to the experimental 
curve. 

I 
June 11, 1979 

All the computer results for 
LMS-4A and activated alumina 

were completed. 

Figure 7 

1 
April 3, 1979 

Dr. Jury converted his long time 
solution to include bipore 
concept and internal heat 
generation. 

I 
April 29, 1979 

While adding bipore concept to 
Thomas algorithm. Dr. Jury 
developed a generalized treat 
ment of granule diffusion 
equations which does not involve 
approximations. He added this 
to Thomas algorithm. 

I 
Dr. Jury continues the research 
to determine the best time to 

cut in the long time approxi 
mation. 

(continued) 
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charts toIn that which follows we will present a series of flow 

illustrate the advances made during the course of program development in 

this present work. The starting program is shown in Figure 8. This was 

of the Drieritethe end product of the original work by Jury, addition 

diffusion routine by Y. W. Kim, debug of Kim's routine by Van Brunt and 

thethe XFUN refinement of SUBROUTINE DOG by Pollock. Although 

subroutines and DTSTDR and YJST estimating routines served a useful 

purpose in past development work they tended to decrease computational 

thespeed, Thus the objectives of the present work were to eliminate 

temperature loop (T loop), the concentration loop (C loop), and 

subroutines if at all possible. By so doing the computational speed 

should be substantially increased. 

the TJury and Berbano (74) had already shown how to eliminate 

absent and so weloop in the case of heat recuperation where YJST was 

eliminated thecarried this the step further to include YJST and thereby 

T loop. 

From prior work and the concurrent work of Pollock it gradually 

became obvious that the subroutines and XFUN could be condensed into a 

routine which we added directly to the MAIN program. It remained now to 

do something about the elimination of the C loop. 

A major step in the development was made on September 2, 1977, when 

we learned how to replace the concentration. Cl, with the partial 

pressure, P, and temperature, t. The remarkable advantage of the 

is thatdiffusion equation expressed in terms of partial pressure at the 

interface the chemical potentials, p, of the two phases are equal and if 
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CSTART ) 
k 
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Figure 8. Flow Chart of the Earlier Computer Program. 
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the gas is ideal then 

y = y°+RT In P/P^ 

and for the same temperature the vapor pressure and partial pressure are 

equal. This permits getting from the gas phase into the solid phase 

relationcalculation to compute BE(1) and GE(1) in the Thomas 

UP(t2,l) = BE(l)*UP(t2,2)+GE(l) 

Becaiase weand then to start the Thomas algorithm for the UP solution. 

goingknow UP(t2,K) we can calculate P and then X directly without 

9C1/9X can also bethrough a function, XFUN. The concentration, Cl, and 

calculated directly without using a subroutine BOBCAT (BOB + CAT). A 

new diffusion routine was designed in terms of diffusivity, D(K), and 

permeability, PE, and was inserted directly in the MAIN program as 

were variedstatements 1160 and 1200. Constant D(K) and PE which 

this diffusionbetween l.D-7 to l.D-2 were used sometimes to bypass 

routine during testing of the program. 

11, 1978.Emphasis was shifted to experimental work on January On 

resultsMay 29, the program was applied to fit Dr. Jury's experimental 

left of theon Drierite (83) and the computer curve was too far 

the errorsexperimental curve. A lot of changes were made until 

the trouble.were found in August 8. Two types of errors were causing 

The definition of UP that was used to derive the diffusion equations 

was wrong, and there were several dimensional inhomogeneities. 

were moved toOn August 15, the diffusion parameter calculations 

control. Thisbetween the time incrementing DO loop and the run-a-way 
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also speeded the program up because the size of inner DO loop was 

werereduced. On August 24, the SUMJST, SUMCQ, and SUMGAS statements 

added in order to check the material balance. On August 27, the 

calculations.run-a-way control was moved down to after bed parameter 

This also speeded the program up. The amplification factor, AMPF, was 

at the start foradded on August 28 to reduce the number of iteration 

minoreach AZ. The flow diagram is shown in Figure 9. Further 

adjustment had been made until September 12 when the experiment was 

run. 

wereBetween November 20 to December 12, new diffusion routines 

written for Drierite, activated alumina, and Linde molecular sieve-4A 

Testbased on Pollock's diffusivities and permeabilities expressions, 

results and theruns had been made to compare with the experimental 

computer results were found to be on the right side of experimental 

results. 

On December 11, 1978, Dr. Jury's high speed deck with long time 

solutionscalculation was duplicated and the new diffusion parameter 

were put in for each granule. The flow chart of this program is shown 

that the most innerin Figure 10. It resembles the previous one except 

loop is now eliminated. A new technique was used deriving the BE(1) 

and GE(1) as shown in Chapter III for the solution of granule mass 

then moved totransfer equations. The latter solution operation was 

precede the solution of granule heat transfer equation, thus eliminating 

the inner loop. The CPU time was reduced by a factor of 3 to 4 times 

when compared with the one with the inner loop. 
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Figure 9. Flow Chart of the Intermediate Computer Program. 
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To get rid of a negative partial pressure problem, the granule had 

to be divided into 224 divisions for LMS-4A and 448 for activated 

alumina which increased the CPU time. This problem was solved on 

the occurrenceJanuary 19, 1979, by varying the granule division with 

of negative partial pressure, This was satisfactory for LMS-4A but 

still gave too long a CPU time for activated alumina. 

A new high speed deck by Dr. Jury was duplicated on February 2. 

of theThe advantages of this new deck were the subdivision some of 

outer shells but not the inner ones and this reduced the total division 

224 subdivisions.of granule to 30 with the same accuracy as the previous 

This deck made use of the Crank-Nicolson finite difference method, and 

the addition of internal heat generation, The bipore concept, which 

aluminawas discussed in Chapter III, was added because activated 

fitting suggested the need for it. LMS-4A fitting was satisfactory 

without the bipore concept, Activated alumina fitting still had 

due the error in notoscillation problems which were found to be to 

calculation ofdifferentiating the saturation pressure, P^, in the 

(8X/aT)p for TE(K). 
heatAnother new Jury deck with the bipore concept and internal 

generation in both normal case and long time calculation was duplicated 

on May 1, 1979. This program also had a generalized treatment of 

in thegranule diffusion equations which did not involve approximations 

Thomas algorithm. This new program was compared to the one before and 

to the left whichthe concentration curve of this new program shifted 

was closer to the experimental result. This new program without the 
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the LMS-4Ause of bipore concept and heat generation was used to fit 

and without theexperimental results, and with the use of bipore concept 

aluminause of internal heat generation was used to fit the activated 

experimental results. The multiplication factors had been determined to 

were used forfit the first run of each granule, and then these factors 

the other runs. All the runs were completed in June 11, 1979, and the 

result of each run will be shown in Chapter VII. 



CHAPTER VI 

EXPERIMENTAL EQUIPMENT AND PROCEDURE 

Associated with this research is a good deal of sophisticated, 

though necessary, equipment, In fact, a high degree of precision has 

been designed into and is maintained in all individual pieces of 

equipment. This leads to high accuracy results using the integrated 

system. Many graduate students have made substantial contributions to 

the development of these systems (12,23,94,96,113,132). 

During the course of this research new models have been developed. 

Likewise, the equipment has been continually refined and perfected. It 

is intended here to describe the equipment and operational procedures 

occurred.with emphasis upon the new developments which have 

The air supplies are the backbone of the entire percolation 

deal of work hasresearch experimental program. Consequently, a good 

gone into their design, and as a result, the supplies are very reliable 

air isand are essentially "standard" air supplies. The compressed 

rated at 250supplied by a new large capacity Joy "oiless" compressor 

psig but operating at 180 psig. Our line is reduced to 150 psig. This 

filters beforeair is passed through a Honeywell and two Pall air 

passing through a dampening tank. The pressure is regulated to 125 psig 

with a Cash pressure regulator before supplying to all three humidity 

control systems. 

The low air supply is produced by a Wilkerson air dryer operated 

at 106 psig. This dryer is an adiabatic "heatless" adsorption dryer 

88 
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While onewhich uses a pair of molecular sieve adsorption columns, 

column is adsorbing, the other is being regenerated by a side stream 

from the 20 psig dried outlet air. It operates on a timed "pressure-

The result is dry air, theswing" cycle, switching every 30 seconds, 

frost point of which is less than -105°F. 

The intermediate air supply produces air which is saturated at 

bath designed by100 psig and 32°F in a mechanically refrigerated ice 

Dr. Jury (71). The theoretical frost point of this air is approximately 

-9.6‘’F. 

The high air supply is a humidification tower designed by Mattem 

(113) and improved by Pollock (132). It produces air saturated at 114®F 

this research.and 40 psig and is reduced to 100°F and 40 psig in 

The laminar flowrators which were used to measure the SCFH were 

Y. Kim These instruments were calibrateddesigned by W. (96). as 

discussed in the Appendix C. One flowrator is used for each supply air 

stream, and any desired humidity air can be mixed by using two 

flowrators and the appropriate air supplies. 

The percolator bed was designed by Berbano (12) and improved by 

the author and is shown in Figure 11. The adsorbent sample is placed 

in the inner tube called the bed holder, which is a 1-1/4 in. I.D. x 

This tube is1-1/2 in. O.D. X 12-13/32 in. long polystyrene tube, 

enclosed by a 3 in. I.D. x 3-3/8 in. O.D. aluminum cylindrical casing. 

The space between the bed holder and the aluminum casing is adequately 

sealed by o-rings. During experimental runs the annular region is 

of a mechanical-evacuated to less than 2 x lo"^ Torr pressure by means 
losses.oil diffusion pump combine to minimize gas space conduction 
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Figure 11. The Experimental Fixed Bed. 
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wall of theThe radiation losses are reduced by polishing the inside 

in addition toaluminum casing and selecting a clear polystyrene, 

providing the two nickel radiation shields. 

and anThe bed head assembly consists of a Conax thermocouple 

eccentric bed adapter. The thermocouple is mounted on the bed cap for 

the measurement of effluent gas temperature. 

The adsorbent sample is held in the polystyrene bed holder by two 

The screens are soldered onto asupported Tyler 32 mesh screens, 

one-half inch long piece of brass pipe that is machined to simply slip 

down inside the bed. Two copper-constantant thermocouple wires are 

soldered onto two 1/32 in. thick x 1/8 in. wide copper rings and placed 

thoseonto the other side of the screens to measure the temperatures at 

and thetwo points, The steel spring is placed between the copper ring 

bottom bed adjuster to make sure that the bed is a fixed bed at any flow 

bottom onerate. Both bed adjusters are made of polystyrene and the is 

meansinterchangeable for 2 and 4 inches adsorbent san^jles. As a of 

withminimizing the heat loss by conduction, two guard heaters 

of the bed. Thesethermocouples are placed at the upper and lower ends 

two guard heaters are adjusted by hand via the variacs to keep the 

temperatures of the copper ring and the guard heater thermocouples 

closed together. Both ballast resistors of the guard heaters are set to 

500 ohms to make sure that the guard heaters can quickly respond to the 

temperature changes. 

The miniature air heater and a thermocouple make up the bottom cap 

of the aluminum casing. The inlet air is preheated by the miniature 
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temperature toheater to the set point temperature, and the gas inlet 

which isthe bed is monitored using the high-velocity thermocoiq)le 

mounted on the cap. 

of differentThe aluminum casing is designed so that bed holders 

diameters could be used. However, a bed diameter of 1-1/4 in. I.D. was 

used throughout the experimental work of this thesis. 

of theThe use of a mechanical pump alone for the vacuum insulation 

of the percolatorannular space between the inner and outer cylinders 

vacuum gage, sincebed is not adequate based on pegging the thermocouple 

For this purposethis degree of vacuum required for vacuum insulation, 

is used. Detailsan oil diffusion pump backed up by a mechanical pump 

of the mechanical-oil diffusion pun^) is presented in Appendix B. 

automation andThe automatic vacuum controller is designed for the 

Details of this controllersafe operation of the oil diffusion pump, 

are also presented in Appendix B. 

fractions,The apparent solid density, external and internal void 

volume, the vaporaverage particle radius, the surface area per unit 

and thepressure of moisture in the bed at initial condition, 

for each adsorbentregeneration time were all measured in laboratory 316 

sample. Details of sample preparations are discussed in Appendix A. 

EachAll the percolation runs were done in laboratory 311. 

Afterbed length,sample was packed into the bed holder for a desired 

vacuum system wasassembling the bed and connecting to the board, the 

bed wasstarted. The low humidity air was fed through the bed and the 

190®Fleak tested. Then the temperature of the dry air was increased to 
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to regenerate the granules, During the regeneration, the miniature 

heater was controlled by the Thermotrol to maintain the temperature. 

which is discussedAfter a period of time determined by the experiment 

maintainedin Appendix A, the Thermotrol was cut off and the dry air was 

miniature heaterat 78“F by the thermostated water passed through the 

only. 

whichWhen the bed temperature was equal to the room temperature, 

air fedwas controlled at 78“F, the experiment was begun. The moist was 

in at the desired concentration and flow rate. The effluent gas 

temperature was recorded by a Honeywell recorder before passing 

through the frost dew point hygrometer which was designed by Jury 

(76,81,82). The frost point temperature was recorded by an Esterline 

Angus recorder. The feed gas, upper and lower copper rings, and upper 

to a Bristoland lower guard heaters thermocouples were connected 

temperature indicator. Each temperature was checked and adjusted 

of each run.frequently in order to maintain the high precision 

During each run the total pressure was recorded by reading the 

barometer in room 317 every 1/2 hour, so the best average total pressure 

could be made. The run was completed when the frost point of the 

This caneffluent gas was equal to the frost point of the feed gas. be 

checked by connecting the high or intermediate air supply directly to 

the hygrometer, but for the mixed air supply we had to compare the 

effluent frost point with the calculated one and also had to wait long 

enough to make sure that the frost point was not going to change 

further. 
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started againAfter each run was completed, the regeneration was 

and bedwithout removing the granules if the same size of granules 

length were to be used in the next run. 

Pollock'sAll the equipment had to be calibrated according to 

work had to beprocedures (132), and the adjustment and minor repair 

done before almost all the runs. The most serious problem that 

distilled waterterminated many of the runs was the lack of building 

high air supplysupply during the middle of the run which caused the 

system to automatically shut down. 

The previous plan was to study the percolation kinetics by flowing 

as follows:humid air through fixed beds under various conditions 

(1) two different gas flow rates, (2) two different feed gas concen 

different bedtrations, (3) two different particle sizes, (4) two 

lengths, and (5) two different bed diameters, There was a time problem 

so thein finding polystyrene tubes to construct another bed holder, 

bed diameter was fixed. Three different particle sizes were used. 

conditions.The experimental runs were designed to study various 

The plan of runs is shown in Table IV. All the experimental runs were 

initial bed andbased on the constant feed gas temperature equal to 

room temperature which was 78°F. The experimental results are shown in 

Chapter VII in comparison with the calculated results. 
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Table IV. Design of Experimental Run, 

Run No. 1 2 3 4 5 6 

Gas flow rate (SCFH) 

Feed gas concentration 
(Air supply) 

Particle size (mesh) 

Bed length (inch) 

10 

HIGH 

12/14 

2 

5 

HIGH 

12/14 

2 

10 

MIXED 

12/14 

2 

10 

HIGH 

8/10 

2 

10 

HIGH 

16/20 

2 

10 

HIGH 

12/14 

4 



CHAPTER VII 

COMPARISON OF EXPERIMENTAL AND CALCULATED RESULTS 

effluent airDuring a run the temperature and frost point of the 

from a bed were constantly monitored and recorded on strip chart 

recorders. The recorded frost point temperatures from the Esterline 

by using data givenAngus recorder were changed to partial pressures, P, 

in the International Critical Tables (156). Then the RATIOC were 

calculated from the following definition: 

RATIOC = [P/P^- (P/P^) 1/ [’’''''T'fead- V initial 1 

the run. This RATIOC
where P.^, is the average total pressure throughout 
and the effluent temperature from the Honeywell recorder were plotted 

versus time to produce the bed expiration curves determined experi 

The conditions ofmentally. These are designated as LMSX or ACTX runs. 

and Table VI foreach experimental run are shown in Table V for LMS-4A 

to RATIOC areactivated alumina. The original data and the conversion 

shown in Appendix D. 

the runThe next steps involved putting into the computer program 

conditions for the shortest bed and fastest run. The program was run 

coincidence, Theseand the results were compared with experiment until 

computer runs are designated as LMSC or ACTC runs. 

data we mustBefore embarking on the attempts at the best fit of 

define what we mean by "the best fit of data, If all parameters in 

the computer program were precisely known then these would simply be 

96 
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inserted into the program to produce "the fit. This, however, is not 

quite the case, Experimental measurements are themselves subject to 

Emissivities for the radiationerrors even for the input conditions, 

shields around the bed container are actually best estimated and so the . 

radiation coefficient HR may have to be adjusted to produce "the best 

from thefit. Likewise the latent heat of sorption, YLAMDA, taken 

literature is the best guess and so it too may have to be adjusted. 

discussion of theseOther parameters may also be involved and a complete 

details is reserved for the following chapter. 

In order that we as well as our reader may develop a feeling for 

some of these forthe effects of parameter adjustments, we have made 

Those for activatedLMS-4A and the results are shown in Figures 12-15. 

alumina are shown in Figures 16-17. 

Armed with the foregoing information we can now proceed to adjust 

1 andparameters until the best fits are obtained for LMS-4A run 

activated alumina run 1. These values of parameters are then fixed in 

alumina, The bestcomputer runs 2-6 for LMS-4A and 2-6 for activated 

those for activatedfit results for LMS-4A are shown in Figures 18-23 and 

alumina in Figures 24-29. 

The input conditions for each LMS-4A computer run are given in 

inTable VII. Those for each activated alumina computer run are given 

Table VIII. The parameters that were adjusted and their final values 

to produce the best fits are given in Table IX. The tables of computer 

results for both LMS-4A and activated alumina are shown in Appendix E. 

These are the data that were used in plotting the computed portions of 

the figures. 



100 

(do) adniVH3d»Gi 
o o o o o o o o o o O 

vO lO to CM O 00 

t 

.rH.. jH.. 
T-' T !• 

I 

. i. I 

. I. 
I • 

I 
•t • -f • 

I in 

a: 

N 

\ 

•r-

t 

1 

: 

.1. 

r 
I 

I
/ 

i 

I 

i • 

o 

d 
Q 

\ 
1 / 

f 

I 

rt 

C 
. . ... 

/ 
t 

t <u 

I 

f • o 
a> <u 

/u 
a, 
X 

•I /<'• 1 . UJ 

-x-l < 
•1 I 

•i... I 
I 

in 
o 

in 

I o 
tw 

;■ '1^, 
f 

/ .. . , 

J. 

O 

4-) 

II 

ti, 

+ 

! 

7 

/ 
T 
I 

I 

I 

N 

X 

\ 

\ 

' \ 

■H 
a. 

O 
^ 

UJ 

C 
d 

w o 
NO 

I -1— -\ 2 c 
o 
o 

1 

I 

■ I 

T 

■ I- ■ 

i 
\ 
\ 

1 

! \ 
\ 

i 

\ 

I 

I 

•t.; 

Cl 
4J> “It 

Ixij 
ua : s: ;ri 

1 

x: 
I > tu : w 

-ifS-Bi 4J 
i-H : S 

00 

- -I—<0 -
+H UJ '"J-

_ J O _tT to rH 
i -ic-J ( > rH (NI 

II: I II! H 

*! I 

1 

UJ 

UJ 
s 

H 

II 

Q rH 
1 -u. 

C OJ 

a> o 
00 

C rH 
d 

e ” 
nl iH 

CO 
a 

! tw 

■.-I-

1 

1 \ 
V- I 

\ 
\ 

X 
uo 

-Hi 

tiJ 
^ 
a 

od) O tsi 
rC o 

qi -. -i+j u ; OT 
i bO -) (/J:£<! a rt <0 

3 
s ts c 

- •TO o n* «j 
!<U rfi 0) Ut 
'OQ (b U U 

r 

I 

I 
■ T ■ 

I 

I 

I 

. I 

o 
to 

UJ 

O 

4-> 
O 
dj 

CM 
UJ 

(1> 

0) 
u 
tt) 
X 

iH 

O 
z 

I 
. {.. 

1 ■ I 

X: 
1 CM 

i 

I 
i 

I 

0) 
u 

I 3 
I bO 

i I I I 
■j .-1. f O 

o o> 00 vO UJ CM o 

o o o o o o o o o 

XIIVH 



101 

(do) aynivyadwai 
o o 

vO 
o 
lO 

o o 
to 

o o o 
o 

o 

C7> 

o 
00 

o 

•j—r T"' 

I-
i 

-! 

LO 

c 
Oj 

:-T 
o o 

< 

—-t- ••• 

; 

i 

I 

t 
1 

I 

T >H 

CO 

\ 

I-

....I . 

I 

I 
1 

A 
r 

o 
a\ Q 

'O 

c 

<u 

0) 
ac 

t 
I 

...i. 
< 
Q O 

! lO 

1 

: 

i 

I 

; 

I--

„! 

I 

I. 

I 

/ 
J 
t 

» l ■“1 
I 

I1 
A 
\ 

! 
-1--

\ 

\ I 

"A 

\ 
\ 
\ 

1 

« \ 
% 

\
s 

i 

I 

i 

I 

■§r 
I 

C> 

.< < 
E I...: 

BO- r 
1 
i 3S 

4( X k; 
tS : r^ lu V) 

rti cf O 
t-% 
a?-

L/*) 
to 
— 

^ 

..Lei 
;4- '*i : ■ rH H 

ii II II ill ; 
Ji _lxdl_..c I... 

C) o 
c(a 
O N 

> tJ ; 4: o -h; 
V —to - t/) 0> .tn^ 

^2 i/) 

^1- S ::i t: :a> 

a 
3 TJ g;t) O o ,

(U ^ O p 
to U, 44 d 

1 

I 

■ ■ 

j 

I 

Y 

1 

1 
1 

t 
1 

,_1. 

1... 

-^-r 

I 

i 

\ 

■ 

.s. .. 

...j. 

.1. 

I 

t 

I 

I 

o 
VO 

LO 

o 
to 

LO 

H 

>- § 
a: 

Q 

Q rt 

s g 
6 

tfl -H 
0) U 
BO 0) 

p. 
g X 
x: w 
U 
< O 
Tj* • 

o • o 
CO 

4J 2 II 
o J 
0) r .tu 

M-l vp W 
4-1 o 
to TJ 

_ p c
TJ -H rt 
(U Uh 

c 
■H <u o 

-S •
B 4-> .-H 
o 
C-> C II 

o 
0) 

X OS tu 
H 3C W 

I 

I 
I 

I 

's, 

i 

to 

0) 

o 

.| ... 

o> 00 

! 
1 

VO 

I 

.i 
LO ■vt 

.1. J 
to 

t 

(M 

I 
i 

o 

o 

u 

bO 
•H 
p, 

o o o o o o o o o 

DOIIVH 



102 

(do) Hynivyddwai 
o 

o o o o o o o o o o 

VO LO to O 00 

•T' ...... •-T‘ T — 

I 

1 

I 0) 
lO 

o ^ o 
f I 

-1 •• c ^ 
1 

I 
o 

n 

T 

I" 

[ 

/J 
tu 
UJ 

TJ 

f-H 
u. 
U4 

! § -o 
I 

o 
a> § 

t ! 

I 

I 

I — 

■i. 

I 

l-x-.t 
>-
< 
C_) 
O 

- }• 
a: II 

I 1 x: 
CO 

X lO 
I 

I 
I 

I 
i... 

< CO 
Q 

.. I O 

I u 
0) 

>- ac 
•t! r to \' 
t' 

r O 
< 

A) U; rH 

I 

1 I' 
I 

L 

I 

>-
* 

(N 

ir 

! 
nr 

CJ 
>-■ 

u 

JbO 

«-H 

tX):-

►E 

c I 

ko. ^ • 

■| 

... t 

1 

vO 

to 

£ 

Q 

c 
H 

V) 
<D 

§ 
6 

o 
z 

oS 

nj 

-■ I—• 

1. ' C lo ito; vf |- 4-1 t-t 

Q X: :.d.ir+_dJ O nj 

4J * •! . .fH IrH I- < 4-» a 

..! .11 11 a-1 t 
O 
(D 

(U 
g 

W CN O i 4-1 -H 

t 
I 

•-{ o 
I 

t 

4h 
w 

^ 
a> 

, - -C (> 
I 

o 
to 8^ 

\N 

I t 

.X,U 
CO CO i 

^ .,.. 
.(D • tl.

t) 4-> (/) 
• d d !aj (> 
--a -t>o-44 

:3 

I 

1 

I 

<D 

H 

•i 
o 

lU 

I 

\ 
.. .^ 

a 
a 

.o!<d. 
.-H, !u I < 
uu io. c} 

I 

i 
to 

u 

tt) 

S'S 
I 

I 
-. i.. 

I 

i I I 

'i I 1 

I 

1 
I I 

.1, .1. o 

o CTl 00 VO in 'd- tn CM o bu 

o o o o o o o o o 

DOIlVd 



103 

(do) aanivyadwai 
o o o o o o o o o o o 

vO LO to CN o o> 00 

I I 
I 

•I-
1 n 

•r 

1 

[ 

••■•'I 

I I 

1.. 1 

l' 
I 

1 

in 

<0 

4-> O 

T o 

\ 1... 
I 

I 

I 1 I o 
11 

\ 
I 

t 

I 

I 

I ! cn 

TJ 

rH 

w 
I 

•*T‘" -T'-' •i. § 
: . 

I 1 O 

I 
o 

P rH 
1 
I 

I 
1-

<: II 
f u 

CJ3 
t 

I C3c: cn 
ac 

•i. (D 

I 

X 
1 

\ in 
< (1)
S X 

i 

I / r ::'l ■ 
! ,! :\ 

1 •' I 
I >-• .-H 

i 

•I. 
Oi-i o 

I 

I 

1 
i 

.J. 

Q 
•< 
C-U 

i 1, 

1 

o 
VO 

a 

c 
H 

§ 
oi 

,1 
I 

I >-
* 

-40-4 

X 

OO-
I 

W1 
(U 

Oj 
-P 
rt 

iV i. 

J < i-( CO 

ft 

-a : 1 -
- J 

t 

bOQ 

»; 

1 

il 
it 

T x;3 

to 

Sr- 11«-q 

OQ 
VO 
ifT^ f 

-;-C > W lO ::f H 

• i-i-p-i 

I 

in ^ 
6 

O 

“ 
<D 

6 
•H 

I I 
• I 

'T 
. i 

.q X ! ::fii 
• tp * * 
CL...«;t-in 

I I
}r(S O ! • 

•T 
J 

CN 

o 

:U. 

rH- M 

il I 

u.; 
D

I ■» 

i 

o 

U 
0) 
4h 
^ 
W 

-o 
(D 

U 
<l> 
Cl. 
X 
w 

< 
rt o 

I 

I I . O.-H to c o 

-r 
i 

X 
• 

C_ 
w 

:<d!
t;, prm 
c rt! cd 
( ) p ! bO
..T—CLI 

n 

u : 
. -I :
3-

I •g 
'6 
u 

r-J n 

^ uu 
o w 

S l t-, 
<U P TJ 

...I \ 
() 

::c) 
.-Hi 0) 

■!' 
in 

I 1 I 
1 

I I 
in 

.1 I 

I 

-U 
I 

<D 
U 
3 

O 

I 
I i 

T<r 

.1 

i 

..j... 

i 
1 

I 

I 

1 

I 

“(N 
X 

O 
O 

bO 

o o o o o o o o o 

Doiiva 



104 

Cd«) 3HniVH3dW3X 

o o o o o o o o 
in CM o cn 00 

o 
T T T T o 

I t <7k 
I 

I 
t 

1 
1 i t 

O 

4-> 

c 

i. I I I 

T 

1 
! 

Tt 
00 

B 
. ] 

II 

-i. 

t ■.V 

} 
i 

■1' 
I” 

r; 
- t • r 

I o 
00 

0 UU 

S' UJ 

J I.. 
I I 

-I.. UJ 
o 

I aJ 
. I C to 

I O •K 

J.... 
i 

o'Tc 
I 

I I 

CM 
r-

C3 

r 
hJI: .. II 

I 

I-

< 

■ l 

or 

W lU 
I I 

j. 
o 
vO 
VO 

Tl 
0) 
+J 
rt 

Irt 

o 

I-
i :l ;• 

o 
> 
■H 

* 
os 

I 

I 
I 
I 

I 

I 

I 

I 

r 

I • 

o c 

:c^-4c ‘ 
: nP : T 

• I--

tj} I..., 

i 

•i-

I 

o 
NO 

o 

■u 
o 
< 

^ 
o 

ac 

CM 

I 
I. 

I 
* 

I 

+ 

i'H. 
U4 

1 
;u. 

■< 

i-6-

I 

i.. 

lO 4-> 
•H 
tJU 

* 
-< 

t "fr 
4K ' CM 

I o 
0 

< 
I 
I 

I 
I 

I 

T 

:o> 
4.. 

(l= 

:L/r 

I 
'Qi?|pqLr=l, 
'<N <v o!(sr 

I 

I 
I 

-I-
! 

! ; 
I 

o 

S 
4^ 
4-> 

o 

J 

o 

\ : 
-1-

I 

> 
I 

IW
I 

I 

I 

I 

X 

C) CJ» 

x/^-uy 

I c.) 

n I :Hi II 

o 
ei-® 
oi.« 
a: -H 

■J 

I 

t 

I-
I. 

/ 

I 

CM 

Tt 

o 
VO 
to 

H-i 
H 

CJ 
l-H 

co 

C 
H 

(O 

to 
♦ 

^ 
US 

Q 

0) 
%-• 
1 
«\ % 
L 

V 
\

\ : \ 
% 

r-t-
-r: 

< 

! j: 

H*" 
it) 

- X - ’-m

i-oit 

rt 'lcJ; ® 
T-tar^ 

-3 
I 

IT) 5 ® nj 
. ;... 

r 

i'" 
.1... 
I 
1 

t 

< 

ll I 
/ 
7 

o 
o 
to 

o 

(t> 
W) 

6 
Mh 

M 
(U 

. 
o 

II 

tL. 

I 

\i 

« 

\ 
% 

» 

% 

\ 
\ 

_ ^ 

V 1 

;n 

m-t 

I 

I 

« 

/ 
/:

/ 

7 

CM 

o 
00 

o 

•P 
o 
0 

M-l 
m 
PJ 

o 
Z T) 

c 

g 
a: 

CM 

Oj f-H 

\ 
\ 

7 O 
CM 

0 P O 
rt

S Q O 
j \ 

\ 
N 

I VO 

O 
vO 

I Vi 
3 

•X I (30 

o <31 w 
) 

IS VO to T- lO CM 

I .1 
o 

o 
u. 

o o o o o O o o o 

DOIIVH 



105 

(do) aynivaadWHi 
o 
lO 

o o 
to 

o 

(N 

o o 
o 

o 
o> 

o 
00 

O 

o 

I I T" I 
! O 

.... ! •• 
\ 

I 
■ f • 

r ■ 

I 

1 

o> 

Oj 
4-> 

o 

• •! •• 

I .1 I 

I 
00 

<D 

€ 
H 

11 

I u o 
I i t 

« 
o 
00 

0) M 
in 

I I 
» 

l 

: I 
I 

I 
I 

I 
I 

t 
I 

....1... 
I 

I 
i 
I 
1 

! 
t • • 

I 

I 
« 

i 

...1.-. 

I 

o 

UJ 

C 
H 

o 

to 
a 

>-
I • -
I 
I 
I 

\ 
I 
I 
I 

. .1... 
I 

t 

I 

.1 

fS 

11 

iljl' 

o 

4J-

iu. 

•• t 

: I • 1 

I 

1 

1 
-f-

I 

I 
I 

I 
I 
I 
I 

I 

I 

I 

O 
vO 
VO 

O 

< 

a> 

rt 

lo 

o 

I 
I 

I 

^.::0 
t 

...I ; . 

I 

i 

I 
* I 

o 
vO +J 

o 
X 

t --K- • I < 
I 

\ 
I 
I 

I 
... t ..; 

; 
f 

--1 

*11—IT] 
t 

130 
1 

I 

-g-
t: 
H.C£ 

• I • 

L. 

I 

J I 

I

I t 

1 • 
T "■ I 

I 

I 

i 
1. 

o 

in 

o 
00 

4h 
o 

+-» 
•H 
u. 

cm 

* 
^ 

{ I 
I ;2: <u 

I 
t 

_ - ; 00^4--
-1 

-i 

I I 

s 

I 
I 

• to 
<t> to ch 

^ 
•t 

I 

I 
I 

o c 
CM o o 

I 

\ I) II CM .O) O N . 
f-H to 

I 
t 
I 
I 

' 
. -
' 

UQ c/) V 
. 4) 

I;.-

« |« 
I 

I
t>-l-

I 

O 
'O 
to 

H tJU ¥ 
W /-> 

c ^ 
•H a 

I\ I 

!

\i 
f\ 

I 

\ 
- \ 

: t 
t \ 

\ 
\ 

s 

c3i 
) " 1 

XJ 

L 

1 

I 

o itM: 
* O' ♦H; 

U—H aa 

bo 1- to ; 
t; c: oJ tu 

:■■»!h • 
I 3 Td 

O a> u 
40 04 tt. IL3: 

I 
. ..I.. . 

1 

1 

I 

■I 

1 

I 

I 

t I 
I 

• f 
i 

I / 
/ 

ii 
/ ! 

(//■ 

I 

t 
I-

T 
I, 

■'T" 

..:l-

o 
o 
to 

o 

<N 

o 
00 

to <D 
<1> U 
bO 0) 

c ac 
oj 
JS 
u 

rH 

o 
O 
Z 

o 
0) 
s 

'+^ a: 

• 

o 

o 

II 

U. 

OJ 

§ 
j. f 

• 1 

m 
rt 

N. 
V. 

\ 

1 : . 

?• 
kl 1 O 

CM 

(U 4-> 

H Q o 
y I 

1-. 
J 

o 
vO 

I 1 T 
<D 

h 
I 3 

i_^. I o bO 

o Ol 00 r-- vu in to O'! o 
u. 

o o o o o o o o o 

Doiiva 



106 

(do) 3HniVHadWHl 
o o 

VO 
o 
LO 

O O 
to 

O 
<N 

O O 
o 

O 
a% 

O 
00 

o 

T 

. . ..... 

: i 
i... 

: 

T 

■■■i 

• i 

! 

: 

I 
I 

I 

J 

i 

in 
o 

o 
z 

: 

\ 
\ 

1 

.... 

; 

: 

...: 
/ ■: 

✓ 
✓ 

I 

/ 
/ ■■■■ 

o 
cn 

OS 

< 

. . . . . . 

! u 
■f 

J 

Mh 
: o 

I 

i ■ ..L.. 
Lf) 
r'. 

u. 

/ 
/

f Z ^•1 
, t::

: 

i 

.. .1 . 

T 

V 
V 
v 

V 
w 
V 

U) 
<u 
CQ 

'O 

c 

i 

..I:.: I-
H=^ 
:;3: 

Jr:; xi 
tn 

:. 
o 
VO /-V 

z 

Oj 

Q 

•i 

I 

,i 

-fir 

*■ 

— t— 
. . .>.1...;. .. 

-^3-

^•h

I ■'±'-

:;,ocJ . :..; 

t 

■c 

■id or 
—q- M 
. C "H 

0) 
-p-w 

■ 

: 

■ -I 

;; 

. . 

: 

:r ■ 

■; 

i 
.: 

.o 

o 
to 

t-

rt 

C 
(D 

s 

fH 
0) 

Pi 
X 
m 

o 

g 
to 

rJ 

: i- : ■ \ 
\v 

•q j§ 
-

-! 

.[ 5 

: 

l 

'i' 

.• 

: 

T' 

S ' 

s ■ • 

: .i. 

T 

; 

to 
00 

0) 
U 

--T 
W) 

o 04 00 vD LO 

; 

to 

i 
J. 

o 
o 

o o o o o o o o o 

DOiiva 



107 

(Ho) 3yniVH3dM3J, 
o o o o o o o o o O o 

vO lO to CN o 00 

lO 

t 

I 
-t 

1 

I 

I 
I 
I 

! 

Tf' 
I 

I 

•T 

I. 
1 

(N 

CM 

} o 

...i 
I 

1 
1 
I 

CM 
CM 

o 
lO 

.1... 

I 1 

I 

I 

t 

3 
CC 

I 

1 

I 

1 

"I 
I 
/ I 

r 

o 
00 

< 
Tt 

.1. 4 
I 

f 
r 

if) 
VO 

^-1 

I 

T -j-

1 

I 
o 

o 

1 I 
lO tu 

f/ 
I 

4. ■I 
I 
I 

% 
lO 

+-» 
V) 
(D 
CQ 

to 

...i.. 

■| 
1. 

: ■ 

I 

I o 
CM 

a 
Oj 

I 4-> 

1 

I 
I 

x; LO ? 
t 

o Oj 
t 1 

1 r 

I c 
<U 

I 
t-

co; 
O H 

e 

i 

4H) 

4i 

cj-CTii 
o cj toi 

CM 11 CM 
i 

I': 

O) 
0) 

& 
UJ 

I 
P“+5f 

it: ifl 

.rdi 

I 

I 
lO 

«4-l 
o 

)■ v 

up Dll C 

I 

-t-- ^^il—c-1 
I ; 
X LI 
OS - c/i 

:i 

i’§ 
I 

I 
g 
W 

+j 

o 

C-O) 
O N 
Oi 

V) 
^ J W; 
Mj <D 
T"bO 

I :a 
:e ti' 

i 
i -
1 

i 
I 

o 
VO 

to 

'S-

o 
V) 

CTJ 
Cl, 
e 
o 
u 

w o <s> 
{ U r-l <U) f-l 

•4-- DO C-. UL, :O o O) 
to 

I 

1 
1 

I 

1 

..i. 

I 

( 
I 

to 

0) 
u 
;3 
bC 

I 

I Un 

J. .1. 
I 
I.. 

I 

J. 1 I 
,1 o 

o O) 00 vO LO to CM o 

o o o o o o o o o 

301ivy 



108 

(Jo) eyoLvuadwai 
eg 
00 op 

o a\ 

ri 

00 
o 
o 
LO 

i 
.. 

o to 

y o 

T 
1. i. 

I- I 
o 

i r ' ! : 

:• ■ - • 

o 
< 

: 

f 

I ■:■ 
; 

o 
(M 

I 

i-i -r-

i 

j,. i 

O 
o 

^4-1 

o 

4J 

. . T 
o u, 

-L 

j--: 

J... 

I' 

t 

■ i 

T 

. 

■ 

i... 

o 
o 

O 
O 
04 

o 
o 
00 

o 

:2: 

I 

+-> 
V) 
<l> 
CQ 

% 

s 

“T T o 

H g 
S 

i 

•I 

£ 
It 
I, 

i CM 

§3: 

4 

o 
O 
vD 

O 
O 
in 

U 
(U 

UJ 

4^ 
o 

1 
Mi. 

<N ci; 
II 

i. 
o 
O 

c 
o 

•a 
oj 

-C 0) o 
cS 

>k Is • 

: 

■i 

I 

g 
-a 

UB:S I 
oa 0. (3 

; 

: 

■ ; 

o 
O 
(M 

o 

o 
(N 

a> 

a 
'H' ■; 

o 
Uu 

•r*:' 

o 04 00 \o in “nr "rg-
o 

o O o o o o o o o 

D011V& 



109 

(d«) 3HniVH3dW31 
o 
h' 

o 
vO 

o 
Lf) 

o 
rr 

o 
to 

o 
<N 

o o 
o 

o 
o> 

o 
00 

o 

i 

! 

.1 

I 

.1. 

; 

T' 

r !• 
I 

U 

I 

1 

i 

T 
I 

4 

I 

! 

■( 

( 

I 

I 

r 

I 
/ 

l 

r 

o 

o 
Z 

j I 1 

I 

[ 

-j... 

I 
I. 

I 

I 

XT' 

/ 
/ 

1.. 

.... 

I 

o 
o> 

§ 
o: 

< 

I 

CO 

Ui' 
I 

! 

J 1 

I 

o 

...J.. 
I 

-H 
UL, 

LO 

: 

(/) 
(D 
CQ 

'U 

V 
s 

c 
cd 

nJ 

1 
.O 
VO 

Z 

05 
Q 

•XI 1 
I 

o5 

a xj § 
to 
<l) 

I 

t J lO 

a 
<D 

e 

o 

O 
» 

' t rij p 
> 'rH' ■}■■■ 

X 
UJ 

It 

»-« iH 00 

1 

t: !H: ^ 
•I 

c. » 

I 

4h 
O 

C 
o 
(/) 

O N 
45 >3 U -H 

U - ■• (ft 

J.Vj 
G « (U 

a 
3 

_ S '3 C
!’3 D ■ OJ 
I (I> ,H di 
USLlLLiy y?.. 

; 

I I 

i 
LO 

fH 
rt 
P. 
6 
o 
CJ 

(N 

I 
f 

0 
h 

: i-
oo 

o C7> 00 VO to 

} 

■i 

i 

I 

to 

J 
CM 

1 
I 

I 

t 

o 
o 

O O O O o O o o o 

xiiva 



no 

(do) 3mvy3dW3i 

o o 
NO 

o 
to 

o o 
to 

o 
CM 

.-•rH 

O O 
o 

; 

o 
cn 

•r 

o 
00 

o 

»~r'T 

I 

I 

I 
I 
I 

1 

lO 
o LO 

.:i i. j I 
o 

(• 
1 

a: 

I 

I 
i 

I 

1 

.1.. 
! 

I 

! 
I 
I 

I 

r 

I 
y I 

o 
Gi 

< 
Tf 

I 

CO 
:s: 

I 

I 

J-.' I 

;.j. 

o 

4-> 

r 
m 

ti. 

: 
I 

■i. 

I 

4-» 
V) 
0) 
CQ 

1. 
I-

I 

i 1 
..j. 

I C 

1 
j. 

i 

-f-

4-1 
H 

1 

i 
I 

I 

SI
£ W 

i.: 
c: g 

VO ! 
P-

rs f-i Q 
O w fS 

M; O rH yJi: 

r-

I 
I 

I 

1 

: 

} 

I ■■■( 

i. 

1-. 
1 

o 
VO 

m 
H 

as 

as 
a 

as 
4-> 

c 
O 
B 
H 

u 
<u 

P. 
X 
OJ 

4-1 

I 

\\ 

I 
1 

I 
I 

1 

yi-jo 
I 

I 

>-: a ^ 
U\ 

Hi 4 « # 
I 

it) 
SI 
o 

Lc TS o •rt 

•OX..
to 4*J V) 

C « 03 0) 
-.-» 

>o 
(D 

(D rH 0) 
00 U« CO 

f 

i 

I I 

r 

! 

t 

o 
to 

lO 

o 

c 
o 
(/) 

u 
aS 
p. 
B 
O 
u 

(N 

O 

H 

bO 
'rH 

I .. 
i 

i 

1 
I 
I I 

o CTl 00 

I 

\o 

1 

to 

L. 
'S' to r4 o 

o 

o o o o o o o o o 

301IVH 



Ill 

(do) 3nnivyadW3i 
o o 

vO 
o 
in 

o o 
to 

o 
<s 

o o 
O 

o o 
00 

O 

If) 

! 
1 
1 

! CM 
CM 

T I-

I t 
i I o NO 

i 
I 

i CM 

i. I- O 

i 

I ! 
! 

} 
1 LO 

<7% § 
I OC 

I 

I I < 
o 
CO 

-I-
! 

•-t I I 

: 
I 

[ 
I 

r 
1 y 

lO 
VO O 

I 

\-

I 
r I 

o 
If) 

\ 1 V) 
0) 

f 

I I I 
I 

A LO 
to 

CO 

.1 c 

1 cd 
o 
CM ^ 4-> 

Oj 
Q 

1 

£ 42 
LA 

i: 

LO 
O 

I 

i 
I m (i> 

S': E-
c 
<U 

r 
..1. e 

-r-" 

no' 
1 
1 u 

I 
f t;.-

1 LO| ^ 
o 
a> 

<D 

Cl< 
I i • •- - X 

1 

i 
+J 

Tsr I 
:l. 

to 

w 

4h 

UJ -Or 
iU 

•r 

II 
I 

'[■ 

o 

I 
J u 

i- •f t c 
O 

A. 

NO 
4 

X 

N^> 

cj 

I 
O' 
u 

to 

: I 
.|... 

o 
NO 

(/) 

cj 
: oo t j- .4... •f J. 

•43 1 ft .<D ! 

I 

i 

1 

; a> 

1_ 

-I 

t C 
I 
1 

10 
O 
U 

..1. 

1 0) ,H a>: M 
OQ (U U4 O I to 

•i. 
I 

o CM 

to 

V 
I 1, 

0) 
u 

1 

I g, 
to 

bu 

( i 
I 

I 

o 
1 

cn 
.L 

00 

I 

VO 
■ L 

ui "tf 

I 

(N 
ai 

o 
o 

o o o o o o o o o 

DOIIVU 



112 

(do) amvaadwai 
o 
LO 

o o 
to 

o 

<N 

o o 
o 

o 
a\ o 

00 
o 

T-

1 

T I 

o 
o 
Oi 

1 
o 

o 

I 

I 
.1 

I 

r 

I 

1 

I 

I 

I 

I I 
r 

I 

I 

•I 

-! 

.1. 

i 

I 

00 

O 
00 

o: 

c 
H 

i- I 
1 I 

1 

o 
< 

I 

•i-

...j J. 
1 <D 

+J 
I 

I 

-i: 

1 
i 

I 

I..' 

I 

! 
...1 

i 

1 

1 

1 
: 

1 

o 
\o 
VO 

O 
o 
vO 

> 

o 

< 

Mh 
o 

•P 

i 

I 

I 
1 

I 

i 4> 

iu 
u 

a 
■(Si 
lOCt 

I: - lO-iitS-, 
I O l|0 Ol 

x: 

B 

^ 

■■■| 

1 

1.1. 

I 

o 

lO 

o 
00 /-V 

VL, 

a> 

OQ 

nnJ 

l\ 
A 

.V..Ik n 

K (> 

lU Ci 

-iJ. 

4 I.J ■ 

tnt; 
< <: 

i-rs» fM 

t 

n r ti ii 

I 

U 

1 N 

-3 8 
I w) j:w 

<D

§4ra 

T 

1 

-I-

I 

•!• 

! 

.J-
T 

2 

o S 

H 
o 
vO 
to 

§ 
oJ 
p 
Oj 
Q 

rt 
+J 

c 
0 

B 

o-j-nq
<U 
C!i. 

I 
I 

. 

1 

I 

/ 
I 

I 

-1-

o 
o 
to 

O 

u 
<u 

U4 

<4-1 

CM 
o 

i 
t 

I 
I 

o 
00 

c 
o 
(O 

\ 

f-

1 

o 
CM 

u 
oJ 

B 
o 
U 

} I 

I 

I 

f 
I 

i 

i 
o 
VO 

CM 

0 

t-

I 
u 

s> 
o cr> 00 

...L 

vO in to CM o 
o H 

tL, 

o o o o o o o o o 

DOiivy 



113 

(Jo) aynivnadWHi 
o 
to 

o o 
to 

o 
0^4 

o o 
o 

o 
o> 

O 
CO 

o 
r- o 

o 
(M 

i 
"I 

I 
I 

o 
t 

o 

! 
I 1 

j 
I 

T I 
I o § 

1 
t 

I 
00 a: 

• t • ..... r o 
1 t 

O 
C2 
H 

I 
O 

...I... 

< 
o 
VO 

i 
(D 

1 
..t 

\ 
.1. -i- O 

4-> 

t 
I 

O 
o> 

> 

I I +J 

i 

1- r 

--bi 1-

:X 
'X' 

1 

! 
I 

! 
! 

..i.. 
o 
rr 
00 

a 
< 

44 

vx o o 

\ 
I 

C U:; 
H go: 

0) 
B 

i 
! 

I 
I 

00 
+J 

I 
1 1 o 

u, 

ir 
I 

.1 

I 

-r 

-M-

..'SS .Oil 
0-<0 ;cn| 

j-i 

it o 
i■: 

! 
■1. 

t' I 

(N1 

o 
\o 
vO 

4^ 

to 
a> 
CQ 

TJ 

.1... 

< :■ 
in 
ip 

.11.. !_;!! .LI 
I O "Z u 

I a—aa- -T O »-H 

I -r>t 
I 

O 

p a> 
-^X“TprFr 

I 
>0 

o 

;s nJ 

n) 
Q 

I 

:< cj ■p p
wr# t/i 

to in g 

l' 
■t < 

rt 
b 

04-

-•s-
o 
00 

H ctj 

c 

i 

J •rJ-L. p L(D
<i> .p O) 
ca t^ B. 

s 
I 

.f 
o 

ID 

g 

u 
(D 

•1' 
.1 
i I O & 

1 

! I f i 

\o 
to 

w 

: I o o 

I 
1 

T 

I 
[ 

I 

1 

I 

I 

f 

I 

I 
/ 

o 
lO 

o 

CM 

o 
00 

c 
o 
to 
r4 

u 
Oj 
Oh 
B 
o 

I 
i I 

u 

o 

•I- ...J... 1 (N 

I \ in 

(N 

i 

.i 

I 

I I I 
T 

i. 

O 
vO 

0 

u 
{U 
bO 

I 
-L I. 1 o 

o oa 00 \0 in M O u. 

o o o o o o o o o 

Doiiva 



114 

(do) HHnivaadwai 

CM 
00 

T 

00 
o 
00 

’T 

OJ 

T 

C50 

r' 

Oi 
O 
o 
CM 

to 

i 
•} 

! 

I 
o o 

2 

1 

t 

r 

1... 
i 

I. 

I 

I 

.1 

o 
00 
o 

o: 

! I 

1 

o 
CM 

O 

I 
< 

I o 
vO 

I 
.1. 

I 
r 

I I 

i 

i 

I 
1 

I 

I 

Oi 

o 
o 

(D 

4~» 

> 

1 4> 

1 

.32 

. [E, ^ i 
R-Ii-
H <0 

to 

i 

rH 

.4.; 
I 

t 

.1. 

.4. 

1 

I 

1 

I 

1 

t r 

I 
I 

1 

I 

o 

00 

o 
00 

o 
<N 

+-> 
o 
C 

<u 
o 

4-» 

U. 

1 
j. 

1 
I 

44 
:“Oh—tr 
X ■ (> 
U2 c« 

t 

o 

CM 

CM (;^ a rH 

:4-:4 M 

U 

0)
iX 

3 

I*0- 5—er 
XU. f-J c.>. 

1 

I 

I 

t 

1 

.1.. 
'I 

O 
vO r-^ 
vD 

o 

p e/ 
vO 

UJ 
o 

^ H 

o 
00 

V) 
0) 
ca 

T3 

c 

oj 
4-> 

Q 

Cj 
4-> 

g 
ICO
J 

I 

(j^i 
f 
cj I 

I o 
CM 

6 

a> 

I 
I 

I 

/ 
> 

o 
vO 
to 

& 

tw 

r 

I 

I i. 
o 
o 
to 

o 

o 

c 
o 
V) 
H 

,i 

I 
-T-

I 

I 
I 

i 

CM 

o 
00 

CTj 

8 

..t. 

I 

T 

I 

i 

V 

I 

I 

I 

1.. 

I 

4-

I 

r 

I 
I 

o 
CM 

o 
VO 

vO 
CM 

0) 

3 
bO 

o cn 00 vO in to (M o 
O o. 

o o o o o o o o o 

301IVH 



115 

(do) 3ynivy3dW3i 
o o o o o o o o o 

LO o 00 

jH. ..rH. 
■f 

1 

o 
O 

I 
-I 

I 
! 

o 
1 

o 

t 

1 

! 
I 

I 
00 § 

i- T' 1 cx: 
: 

1 
i 1 

o cJ 

•I 

.1. 

i 
I 

00 c 
H 

B 
:3 

o < 
i (M 

I: 
1 

1 

i I 
I <D 

i' I 
I 

I !i I 
o 
\o > 

i 
I 

I 

vO 

o 
< 

o 

1 I ■■ ;w 

o 
vO 

Mh 
o 

■V -a *-> 

i £ O bu 

; 

j. 

I 

ri. 

o 

VD 
o 

TD 
B 

I 
1 

I 

T 

I 

tn 

O 

V) 
(1> 
CQ 

O Tt o O « :2 

CSE_C^-rH 
I 00 

r 

1 

T 

I 

I 0^ 

4 > " 4-> 
-gk— 

..I... 
<l> 

i t 3 OJ 
-1 

F 

>: :U 

^3 

...J.. 

t 

H 

4) 

x) 

CQ 

M :ll 

o 

C 
o 

<u. 

4-> W 

c> 

ft 

-M-

<t) 
N 

f 
w 

a 

fa 

^ 1; 

! 

i 

I 
1 

4 

I 
I 

.1.. 

I-

t 

a 

O 
(N 

o 
VO 
to 

o 

O 
to 

H 

oJ 
4-» 
oj 
Q 

rt 
4-> 

c 
<U 
s 

Vi 
tt) 

& 
UJ 

o 

: 
I 

O 

r. 
I c 

// 
O 
00 

o 
V) 

f-t 

T 
I I 

...1... / 
7 O 

<N| O 
u 

I 
I 

I i 
1 
o 
vO (M 

I 
<u 
Vi 
3 

o OF 00 K vO ih •va- to rsi o 
o 00 

It 

o o o o o o o o o 

301ivy 



116 

(Jo) annivyadwai 
o 
lO 

o o 
to 

o 
<M 

o o 
o 

o o 
00 

o 

■I 

■f T •T •1 

1 i 
t 

o 
O 
VO 

in 

I I 

I 
1 

( 
1 

I 

I 

I 

i o 

in 

O 

o 

§ 
05 

lO 

o 

I 

I 

'T 

T 

1 

1 

LO 

o 
00 

3 

< 

I I 
! I 0) 

I 
o 
LO > 

1 

\\ 

• 1-
I 

I 

I 

-•j-

i 

(i) 
>; <P 

XI m 

U)—lA 

^ U 

a & 
< < 

J 

t. I 

a: 
a: ’fr-
u. m 

eJ w <p I 
e 

I-
10 -O 

o (N 

cvh <jh >- vb^ 
'.r^ jrt 

i 

11^ tt n 

I 

c 

c .<U; I-
N j 

i bO_+J .: V 1 

I 

I 

3 
s t: 
D ^ § 

■<l> tH :<1 u\ 
mji-jx. 

1 

i 

1 
|-

I 
•I-

1 

I 

f 

I 
I 

t 

I 

t 

I 

! 

j 

I 

L 

li 
I 

I 
/ 
I 
I 

I 

I 

.1 

'l 

I 

r 

i. 

.1 

J.:: 
I 

o 
f'l 

o 

o> 
ro 

o 
vO 
to r-* 

O 2 
to l-H 

to 2 

o 
O W 
to 2 

O H 

CM 

o 

(N| 

o 

CM 

•H 

4-> 
o 
< 

Mh 
o 

+J 

4-> 
V) 
0) 
CO 

u 
rt 
+-> 

rt 
a 

aJ 
+j 
c 
0) 

B 

Vi 
0) 

I 

[ 

v\ 
! 

I 

I 

•I • 

1 

u 
7 
7 

•t 

.1 

1 

o 
00 

o 
LO 

o 

X 
w 

M-l 
o 

c 
o 
to 

X 
X 
X 

I' 

7 
7 

/ 

cs 

o 
Ol 

Vi 
CtJ 
a, 
B 
o 
u 

I 

o 
vO 

00 

o Ol 

I 

00 

I 

I I 
( 

vO LO 

I 

to 

T 

rvi O 

o 
to 

o 

rg 

(U 

H 
3 
tJO 
H 

U. 

o o o o o o o o o 

DOiivy 



117 

(Ho) annivyadWHi 
o o o o o o o o O 

in to (N o a% 00 o 
o 

y-r-- ] 
i 

! ’T CM vo 

I 
t 

o 
! o 

! 1 
I I 

i I 
t I O 

.1. L 
I 
1 00 

1 I o 

I 
I 

I 

c 
i I 

o 
. . 

I <N 
O 

I. 

I o 
< 

I 
1 VO 

1 

-•t •i o> 
o 

•t 
.1. 

( 
! 1 o 

o 
> 

bh o> 
'H 

X I 

[ a: I o o 

1 
cc. 

a o 6
Sja^ 

4) 
I 

I 
}•■ 

1 
I, 00 

< 

I o o 

J. 

oc 

■SO 1 
00 

t 
.1 

i 

4f> 
•rf 
UU 

4.!;—4^ 

^ 
O 'io 

LT 
tr 
^ 

CM 

I 

I 

-i: 

I 
t-

O 
CM 

u« 

in 

(U 

>: 
Ul 

U _JU II .11. 
I 

I: 
o 
vO 

OQ 

•X) 

I 
yi ;^ 

1 

£. 

C 4) 
7 
7 I 

o 
O 

c 
rt 

I 
>6 ■ UJ 

<Lt 
C 

ta 
VO 

UJ 
o5 
+-> 

.1. 

.J. 

.1 

<;■ -< 

I 
0) 
CO 

+-» V) 

9-4 
.H <l 
K. 0-

(B-l 

3 

H 
U 

I 

J 

7 

7 
7 

n 

O 
^ 

in 

o 
00 

S 
HH 

H 

cl 
Q 

rt 
4-» 

§ 
T 

I 7 
7 

o 
(N 

6 

fH 
a> 

pi< 

% 

I 
n 

// 
V\ 

In 

o 
\o 
to 

o 
o 
(O 

X 
OI 

4-1 
o 

c 
1 // o 

! o 
to 
H 

■"! 
i 0 

rr 
CM 

o 
00 

B 
J. / 

o 
u 

/ i o 

I 
CM 

I Ol 
(N 

I 
I 

.i 3 L... 

i 

.1 I 

I 
} 
I 

! 

o 
vO 

o 

<D 

bO 

o <7\ 00 \o LO to rM o PL, 

o o o o o o o o o 

DOIIVH 



118 

rsi 00 

VO 
Ti- to 

O
VO 

I 

a o 
!^ 
Q 

VO 
LO vO O 

u <N \0 to 
O 00 CN a\ to 

to 

O'! 

to VO to 
to h- to O (N I LO vo 

I CM vO 1 O Q o \o o 

u Q 00 

CO o 00 to CM CM 00 to 

s: <T\ CM 

1-3 to 

s 
OC 

CM CM O 

u I I LO o 
0 I ■^ lO vO O O Q t^ O vO O 
■P U to CM 

o 00 Oi CM t-- vO to 

00 T3* 

hJ to r^ 

o 
u 

< 
rf 

I 

CO (N (N 

s to Oi
00 r-

^ 
vo 

I^ 
Q o 

I 
Q 

CM 
O 00 'd- O 

U CM VD (Jt vO 

rC CO Oi O 00 CM CM to CM Tf to 
o to 

Oj CM o 

lU 

o 

ccJ 
CM CM 00 O 

Oj (N CM I I to CT> Tt 
Q I CM vO tO Q O Q Oi OO vO O 

CJ CM \0 to rj-

CO to LO 00 CM CM CM to 

:3 Ti- to to 

Ph CM 

c 

CM CM 00 c^ 

> o o I I vO CO 

I to CM vO Q O Q lo O vD O 
0) u CM \0 to '3-

CO o 00 CM CN 00 to 

s to '3-

(3 ►J CM 

H 

33 
0) 

a: rt bO 00 
u. 0> K SC 

O 
z 

U 
c/5 

»-t 
O bO 

O 
<U 

z c z CO (/) 

uu •H x: 
CJ 05 O 

D.C CO +j Z c Z H 

CJ 
.4J 
<4-1 a, 

a. 

Q, 3 ^ 
OJ in a Q CO J 
05 -o ►J w w H O. W 
OO < cj<> Oi PJ OQ CQ Q. UD a 



119 

CM (SJ 00 00 

vO CM I I vO Tt C31 o 
I vO CO Q O Q LO O 

u O CO to CM 

H 
u 
< 

a> o VO 

(M 

o 
lO 
r^ 

(N K) t-- O 

m 00 rt o I O vO to O 

I 00 Q O Q to O to 

u 00 to <N 

c O vO to C'l to rt 

3 to 

Dt: < o> 

u 
0) 

:3 

B 
o O lO to 

CM 
I 

CM 

I 

\0 
O 

o 
O to o 

u I 

U 
•«;t 

. 
O 

• 
Oi 

• 
Q 
(N 

o 
• 

Q t--

o (N CM 

H 0i O vO ^ CM 00 to 

C U CM to 

•H < to 

< 

T> 
<1> CM CM O 

4-> to sD O to I I LO o t-- o 

t 
I 

u 
(M Oi Q O Q 

O 'O 
to o 

to CM 

H O O VO ^ CM LO vO Tf 

u to 

U < CM o r-* 

< 

o 

U4 
CM CM ^ (N 

CM to CM I I cr» o 

O I 

U 
00 CM O Q O 

• 
Q 
O CTi 

O O 
to CM 

CtJ ^ lO CM to 

to o Tt 

< CM 

4-> 

c 
CM CM CM to 

to o to I I 00 o 

I tO O Oi Q O Q ’^ OO O 
u o to CM 

Cn O VO rt CM CM rt 
to O tt 

< CM 

> 

(U 

x> 
cil 
E-

0) 
V) 

a: cO 60 60 

H, p ,X a: 
u U o 

O 
z X 

CO O 

c 
60 
X w 

(U 
V) 

u, ta ,13 

§ 
a: 

u 
c/5 

(U 

+J 

3 
X 

S 

CJ 
C 

a. 
(X, 

(X 

Z 
O 
►J 

H 
< 
H 

Oj CO •> Q Q CO J 
0) TJ hJ X w H O, W 
ot: <: ov® otf w oQ oQ a. uj a 



120 

Table IX. Parameters and Adjusted Parameter Values That 
Produced Best Fits of Experimental Data. 

Final Adjusted Value 
Parameter LMS-4A Activated Alumina 

SIG = 1.0 SIG =0.74Fraction granule 
continuous 

phase, SIG 

Time constant EF = 1.0 EFl = 0.012 

propo rtiona1ity 
factor, EFl 

Fraction of heat EF = 0.0 EF = 0.0 

of sorption 
generated 

internally, EF 

Latent heat of 1.27*YLAMDA 1.4*YLAMDA 

sorption, YLAMDA 

Gas film mass 3.0*CAYG 3.0*CAYG 

transfer coeff • > 

CAYG 

Diffusivity of 2.4*D(KJ 3.0*D(K) 
continuous 

phase, D(K) 

Radiation 0.5*HR 0.5*HR 

coeff., HR 

SI = 1.0 SI = 1.0Shape factor. 
SI (Correct Value = (Correct Value = 

0.9236) 0.9045) 



CHAPTER VIII 

DISCUSSION OF RESULTS AND CONCLUSIONS 

programsIn the previous chapter we have shown that our computer 

kinetic mechanismand consequently the mathematical descriptions of our 

models contained in them do an extremely good job of accounting for the 

It is reasonable toexpiration curves determined experimentally, 

assume therefore that Linde molecular sieve 4A does not contain blind 

Also diffusion in LMS-4A takespores whereas activated alumina does. 

activated aluminaplace via Knudsen and interstitial means whereas in 

diffusion takes place by free, Knudsen and surface means. Gas phase 

Thefilm resistance to heat and mass transfer does play a part, 

sorption therms determined earlier in this project are completely 

compatible with our present findings. 

attentionIf we were to analyze our work in detail we would invite 

the start, butto the temperature curves which show a very good fit at 

results. Manytend to drop down to the left faster than the experimental 

runs were made in which we adjusted each parameter to try to reduce the 

Run LMSX-INrapid drop but none of them tended to correct this problem, 

was run without guard heaters in order to check that this problem didn't 

come from the guard heaters. From Figure 18 (page 106) it is obvious 

and thethat this result drops between the guarded experiment 

calculated. The internal heat release factor EF was added to our 

it also distortedprogram specifically to correct the rapid drop but 

the rest of the temperature curve. 

121 
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of each of theFigures 12 to 13 (pages 100 and 101) show the necessity 

multiplication factors, LMSC-8 with 2.4 D(K) moves the RATIOC curve to 

also extends thealmost the same slope as the experimental curve and 

LMSC-9 withtime before the temperature curve starts dropping down. 

to the2.4 D(K) and 1.27 YLAMDA moves the RATIOC curve closer 

temperatureexperimental curve and also moves the top of the bell-shaped 

LMSC-10 with 2.4 D(K),curve up closer to the experimental curve. 

1.27 YLAMDA, and 0.5 HR moves the temperature curve up to fit with the 

experimental curve. The only problem remaining is the starting point of 

curve, ThisRATIOC curve is not perfectly fitted with the experimental 

is corrected in LMSC-1 by adding 3 CAYG to LMSC-10 which makes not only 

the best fit of RATIOC for LMSX-1 but also the best fit for other 

to the best fitLMS-4A runs, and it also moves the temperature curve 

along the increasing part too. 

release inFigure 14 (page 102) shows the effect of internal heat 

case of experimental run No. 1. The temperature curve is not high 

at the maximumenough to perfectly fit with the experimental curve 

temperature region, but the effect is not too much. 

correct valuesIt was found after all runs were completed that the 

had been overlooked.of the shape factor, i|; or SI, used by Berbano (12) 

Figure 15 (page 103) is intended to show the effect of SI by using our 

of 1.0. BothLMSC-1 program with the correct value SI = .9236 instead 

move to theRATIOC and the decreasing part of the temperature curves 

right of the experimental curves, This suggests that the flow rate of 

8.6% as shown ineach run need not to be increased by the average of 
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Table VII (page 118). If the shape factor has a linear effect on the 

= 8.27-6results the effect can be estimated by (1-fp)/^ = (1-.9236)/.923 6 

used in thewhich is not much different from 8.6% increase of flowrate 

the flowrator
fits. Some error can also come from the error in reading 

0.86 SCFH 
pressure gauge because 8.6% error from 10 SCFH is only about 

or less than 0.3 psig. The pressure gauge can be read to 1 psig and 

estimated to 0.2 psig. 

reach 1.0All the calculated RATIOC curves for activated alumina 

are slight,after the experimental curves but these differences For 

activated alumina the effects of SIG are shown in Figure 16 (page 104). 

1.0, but theThe higher the SIG is, the sooner the RATIOC reaches 

The effect of the lower SIG also makesstarting point starts slower, 

one. Thethe temperature curve drop a lot sooner than the experimental 

effects of EFl are shown in Figure 17 (page 105). The higher the EFl 

of the RATIOCis, the sooner the RATIOC reaches 1.0, and the slope 

curve is less at the start, but more at the end when compared to the 

one with lower EFl. 

factor wasFor activated alumina the same problem with the shape 

found here as discussed above. The flow rates in these cases were 

VIII (page 119).increased by the average of 6.94% as shown in Table 

would estimate theIf the shape factor produced a linear effect then we 

effect to be (1-.9045)/.9045 = 10.56%. These two percentages are 

different because in the bipore model the effect of shape factor may 

not be a linear effect. 

The multiplication factors require some explanation, The 

dissertationdiffusivity equations for D(K) were taken from Pollock's 
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and 3.0(132). These equations had to be multiplied by 2.4 for LMS-4A 

for activated alumina. In Pollock's diffusion cell only steady state 

In these oneexperiments were run to determine the D(K) function, 

in a state ofcannot detect blind pores because their contents are 

If SIG were knownequilibrium and do not play apart in the diffusion, 

at the time of these experiments the computed value of D(K) would have 

been 

D(K) = /SIG[D(K)] Pollock 

It should also be noted that in the diffusion cell used by Pollock gases 

Turbulenceflowed over the two exposed faces of discs of the sorbent, 

promoting screens were placed in the gas channels to minimize gas film 

resistance to the point where it could be neglected in calculating the 

results from the diffusion cell. Thus if gas film resistance is 

without thisincluded in D(K) then of course D(K) would be higher 

effect. Apparently this is the case. 

The heat of adsorption values, YLAMDA, were taken from Homg's 

for LMS-4A andthesis (61). These values had to be multiplied by 1.27 

1.4 for activated alumina. Homg's values were for the isosteric heats 

of adsorption determined from his sorption therms fit of experimental 

data. Actually there are five different sorption heats (39), i.e., the 

integral," Q. , the "differential," Q
int diff = dQ^^^/dC, the "isothermal. 

ft 

= Q +RT and the "isosteric," Q = Q^isoth diff isosteric isoth" 
The 

"isosteric heat of adsorption" is determined from the equation of the 

The "Calorimetric heat ofsorption isostere as was done by Homg. 
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on

adsorptions" will have a value between Q^^££ and depending 
adsorbents suchconditions o£ the experiment. The Qj£££ for macroporous 

as activated alumina is very high at low concentrations and drops 

saturated sorbentrapidly toward the latent heat of condensation as the 

is thecondition is approached. The integral heat of adsorption 

For zeolitic solids such asintegral average of this range of values. 

Drierite and LMS-4A the = Q. because there is little change ofQ
diff int 

with concentration. Thus if Homg's value needs correction this^diff 
The actualshould be the least for LMS-4A and of course it is. 

difference of course remains a subject for further investigation. 

The coefficient of heat transfer by radiation from the tube wall, 

This coefficientHR, was taken from Berbano's dissertation (12). had to 

alumina, This suggestsbe multiplied by 0.5 for both LMS-4A and activated 

that the repolishing of the inside wall of the aluminum casing and both 

sides of the two Nickel radiation shields reduced the radiation heat 

loss. There may also be some effect due to better control of guard heat. 

was calculatedThe gas phase heat transfer film coefficient, CAYG, 

using the Lewis relation. This coefficient had to be multiplied by 3.0 

for both LMS-4A and activated alumina. This value can vary widely due 

to the method of calculation as indicated in Treybal (151). It may not 

if the correcthave to be multiplied by any multiplication factor 

relation was found and used. This too remains a subject for further 

investigation. 

theThe computational speed was drastically improved through 

functions evaluatehigh-speed explicit programming and the use of new to 
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All the computer programs Were run byequilibrium and diffusivities. 

IBM 360/65. The execution time (not total CPU time) of the first 

= PE = l.D-5 wasprogram that was run with constant diffusivities D(K) 

parameter for0.2275 sec. per each increment of J loop with the index 

time of the lastradial increment, K, equal to 10 and the execution 

0.0347 sec. perprogram that used the same constant diffusivities was 

each J increment with K = 16. The first program was run with WATFIV and 

the last one with FORTRAN G. The execution time of the program with 

variable K from 14 to 224 was 0.1154 sec. and 0.2133 sec. per J 

sec. and 0.1437increment with FORTRAN G and the latest one was 0.0782 

and activated 
sec . per J increment with FORTRAN H and K = 30 for LMS-4A 

alumina, respectively. 

The long time approximation which was developed by Jury was 

end of allused at the end of LMS-4A run No. 3 and also at the 

If the factor thatactivated alumina runs except run No. 4 and 8. 

KL,controlled the switching time to long time approximation, was set 

lower the execution time would be faster, The optimum KL has not been 

furtherdetermined yet and this again remains a subject for 

investigation. 

increment.The accuracy of the results also depend upon the time 

alumina,At, which was 3 sec. for LMS-4A and 12 sec. for activated If 

more accurate but thewe reduce this time increment, the results will be 

execution time will be longer. 

if the turnThe results of these fittings could be slightly better 

aroundaround time of the con^juter was improved. The 6-8 weeks turn 
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time for the 300 min. CPU job made it difficult to adjust parameters 

for better results. Frequent system crashes and constant changes did not 

improve matters any. The university computer center is not really set up 

to handle large scientific problems. It is ideal for beginning students 

with 10 sec. to 1 min. runs. We are, however, deeply grateful to the 

continuousstaff and management of the computing center for their 

cooperation in improving this situation wherever humanly possible to do 

so. 
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APPENDIX A 

PREPARATION OF SAMPLES 

sieve-4ABoth activated alumina (Alcoa F-1) and Linde molecular 

containers that werewere prepared from new materials, and from the same 

used before in the previous research. LMS-4A samples were ground 

because they were pellets. Each of the desiccants was classified using 

12/14 and 16/20Tyler sieve screens to select the desired sizes 8/10, 

shake themesh. The roto-tap at the Geology department was used to 

screens. The classification time was 3 hours. 

density,After each desiccant was prepared, the apparent solid 

external void fraction, internal void fraction, particle count, average 

and the initialparticle radius, the surface area per unit bed volume, 

all measured invapor pressure of moisture in the regenerated bed were 

laboratory 316. Prior to the determination of these physical properties. 

all the samples were dried in the oven for 15 hours at 300°F. 

Three methods were applied to determine the volume of the granules: 

the mercury displacement method which was used by Berbano (12), the wet 

cloth method which was used by E. K. Kim (94), and the Di-n-butyl 

ThePhthalate displacement method which was suggested by Dr. Jury. 

details of each method follow. 

measurementThe mercury displacement method (148) was used in the 

of the bed. Theof the apparent solid density and the void fraction 

in theprocedure is as follows: 30cc. of granules was carefully measured 

diameter as the100 cc. measuring cylinder which has almost the same 

142 



143 

polystyrene bed holder. This amount of granules was weighed with the 

Sarterius balance, and then was put into the oven and weighed periodically 

until the weight did not change. The sample was introduced and pressed 

into a 50 cc. special designed syringe containing 25 cc. of mercury. The 

volume of mercury displaced was measured, The weight of the sample of 

particles divided by the volume of mercury displaced was the apparent 

solid density, p^, that is 

= weight of sample, Wg/volume of displacement mercury, 

The void fraction, e, was calculated from the relation 

e = 1 - volume of displaced mercury, V^/volume of bed, Vg 

the same as the voliomewhere here the volume of displaced mercury, V^, is 

of the weighed sample. This procedure for the estimation of p^ and e 

was average valuesrepeated three times for each size of sample and the 

calculated are shown in Table X. To make sure that no air pockets were 

the mercurytrapped between the sample particles before reading 

to move the sampledisplacement, the syringe shaft was pushed and pulled 

particles up and down in the mercury column at least eight times, In 

addition one must be careful in working with the mercury as pointed out 

by Kendall (93) on account of its relatively high vapor pressure of 

1 micron at room temperature. Good air flow is required. 

The wet cloth method is described in Innes (63). Distilled water 

internalwas used. The basic principles of this method to determine the 
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external void
porosity, 6^, the apparent solid density, p^, and the 
fraction, e, of the samples are summarized as follows: 

water,0^ = internal void volume, V^^/volume of displaced 

p = dry weight of sample, W^/volume of displaced water, 

e = 1-volume of displaced water, V^/volume of bed, 

as

After measureing the volume of bed, Vg, and the dry weight, W^, 

and the volume ofdiscussed before the internal void volume, V^, 

displaced water were determined by the following procedure: 

1. The granules were saturated with distilled water by boiling in 

down to roomdistilled water for 4 hours and were allowed to cool 

This duration of time is necessary for thetemperature over night, 

complete saturation of the granules. 

2. The excess water was drained by decantation and the granules 

remaining atwere transfered into a paper towel and the excess water 

the granule interfaces was removed. 

Thus the3. The wetted weight of the granules, W^, was measured, 

internal void volume, could be computed from the relation 

V . = (W 
VI W - V%0 

where p is the density of water at room temperature. 
H^O 

water.4. The volume of the sample or the volume of displaced 

cylinderV,,, was measured by placing the granules in a graduated
H 

The difference between thecontaining a known volume of distilled water, 

Tovolume of water before and after placing was the desired volume, 



148 

make sure that no air pockets were trapped between the sample particles 

used to stir thebefore reading the water displacement, a stirrer was 

granules. 

After all these values were determined, the internal porosity, 9^, 

fraction, e, of thethe apparent solid density, p^, and the external void 

samples were calculated from the relations shown above. This procedure 

was repeated three times for each size of sample and the average values 

calculated are shown in Table X. 

as the wet clothThe Di-n-butyl Phthalate method is exactly the same 

method described above except distilled water is replaced by Di-n-butyl 

Phthalate. The results calculated are shown in Table X. 

G. M. Lawson, a part-time employee, assisted us in measuring the 

He used the wet cloth and the Di-n-butylphysical properties of LMS-4A. 

We used the results of the wet clothPhthalate displacement methods, 

method in our calculations because they showed the best agreement among 

method wererepeated measurements. The data of the mercury displacement 

used in the calculations of activated alumina because of the same reason. 

should noThe average density of LMS-4A or activated alumina be the same 

matter what the granule size, the average density of the size 12/14 mesh 

which was used 4 out of 6 runs was assumed to represent the average 

It is noticeable thatdensity in all the calculations of each granule. 

fraction, e,the average solid density, p^, and the external void 

determined by the wet cloth is the highest one because the paper towel 

the excess waterremoved too much water from the granules, not only 

remaining at the granule interfaces, For the Di-n-butyl Phthalate 

the excessdisplacement method, it is slower and harder to remove 
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and not wellDi-n-butyl Phthalate so the calculated values are lower 

The mercury displacement method isagreed among repeated measurements, 

suggested to be the best method. 

wasThe average particle radius for each size of the san^Jle 

volume,determined by covmting the sample particles of known The 

radius was calculated from the following relations:average 

= n 4ttR^/3 = 1 -e 

1/3
R = [3(1 -e)/(4 mr)] 

where V- = volume of particles/volume of bed 
\3 

n = number of particles/volume of bed 

R = average radius of particle 

e = external void fraction of bed 

The results are shown in Table X. 

With both the external void fraction and the average particle 

interstitialradius already measured, one could then calculate the 

of sample particlessurface area per unit bed volume, a^, for each size 
from the relation 

a^ = 3(1 -e)/(Ri^) 

all the calculatedwhere the shape factor ip was assumed equal to 1 for 

Later it was realized that theresults as discussed in Oiapter VIII. 

values are available in Berbano's dissertation (12). 
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The values for specific heat were taken from the literature, and 

and activatedthe thermal conductivity of granules, k^, for LMS-4A 

alumina were obtained from the thermal conductivity approximation method 

Berbano. Theseof Moline and Hougen (117) which was calculated by 

values are shown in Table X. 

bed wasThe initial vapor pressure of moisture in the regenerated 

The desiccantmeasured using the isothermal bed designed by Edward (44). 

sample is placed in a sample holder which is an aluminum capsule that has 

a removable one ona fixed Tyler 32 mesh screen on the bottom end and 

the top end. This sample holder was designed to slide into and out of 

the bed support tube with a clearance of 0.015 in. The bed support tube 

is surrounded by the bed wall heater which acts as a constant temperature 

shield between the sample and the room, thus maintaining the sample at 

the desired temperature, The bed wall temperature is monitored by a 

and thisthermocouple that is connected to a Speedomax W recorder, 

Outside of the bedtemperature can be adjusted by hand via a variac. 

the heat loss.wall heater is the insulation which is used to prevent 

The inlet and outlet air temperatures were monitored by two thermocouple 

the bedassemblies. The outlet air thermocouple assembly is attached to 

as a unit whencap, and both cap and thermocouple assembly were removed 

The miniaturethe sample holder was taken out of the bed for weighing, 

air heater is used to control the inlet air temperature. This temperature 

is monitored by a thermocouple that is connected to an Esterline Angus 

variac.recorder, and this temperature can be adjusted by hand via a 
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content of theTo calculate the initial vapor pressure, the water 

first, This was donegranules at initial condition has to be determined 

by passing 20 SCFH of low air at 190°F through the granules in the 

was constant,sample holder and periodically weighing until the weight 

holder, wasthis weight, after subtracting the weight of the sample 

assumed to be the dry weight of granules, Then the temperature was 

reduced to 78°F, and the granules in the sample holder were periodically 

The difference betweenweighed again until the weight was constant, 

was the waterthese two weights divided by the dry weight of granules 

content of the granules, W. Then it was changed to partial pressure-

P or BEDPI, bytemperature coordinate, X, and then partial pressure, 

The calculated values ofthe sorption therms shown in Table II, p. 66. 

W, X, and BEDPI are shown in Table X. 

time thatThe average regeneration time was the combination of 

used to dry the granules with dry air at 190°F and 78°F, which are 

alumina, But inabout 36 hours for LMS 4-A and 72 hours for activated 

point temperaturepractice, these drying times were longer and the frost 

checked to make sure that it was below -105°F before each 

experimental run was started. 

was 



APPENDIX B 

MECHANICAL-OIL DIFFUSION PUMP 

AND VACUUM CONTROLLER 

the bedThe oil diffusion pump is used to evacuate space around 

adiabatic conditioncontainer-enclosure for the purpose of attaining an 

in the percolator bed. The pump is a Consolidated Vacuum Company Type 

VMF-10 pump which has an ultimate pressure of 1x10 ^ Torr and a limiting 

forepressure of 0.1 Torr. The rating of the diffusion pump heater is 

135 W., 115 V. The mechanical pump, which serves as back-up pump, is a 

HP and 1725 RPM. ForDuo-seal No. 1400B type with a motor rating of 1/3 

the oil diffusion pump fluid 55 milliliters of Octoil (Di-octyl Phthalate) 

was used. 

automation andThe automatic vacuum controller is designed for the 

safe operation of the oil diffusion pump. The purposes of this vacuum 

controller were: 

1. Normal open-START button. 

2. Normal shut down-STOP button. 

3. Automatic shut down if the pot of the diffusion pump is too hot. 

is too4. Automatic shut down if the cooling water flowrate 

small and the effluent water temperature rises above a specified value 

which will cause the low temperature thermostat to open. 

first constructedThis vacuum controller was designed by Dr. Jury and 

it was debugged andby E. K. Kim, but it did not operate properly until 

rebuilt by the author. Some bad components and wrong wiring caused the 

152 
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trouble. It is intended here to describe the details of this controller 

which is shown in Figure 30. The principal features of the vacuum control 

systems are: 

DV-23.1. A Hastings-Raydist thermocouple vacuum guage, Model 

has a control2. A Hastings-Raydist Controller, Model CVH-3, which 

pressure range 0-5 Torr. 

3. Four relays mounted on an aluminum chassis. 

the4. A Veeco vacuum valve. No. SV-62, which will open when 

mechanical pump is started. 

effluent5. Two Fenwal bimetallic thermal switches; one is at the 

bottom of the oilend of the cooling water and the other one is at the 

diffusion pump heater. 

C22.6. A solenoid valve. Automatic Switch Company, No. 8262 

No. Air7. A solenoid relief valve. Automatic Switch Company, 

oil from the oilJS-346B, which is used to prevent any backflow of the 

diffusion pump when the whole system is shut off. 

The vacuum controller panel is mounted in a standard 19-inch relay 

rack. Operation of the vacuum system is initiated by pressing the 

start the"start" button on the panel and this will automatically 

mechanical pump. When the set point pressure of 0.35 Torr is reached, 

and minimumthe oil diffusion pump heater autpmatically turns on, 

minutes from startsystem pressure (pegging) is attained after about 20 

the vacuum hookup. With the installation of a Hoke bellows valve near 

up for the percolator bed, one can isolate the bed and do work on it, 

off thee.g. change the bed granules, without necessarily shutting 
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vacuum system, After the "stop" button is pushed to shut off the system. 

off first. Thethe oil diffusion pump and the vacuum valve are shut 

mechanical pump continues working until the diffusion pump heater 

temperature drops down to about 85°F before the system automatically 

shuts off, which causes the solenoid relief valve to open and the solenoid 

cooling water valve to close. 

The controller has four relays in it as follows: 

Relay No. 1 responds to the START button and turns on power. 

It also responds to reset loop in general. 

Relay No. 2 responds to the Hastings-Raydist vacuum guage when 

vacuum is below the set point. 

when theRelay No. 3 responds to the high temperature thermostat 

oil diffusion pot temperature is above the set point 

which is a little above the ambient temperature. This 

insures that the mechanical pump, cooling water and 

relief valve cannot deactivate until the pot is cooled 

back down. The high temperature thermostat must be 

normally open. 

Relay No. 4 responds to relay No. 1 to insure that START button 

remains inactive during operation. 

The reset loop consists of the following: 

1. START button. 

2. STOP button. 

3. Low temperature thermostat. 

4. Coil RLl and switches RL4B, RLIB, RL3B, and RL2B. 
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Anytime tjiis loop is opened RLl is deactivated and the shutdown sequence 

Otherwiseis initiated. This sequence is immediate if the pot is cold, 

the shut down (deactivation of mechanical pump, solenoid cooling water 

valve, and solenoid relief valve) is delayed until the pot has cooled 

down and RL3 is deactivated. 

RL2B isRL2B and RL3B are in parallel because in normal operation 

closed and RL3B is opened. Thus if the vacuum is lost (system is opened) 

the RL2B opens and initiates the shut down cycle. 

down if itThe low temperature thermostat will also initiate shut 

This will happenopens because effluent cooling water becomes too hot. 

if the cooling water is not turned full on or if calcium in the cooling 

system restricts the flow of water too much. 

then RL2 willIt should be noted that if system leaks at the start 

not be activated and system will run but Hastings-Raydist guage will 

indicate the trouble and the oil diffusion pump heater light will not 

come on. 

Basically the purpose of the controller is to prevent damage to the 

oil in the diffusion pump, It also prevents inter-mixing of oils in the 

diffusion pump and mechanical pump. 

the vacuumWhen all the system was completed, tests showed that 

went 1 centimetersystem was so good that the Hastings-Raydist guage 

below 0 millitorr. The electronic shop checked this guage twice and the 

1 x 10 ^ answer was at 0 millitorr of the guage was not 0 millitor but 

Torr, so for an operating pressure of 2 x 10 ^ Torr the guage went down 

below zero. 
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because it willOne should not use acetone as a leak detector fluid 

the oil. If thisbe drawn into the oil diffusion pot and contaminate 

cleaned.happens all the pump system must be taken apart and 



APPENDIX C 

CALIBRATION CHARTS OF WET TEST 

METER AND LAMINAR FLOWRATORS 

the useThe precision laminar flowrators were calibrated with 

of a wet test meter. The wet test meter, 24ft^/hr, Precision Scientific 

to the weighed waterCompany, No. 63II5, was first calibrated according 

method whereby the volume of air drawn through the meter for a given 

number of revolutions is calculated from the corresponding weight of 

displaced water. This procedure is discussed in Pollock's dissertation 

flowrators. The(132) as well as the method to calibrate the laminar 

Three laminarcalibration curve for wet test is shown in Figure 31. 

flowrators were thus calibrated as shown in Figure 32 to 34 for low, 

intermediate, and high air supplies at room temperature, 78°F, 

respectively, These calibration curves are presented in terms of air 

flow rate in SCFH as a function of the guage pressure, psig, at the 

exit of the air channel in the flowrators. 

158 
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APPENDIX D 

TABLES OF ORIGINAL EXPERIMENTAL DATA 

AND CONVERSION TO RATIOC 

the originalThe primary purpose of this appendix is to present 

and the temperatureexperimental data in terms of frost point temperature 

of the effluent at each time interval of 7.5 min. The second purpose is 

from theto show the partial pressure and RATIOC which are calculated 

The sample offrost point temperature as discussed in Chapter VII. 

of LMS-4A run No.conversion for the first set of data, time=0 min., 

is as follows: 

The frost point temperature 

reading from Esterline Angus 

recorder = -106.3 °F 

or = -76.83 °C 

The vapor pressure reading 

from the International 

0.0006787Critical Table (156) = mm.Hg 

The average total pressure 

= 748.057 mm.Hgreading from the barometer 

The initial partial pressure 

of moisture in bed calculated 

= 0.0013259793 mm.Hgin Appendix A 

(0.0006787/748.057)-(0.0013259793/748.057) 
RATIOC (11.3568/748.057)-"(0.0013259793/748.057) 

= -0.0000570015 

163 
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results ofTables XI - XVII and XVIII - XXIII show the experimental 

LMS-4A and activated alumina from run 1-6 for each desiccant 

respectively. 

The operating temperature range of the hygrometer is primarily from 

-100°F to 78°F so any temperature out of this range is unacceptable. 

than -100°F which weAll our starting frost point temperatures are less 

converted to partial pressure and then RATIOC, the slightly negative 

is in theRATIOC would appear until the frost point temperature 

acceptable range. 
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Table XI. Experimental Results of LMS-4A Run No. 1 (LMSX-1). 

Partial 

Time 

Min. 

Frost 
o 
F 

Pt. Pressure 

mm. Hg RATIOC 
Gas Temp.

0 
F 

.00000 0 -.10630 3 .67870-3 -.5700D-4 .7880D 2 

.75000 1 -.10630 3 .67870-3 -.5700D-4 .1206D 3 

.15000 2 -.10630 3 .67870-3 -.57000-4 .14010 3 

.22500 2 -.10630 3 .67870-3 -.57000-4 .14750 3 

.30000 2 .10630 3 .67870-3 -.57000-4 .15070 3 

.37500 2 -.10630 3 .67870-3 -.57000-4 .15240 3 

.45000 2 -.10630 3 .67870-3 -.57000-4 .15380 3 

.52500 2 -.10630 3 .67870-3 -.57000-4 .15510 3 

.60000 2 -.60600 2 .24740-1 .20620-2 .15600 3 

.67500 2 -.17700 2 .36560 0 .32080-1 .15500 3 

.75000 2 .19200 2 .25130 1 .22120 0 .14470 3 

.82500 2 .44700 2 .75440 1 .66430 0 .11920 3 

.90000 2 .54500 2 .10870 2 .95710 0 .95500 2 

.97500 2 .55700 2 .11360 2 .10000 1 .88600 2 

.10500 3 .55700 2 .11360 2 .10000 1 .86000 2 
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Table XII. Experimental Results of LMS-4A Run No. IN (LMSX-IN). 

Partial 

Time 

Min. 

Frost 

°F 
Pt. Pressure 

mm. Hg RATIOC 
Gas^Temp. 

F 

.00000 0 -.10430 3 .80640-3 -.4493D-4 .7880D 2 

.75000 1 -.10430 3 .80640-3 -.44930-4 .1212D 3 

.15000 2 -.10430 3 .80640-3 -.44930-4 .1410D 3 

.22500 2 -.10430 3 .80640-3 -.44930-4 .14760 3 

.30000 2 -.10430 3 .80640-3 -.44930-4 .15010 3 

.37500 2 -.10430 3 .80640-3 -.44930-4 .15160 3 

.45000 2 -.10430 3 .80640-3 -.44930-4 .15280 3 

.52500 2 -.10430 3 .80640-3 -.44930-4 .15390 3 

.60000 2 -.59000 2 .27620-1 .22730-2 .15450 3 

.67500 2 -.15500 2 .41440 0 .35720-1 .15080 3 

.75000 2 .19000 2 .24890 1 .21510 0 .13730 3 

.82500 2 .44100 2 .73700 1 .63720 0 .11350 3 

.90000 2 .53900 2 .10640 2 .91970 0 .93600 2 

.97500 2 .55900 2 .11440 2 .98890 0 .85900 2 

.10500 3 .56200 2 .11570 2 .10000 1 .83800 2 
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Table XIII. Experimental Results of LMS-4A Run No. 2 (LMSX-2). 

Partial 

Time Frost Pt. Pressure Gas^Temp. 
Min. °F RATIOC Fmm. Hg 

.00000 0 -.10900 3 .53030-3 -.69840-4 .7780D 2 

.75000 1 -.10900 3 .53030-3 -.69840-4 .9100D 2 

.15000 2 -.10900 3 .53030-3 -.69840-4 .1200D 3 

.22500 2 -.10900 3 .53030-3 -.69840-4 .13160 3 

.30000 2 -.10900 3 .53030-3 -.69840-4 .13800 3 

.37500 2 -.10900 3 .53030-3 -.69840-4 .14200 3 

.45000 2 -.10900 3 .53030-3 -.69840-4 .14400 3 

.52500 2 ' -.10900 3 .53030-3 -.69840-4 .14550 3 

.60000 2 -.10900 3 .53030-3 -.69840-4 .14650 3 

.67500 2 -.10900 3 .53030-3 -.69840-4 .14750 3 

.75000 2 -.10900 3 .53030-3 -.69840-4 .14830 3 

.82500 2 -.10900 3 .53030-3 -.69840-4 .14920 3 

.90000 2 -.10900 3 .53030-3 -.69840-4 .15040 3 

.97500 2 -.10900 3 .53030-3 -.69840-4 .15150 3 

.10500 3 -.10900 3 .53030-3 -.69840-4 .15250 3 

.11250 3 -.10900 3 .53030-3 -.69840-4 .15390 3 

.12000 3 -.10900 3 .53030-3 -.69840-4 .15490 3 

.12750 3 -.70000 2 .12660-1 .99500-3 .15550 3 

.13500 3 -.37200 2 .11530 0 .10000-2 .15600 3 

.14250 3 -.97000 1 .57050 0 .49960-1 .15400 3 

.15000 3 .17200 2 .22810 1 .20010 0 .14600 3 

.15750 3 .38000 2 .58190 1 .51070 0 .12600 3 

.16500 3 .51700 2 .98050 1 .86050 0 .10500 3 

.17250 3 .55000 2 .10070 2 .97160 0 .92500 2 

.87800 2 

.18750 3 .55800 2 .11390 2 .10000 1 .85500 2 

.19500 3 .55800 2 .11390 2 .10000 1 .84500 2 

.20250 3 .55800 2 .11390 2 .10000 1 .84000 2 

.18000 3 .55700 2 .11360 2 .99680 0 
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Table XIV. Experimental Results of LMS-4A Run No. 3 (LMSX-3). 

Partial 

Time Frost Pt. Pressure Gas^Temp. 
Min. °F RATIOC Fmm. Hg 

.OOOOD 0 -.1045D 3 .7921D-3 -.9066D-3 .7940D 2 

.7500D 1 -.1045D 3 .7921D-3 -.9066D-3 .8030D 2 

.1500D 2 -.1045D 3 .7921D-3 -.9066D-3 .8090D 2 

.2250D 2 -.1045D 3 .7921D-3 -.9066D-3 .8120D 2 

.3000D 2 -.1045D 3 .7921D-3 -.9066D-3 .8130D 2 

.3750D 2 -.1045D 3 .7921D-3 -.9066D-3 .8140D 2 

.4500D 2 -.1045D 3 .7921D-3 -.9066D-3 .8140D 2 

.5250D 2 -.1045D 3 .7921D-3 -.9066D-3 .8140D 2 

.6000D 2 -.1045D 3 .7921D-3 -.9066D-3 .8140D 2 

.6750D 2 -.1045D 3 .7921D-3 -.9066D-3 .8140D 2 

.7500D 2 -.1045D 3 .7921D-3 -.9066D-3 .8140D 2 

.8250D 2 -.1045D 3 .7921D-3 -.9066D-3 .8140D 2 

.9000D 2 -.1045D 3 .7921D-3 -.9066D-3 .8140D 2 

.9750D 2 -.1045D 3 .7921D-3 -.9066D-3 .8140D 2 

.1050D 3 -.1045D 3 .7921D-3 -.9066D-3 .8140D 2 

.1125D 3 -.1045D 3 .7921D-3 -.9066D-3 .8140D 2 

.1200D 3 -.1045D 3 .7921D-3 -.9066D-3 .8140D 2 

.1275D 3 -.1045D 3 .7921D-3 -.9066D-3 .8150D 2 

.1350D 3 -.1045D 3 .7921D-3 -.9066D-3 .8150D 2 

.1425D 3 -.1045D 3 .7921D-3 -.9066D-3 .8150D 2 

.1500D 3 -.1045D 3 .7921D-3 -.9066D-3 .8150D 2 

.1575D 3 -.1045D 3 .7921D-3 -.9066D-3 .8150D 2 

.1650D 3 -.1045D 3 .7921D-3 -.9066D-3 .8150D 2 

.1725D 3 -.1045D 3 .7921D-3 -.9066D-3 .8150D 2 

.1800D 3 -.1045D 3 .7921D-3 -.9066D-3 .8150D 2 

.1875D 3 -.1045D 3 .7921D-3 -.9066D-3 .8150D 2 

.1950D 3 -.1045D 3 .7921D-3 -.9066D-3 .8150D 2 

.2025D 3 -.1045D 3 .7921D-3 -.9066D-3 .8150D 2 
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Table XIV (continued) 

Partial 

Time Frost pt. Pressure Gas
0
Temp. 

0 
Min. F RATIOC Fmm, Hg 

.2100D 3 -.1045D 3 .7921D-3 -.9066D-3 .8150D 2 

.2175D 3 -.1045D 3 .7921D-3 -.9066D-3 .81500 2 

.2250D 3 -.10450 3 .7921D-3 -.9066D-3 .81500 2 

.23250 3 -.10450 3 .7921D-3 -.9066D-3 .81500 2 

.24000 3 -.10450 3 .7921D-3 -.9066D-3 .81500 2 

.24750 3 -.10450 3 .7921D-3 -.90660-3 .81500 2 

.25500 3 -.10450 3 .7921D-3 -.90660-3 .81500 2 

.26250 3 -.10450 3 .7921D-3 -.90660-3 .81500 2 

.27000 3 -.10450 3 .7921D-3 -.90660-3 .81500 2 

.27750 3 -.10450 3 .7921D-3 -.90660-3 .81500 2 

.28500 3 -.10450 3 .79210-3 -.90660-3 .81500 2 

.29250 3 -.10450 3 .79210-3 -.90660-3 .81500 2 

.30000 3 -.10450 3 .79210-3 -.90660-3 .81500 2 

.30750 3 -.10450 3 .79210-3 -.90660-3 .81500 2 

.31500 3 -.10450 3 .79210-3 -.90660-3 .81500 2 

.32250 3 -.10450 3 .79210-3 -.90660-3 .81500 2 

.33000 3 -.10450 3 .79210-3 -.90660-3 .81500 2 

.33750 3 -.10450 3 .79210-3 -.90660-3 .81500 2 

.34500 3 -.10450 3 .79210-3 -.90660-3 .81500 2 

.35250 3 -.10450 3 .79210-3 -.90660-3 .81500 2 

.36000 3 -.10450 3 .79210-3 -.90660-3 .81500 2 

.36750 3 -.10450 3 .79210-3 -.90660-3 .81500 2 

.37500 3 -.10450 3 .79210-3 -.90660-3 .81600 2 

.38250 3 -.10450 3 .79210-3 -.90660-3 .81600 2 

.39000 3 -.10450 3 .79210-3 -.90660-3 .81600 2 

.39750 3 -.10450 3 .79210-3 -.90660-3 .81600 2 

.40500 3 -.10450 3 .79210-3 -.90660-3 .81600 2 

.41250 3 -.10450 3 .79210-3 -.90660-3 .81600 2 

.42000 3 -.10450 3 .79210-3 -.90660-3 .81600 2 
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Table XIV (continued) 

Partial 

Time PressureFrogt Pt. Gas^Temp. 
RATIOC FMin. F mm. Hg 

.42750 3 -.1045D 3 .7921D-3 -.9066D-3 .8160D 2 

.43500 3 -.1045D 3 .7921D-3 -.9066D-3 .8160D 2 

.44250 3 -.1045D 3 .7921D-3 -.90660-3 .8160D 2 

.45000 3 -.10450 3 .7921D-3 -.90660-3 .8160D 2 

.45750 3 -.10450 3 .7921D-3 -.90660-3 .81600 2 

.46500 3 -.10450 3 .7921D-3 -.90660-3 .81600 2 

.47250 3 -.10450 3 .7921D-3 -.90660-3 .81600 2 

.48000 3 -.10450 3 .7921D-3 -.90660-3 .81600 2 

.48750 3 -.10450 3 .7921D-3 -.90660-3 .81600 2 

.49500 3 -.10450 3 .7921D-3 -.90660-3 .81600 2 

.50250 3 -.10450 3 .7921D-3 -.90660-3 .81600 2 

.51000 3 -.10450 3 .7921D-3 -.90660-3 .81600 2 

.51750 3 -.10450 3 .7921D-3 -.90660-3 .81600 2 

.52500 3 -.10450 3 .7921D-3 -.90660-3 .81600 2 

.53250 3 -.10450 3 .7921D-3 -.90660-3 .81600 2 

.540U0 3 -.10450 3 .7921D-3 -.90660-3 .81600 2 

.54750 3 -.10450 3 .7921D-3 -.90660-3 .81600 2 

.55500 3 -.10450 3 .7921D-3 -.90660-3 .81600 2 

.56250 3 -.10450 3 .7921D-3 -.90660-3 .81600 2 

.57000 3 -.10450 3 .7921D-3 -.90660-3 .81600 2 

.57750 3 -.10450 3 .7921D-3 -.90660-3 .81600 2 

.58500 3 -.10450 3 .7921D-3 -.90660-3 .81600 2 

.59250 3 -.10450 3 .7921D-3 -.90660-3 .81600 2 

.60000 3 -.10450 3 .7921D-3 -.90660-3 .81600 2 

.60750 3 -.10450 3 .7921D-3 -.90660-3 .81600 2 

-.10450 3 .79210-3 -.90660-3 .81600 2 

.81600 2 

.61500 3 

.62250 3 -.10450 3 .79210-3 -.90660-3 

.63000 3 -.10450 3 .79210-3 -.90660-3 .81600 2 
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Table XIV (continued) 

Partial 

Time Frost Pt. Pressure Gas^Temp. 
RATIOC FMin. F mm. Hg 

.63750 3 -.1045D 3 .7921D-3 -.9066D-3 .8160D 2 

.64500 3 -.1045D 3 .7921D-3 -.9066D-3 .8160D 2 

.65250 3 -.10450 3 .7921D-3 -.9066D-3 .8160D 2 

.66000 3 -.10450 3 .7921D-3 -.9066D-3 .8170D 2 

.66750 3 -.10450 3 .7921D-3 -.9066D-3 .8170D 2 

.67500 3 -.10450 3 .7921D-3 -.9066D-3 .8170D 2 

.68250 3 -.10450 3 .7921D-3 -.9066D-3 .8170D 2 

.69000 3 -.10450 3 .7921D-3 -.9066D-3 .8170D 2 

.69750 3 -.10450 3 .7921D-3 -.9066D-3 .8170D 2 

.70500 3 -.10450 3 .7921D-3 -.9066D-3 .8170D 2 

.71250 3 -.10450 3 .79210-3 -.9066D-3 .8170D 2 

-.10450 3 .79210-3 -.9066D-3 .8170D 2.72000 3 

.72750 3 -.10450 3 .79210-3 -.9066D-3 .8170D 2 

.73500 3 -.10450 3 .79210-3 -.9066D-3 .8170D 2 

.74250 3 -.10450 3 .79210-3 -.9066D-3 .8170D 2 

.75000 3 -.10450 3 .79210-3 -.90660-3 .8170D 2 

.75750 3 -.10450 3 .79210-3 -.90660-3 .8170D 2 

.76500 3 -.10450 3 .79210-3 -.90660-3 .8170D 2 

.77250 3 -.10450 3 .79210-3 -.90660-3 .8170D 2 

.78000 3 -.10450 3 .79210-3 -.90660-3 .8170D 2 

.78750 3 -.10450 3 .79210-3 -.90660-3 .8170D 2 

-.90660-3 .8170D 2 

.80250 3 -.10450 3 .79210-3 

.79500 3 -.10450 3 .79210-3 

-.90660-3 .8170D 2 

-.90660-3 .8170D 2.81000 3 -.10450 3 .79210-3 

.81750 3 -.10450 3 .79210-3 -.90660-3 .8170D 2 

.82500 3 -.10450 3 .79210-3 -.90660-3 .8170D 2 

-.10450 3 .79210-3 -.90660-3 .8170D 2.83250 3 

-.90660-3 .8170D 2.84000 3 -.10450 3 .79210-3 
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Table XIV (continued) 

Partial 

PressureTime Frogt Pt. Gas^Temp. 
RATIOC F

Min. F mm. Hg 

.84750 3 -.10450 3 .79210-3 -.9066D-3 .8170D 2 

.85500 3 -.10450 3 .79210-3 -.9066D-3 .8170D 2 

-.9066D-3 .8170D 2.86250 3 -.10450 3 .79210-3 

.87000 3 -.10450 3 .79210-3 -.9066D-3 .8170D 2 

.87750 3 -.10450 3 .79210-3 -.9066D-3 .8170D 2 

.88500 3 -.10450 3 .79210-3 -.9066D-3 .8170D 2 

-.9066D-3 .8170D 2.89250 3 -.10450 3 .79210-3 

-.9066D-3 .8170D 2
.90000 3 -.10450 3 .79210-3 

-.9066D-3 .8170D 2.90750 3 -.10450 3 .79210-3 

-.9066D-3 .8170D 2.91500 3 -.10450 3 .79210-3 

.92250 3 -.10450 3 .79210-3 -.9066D-3 .8170D 2 

-.9066D-3 .8180D 2.93000 3 -.10450 3 .79210-3 

-.9066D-3 .8180D 2.93750 3 -.10450 3 .79210-3 

-.9066D-3 .8180D 2.94500 3 -.10450 3 .79210-3 

.95250 3 -.10450 3 .79210-3 -.9066D-3 .8180D 2 

.96000 3 -.10450 3 .79210-3 -.9066D-3 .8180D 2 

.96750 3 -.10450 3 .79210-3 -.9066D-3 .8180D 2 

.97500 3 -.10450 3 .79210-3 -..9066D-3 .8180D 2 

.98250 3 -.10450 3 .79210-3 -.9066D-3 .8180D 2 

.99000 3 -.10450 3 .79210-3 -.9066D-3 .8180D 2 

-.10450 3 .79210-3 -.9066D-3 .8180D 2.99750 3 

.49460-3 .8180D 2.10050 4 -.96200 2 .16170-2 

.99230-3 .8180D 2.10130 4 -.94200 2 .19100-2 

.30120-2 .8180D 2.10200 4 -.88300 2 .31000-2 

.39780-2 .8180D 2.10270 4 -.86200 2 .36680-2 

.8180D 2.10350 4 -.84300 2 .42680-2 .49960-2 

.60200-2 .8180D 2.10430 4 -.82600 2 .48710-2 

.70470-2 .8180D 2.10500 4 -.81100 2 .54760-2 
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Table XIV (continued) 

Partial 

Time Frost Pt. Pressure Gas^Terap. 
RATIOC FMin. °F mm. Hg 

.72090-2 .99890-2 .8180D 2 

.10650 4 -.74600 2 

.10570 4 -.77500 2 

.89930-2 .13020-1 .8170D 2 

.10730 4 -.73000 2 .10150-1 .14990-1 .8170D 2 

.10800 4 -.70200 2 .12470-1 .18930-1 .8170D 2 

.10870 4 -.68400 2 .14220-1 .21890-1 .8170D 2 

.10950 4 -.65700 2 .17210-1 .26980-1 .8170D 2 

.11020 4 -.63500 2 .20150-1 .31970-1 .8170D 2 

.11100 4 -.61200 2 .23680-1 .37960-1 .8170D 2 

.11180 4 -.59200 2 .27240-1 .44000-1 .8170D 2 

.11250 4 -.57400 2 .30820-1 .50090-1 .8160D 2 

.11320 4 -.55800 2 .34370-1 .56110-1 .81600 2 

.11400 4 -.52600 2 .42600-1 .70090-1 .81600 2 

2 .48460-1 .80040-1 .81500 2.11480 4 -.50700 

.11550 4 -.48900 2 .54510-1 .90310-1 .81500 2 

.11620 4 -.47100 2 .61350-1 .10190 0 .81400 2 

.11700 4 -.44600 2 .72100-1 .12020 0 .81300 2 

.11780 4 -.42800 2 .80940-1 .13520 0 .81300 2 

.11850 4 -.41200 2 .89630-1 .15000 0 .81200 2 

.11920 4 -.38800 2 .10430 0 .17490 0 .81200 2 

.12000 4 -.37100 2 .11590 0 .19460 0 .81200 2 

.12070 4 -.34800 2 .13350 0 .22450 0 .81100 2 

.12150 4 -.33100 2 .14800 0 .24920 0 .81000 2 

.12220 4 -.31500 2 .16320 0 .27490 0 .80900 2 

.12300 4 -.30100 2 .17770 0 .29950 0 .80800 2 

.12370 4 -.28500 2 .19550 0 .32980 0 .80700 2 

.12450 4 -.27000 2 .21350 0 .36040 0 .80600 2 

.12530 4 -.25500 2 .23330 0 .39400 0 .80500 2 

.12600 4 -.24200 2 .25180 0 .42540 0 .80400 2 
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Table XIV (continued) 

Partial 

Time 

Min. 

Frost 
o 
F 

Pt. Pressure 

mm. Hg RATIOC 
Gas Temp.

0 
F 

.1268D 4 -.2230D 2 .2811D 0 .4751D 0 .8030D 2 

.12750 4 -.21600 2 .29260 0 .49460 0 .80I0D 2 

.12830 4 -.20400 2 .31370 0 .53050 0 .80000 2 

.12900 4 -.19300 2 .33400 0 .56490 0 .79900 2 

.12980 4 -.18100 2 .35780 0 .60530 0 .79800 2 

.13050 4 -.17000 2 .38020 0 .64340 0 .79700 2 

.13130 4 -.15900 2 .40460 0 .68480 0 .79600 2 

.13200 4 -.15000 2 .42560 0 .72050 0 .79500 2 

.13280 4 -.14300 2 .44300 0 .75000 0 .79300 2 

.13350 4 -.13700 2 .45750 0 .77470 0 .79200 2 

.13420 4 -.13000 2 .47600 0 .80610 0 .79100 2 

.13500 4 -.12500 2 .48920 0 .82850 0 .79000 2 

.13580 4 -.11900 2 .50550 0 .85620 0 .78900 2 

.13650 4 -.11400 2 .51950 0 .87990 0 .78800 2 

.13720 4 -.10900 2 .53450 0 .90540 0 .78800 2 

.13800 4 -.10400 2 .54900 0 .93000 0 .78700 2 

.13880 4 -.97000 1 .57050 0 .96650 0 .78700 2 

.13950 4 -.95000 1 .57640 0 .97660 0 .78600 2 

.14020 4 -.93000 1 .58360 0 .98880 0 .78600 2 

.14100 4 -.92000 1 .58660 0 .99390 0 .78500 2 

.14180 4 -.91000 1 .59020 0 .10000 1 .78500 2 

.14250 4 -.91000 1 .59020 0 .10000 1 .78500 2 
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Table XV. Experimental Results of LMS-4A Run No. 4 (LMSX-4). 

Partial 

Time 

Min. 
Frogt 

F 
Pt. Pressure 

mm. Hg RATIOC 
Gas Temp. 

o 
F 

.00000 0 -.10350 3 .86360-3 -.89750-4 .7950D 2 

.75000 1 -.10350 3 .86360-3 -.89750-4 .11850 3 

.15000 2 -.10350 3 .86360-3 -.89750-4 .14100 3 

.22500 2 -.10350 3 .86360-3 -.89750-4 .14750 3 

.30000 2 -.10350 3 .86360-3 -.89750-4 .14950 3 

.37500 2 -.10350 3 .86360-3 -.89750-4 .15150 3 

.45000 2 -.10350 3 .86360-3 -.89750-4 .15300 3 

.52500 2 -.34400 2 .13680 0 .11900-1 .15400 3 

.60000 2 -.15900 2 .73230 0 .64790-1 .15320 3 

.67500 2 .10500 2 .16400 1 .14530 0 .14670 3 

.75000 2 .30000 2 .41790 1 .37050 0 .13300 3 

.82500 2 .43500 2 .72040 1 .63890 0 .11500 3 

.90000 2 .51100 2 .95910 1 .85060 0 .98500 2 

.97500 2 .54700 2 .10950 2 .97100 0 .87000 2 

.10500 3 .55200 2 .11150 2 .98890 0 .83200 2 

.11250 3 .55500 2 .11280 2 .10000 1 .82500 2 
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Table XVI. Experimental Results of LMS-4A Run No. 5 (LMSX-5). 

Partial 

Time Frost Pt. Pressure Gas^Temp. 
Min. F mm. Hg RATIOC F 

.00000 0 -.10400 3 .8272D-3 -.8082D-5 .7900D 2 

.75000 1 -.10400 3 .82720-3 -.8082D-5 .1250D 3 

.15000 2 -.10400 3 .82720-3 -.8082D 5 .14450 3 

.22500 2 -.10400 3 .82720-3 -.8082D 5 .15350 3 

.30000 2 -.10400 3 .82720-3 -.8082D 5 .15420 3 

.37500 2 -.10400 3 .82720-3 -.8082D-5 .15570 3 

.45000 2 -.10400 3 .82720-3 -.8082D-5 .15700 3 

.52500 2 -.10400 3 .82720-3 -.80820-5 .15850 3 

.60000 2 -.10400 3 .82720-3 -.80820-5 .15930 3 

.67500 2 -.55000 2 .36350-1 .29980-2 .16050 3 

.75000 2 .77000 1 .14240 1 .12040 0 .15300 3 

.82500 2 .53900 2 .10640 2 .90000 0 .10300 3 

.90000 2 .56800 2 .11820 2 .10000 1 .92000 2 

.97500 2 .56800 2 .11820 2 .10000 1 .85000 2 
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Table XVII. Experimental Results of LMS-4A Run No. 6 (LMSX-6). 

Partial 

Time Pressure Gas Temp. 
oFrogt Pt. 

Min. F RATIOC Fmm. hg 

.OOOOD 0 -.1034D 3 .8714D-3 -.4003D-4 .7920D 2 

.7500D 1 -.1034D 3 .8714D-3 -.4003D-4 .8500D 2 

.1500D 2 -.1034D 3 .8714D-3 -.4003D-4 .1150D 3 

.2250D 2 -.1034D 3 .8714D-3 -.4003D-4 .1310D 3 

.3000D 2 -.1034D 3 .8714D-3 -.4003D-4 .1365D 3 

.3750D 2 -.1034D 3 .8714D-3 -.4003D-4 .1400D 3 

.4500D 2 -.1034D 3 .8714D-3 -.4003D-4 .1422D 3 

.5250D 2 -.1034D 3 .8714D-3 -.4003D-4 .1435D 3 

.6000D 2 -.1034D 3 .8714D-3 -.4003D-4 .1446D 3 

.6750D 2 -.1034D 3 .8714D-3 -.4003D-4 .1459D 3 

.7500D 2 -.1034D 3 .8714D-3 -.4003D-4 .1468D 3 

.8250D 2 -.1034D 3 .8714D-3 -.4003D-4 .1480D 3 

.9000D 2 -.1034D 3 .8714D-3 -.4003D-4 .1490D 3 

.9750D 2 -.1034D 3 .8714D-3 -.4003D-4 .1501D 3 

.1050D 3 -.1034D 3 .8714D-3 -.4003D-4 .1512D 3 

.1125D 3 -.1034D 3 .8714D-3 -.4003D-4 .1525D 3 

.1200D 3 -.1034D 3 .8714D 3 -.4003D-4 .1532D 3 

.1275D 3 -.1034D 3 .8714D-3 -.4003D-4 .1545D 3 

.1350D 3 -.1034D 3 .8714D-3 -.4003D-4 .1552D 3 

.1425D 3 -.3060D 2 .1723D 0 .1506D-1 .1550D 3 

.1500D 3 .8400D 1 .1476D 1 .1298D 0 .1495D 3 

.15750 3 .41800 2 .6747D 1 .5940D 0 .1270D 3 

.16500 3 .53700 2 .10560 2 .92980 0 .10100 3 

.17250 3 .55600 2 .11310 2 .99610 0 .89500 2 

.18000 3 .55700 2 .11360 2 .10000 1 .85000 2 
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Table XVIII. Experimental Results of Activated Alumina Run 
No. 1 (ACTX-1). 

Partial 

Time 

Min. 

Frost 
0 
F 

Pt. Pressure 

mm. hg RATIOC 
Gas Temp. 

o 
F 

.00000 0 -.10550 3 .7271D-3 -.34970-4 .80000 2 

.75000 1 -.10550 3 •.7271D-3 -.34970-4 .98000 2 

.15000 2 -.10550 3 .7271D-3 -.34970-4 .12200 3 

.22500 2 -.50900 2 .47770-1 .42620-6 .13350 3 

.30000 2 -.76000 1 .64000 0 .58360-1 .13500 3 

.37500 2 .14100 2 .19610 1 .17900 0 .12950 3 

.45000 2 .26400 2 .35360 1 .32290 0 .12050 3 

.52500 2 .34300 2 .50270 1 .45910 0 .11300 3 

.60000 2 .38600 2 .59600 1 .54440 0 .10750 3 

.67500 2 .41200 2 .65940 1 .60220 0 .10350 3 

.75000 2 .43200 2 .71210 1 .65040 0 .10050 3 

.82500 2 .44600 2 .75130 1 .68620 0 .98200 2 

.90000 2 .45600 2 .78070 1 .71300 0 .96500 2 

.97500 2 .46300 2 .80120 1 .73180 0 .95000 2 

.10500 3 .47000 2 .82280 1 .75150 0 .93500 2 

.11250 3 .47400 2 .83570 1 .76330 0 .92300 2 

.12000 3 .48000 2 .85450 1 .78050 0 .91300 2 

.12750 3 .48300 2 .86440 1 .78950 0 .90400 2 

.13500 3 .48700 2 .87740 1 .80140 0 .89700 2 

.14250 3 .49000 2 .88690 1 .81010 0 .89000 2 

.15000 3 .49300 2 .89710 1 .81940 0 .88500 2 

.15750 3 .49600 2 .90740 1 .82880 0 .88000 2 

.16500 3 .49800 2 .91410 1 .83490 0 .87500 2 

.17250 3 .50100 2 .92460 1 .84450 0 .87000 2 

.18000 3 .50300 2 .93140 1 .85080 0 .86600 2 

.18750 3 .50600 2 .94140 1 .85980 0 .86100 2 

.19500 3 .50800 2 .94830 1 .86620 0 .85800 2 

.20250 3 .51000 2 .95590 1 .87310 0 .85500 2 
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Table XVIII (continued) 

Partial 

Time 

Min. 
Frogt 

F 
Pt. Pressure 

mm. Hg RATIOC 
Gas Temp.

0 
F 

.21000 3 .51200 2 .96300 1 .87960 0 .8510D 2 

.21750 3 .51300 2 .96620 1 .88250 0 .8470D 2 

.22500 3 .51500 2 .97340 1 .88900 0 .8430D 2 

.23250 3 .51700 2 .98050 1 .89660 0 .8400D 2 

.24000 3 .51900 2 .98840 1 .90280 0 .8380D 2 

.24750 3 .52000 2 .99170 1 .90580 0 .8350D 2 

.25500 3 .52200 2 .99890 1 .91240 0 .8330D 2 

.26250 3 .52300 2 .10030 2 .91600 0 .83000 2 

.27000 3 .52500 2 .10100 2 .92270 0 .82800 2 

.27750 3 .52600 2 .10140 2 .92580 0 .82500 2 

.28500 3 .52700 2 .10180 2 .92950 0 .82300 2 

.29250 3 .52900 2 .10250 2 .93630 0 .82000 2 

.30000 3 .53000 2 .10290 2 .94000 0 .81800 2 

.30700 3 .53200 2 .10370 2 .94690 0 .81600 2 

.31500 3 .53300 2 .10400 2 .95000 0 .81400 2 

.32250 3 .53400 2 .10440 2 .95380 0 .81200 2 

.33000 3 .53500 2 .10480 2 .95690 0 .81000 2 

.33750 3 .53600 2 .10520 2 .96070 0 .80800 2 

.34500 3 .53700 2 .10530 2 .96130 0 .80600 2 

.35250 3 .53800 2 .10600 2 .96770 0 .80400 2 

.36000 3 .53900 2 .10640 2 .97160 0 .80200 2 

.36750 3 .54000 2 .10670 2 .97480 0 .80000 2 

.37500 3 .54100 2 .10710 2 .97860 0 .79900 2 

.38250 3 .54200 2 .10750 2 .98180 0 .79800 2 

.39000 3 .54200 2 .10750 2 .98180 0 .79700 2 

.39750 3 .54300 2 .10790 2 .98570 0 .79600 2 

.40500 3 .54300 2 .10790 2 .98570 0 .79500 2 

.41250 3 .54400 2 .10830 2 .98900 0 .79400 2 
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Table XVIII (continued) 

Partial 

Time 

Min. 

Frost 

°F 
Pt. Pressure 

mm. Hg RATIOC 
Gas Temp.

0 
F 

.4200D 3 .5440D 2 .1083D 2 .9890D 0 .7930D 2 

.42750 3 .54500 2 .10870 2 .99290 0 .7920D 2 

.43500 3 .54500 2 .10870 2 .99290 0 .79100 2 

.44250 3 .54500 2 .10870 2 .99290 0 .78900 2 

.45000 3 .54600 2 .10910 2 .99670 0 .78800 2 

.45750 3 .54600 2 .10910 2 .99670 0 .78800 2 

.46500 3 .54600 2 .10910 2 .99670 0 .78700 2 

.47250 3 .54600 2 .10910 2 .99670 0 .78700 2 

.48000 3 .54700 2 .10950 2 .10000 1 .78700 2 

.48750 3 .54700 2 .10950 2 .10000 1 .78700 2 

.49500 3 .54700 2 .10950 2 .10000 1 .78700 2 

.50250 3 .54700 2 .10950 2 .10000 1 .78700 2 

.51000 3 .54700 2 .10950 2 .10000 1 .78600 2 

.51750 3 .54700 2 .10950 2 .10000 1 .78600 2 

.52500 3 .54700 2 .10950 2 .10000 1 .78600 2 

.53250 3 .54700 2 .10950 2 .10000 1 .78500 2 

.54000 3 .54700 2 .10950 2 .10000 1 .78500 2 

.54750 3 .54700 2 .10950 2 .10000 1 .78500 2 

.55500 3 .54700 2 .10950 2 .10000 1 .78500 2 

.56250 3 .54700 2 .10950 2 .10000 1 .78500 2 

.57000 3 .54700 2 .10950 2 .10000 1 .78500 2 

.57750 3 .54700 2 .10950 2 .10000 1 .78500 2 

.58500 3 .54700 2 .10950 2 .10000 1 .78500 2 

.59250 3 .54700 2 .10950 2 .10000 1 .78500 2 

.60000 3 .54700 2 .10950 2 .10000 1 .78500 2 

.60750 3 .54700 2 .10950 2 .10000 1 .78500 2 

.61500 3 .54700 2 .10950 2 .10000 1 .78500 2 

.62250 3 .54700 2 .10950 2 .10000 1 .78500 2 
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Table XVIII (continued) 

Time 

Min. 

Frost 

°F 
Pt. 

Partial 

Pressure 

mm. Hg RATIOC 
Gas^Temp. 

F 

.6300D 

.63750 

.64500 

.65250 

.66000 

.66750 

.67500 

.68250 

.69000 

.69750 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

.5470D 

.54700 

.54700 

.54700 

.54700 

.54700 

.54700 

.54700 

.54700 

.54700 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

.1095D 

.1095D 

.1095D 

.10950 

.10950 

.10950 

.10950 

.10950 

.10950 

.10950 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

.lOOOD 

.lOOOD 

.10000 

.10000 

.10000 

.10000 

.10000 

.10000 

.10000 

.10000 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

.7850D 

.7850D 

.7850D 

.7850D 

.7850D 

.78500 

.78500 

.78500 

.78500 

.78500 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 
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Table XIX. Experimental Results of Activated Alumina Run 
No. 2 (ACTX-2). 

Partial 

Time Frost Pt. Pressure Gas
0
Temp. 

o 
RATIOC FMin. F mm. Hg 

.00000 0 -.10690 3 .64300-3 -.42480-4 .7900D 2 

.75000 1 -.10690 3 .64300-3 -.42480-4 .8800D 2 

.15000 2 -.10690 3 .64300-3 -.42480-4 .10440 3 

.22500 2 -.10690 3 .64300-3 -.42480-4 .11680 3 

.30000 2 -.10690 3 .64300-3 -.42480-4 .12400 3 

.37500 2 -.10690 3 .64300-3 -.42480-4 .12880 3 

.45000 2 -.10690 3 .64300-3 -.42480 4 .13120 3 

.52500 2 -.10690 3 .64300-3 -.42480-4 .13340 3 

.60000 2 -.10690 3 .64300-3 -.42480-4 .13340 3 

.67500 2 -.55000 1 .71690 0 .65130-1 .13200 3 

.75000 2 .11900 2 .17580 1 .15980 0 .12800 3 

.82500 2 .23100 2 .30290 1 .27550 0 .12300 3 

.90000 2 .30800 2 .43340 1 .39420 0 .11600 3 

.97500 2 .34200 2 .50050 1 .34430 0 .11360 3 

.10500 3 .36000 2 .53780 1 .48920 0 .10900 3 

.11250 3 .38200 2 .58640 1 .53350 0 .10630 3 

.12000 3 .39700 2 .62210 1 .56600 0 .10400 3 

.12750 3 .41000 2 .65430 1 .59520 0 .10280 3 

.13500 3 .42100 2 .68270 1 .62110 0 .10120 3 

.14250 3 .42700 2 .69840 1 .63540 0 .10000 3 

.15000 3 .43300 2 .71500 1 .65050 0 .99000 2 

.15750 3 .44000 2 .73450 1 .66820 0 .97900 2 

.16500 3 .44500 2 .74820 1 .68070 0 .97200 2 

.17250 3 .45000 2 .76270 1 .69390 0 .96400 2 

.18000 3 .45400 2 .77430 1 .70440 0 .95600 2 

.18750 3 .45900 2 .78930 1 .71810 0 .95000 2 

.19500 3 .46300 2 .80120 1 .72890 0 .94200 2 
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Table XIX (continued) 

Partial 

Time 

Min. 

Frost 
0 
F 

Pt. Pressure 

mm. Hg RATIOC 
Gas Temp. 

o 
F 

.2025D 3 .4670D 2 .8139D 1 .7404D 0 .9360D 2 

.21000 3 .4700D 2 .82280 1 .74850 0 .93000 2 

.21750 3 .4740D 2 .83570 1 .76030 0 .92400 2 

.22500 3 .4760D 2 .84200 1 .76600 0 .91900 2 

.23250 3 .47900 2 .85110 1 .77430 0 .91400 2 

.24000 3 .48200 2 .86090 1 .78320 0 .91000 2 

.24750 3 .48400 2 .86740 1 .78910 0 .90600 2 

.25500 3 .48700 2 .87740 1 .79830 0 .90100 2 

.26250 3 .48900 2 .88390 1 .80420 0 .89600 2 

.27000 3 .49100 2 .89050 1 .81020 0 .89200 2 

.27750 3 .49300 2 .89710 1 .81620 0 .88800 2 

.28500 3 .49400 2 .90070 1 .81940 0 .88500 2 

.29250 3 .49700 2 .91040 1 .82830 0 .88200 2 

.30000 3 .49900 2 .91720 1 .83440 0 .87900 2 

.30750 3 .50100 2 .92130 1 .83820 0 .87600 2 

.31500 3 .50200 2 .92770 1 .84400 0 .87200 2 

.32250 3 .50400 2 .93450 1 .85020 0 .86800 2 

.33000 3 .50500 2 .93830 1 .85360 0 .86600 2 

.33750 3 .50700 2 .94520 1 .85990 0 .86200 2 

.34500 3 .50900 2 .95210 1 .86620 0 .86000 2 

.35250 3 .51000 2 .95590 1 .86970 0 .85600 2 

.36000 3 .51100 2 .95910 1 .87260 0 .85400 2 

.36750 3 .51300 2 .96620 1 .87900 0 .85200 2 

.37500 3 .51400 2 .97010 1 .88260 0 .84800 2 

.38250 3 .51500 2 .97340 1 .88550 0 .84600 2 

.39000 3 .51600 2 .97730 1 .88910 0 .84400 2 

.39750 3 .51800 2 .98440 1 .89560 0 .84200 2 

.40500 3 .51900 2 .98840 1 .89920 0 .84000 2 
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Table XIX (continued) 

Partial 

Time 

Min. 

Frost 

°F 
Pt. Pressure 

mm. Hg RATIOC 
Gas^Temp. 

F 

.41250 3 .52000 2 .99170 1 .9022D 0 .8380D 2 

.42000 3 .52100 2 .99560 1 .9058D 0 .8360D 2 

.42750 3 .52200 2 .99890 1 .9088D 0 .8340D 2 

.43500 3 .52300 2 .10030 2 .9124D 0 .8320D 2 

.44250 3 .52400 2 .10060 2 .9154D 0 .8300D 2 

.45000 3 .52500 2 .10100 2 .9191D 0 .8280D 2 

.45750 3 .52600 2 .10140 2 .9221D 0 .82600 2 

.46500 3 .52800 2 .10220 2 .92950 0 .82400 2 

.47250 3 .52900 2 .10250 2 .93260 0 .82200 2 

.48000 3 .53000 2 .10290 2 .93630 0 .82000 2 

.48750 3 .53000 2 .10290 2 .93630 0 .81800 2 

.49500 3 .53100 2 .10330 2 .93940 0 .81700 2 

.50250 3 .53200 2 .10370 2 .943100 .81600 2 

.51000 3 .53300 2 .10400 2 .94630 0 .81500 2 

.51750 3 .53300 2 .10400 2 .94630 0 .81400 2 

.52500 3 .53400 2 .10440 2 .95000 0 .81300 2 

.53250 3 .53500 2 .10480 2 .95320 0 .81200 2 

.54000 3 .53500 2 .10480 2 .95320 0 .81100 2 

.54750 3 .53600 2 .10520 2 .95690 0 .81000 2 

.55500 3 .53700 2 .10560 2 .96070 0 .80900 2 

.56250 3 .53800 2 .10600 2 .96390 0 .80800 2 

.57000 3 .53800 2 .10600 2 .96390 0 .80700 2 

.57750 3 .53900 2 .10630 2 .96710 0 .80600 2 

.58500 3 .54000 2 .10670 2 .97090 0 .80500 2 

.59250 3 .54000 2 .10670 2 .97090.0 .80400 2 

.60000 3 .54100 2 .10710 2 .97480 0 .80300 2 

.60750 3 .54100 2 .10710 2 .97480 0 .80200 2 

.61500 3 .54100 2 .10710 2 .97480 0 .80100 2 
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Table XIX (continued) 

Partial 

Time 

Min. 
Frogt Pt. 

F 

Pressure 

mm. Hg RATIOC 

Gas Temp.
0 
F 

.62250 3 .5420D 2 .1075D 2 .9780D 0 .8000D 2 

.63000 3 .5420D 2 .1075D 2 .97800 0 .8000D 2 

.63750 3 .54300 2 .1079D 2 .98180 0 .79900 2 

.64500 3 .54300 2 .10790 2 .98180 0 .79900 2 

.65250 3 .54400 2 .10830 2 .98510 0 .79800 2 

.66000 3 .54400 2 .10830 2 .98510 0 .79800 2 

.66750 3 .54400 2 .10830 2 .98510 0 .79700 2 

.67500 3 .54400 2 .10830 2 .98510 0 .79700 2 

.68250 3 .54500 2 .10870 2 .98900 0 .79600 2 

.69000 3 .54500 2 .10870 2 .98900 0 .79600 2 

.69750 3 .54500 2 .10870 2 .98900 0 .79500 2 

.70500 3 .54600 2 .10910 2 .99280 0 .79500 2 

.71250 3 .54600 2 .10910 2 .99280 0 .79400 2 

.72000 3 .54600 2 .10910 2 .99280 0 .79400 2 

.72750 3 .54600 2 .10910 2 .99280 0 .79300 2 

.73500 3 .54600 2 .10910 2 .99280 0 .79300 2 

.74250 3 .54600 2 .10910 2 .99280 0 .79200 2 

.75000 3 .54700 2 .10950 2 .99610 0 .79200 2 

.75750 3 .54700 2 .10950 2 .99610 0 .79200 2 

.76500 3 .54700 2 .10950 2 .99610 0 .79200 2 

.77250 3 .54700 2 .10950 2 .99610 0 .79100 0 

.78000 3 .54700 2 .10950 2 .99610 0 .79100 0 

.78750 3 .54700 2 .10950 2 .99610 0 .79100 2 

.79500 3 .54700 2 .10950 2 .99610 0 .79100 2 

.80250 3 .54700 2 .10950 2 .99610 0 .79100 2 

.81000 3 .54700 2 .10950 2 .99610 0 .79000 2 

.81750 3 .54700 2 .10950 2 .99610 0 .79000 2 

.82500 3 .54700 2 .10950 2 .99610 0 .79000 2 
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Table XIX (continued) 

Partial 

Time Frogt Pt. Pressure Gas Temp.
0 

Min. F mm. Hg RATIOC F 

.83250 3 .54800 2 .1099D 2 .lOOOD 1 .7900D 2 

.84000 3 .54800 2 .10990 2 .lOOOD 1 .79000 2 

.84750 3 .54800 2 .10990 2 .10000 1 .79000 2 

.85500 3 .54800 2 .10990 2 .10000 1 .79000 2 

.86250 3 .54800 2 .10990 2 .10000 1 .78900 2 

.87000 3 .54800 2 .10990 2 .10000 1 .78900 2 

.87750 3 .54800 2 .10990 2 .10000 1 .78900 2 

.88500 3 .54800 2 .19000 2 .10000 1 .78900 2 

.89250 3 .54800 2 .10990 2 .10000 1 .78900 2 

.90000 3 .54800 2 .10990 2 .10000 1 .78900 2 

.90750 3 .54800 2 .10990 2 .10000 1 .78900 2 

.91500 3 .54800 2 .10990 2 .10000 1 .78900 2 

.92250 3 .54800 2 .10990 2 .10000 1 .78900 2 

.93000 3 .54800 2 .10990 2 .10000 1 .78900 2 

.93750 3 .54800 2 .10990 2 .10000 1 .78900 2 

.94500 3 .54800 2 .10990 2 .10000 1 .78900 2 

.95250 3 .54800 2 .10990 2 .10000 1 .78900 2 

.96000 3 .54800 2 .10990 2 .10000 1 .78900 2 

.96750 3 .54800 2 .10990 2 .10000 1 .78900 2 

.97500 3 .54800 2 .10990 2 .10000 1 .78900 2 

.98250 3 .54800 2 .10990 2 .10000 1 .78900 2 

.99000 3 .54800 2 .10990 2 .10000 1 .78900 2 

.99750 3 .54800 2 .10990 2 .10000 1 .78900 2 

.10050 4 .54800 2 .10990 2 .10000 1 .78900 2 

.10130 4 .54800 2 .10990 2 .10000 1 .78900 2 

.10200 4 .54800 2 .10990 2 .10000 1 .78900 2 

.10270 4 .54800 2 .10990 2 .10000 1 .78900 2 
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Table XIX (continued) 

Time 

Min. 

Frost 

F 

Pt. 

Partial 

Pressure 

mm. Hg RATIOC 
Gas^Temp. 

F 

.1035D 

.1043D 

.1050D 

.1057D 

.1065D 

.1073D 

4 

4 

4 

4 

4 

4 

.5480D 

.5480D 

.5480D 

.5480D 

.5480D 

.5480D 

2 

2 

2 

2 

2 

2 

.1099D 

.1099D 

.1099D 

.1099D 

.1099D 

.1099D 

2 

2 

2 

2 

2 

2 

.lOOOD 

.lOOOD 

.lOOOD 

.lOOOD 

.lOOOD 

.lOOOD 

1 

1 

1 

1 

1 

1 

.7890D 

.7890D 

.7890D 

.7890D 

.7890D 

.7890D 

2 

2 

2 

2 

2 

2 
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Table XX. Experimental Results of Activated Alumina Run 
No. 3 (ACTX-3). 

Partial 

Time Pressure Gas 
0
Temp.Frogt Pt. 

Min. F RATIOC Fmm. Hg 

.OOOOD 0 -.1042D 3 .8129D-3 -.5300D-3 .7920D 2 

.7500D 1 -.1042D 3 ..8129D-3 -.5300D-3 .7980D 2 

.1500D 2 -.1042D 3 .8129D-3 -.5300D-3 .8010D 2 

.2250D 2 -.1042D 3 .8129D-3 -.5300D 3 .8030D 2 

.3000D 2 -.1042D 3 .8129D-3 -.5300D-3 .8040D 2 

.3750D 2 -.1042D 3 .8129D-3 -.5300D-3 .8050D 2 

.4500D 2 -.1042D 3 .8129D-3 -.5300D-3 .8050D 2 

.5250D 2 -.1042D 3 .8129D-3 -.5300D-3 .8060D 2 

.6000D 2 -.1042D 3 .8129D-3 -.5300D-3 .8060D 2 

.6750D 2 -.1042D 3 .8129D-3 -.5300D-3 .8060D 2 

.7500D 2 -.1042D 3 .8129D-3 -.5300D-3 .8060D 2 

.8250D 2 -.1042D 3 .8129D-3 -.5300D-3 .8070D 2 

.9000D 2 -.1042D 3 .8129D-3 -.5300D-3 .8070D 2 

.9750D 2 -.1042D 3 .8129D-3 -.5300D-3 .8070D 2 

.1050D 3 -.1042D 3 .8129D-3 -.5300D-3 .8070D 2 

.1125D 3 -.1042D 3 .8129D-3 -.5300D-3 .8070D 2 

.1200D 3 -.1042D 3 .8129D-3 -.5300D-3 .8070D 2 

.1275D 3 -.1042D 3 .8129D-3 -.5300D-3 .8080D 2 

.1350D 3 -.1042D 3 .8129D-3 -.5300D-3 .8080D 2 

.1425D 3 -.1042D 3 .8129D-3 -.5300D-3 .8080D 2 

.1500D 3 -.1042D 3 .8129D-3 -.5300D-3 .8080D 2 

.1575D 3 -.1042D 3 .8129D-3 -.5300D-3 .8080D 2 

.1650D 3 -.1042D 3 .8129D-3 -.5300D-3 .8080D 2 

.1725D 3 -.1042D 3 .8129D-3 -.5300D-3 .8080D 2 

.1800D 3 -.1042D 3 .8129D-3 -.5300D-3 .8080D 2 

.18750 3 -.95800 2 .1670D-2 .9995D-3 .8080D 2 

.19500 3 -.92200 2 .2250D-2 .2034D-2 .8080D 2 

.20250 3 -.85400 2 .39110-2 .49990-2 .8080D 2 
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Table XX (continued) 

Partial 

Time Frost Pt. Pressure Gas^Temp. 
Min. F nun. Hg RATIOC F 

.21000 3 -.73800 2 .95470-2 .1506D-1 .8080D 2 

.21750 3 -.67000 2 .15700-1 .2604D-1 .8080D 2 

.22500 3 -.61200 2 .23680-1 .4028D-1 .8070D 2 

.23250 3 -.54500 2 .37540-1 .6500D-1 .8070D 2 

.24000 3 -.50600 2 .48760-1 .8503D-1 .8060D 2 

.24750 3 -.45400 2 .68400-1 .1201D 0 .8050D 2 

.25500 3 -.40000 2 .96600-1 .1704D 0 .8040D 2 

.26250 3 -.35600 2 .12710 0 .22490 0 .8030D 2 

.27000 3 -.32000 2 .15840 0 .28060 0 .8010D 2 

.27750 3 -.29100 2 .18860 0 .33450 0 .7990D 2 

.28500 3 -.24800 2 .24310 0 .43180 0 .7970D 2 

.29250 3 -.21800 2 .28930 0 .51430 0 .79600 2 

.30000 3 -.19200 2 .33580 0 .59720 0 .79400 2 

.30750 3 -.17600 2 .36800 0 .65470 0 .79200 2 

.31500 3 -.16000 2 .40180 0 .71500 0 .79000 2 

.32250 3 -.14800 2 .43000 0 .76530 0 .78900 2 

.33000 3 -.13700 2 .45750 0 .81440 0 .78800 2 

.33750 3 -.13000 2 .47600 0 .84740 0 .78700 2 

.34500 3 -.12700 2 .48450 0 .86260 0 .78600 2 

.35250 3 -.12400 2 .49150 0 .87510 0 .78600 2 

.36000 3 -.12100 2 .50000 0 .89030 0 .78500 2 

.36750 3 -.11900 2 .50550 0 .90010 0 .78500 2 

.37500 3 -.11700 2 .51100 0 .90990 0 .78400 2 

.38250 3 -.11600 2 .51400 0 .91520 0 .78400 2 

.39000 3 -.11400 2 .52000 0 .92510 0 .78400 2 

.39750 3 -.11300 2 .52240 0 .93020 0 .78300 2 

.40500 3 -.11200 2 .52600 0 .93670 0 .78300 2 

.41250 3 -.11200 2 .52600 0 .93670 0 .78300 2 
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Table XX (continued) 

Partial 

Time 

Min. 
Frogt 

F 
Pt. Pressure 

mm. Hg RATIOC 
Gas Temp.

0 
F 

.4200D 3 -.lllOD 2 .5290D 0 .9420D 0 .7830D 2 

.42750 3 -.11000 2 .53150 0 .94650 0 .7820D 2 

.43500 3 -.11000 2 .53150 0 .94650 0 .78200 2 

.44250 3 -.10900 2 .53450 0 .95180 0 .78200 2 

.45000 3 -.10900 2 .53450 0 .95180 0 .78200 2 

.45750 3 -.10900 2 .53450 0 .95180 0 .78200 2 

.46500 3 -.10800 2 .53700 0 .95630 0 .78200 2 

.47250 3 -.10800 2 .53700 0 .95630 0 .78200 2 

.48000 3 -.10800 2 .53700 0 .95630 0 .78200 2 

.48750 3 -.10800 2 .53700 0 .95630 0 .78200 2 

.49500 3 -.10800 2 .53700 0 .95630 0 .78200 2 

.50250 3 -.10800 2 .53700 0 .95630 0 .78200 2 

.51000 3 -.10800 2 .53700 0 .95630 0 .78200 2 

.51750 3 -.10700 2 .54000 0 .96160 0 .78200 2 

.52500 3 -.10700 2 .54000 0 .96160 0 .78200 2 

.53250 3 -.10700 2 .54000 0 .96160 0 .78200 2 

.54000 3 -.10700 2 .54000 0 .96160 0 .78200 2 

.54750 3 -.10700 2 .54000 0 .96160 0 .78200 2 

.55500 3 -.10600 2 .54280 0 .96660 0 .78200 2 

.56250 3 -.10600 2 .54280 0 .96660 0 .78200 2 

.57000 3 -.10600 2 .54280 0 .96660 0 .78200 2 

.57750 3 -.10600 2 .54280 0 .96660 0 .78200 2 

.58500 3 -.10600 2 .54280 0 .96660 0 .78200 2 

.59250 3 -.10600 2 .54280 0 .96660 0 .78200 2 

.60000 3 -.10600 2 .54280 0 .96660 0 .78200 2 

.60750 3 -.10600 2 .54280 0 .96660 0 .78200 2 

.61500 3 -.10500 2 .54640 0 .97310 0 .78200 2 

.62250 3 -.10500 2 .54600 0 .97310 0 .78200 2 
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Table XX (continued) 

Partial 

Time 

Min. 
Frogt 

F 
Pt. Pressure 

mm. Hg RATIOC 
Gas^Temp. 

F 

.63000 3 -.10500 2 .54640 0 .9731D 0 .7820D 2 

.63750 3 -.10500 2 .54640 0 .9731D 0 .7820D 2 

.64500 3 -.10500 2 .54640 0 .9731D 0 .7820D 2 

.65250 3 -.10500 2 .54640 0 .9731D 0 .7820D 2 

.66000 3 -.10500 2 .54640 0 .9731D 0 .7820D 2 

.66750 3 -.10500 2 .54640 0 .9731D 0 .7810D 2 

.67500 3 -.10400 2 .54900 0 .97770 0 .7810D 2 

.68250 3 -.10400 2 .54900 0 .97770 0 .7810D 2 

.69000 3 -.10400 2 .54900 0 .97770 0 .7810D 2 

.69750 3 -.10400 2 .54900 0 .97770 0 .7810D 2 

.70500 3 -.10400 2 .54900 0 .97770 0 .7810D 2 

.71250 3 -.10400 2 .54900 0 .97770 0 .7810D 2 

.72000 3 -.10400 2 .54900 0 .97770 0 .7810D 2 

.72750 3 -.10400 2 .54900 0 .97770 0 .7810D 2 

.73500 3 -.10300 2 .55200 0 .98300 0 .7810D 2 

.74250 3 -.10300 2 .55200 0 .98300 0 .7810D 2 

.75000 3 -.10300 2 .55200 0 .98300 0 .7810D 2 

.75750 3 -.10300 2 .55200 0 .98300 0 .7810D 2 

.76500 3 -.10300 2 .55200 0 .98300 0 .7810D 2 

.77250 3 -.10300 2 .55200 0 .98300 0 .7810D 2 

.78000 3 -.10300 2 .55200 0 .98300 0 .7810D 2 

.78750 3 -.10300 2 .55200 0 .98300 0 .7810D 2 

.79500 3 -.10300 2 .55200 0 .98300 0 .7810D 2 

.80250 3 -.10200 2 .55560 0 .98950 0 .7810D 2 

.81000 3 -.10200 2 .55560 0 .98950 0 .7810D 2 

.81750 3 -.10200 2 .55560 0 .98950 0 .7810D 2 

.82500 3 -.10200 2 .55560 0 .98950 0 .7810D 2 

.83250 3 -.10200 2 .55560 0 .98950 0 .78100 2 
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Table XX (continued) 

Partial 

Time Frost Pt. Pressure Gas^Temp. 
Min. F mm.Hg RATIOC F 

.84000 3 -.10200 2 .55560 0 .98950 0 .7810D 2 

.84750 3 -.10200 2 .55560 0 .98950 0 .7810D 2 

.85500 3 -.10200 2 .55560 0 .98950 0 .7810D 2 

.86250 3 -.10200 2 .55560 0 .98950 0 .7810D 2 

.87000 3 -.10200 2 .55560 0 .98950 0 .7810D 2 

.87750 3 -.10200 2 .55560 0 .98950 0 .7810D 2 

.88500 3 -.10200 2 .55560 0 .98950 0 .7810D 2 

.89250 3 -.10200 2 .55560 0 .98950 0 .7810D 2 

.90000 3 -.10100 2 .55850 0 .99460 0 .7810D 2 

.90750 3 -.10100 2 .55850 0 .99460 0 .7810D 2 

.91500 3 -.10100 2 .55850 0 .99460 0 .7810D 2 

.92250 3 -.10100 2 .55850 0 .99460 0 .7810D 2 

.93000 3 -.10100 2 .55850 0 .99460 0 .7810D 2 

.93750 3 -.10100 2 .55850 0 .99460 0 .7810D 2 

.94500 3 -.10100 2 .55850 0 .99460 0 .78100 2 

.95250 3 -.10100 2 .55850 0 .99460 0 .78100 2 

.96000 3 -.10100 2 .55850 0 .99460 0 .78100 2 

.96750 3 -.10100 2 .55850 0 .99460 0 .78100 2 

.97500 3 -.10100 2 .55850 0 .99460 0 .78100 2 

.98250 3 -.10100 2 .55850 0 .99460 0 .78100 2 

.99000 3 -.10100 2 .55850 0 .99460 0 .78100 2 

.99750 3 -.10000 2 .56150 0 .10000 1 .78100 2 

.10050 4 -.10000 2 .56150 0 .10000 1 .78100 2 

.10130 4 -.10000 2 .56150 0 .10000 1 .78100 2 

.10200 4 -.10000 2 .56150 0 .10000 1 .78100 2 

.10270 4 -.10000 2 .56150 0 .10000 1 .78100 2 

.10350 4 -.10000 2 .56150 0 .10000 1 .78100 2 
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Table XX ( continued) 

Partial 

Time Frost Pt. Pressure Gas^Temp. 
Min. F mm. Hg RATIOC F 

.1043D 4 -.lOOOD 2 .5615D 0 .lOOOD 1 .7810D 2 

.1050D 4 -.lOOOD 2 .5615D 0 .lOOOD 1 .7810D 2 

.1057D 4 -.lOOOD 2 .5615D 0 .lOOOD 1 .7810D 2 

.1065D 4 -.lOOOD 2 .5615D 0 .lOOOD 1 .7810D 2 

.1073D 4 -.lOOOD 2 .5615D 0 .lOOOD 1 .7810D 2 

.1080D 4 -.lOOOD 2 .5615D 0 .lOOOD 1 .7810D 2 

.1087D 4 -.lOOOD 2 .5615D 0 .lOOOD 1 .7810D 2 

.1095D 4 -.lOOOD 2 .5615D 0 .lOOOD 1 .7810D 2 

.1102D 4 -.lOOOD 2 .5615D 0 .lOOOD 1 .7810D 2 

.lllOD 4 -.lOOOD 2 .5615D 0 .lOOOD 1 .7810D 2 

.1118D 4 -.lOOOD 2 .5615D 0 .lOOOD 1 .7810D 2 

.1125D 4 -.lOOOD 2 .5615D 0 .lOOOD 1 .7810D 2 

.1132D 4 -.lOOOD 2 .5615D 0 .lOOOD 1 .7810D 2 

.1140D 4 -.lOOOD 2 .5615D 0 .lOOOD 1 .7810D 2 

.1148D 4 -.lOOOD 2 .5615D 0 .lOOOD 1 .7810D 2 

.1155D 4 -.lOOOD 2 .5615D 0 .lOOOD 1 .7810D 2 



194 

Table XXI. Experimental Results of Activated Alumina Run 
No. 4 (ACTX-4). 

Partial 

Time 

Min. 

Frost 

°F 
Pt. Pressure 

mm. Hg RATIOC 
Gas^Temp. 

F 

.00000 0 -.10540 3 .73370-3 -.58470-4 .7920D 2 

.75000 1 -.10540 3 .73370-3 -.58470-4 .10200 3 

.15000 2 -.10540 3 .73370-3 -.58470-4 .12520 3 

.22500 2 -.10200 3 .55560 0 .50070-1 .13300 3 

.30000 2 .71000 1 .13820 1 .12470 0 .13080 3 

.37500 2 .21200 2 .27650 1 .24970 0 .12660 3 

.45000 2 .30700 2 .43160 1 .38980 0 .11700 3 

.52500 2 .36700 2 .55290 1 .49940 0 .11000 3 

.60000 2 .40300 2 .63680 1 .57510 0 .10520 3 

.67500 2 .43000 2 .70670 1 .63830 0 .10240 3 

.75000 2 .44700 2 .75440 1 .68140 0 .10000 3 

.82500 2 .45800 2 .78660 1 .71050 0 .98000 2 

.90000 2 .46700 2 .81390 1 .73510 0 .96000 2 

.97500 2 .47400 2 .83570 1 .75490 0 .94600 2 

.10500 3 .48100 2 .85740 1 .77450 0 .93200 2 

.11250 3 .48600 2 .87390 1 .78930 0 .92000 2 

.12000 3 .49000 2 .88690 1 .80110 0 .91000 2 

.12750 3 .49500 2 .90370 1 .81630 0 .90000 2 

.13500 3 .49800 2 .91410 1 .82570 0 .89200 2 

.14250 3 .50100 2 .92460 1 .83520 0 .88400 2 

.15000 3 .50300 2 .93140 1 .84130 0 .87800 2 

.15750 3 .50400 2 .93450 1 .84410 0 .87400 2 

.16500 3 .50700 2 .94520 1 .85370 0 .86800 2 

.17250 3 .50900 2 .95210 1 .86000 0 .86400 2 

.18000 3 .51100 2 .95910 1 .86640 0 .86000 2 

.18750 3 .51200 2 .96300 1 .86980 0 .85700 2 

.19500 3 .51400 2 .97010 1 .87630 0 .85400 2 
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Table XXI (continued) 

Partial 

Time 

Min. 

Frost 
0 
F 

Pt. Pressure 

mm. Hg RATIOC 
Gas Temp.

0 
F 

.20250 3 .51500 2 .97340 1 .87920 0 .8500D 2 

.21000 3 .51700 2 .98050 1 .88570 0 .84800 2 

.21750 3 .51800 2 .98440 1 .88920 0 .84400 2 

.22500 3 .51900 2 .98840 1 .89280 0 .84100 2 

.23250 3 .52000 2 .99170 1 .89570 0 .83800 2 

.24000 3 .52100 2 .99560 1 .89930 0 .83600 2 

.24750 3 .52200 2 .99890 1 .90230 0 .83300 2 

.25500 3 .52300 2 .10030 2 .90590 0 .83200 2 

.26250 3 .52400 2 .10060 2 .90890 0 .83000 2 

.27000 3 .52500 2 .10100 2 .91250 0 .82800 2 

.27750 3 .52600 2 .10140 2 .91550 0 .82700 2 

.28500 3 .52700 2 .10180 2 .91920 0 .82600 2 

.29250 3 .52800 2 .10220 2 .92290 0 .82400 2 

.30000 3 .52900 2 .10250 2 .92590 0 .82300 2 

.30750 3 .53000 2 .10290 2 .92960 0 .82200 2 

.31500 3 .53100 2 .10330 2 .93270 0 .82100 2 

.32250 3 .53200 2 .10370 2 .93640 0 .82000 2 

.33000 3 .53200 2 .10370 2 .93640 0 .81900 2 

.33750 3 .53300 2 .10400 2 .93950 0 .81800 2 

.34500 3 .53400 2 .10440 2 .94320 0 .81700 2 

.35250 3 .53500 2 .10480 2 .94630 0 .81600 2 

.36000 3 .53600 2 .10520 2 .95010 0 .81500 2 

.36750 3 .53600 2 .10520 2 .95010 0 .81400 2 

.37500 3 .53700 2 .10560 2 .95390 0 .81300 2 

.38500 3 .53800 2 .10600 2 .95700 0 .81200 2 

.39000 3 .53800 2 .10600 2 .95700 0 .81100 2 

.39750 3 .53900 2 .10640 2 .96080 0 .81000 2 

.40500 3 .53900 2 .10640 2 .96080 0 .80900 2 
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Table XXI (continued) 

Partial 

Time 

Min. 
Frogt Pt. 

F 

Pressure 

mm. Hg RATIOC 

Gas Temp.
0 
F 

.4125D 3 .5400D 2 .1067D 2 .9640D 0 .8080D 2 

.42000 3 .54100 2 .10710 2 .96780 0 .8080D 2 

.42750 3 .54100 2 .10710 2 .96780 0 .80800 2 

.43500 3 .54200 2 .10750 2 .97100 0 .80700 2 

.44250 3 .54200 2 .10750 2 .97100 0 .80700 2 

.45000 3 .54300 2 .10790 2 .97480 0 .80700 2 

.45750 3 .54300 2 .10790 2 .97480 0 .80600 2 

.46500 3 .54300 2 .10790 2 .97480 0 .80500 2 

.47250 3 .54400 2 .10830 2 .97800 0 .80400 2 

.48000 3 .54400 2 .10830 2 .97800 0 .80400 2 

.48750 3 .54500 2 .10870 2 .98190 0 .80300 2 

.49500 3 .54500 2 .10870 2 .98190 0 .80200 2 

.50250 3 .54500 2 .10870 2 .98190 0 .80100 2 

.51000 3 .54600 2 .10910 2 .98570 0 .80100 2 

.51750 3 .54600 2 .10910 2 .98570 0 .80000 2 

.52500 3 .54600 2 .10910 2 .98570 0 .80000 2 

.53240 3 .54600 2 .10910 2 .98570 0 .79900 2 

.54000 3 .54700 2 .10950 2 .98890 0 .79900 2 

.54750 3 .54700 2 .10950 2 .98890 0 .79800 2 

.55500 3 .54700 2 .10950 2 .98890 0 .79800 2 

.56250 3 .54700 2 .10950 2 .98890 0 .79700 2 

.57000 3 .54800 2 .10990 2 .99280 0 .79700 2 

.57750 3 .54800 2 .10990 2 .99280 0 .79700 2 

.58500 3 .54800 2 .10990 2 .99280 0 .79600 2 

.59250 3 .54800 2 .10990 2 .99280 0 .79600 2 

.60000 3 .54900 2 .11030 2 .99610 0 .79600 2 

.60750 3 .54900 2 .11030 2 .99610 0 .79600 2 

.61500 3 .54900 2 .11030 2 .99610 0 .79600 2 
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Table XXI (continued) 

Partial 

Time 

Min. 
Frogt 

F 
Pt. Pressure 

mm, Hg RATIOC 
Gas Temp. 

o 
F 

.62250 3 .5490D 2 .1103D 2 .9961D 0 .7950D 2 

.63000 3 .54900 2 .11030 2 .99610 0 .7950D 2 

.63750 3 .54900 2 .11030 2 .99610 0 .79500 2 

.64500 3 .54900 2 .11030 2 .99610 0 .79500 2 

.65250 3 .54900 2 .11030 2 .99610 0 .79400 2 

.66000 3 .55000 2 .11070 2 .10000 1 .79400 2 

.66750 3 .55000 2 .11070 2 .10000 1 .79400 2 

.67500 3 .55000 2 .11070 2 .10000 1 .79400 2 

.68250 3 .55000 2 .11070 2 .10000 1 .79300 2 

.69000 3 .55000 2 .11070 2 .10000 1 .79300 2 

.69750 3 .55000 2 .11070 2 .10000 1 .79300 2 

.70500 3 .55000 2 .11070 2 .10000 1 .79300 2 

.71250 3 .55000 2 .11070 2 .10000 1 .79300 2 

.72000 3 .55000 2 .11070 2 .10000 1 .79300 2 

.72750 3 .55000 2 .11070 2 .10000 1 .79300 2 

.73500 3 .55000 2 .11070 2 .10000 1 .79300 2 

.74250 3 .55000 2 .11070 2 .10000 1 .79300 2 

.75000 3 .55000 2 .11070 2 .10000 1 .79300 2 

.75750 3 .55000 2 .11070 2 .10000 1 .79300 2 

.76500 3 .55000 2 .11070 2 .10000 1 .79300 2 

.77250 3 .55000 2 .11070 2 .10000 1 .79200 2 

.78000 3 .55000 2 .11070 2 .10000 1 .79200 2 

.78750 3 .55000 2 .11070 2 .10000 1 .79200 2 

.79500 3 .55000 2 .11070 2 .10000 1 .79200 2 
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Table XXII. Experimental Results of Activated Alumina Run 
No. 5 (ACTX-5). 

Partial 

Time Frost Pt. Pressure Gas Temp. 
o 

Min. F mm. Hg RATIOC F 

.00000 0 -.10600 3 .69630-3 -.22280-4 .7950D 2 

.75000 1 -.10600 3 .69630-3 -.22280-4 .1096D 3 

.15000 2 -.10600 3 .69630-3 -.22280-4 .12720 3 

.22500 2 -.10600 3 .69630-3 -.22280-4 .13440 3 

.30000 2 -.10600 3 .69630-3 -.22280-4 .13800 3 

.37500 2 -.13300 2 .46820 0 .41910-1 .13520 3 

.45000 2 .25200 2 .33420 1 .29960 0 .12760 3 

.52500 2 .36100 2 .54000 1 .48430 0 .11600 3 

.60000 2 .40500 2 .64170 1 .57540 0 .11000 3 

.67500 2 .42400 2 .69070 1 .61940 0 .10580 3 

.75000 2 .43900 2 .73140 1 .65590 0 .10280 3 

.82500 2 .44800 2 .75700 1 .67890 0 .10040 3 

.90000 2 .46000 2 .79250 1 .71070 0 .98400 2 

.97500 2 .46700 2 .81390 1 .72980 0 .96400 2 

.10500 3 .47300 2 .83230 1 .74640 0 .95200 2 

.11250 3 .48000 2 .85450 1 .76630 0 .93900 2 

.12000 3 .48600 2 .87390 1 .78370 0 .92800 2 

.12750 3 .49000 2 .88670 1 .79540 0 .91600 2 

.13500 3 .49500 2 .90370 1 .81040 0 .90600 2 

.14250 3 .49900 2 .91720 1 .82250 0 .89600 2 

.15500 3 .50300 2 .93140 1 .83530 0 .88800 2 

.15750 3 .50600 2 .94140 1 .84420 0 .88000 2 

.16500 3 .50900 2 .95210 1 .85310 0 .87300 2 

.17250 3 .51200 2 .96300 1 .86360 0 .86800 2 

.18800 3 .51400 2 .97010 1 .87000 0 .86200 2 

.18750 3 .51700 2 .98050 1 .87930 0 .85600 2 

.19500 3 .51900 2 .98840 1 .88640 0 .85200 2 

.20250 3 .52200 2 .99890 1 .89580 0 .84800 2 
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Table XXII (continued) 

Partial 

Time 

Min. 
Frogt 

F 
Pt. Pressure 

mm. Hg RATIOC 
Gas^Temp. 

F 

.2I00D 3 .5240D 2 .I006D 2 .9024D 0 .8440D 2 

.2175D 3 .5260D 2 .1014D 2 .9090D 0 .8400D 2 

.2250D 3 .5280D 2 .1022D 2 .9162D 0 .8360D 2 

.23250 3 .52900 2 .10250 2 .9193D 0 .8320D 2 

.24000 3 .53100 2 .10330 2 .9260D 0 .8300D 2 

.24750 3 .53200 2 .10370 2 .92970 0 .82700 2 

.25500 3 .53400 2 .10440 2 .93640 0 .82400 2 

.26250 3 .53500 2 .10480 2 .93950 0 .82100 2 

.27000 3 .53700 2 .10560 2 .94700 0 .81900 2 

.27750 3 .53800 2 .10600 2 .95020 0 .81700 2 

.28500 3 .53900 2 .10640 2 .95390 0 .81500 2 

.29250 3 .54000 2 .10670 2 .95710 0 .81300 2 

.30000 3 .54100 2 .10710 2 .96080 0 .81100 2 

.30750 3 .54200 2 .10750 2 .96400 0 .80900 2 

.31500 3 .54300 2 .10790 2 .96780 0 .80700 2 

.32250 3 .54400 2 .10830 2 .97100 0 .80600 2 

.33000 3 .54500 2 .10870 2 .97480 0 .80500 2 

.33750 3 .54600 2 .10910 2 .97860 0 .80400 2 

.34500 3 .54700 2 .10950 2 .98180 0 .80300 2 

.35250 3 .54800 2 .10990 2 .98570 0 .80200 2 

.36000 3 .54900 2 .11030 2 .98890 0 .80100 2 

.36750 3 .55000 2 .11070 2 .99280 0 .80000 2 

.37500 3 .55000 2 .11070 2 .99280 0 .79900 2 

.38250 3 .55100 2 .11110 2 .99610 0 .79800 2 

.39000 3 .55100 2 .11110 2 .99610 0 .79700 2 

.39750 3 .55200 2 .11150 2 .10000 1 .79600 2 

.40500 3 .55200 2 .11150 2 .10000 1 .79600 2 

.41250 3 .55200 2 .11150 2 .10000 1 .79600 2 
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Table XXII (continued) 

Partial 

Time 

Min. 

Frost 
o 
F 

Pt. Pressure 

mm. Hg RATIOC 
Gas Temp.

0 
F 

.4200D 3 .5520D 2 .1115D 2 .lOOOD 1 .7950D 2 

.42750 3 .5520D 2 .1115D 2 .lOOOD 1 .7950D 2 

.43500 3 .5520D 2 .11150 2 .10000 1 .79500 2 

.44250 3 .5520D 2 .11150 2 .10000 1 .79400 2 

.45000 3 .55200 2 .11150 2 .10000 1 .79400 2 

.45750 3 .55200 2 .11150 2 .10000 1 .79400 2 

.46500 3 .55200 2 .11150 2 .10000 1 .79400 2 

.47250 3 .55200 2 .11150 2 .10000 1 .79300 2 

.48000 3 .55200 2 .11150 2 .10000 1 .79300 2 

.48750 3 .55200 2 .11150 2 .10000 1 .79300 2 

.49500 3 .55200 2 .11150 2 .10000 1 .79200 2 

.50250 3 .55200 2 .11150 2 .10000 1 .79200 2 

.51000 3 .55200 2 .11150 2 .10000 1 .79200 2 
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Table XXIII. Experimental Results of Activated Alumina Run 
No. 6 (ACTX-6). 

Partial 

Time 

Min. 
Frogt Pt. 

F 

Pressure 

mm. Hg RATIOC 
Gas Temp.

0 
F 

.OOOOD 0 -.1063D 3 .6787D-3 -.5700D-4 .7880D 2 

.75000 1 -.1063D 3 -.67870-3 -.57000-4 .8000D 2 

.15000 2 -.1063D 3 .67870-3 -.57000-4 .1068D 3 

.22500 2 -.10630 3 .67870-3 -.57000-4 ,11840 3 

.30000 2 -.10630 3 .67870-3 -.57000-4 .12480 3 

.37500 2 -.10630 3 .67870-3 -.57000-4 .12960 3 

.45000 2 -.10630 3 .67870-3 -.57000-4 .13200 3 

.52500 2 -.10630 3 .67870-3 -.57000-4 .13420 3 

.60000 2 -.10630 3 .67870-3 -.57000-4 .13570 3 

.67500 2 -.30700 2 .17140 0 .14990-1 .13520 3 

.75000 2 .23000 1 .10800 1 .94990-1 .13240 3 

.82500 2 .19100 1 .25000 1 .22000 0 .12720 3 

.90000 2 .28900 2 ,39720 1 .34960 0 .12120 3 

.97500 2 .34700 2 .51070 1 .44950 0 .11500 3 

.10500 3 .36400 2 .54630 1 .48090 0 .11000 3 

.11250 3 .38400 2 .59140 1 .52060 0 .10680 3 

.12000 3 .39600 2 .61960 1 .54540 0 .10520 3 

.12750 3 .40700 2 .64670 1 .56920 0 .10320 3 

.13500 3 .41800 2 .67460 1 .59390 0 .10160 3 

.14250 3 .42700 2 .70420 1 .61990 0 .10040 3 

.15000 3 .43600 2 .72290 1 .63640 0 .99600 2 

.15750 3 .44300 2 .74260 1 .65370 0 .98800 2 

.16500 3 .45300 2 .77170 1 .67930 0 .97600 2 

.17250 3 .45600 2 .78070 1 .68720 0 .96700 2 

.18000 3 .45900 2 .78930 1 .69480 0 .96000 2 

.18750 3 .46500 2 .80780 1 .71110 0 .95200 2 

,19500 3 .46800 2 .81660 1 .71890 0 .94500 2 

.20250 3 .47200 2 .82890 1 .72970 0 .94000 2 
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Table XXIII (continued) 

Partial 

Time Frost Pt. Pressure Gas Temp.
0 

Min. F mm. Hg RATIOC F 

.21000 3 .47000 2 .84480 1 .74370 0 .9320D 2 

.21750 3 .47900 2 .85110 1 .74930 0 .9270D 2 

.22500 3 .48300 2 .86440 1 .76100 0 .9220D 2 

.23250 3 .48600 2 .87390 1 .76930 0 .91700 2 

.24000 3 .48900 2 .88390 1 .77810 0 .91200 2 

.24750 3 .49300 2 .89710 1 .78970 0 .90800 2 

.25500 3 .49500 2 .90370 1 .79560 0 .90400 2 

.26250 3 .49800 2 .91410 1 .80470 0 .90000 2 

.27000 3 .50000 2 .92090 1 .81070 0 .89600 2 

.27500 3 .50200 2 .92770 1 .81670 0 .89200 2 

.28500 3 .50500 2 .93380 1 .82210 0 .88800 2 

.29250 3 .50700 2 .94520 1 .83210 0 .88400 2 

.30000 3 .50900 2 .95210 1 .83820 0 .88000 2 

.30750 3 .51100 2 .95910 1 .84440 0 .87700 2 

.31500 3 .51200 2 .96300 1 .84780 0 .87400 2 

.32250 2 .51400 2 .97010 1 .85400 0 .87100 2 

.33000 3 .51500 2 .97340 1 .85690 0 .86800 2 

.33750 3 .51700 2 .98050 1 .86320 0 .86500 2 

.34500 3 .51800 2 .98440 1 .86660 0 .86200 2 

.35250 3 .51900 2 .98840 1 .87010 0 .85900 2 

.36000 3 .52000 2 .99170 1 .87300 0 .85600 2 

.36750 3 .52100 2 .99560 1 .87650 0 .85300 2 

.37500 3 .52200 2 .99890 1 .87940 0 .85100 2 

.38250 3 .52500 2 .10100 2 .88940 0 .84900 2 

.39000 3 .52600 2 .10140 2 .89230 0 .84700 2 

.39750 3 .52700 2 .10180 2 .89580 0 .84500 2 

.40500 3 .52800 2 .10220 2 .89940 0 .84400 2 

.41250 3 .53000 2 .10290 2 .90600 0 .84000 2 
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Table XXIII (continued) 

Partial 

Time 

Min. 
Frogt 

F 
Pt. Pressure 

mm. Hg RATIOC 
Gas Temp.

0 
F 

.4200D 3 .5310D 2 .1033D 2 .9090D 0 .8380D 2 

.42750 3 .53200 2 .10370 2 .91260 0 .83600 2 

.43500 3 .53400 2 .10440 2 .91930 0 .83400 2 

.44250 3 .53500 2 .10480 2 .92230 0 .83200 2 

.45000 3 .53500 2 .10480 2 .92230 0 .83000 2 

.45750 3 .53600 2 .10520 2 .92600 0 .82900 2 

.46500 3 .53700 2 .10560 2 .92970 0 .82700 2 

.47250 3 .53800 2 .10600 2 .93270 0 .82500 2 

.48000 3 .53900 2 .10640 2 .93640 0 .82400 2 

.48750 3 .53900 2 .10640 2 .93640 0 .82200 2 

.49500 3 .54000 2 .10670 2 .93950 0 .82100 2 

.50250 3 .54100 2 .10710 2 .94320 0 .81900 2 

.51000 3 .54200 2 .10750 2 .94630 0 .81800 2 

.51750 3 .54200 2 .10750 2 .94630 0 .81500 2 

.52500 3 .54300 2 .10790 2 .95000 0 .81400 2 

.53250 3 .54400 2 .10830 2 .95320 0 .81300 2 

.54000 3 .54400 2 .10830 2 .95320 0 .81200 2 

.54750 3 .54500 2 .10870 2 .95690 0 .81100 2 

.55500 3 .54600 2 .10910 2 .96070 0 .81000 2 

.56250 3 .54700 2 .10950 2 .96380 0 .80900 2 

.57000 3 .54700 2 .10950 2 .96380 0 .80800 2 

.57750 3 .54800 2 .10990 2 .96760 0 .80700 2 

.58500 3 .54900 2 .11030 2 .97080 0 .80600 2 

.59250 3 .55000 2 .11070 2 .97460 0 .80500 2 

.60000 3 .55000 2 .11070 2 .97460 0 .80400 2 

.60750 3 .55100 2 .11110 2 .97780 0 .80400 2 

.61500 3 .55100 2 .11110 2 .97780 0 .80300 2 

.62250 3 .55200 2 .11150 2 .98170 0 .80200 2 

.63000 3 .55200 2 .11150 2 .98170 0 .80100 2 
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Table XXIII (continued) 

Partial 

Time Frost Pt. Pressure Gas Temp. 
o 

Min. F mm. Hg RATIOC F 

.63750 3 .55300 2 .11190 2 .98490 0 .80000 2 

.64500 3 .55300 2 .11190 2 .98490 0 .79900 2 

.65250 3 .55400 2 .11230 2 .98870 0 .79800 2 

.66000 3 .55400 2 .11230 2 .98870 0 .79700 2 

.66750 3 .55500 2 .11230 2 .98870 0 .79700 2 

.67500 3 .55500 2 .11280 2 .99260 0 .79600 2 

.68250 3 .55500 2 .11280 2 .99260 0 .79600 2 

.69000 3 .55500 2 .11280 2 .99260 0 .79500 2 

.69750 3 .55500 2 .11280 2 .99260 0 .79500 2 

.70500 3 .55500 2 .11280 2 .99260 0 .79400 2 

.71250 3 .55600 2 .11310 2 .99590 0 .79300 2 

.72000 3 .55600 2 .11310 2 .99590 0 .79200 2 

.72750 3 .55600 2 .11310 2 .99590 0 .79200 2 

.73500 3 .55600 2 .11310 2 .99590 0 .79100 2 

.74250 3 .55600 2 .11310 2 .99590 0 .79000 2 

.75000 3 .55600 2 .11310 2 .99590 0 .79000 2 

.75750 3 .55600 2 .11310 2 .99590 0 .78900 2 

.76500 3 .55600 2 .11310 2 .99590 0 .78900 2 

.77250 3 .55600 2 .11310 2 .99590 0 .78800 2 

.78000 3 .55700 2 .11360 2 .10000 1 .78800 2 

.78750 3 .55700 2 .11360 2 .10000 1 .78700 2 

.79500 3 .55700 2 .11360 2 .10000 1 .78700 2 

.80250 3 .55700 2 .11360 2 .10000 1 .78700 2 

.81000 3 .55700 2 .11360 2 .10000 1 .78600 2 

.81750 3 .55700 2 .11360 2 .10000 1 .78600 2 

.82500 3 .55700 2 .11360 2 .10000 1 .78600 2 

.83250 3 .55700 2 .11360 2 .10000 1 .78600 2 

.84000 3 .55700 2 .11360 2 .10000 1 .78600 2 
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Table XXIII (continued) 

Partial 

Time 

Min. 
Frogt 

F 
Pt. Pressure 

nun. Hg RATIOC 
Gas Temp.

0 
F 

.84750 3 .55700 2 .11360 2 .10000 1 .7860D 2 

.85500 3 .55700 2 .11360 2 .10000 1 .78500 2 

.86250 3 .55700 2 .11360 2 .10000 1 .78500 2 

.87000 3 .55700 2 .11360 2 .10000 1 .78500 2 

.87750 3 .55700 2 .11360 2 .10000 1 .78500 2 

.88500 3 .55700 2 .11360 2 .10000 1 .78500 2 

.89250 3 .55700 2 .11360 2 .10000 1 .78400 2 

.90000 3 .55700 2 .11360 2 .10000 1 .78400 2 

.90750 3 .55700 2 .11360 2 .10000 1 .78400 2 

.91500 3 .55700 2 .11360 2 .10000 1 .78400 2 

.92250 3 .55700 2 .11360 2 .10000 1 .78400 2 

.93000 3 .55700 2 ,11360 2 .10000 1 .78400 2 

.93750 3 .55700 2 .11370 2 .10000 1 .78400 2 

.94500 3 .55700 2 .11360 2 .10000 1 .78400 2 

.95250 3 .55700 2 .11360 2 .10000 1 .78400 2 

.96000 3 .55700 2 .11360 2 .10000 1 .78400 2 

.96750 3 .55700 2 .11360 2 .10000 1 .78400 2 



APPENDIX E 

TABLES OF COMPUTER RESULTS 

aluminaThe tables of the computer results of LMS-4A and activated 

are shown in Table XXIV - XXXV for LMSC-1 - LMSC-13 and XXXVI - XLV for 

ACTC-1 - ACTC-10 respectively. The details of each run are already 

discussed in Chapter VIII. 

All RATIOC are positive in the computer results because they are 

calculated from the initial and feed gas conditions not depending upon 

the hygrometer. 
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Table XXIV. Computer Results of LMS-4A Run No. 1 (LMSC-1). 

Time 

Min. RATIOC 
Gas^Temp. 

F 

Time 

Min. RATIOC 
Gas^Temp. 

F 

.75000 

.22500 

.37500 

.52500 

.67500 

.82500 

.97500 

1 

2 

2 

2 

2 

2 

2 

.74480-3 

.22350-2 

.25720-2 

.34880-2 

.42800-1 

.67780 0 

.99750 0 

.1238D 

.1491D 

.1525D 

.1549D 

.1544D 

.1065D 

.78330 

3 

3 

3 

3 

3 

3 

2 

.1500D 

.3000D 

.4500D 

.6000D 

.7500D 

.9000D 

.10500 

2 

2 

2 

2 

2 

2 

3 

.1792D-2 

.2430D-2 

.2771D-2 

.82580-2 

.23090 0 

.96450 0 

.99980 0 

.1437D 

.1512D 

.15370 

.15580 

.14120 

.81900 

.78020 

3 

3 

3 

3 

3 

2 

2 
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Table XXV. Computer Results of LMS-4A Run No. 2 (LMSC-2). 

Time 

Min. RATIOC 
Gas^Temp. 

F 

Time 

Min. RATIOC 
Gas^Temp. 

F 

.7500D 1 .1026D-3 .9209D 2 .1500D 2 .6506D-3 .1208D 3 

.2250D 2 .1181D-2 .1336D 3 .3000D 2 .1523D-2 .1396D 3 

.3750D 2 .17130-2 .1423D 3 .4500D 2 .1833D-2 .14400 3 

.5250D 2 .19290-2 .14520 3 .6000D 2 .2020D-2 .14620 3 

.6750D 2 .21130-2 .14730 3 .75000 2 .22100-2 .14830 3 

.8250D 2 .23070-2 .14940 3 .90000 2 .24120-2 .15040 3 

.97500 2 .25420-2 .15140 3 .10500 3 .27370-2 .15250 3 

.11250 3 .31540-2 .15360 3 .12000 3 .43710-2 .15480 3 

.12750 3 .84530-2 .15570 3 .13500 3 .22480-1 .15560 3 

.14250 3 .69420-1 .15310 3 .15000 3 .20620 0 .14360 3 

.15750 3 .50330 0 .12110 3 .16500 3 .85960 0 .92290 2 

.17250 3 .96890 0 .81560 2 .18000 3 .99270 0 .78900 2 

.18750 3 .99820 0 .78230 2 .19500 3 .99960 0 .78060 2 

.20250 3 .99990 0 .78010 2 
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Table XXVI. Computer Results of LMS-4A Run No. 3 (LMSC-3). 

Time 

Min. RATIOC 
Gas Temp.

0 
F 

Time 

Min. RATIOC 
Gas Temp.

0 
F 

.75000 1 .23110-3 .80120 2 .15000 2 .36220-3 .8115D 2 

.22500 2 .39130-3 .81370 2 .30000 2 .39640-3 .81410 2 

.37500 2 .39730-3 .81420 2 .45000 2 .39760-3 .81420 2 

.52500 2 .39790-3 .81420 2 .60000 2 .39810-3 .81420 2 

.67500 2 .39830-3 .81430 2 .75000 2 .39860-3 .81430 2 

.82500 2 .39880-3 .81430 2 .90000 2 .39910-3 .81430 2 

.97500 2 .39940-3 .81430 2 .10500 3 .39970-3 .81440 2 

.11250 3 .40000-3 .81440 2 .12000 3 .40030-3 .81440 2 

.12750 3 .40060-3 .81440 2 .13500 3 .40090-3 .81440 2 

.14250 3 .40130-3 .81450 2 .15000 3 .40160-3 .81450 2 

.15750 3 .40200-3 .81450 2 .16500 3 .40240-3 .81460 2 

.17250 3 .40290-3 .81460 2 .18000 3 .43300-3 .81460 2 

.18750 3 .40390-3 .81470 2 .19500 3 .40460-3 .81470 2 

.20250 3 .40510-3 .81480 2 .21000 3 .40540-3 .81480 2 

.21750 3 .40560-3 .81480 2 .22500 3 .40580-3 .81480 2 

.23250 3 .40610-3 .81480 2 .24000 3 .40640-3 .81490 2 

.24750 3 .40680-3 .81490 2 .25500 3 .40730-3 .81490 2 

.26250 3 .40790-3 .81500 2 .27000 3 .40860-3 .81500 2 

.27750 3 .40900-3 .81500 2 .28500 3 .40920-3 .81510 2 

.29250 3 .40940-3 .81510 2 .30000 3 .40970-3 .81510 2 

.30750 3 .41000-3 .81510 2 .31500 3 .41030-3 .81510 2 

.32250 3 .41080-3 .81520 2 .33000 3 .41120-3 .81520 2 

.33750 3 .41180-3 .81520 2 .34500 3 .41250-3 .81530 2 

.35250 3 .41290-3 .81530 2 .36000 3 .41310-3 .81530 2 

.36750 3 .41330-3 .81540 2 .37500 3 .41360-3 .81540 2 

.38250 3 .41390-3 .81540 2 .39000 3 .41430-3 .81540 2 

.39750 3 .41470-3 .81550 2 .40500 3 .41520-3 .81550 2 

.41250 3 .41580-3 .81550 2 .42000 3 .41650-3 .81560 2 

,42750 3 .41690-3 .81560 2 .43500 3 .41710-3 .81560 2 
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Table XXVI (continued) 

Time 

Min. RAT IOC 
Gas Temp. 

o 
F 

Time 

Min. RATIOC 
Gas Temp. 

o 
F 

.44250 3 .41730-3 .8156D 2 .4500D 3 .4176D-3 .8157D 2 

.45750 3 .41790-3 .8157D 2 .4650D 3 .4183D-3 .81570 2 

.47250 3 .41880-3 .81570 2 .48000 3 .41930-3 .81580 2 

.48750 3 .42000-3 .81580 2 .49500 3 .42070-3 .81590 2 

.50250 3 .42110-3 .81590 2 .51000 3 .42130-3 .81590 2 

.51750 3 .42160-3 .81590 2 .52500 3 .42190-3 .81600 2 

.53250 3 .42230-3 .81600 2 .54000 3 .42280-3 .81600 2 

.54750 3 .42340-3 .81600 2 .55500 3 .42400-3 .81610 2 

.56250 3 .42490-3 .81610 2 .57000 3 .42560-3 .81620 2 

.57750 3 .42610-3 .81620 2 .58500 3 .42650-3 .81620 2 

.59250 3 .42700-3 .81620 2 .60000 3 .42760-3 .81630 2 

.60750 3 .42830-3 .81630 2 .61500 3 .42910-3 .81630 2 

.62250 3 .43000-3 .81630 2 .63000 3 .43110-3 .81640 2 

.63750 3 .43240-3 .81640 2 .64500 3 .43370-3 .81650 2 

.65250 3 .43480-3 .81650 2 .66000 3 .43600-3 .81650 2 

.66750 3 .43730-3 .81650 2 .67500 3 .43890-3 .81650 2 

.68250 3 .44080-3 .81660 2 .69000 3 .44290-3 .81660 2 

.69750 3 .44540-3 .81660 2 .70500 3 .44840-3 .81670 2 

.71250 3 .45180-3 .81670 2 .72000 3 .45550-3 .81680 2 

.72750 3 .45940-3 .81680 2 .73500 3 .46380-3 .81680 2 

.74250 3 .46900-3 .81680 2 .75000 3 .47500 3 .81680 2 

.75750 3 .48190-3 .81690 2 .76500 3 .49000-3 .81690 2 

.77250 3 .49940-3 .81690 2 .78000 3 .51020-3 .81700 2 

.78750 3 .52290-3 .81700 2 .79500 3 .53710-3 .81710 2 

.80250 3 .55330-3 .81710 2 .81000 3 .57210-3 .81710 2 

.81750 3 .59380-3 .81710 2 .82500 3 .61910-3 .81710 2 

.83250 3 .64830-3 .81720 2 .84000 3 .68220-3 .81720 2 

.84750 3 .72140-3 .81720 2 .85500 3 .76680-3 .81730 2 

.86250 3 .81950-3 .81730 2 .87000 3 .88010-3 .81740 2 
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Table XXVI (continued) 

Time 

Min. RATIOC 
Gas Temp.

0 
F 

Time 

Min. RATIOC 
Gas^Temp. 

F 

.87750 3 .95020-3 .81740 2 .88500 3 .1032D-2 .81740 2 

.89250 3 .11260-2 .81740 2 .90000 3 .1235D-2 .81740 2 

.90750 3 .13610-2 .81740 .2 .91500 3 .1507D-2 .81750 2 

.92250 3 .16760-2 .81750 2 .93000 3 .1872D-2 .81760 2 

.93750 3 .20980-2 ,81760 2 .94500 3 .2361D-2 .81760 2 

.95250 3 .26660-2 .81760 2 .96000 3 .3020D-2 .81760 2 

.96750 3 .34290-2 .81760 2 .97500 3 .3902D-2 .81760 2 

.98250 3 .44470-2 .81760 2 .99000 3 .5076D-2 .81760 2 

.99750 3 .58010-2 .81770 2 .10050 4 .6641D-2 .81770 2 

.10130 4 .76160-2 .81770 2 .10200 4 .87490-2 .81770 2 

.10270 4 .10060-1 .81760 2 .10350 4 .11580-1 .81760 2 

.10430 4 .13320-1 .81750 2 .10500 4 .15320-1 .81750 2 

.10570 4 .17610-1 .81740 2 .10650 4 .20230-1 .81740 2 

.10730 4 .23250-1 .81730 2 .10800 4 .26720-1 .81720 2 

.10870 4 .30740-1 .81710 2 .10950 4 .35380-1 .81690 2 

.11020 4 .40700-1 .81670 2 .11100 4 .46740-1 .81650 2 

.11180 4 .53560-1 .81630 2 .11250 4 .61230-1 .81600 2 

.11320 4 .69830-1 .81570 2 .11400 4 .79500-1 .81540 2 

.11480 4 .90360-1 .81500 2 .11550 4 .10270 0 .81460 2 

.11620 4 .11660 0 .81410 2 .11700 4 .13230 0 .81350 2 

.11780 4 .14940 0 .81280 2 .11850 4 .16800 0 .81210 2 

.11920 4 .18780 0 .81130 2 .12000 4 .20910 0 .81050 2 

.12070 4 .23170 0 .80970 2 .12150 4 .25610 0 .80880 2 

.12220 4 .28240 0 .80780 2 .12300 4 .31110 0 .80670 2 

.12370 4 .34250 0 .80550 2 .12450 4 .37530 0 .80420 2 

.12530 4 .40840 0 .80300 2 .12600 4 .44140 0 .80170 2 

.12680 4 .47420 0 .80040 2 .12750 4 .50720 0 .79910 2 

.12830 4 .54040 0 .79790 2 .12900 4 .57450 0 .79650 2 

.12980 4 .60960 0 .79520 2 .13050 4 .64750 0 .79380 2 
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Table XXVI (continued) 

Time 

Min. RATIOC 
Gas^Temp. 

F 

Time 

Min. RATIOC 
Gas^Temp. 

F 

.13130 4 .68680 0 .79220 2 .13200 4 .72300 0 .7908D 2 

.13280 4 .75500 0 .78960 2 .13350 4 .78350 0 .78840 2 

.13420 4 .80950 0 .78740 2 .13500 4 .83400 0 .78650 2 

.13580 4 .85810 0 .78550 2 .13650 4 .88200 0 .78460 2 

.13720 4 .90690 0 .78370 2 .13800 4 .93590 0 .78260 2 

.13880 4 .96230 0 .78150 2 .13950 4 .97910 0 .78080 2 

.14020 4 .98880 0 .78050 2 .14100 4 .99400 0 .78020 2 

.14180 4 .99690 0 .78010 2 .14250 4 .99840 0 .78010 2 
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Table XXVII, Computer Results of LMS-4A Run No. 4 (LMSC-4). 

Time 

Min. RATIOC 
Gas Temp. 

o 
F 

Time 

Min. RATIOC 
Gas Temp. 

o 
F 

,75000 1 .99920-3 .12240 3 .15000 2 .26320-3 .1440D 3 

.22500 2 .31280-2 .14780 3 .30000 2 .36130-2 .15020 3 

.37500 2 .46720-2 .15190 3 .45000 2 .80160-2 .15300 3 

.52500 2 .19720-1 .15340 3 .60000 2 .58610-1 .15170 3 

.67500 2 .16520 0 .14470 3 .75000 2 .37410 0 .12950 3 

.82500 2 .63700 0 .10890 3 .90000 2 .84500 0 .91810 2 

.97500 2 .96800 0 .81220 3 .10500 3 .99520 0 .78510 2 

.11250 3 .99930 0 .78070 2 
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Table XXVIII. Computer Results of LMS-4A Run No. 5 (LMSC-5). 

Time 

Min. RATIOC 
Gas^Temp. 

F 

Time 

Min. RATIOC 
Gas^Temp. 

F 

.7500D 1 .6061D-3 .1284D 3 .1500D 2 .1350D-2 .1471D 3 

.2250D 2 .1675D-2 .1525D 3 .3000D 2 .1821D-2 .1546D 3 

.3750D 2 .1922D-2 .1559D 3 .4500D 2 .2029D-2 .I572D 3 

.5250D 2 .2138D-2 .1585D 3 .6000D 2 .2421D-2 .15970 3 

.6750D 2 .85180-2 .1606D 3 .7500D 2 .1672D 0 .14920 3 

.82500 2 .92420 0 .86890 2 .90000 2 .99770 0 .78550 2 

.97500 2 .99980 0 .78060 2 
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Table XXIX. Computer Results of LMS-4A Run No. 6 (LMSC-6). 

Time Gas Temp.
0 

Time Gas Temp.
0 

Min. RATIOC F Min. RATIOC F 

.7500D 1 .5113D-4 .8604D 2 .1500D 2 .57940-3 .1183D 3 

.22500 2 .11960-2 .13380 3 .30000 2 .15060-2 .13920 3 

.37500 2 .16420-2 .14120 3 .45000 2 .17290-2 .14240 3 

.52500 2 .18080-2 .14350 3 .60000 2 .18900-2 .14450 3 

.67500 2 .19760-2 .14550 3 .75000 2 .20680-2 .14660 3 

.82500 2 .21650-2 .14770 3 .90000 2 .22670-2 .14880 3 

.97500 2 .23780-2 .14990 3 .10500 3 .24980-2 .15100 3 

.11250 3 .26260-2 .15220 3 .12000 3 .27890-2 .15330 3 

.12750 3 .32250-2 .15450 3 .13500 3 .59240-2 .15560 3 

.14250 3 .26820-1 .15530 3 .15000 3 .15940 0 .14630 3 

.15750 3 .57130 0 .11490 3 .16500 3 .93500 0 .84710 2 

.17250 3 .99610 0 .78510 2 .18000 3 .99970 0 .78040 2 
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Table XXX. Computer Results of LMS-4A Run No. 7 (LMSC-7). 

Time 

Min. RATIOC 
Gas Temp.

0 
F 

Time 

Min. RATIOC 
Gas Temp. 

o 
F 

.75000 

.22500 

.37500 

.52500 

.67500 

.82500 

.97500 

.11250 

1 

2 

2 

2 

2 

2 

2 

3 

.47430-3 

.98180-3 

.14490-2 

.93160-2 

.14320 0 

.59500 0 

.94660 0 

.99990 0 

.1140D 

.1288D 

.1324D 

.13510 

.13010 

.10390 

.81780 

.78010 

3 

3 

3 

3 

3 

3 

2 

2 

.1500D 

.3000D 

.4500D 

.60000 

.75000 

.90000 

.10500 

2 

2 

2 

2 

2 

2 

3 

.86830-3 

.11150-2 

.28060-2 

.39270-1 

.34950 0 

.80360 0 

.99710 0 

.1262D 

.1306D 

.13400 

.13490 

.11860 

.91030 

.78270 

3 

3 

3 

3 

3 

2 

2 
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Table XXXI, Computer Results of LMS-4A Run No. 8 (LMSC-8). 

Time 

Min. RATIOC 
Gas Temp. 

o 
F 

Time 

Min. RATIOC 
Gas Temp. 

o 
F 

.7500D 1 .44220-3 .11290 3 .15000 2 .8291D-3 .1255D 3 

.2250D 2 .98070-3 .12910 3 .30000 2 .1068D-2 .1309D 3 

.3750D 2 .11620-2 .13240 3 .45000 2 .1376D-2 .I339D 3 

.52500 2 .23400-2 .13540 3 .60000 2 .8099D-2 .1365D 3 

.67500 2 .43110-1 .13620 3 ,75000 2 .2110D 0 .12760 3 

.82500 2 .61130 0 .10370 3 .90000 2 .94670 0 .82290 2 

.97500 2 .99820 0 .78200 2 .10500 3 .99990 0 .78010 2 
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Table XXXII. Computer Results of LMS-4A Run No. 9 (LMSC-9) . 

Time 

Min. RATIOC 
Gas^Temp. 

F 

Time 

Min. RATIOC 
Gas^Temp. 

F 

.75000 1 .71680-3 .1225D 3 .1500D 2 .1449D-2 .13830 3 

.22500 2 .17480-2 .1426D 3 .3000D 2 .1940D-2 .14490 3 

.37500 2 .21620-2 .1468D 3 .4500D 2 .26690-2 .14880 3 

.52500 2 .46580-2 .15070 3 .60000 2 .14290-1 .15190 3 

.67500 2 .61030-1 .15050 3 .75000 2 .24670 0 .13830 3 

.82500 2 .65500 0 .10730 3 .90000 2 .95600 0 .82450 2 

.97500 2 .99730 0 .78330 2 .10500 3 .99980 0 .78020 2 
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Table XXXIII. Computer Results of LMS-4A Run No. 10 (LMSC-10). 

Time 

Min. RATIOC 
Gas^Temp. 

F 

Time 

Min. RATIOC 
Gas^Temp. 

F 

.75000 1 .76980-3 .12410 3 .15000 2 .1799D-2 .14360 3 

.22500 2 .22440-2 .14910 3 .30000 2 .24560-2 .15120 3 

.37500 2 .26640-2 .15250 3 .45000 2 .31860-2 .15370 3 

.52500 2 .53340-2 .15480 3 .60000 2 .15510-1 .15530 3 

.67500 2 .63240-1 .15280 3 .75000 2 .24920 0 .13970 3 

.82500 2 .65830 0 .10790 3 .90000 2 .95620 0 .82680 3 

.97500 2 .99690 0 .78400 2 .10500 3 .99980 0 .78030 3 
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Table XXXIV. Computer Results of LMS-4A Run No. 11 (LMSC-11). 

Time 

Min. RATIOC 
Gas^Temp. 

F 

Time 

Min. RATIOC 
Gas^Temp. 

F 

.75000 1 

.22500 2 

.37500 2 

.52500 2 

.67500 2 

.82500 2 

.97500 2 

.73050-3 

.21870-2 

.25180-2 

.34080-2 

.42090-1 

.67800 0 

.99760 0 

.1234D 3 

.1486D 3 

.1520D 3 

.1545D 3 

.1539D 3 

.1062D 3 

.78330 2 

.1500D 

.3000D 

.4500D 

.6000D 

.7500D 

.9000D 

.10500 

2 

2 

2 

2 

2 

2 

3 

.1746D-2 

.2382D-2 

.2710D-2 

.80580-2 

.22970 0 

.96460 0 

.99980 0 

.1431D 3 

.1507D 3 

.15320 3 

.15530 3 

.14080 3 

.81870 2 

.78020 2 



221 

Table XXXV. Computer Results of LMS-4A Run No. 12 (LMSC-12). 

Time 

Min. RATIOC 
Gas Temp.

0 
F 

Time 

Min. RATIOC 
Gas Temp. 

o 
F 

.7500D 1 .6800D-3 .1219D 3 .1500D 2 .1738D-2 .1429D 3 

.22500 2 .21860-2 .1486D 3 .3000D 2 .23670-2 .15060 3 

.37500 2 .24950-2 .15180 3 .45000 2 .26330-2 .15300 3 

.52500 2 .28830-2 .15400 3 .60000 2 .40240-2 .15520 3 

.67500 2 .11420-1 .15560 3 .75000 2 .60330-1 .15320 3 

.82500 2 .28550 0 .13680 3 .90000 2 .73440 0 .10170 3 

.97500 2 .97350 0 .80940 2 .10500 3 .99790 0 .78270 2 

.11250 3 .99990 0 .78020 2 
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Table XXXVI. Computer Results of Activated Alumina Run No. 1 (ACTC-1). 

Time 

Min. RATIOC 
Gas Temp.

0 
F 

Time 

Min. RATIOC 
Gas^Temp. 

F 

.60000 1 .26850-3 .10630 3 .1500D 2 .1133D-2 .12990 3 

.21000 2 .37830-2 .13470 3 .3000D 2 .48840-2 .13510 3 

.36000 2 .14860 0 .12980 .3 .45000 2 .36340 0 .11650 3 

.51000 2 .46700 0 .10960 3 .60000 2 .56000 0 .10340 3 

.66000 2 .60150 0 .10080 3 .75000 2 .64790 0 .97880 2 

.81000 2 .67230 0 .96410 2 .90000 2 .70240 0 .94630 2 

.96000 2 .71940 0 .93640 2 .10500 3 .74150 0 .92370 2 

.11100 3 .75440 0 .91640 2 .12000 3 .77180 0 .90660 2 

.12600 3 .78240 0 .90070 2 .13500 3 .79680 0 .89270 2 

.14100 3 .80570 0 .88780 2 .15000 3 .81810 0 .88090 2 

.15600 3 .82580 0 .87670 2 .16500 3 .83670 0 .87070 2 

.17100 3 .84360 0 .86690 2 .18000 3 .85330 0 .86150 2 

.18600 3 .85950 0 .85820 2 .19500 3 .86830 0 .85330 2 

.20100 3 .87390 0 .85030 2 .21000 3 .88190 0 .84590 2 

.21600 3 .88700 0 .84310 2 .22500 3 .89430 0 .83900 2 

.23100 3 .89890 0 .83650 2 .24000 3 .90550 0 .83280 2 

.24600 3 .90980 0 .83050 2 .25500 3 .91580 0 .82710 2 

.26100 3 .91970 0 .82500 2 .27000 3 .92520 0 .82200 2 

.27600 3 .92870 0 .82000 2 .28500 3 .93370 0 .81720 2 

.29100 3 .93680 0 .81550 2 .30000 3 .94140 0 .81300 2 

.30600 3 .94420 0 .81140 2 .31500 3 .94830 0 .80910 2 

.32100 3 .95090 0 .80760 2 .33000 3 .95460 0 .80560 2 

.33600 3 .95690 0 .80430 2 .34500 3 .96020 0 .80250 2 

.35100 3 .96250 0 .80130 2 .36000 3 .96520 0 .79960 2 

.36600 3 .96710 0 .79860 2 .37500 3 .96970 0 .79710 2 

.38100 3 .97130 0 .79620 2 .39000 3 .97360 0 .79490 2 

.39600 3 .97510 0 .79410 2 .40500 3 .97720 0 .79290 2 

.41100 3 .97850 0 .79220 2 .42000 3 .98030 0 .79120 2 

.42600 3 .98140 0 .79060 2 .43500 3 .98300 0 .78970 2 
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Table XXXVI (continued) 

Time 

Min. RATIOC 
Gas^Temp. 

F 

Time 

Min. RATIOC 
Gas Temp.

0 
F 

.44100 3 .98400 0 .78910 2 .45000 3 .98540 0 .78830 2 

.45600 3 .98620 0 .78780 2 .46500 3 .98740, 0 .78710 2 

.47100 3 .98820 0 .78670 2 .48000 3 .98930 0 .78610 2 

.48600 3 .98990 0 .78570 2 .49500 3 .99090 0 .78520 2 

.50100 3 .99140 0 .78490 2 .51000 3 .99220 0 .78440 2 

.51600 3 .99270 0 .78410 2 .52500 3 .99340 0 .78380 2 

.53100 3 .99390 0 .78350 2 .54000 3 .99450 0 .78320 2 

.54600 3 .99490 0 .78290 2 .55500 3 .99540 0 .78260 2 

.56100 3 .99570 0 .78250 2 .57000 3 .99620 0 .78220 2 

.57600 3 .99650 0 .78200 2 .58500 3 .99690 0 .78180 2 

.59100 3 .99710 0 .78170 2 .60000 3 .99740 0 .78150 2 

.60600 3 .99770 0 .78140 2 .61500 3 .99800 0 .78120 2 

.62100 3 .99820 0 .78110 2 .63000 3 .99840 0 .78090 2 

.63600 3 .99860 0 .78080 2 .64500 3 .99880 0 .78070 2 

.65100 3 .99890 0 .78060 2 .66000 3 .99910 0 .78050 2 

.66600 3 .99930 0 .78040 2 .67500 3 .99950 0 .78030 2 

.68100 3 .99950 0 .78030 2 .69000 3 .99970 0 .78020 2 

.69600 3 .99980 0 .78010 2 
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Table XXXVII. Computer Results of Activated Alumina Run No 2 (ACTC-2). 

Time 

Min. RATIOC 
Gas Temp.

0 
F 

Time 

Min. RATIOC 
Gas Temp. 

o 
F 

.60000 1 .12940-4 .80900 2 .1500D 2 .4603D-3 .1139D 3 

.21000 2 .71400-3 .12190 3 .3000D 2 .98750-3 .1282D 3 

.36000 2 .11560-2 .13040.3 .45000 2 .20260-2 .1324D 3 

.51000 2 .48540-2 .13320 3 .60000 2 .24850-1 .1332D 3 

.66000 2 .64730-1 .13140 3 .75000 2 .18290 0 .12490 3 

.81000 2 .28220 0 .11890 3 .90000 2 .39560 0 .11180 3 

.96000 2 .44530 0 .10860 3 .10500 3 .49900 0 .10530 3 

.11100 3 .52660 0 .10360 3 .12000 3 .56040 0 .10160 3 

.12600 3 .57950 0 .10050 3 .13500 3 .60440 0 .99100 2 

.14100 3 .61930 0 .98280 2 .15000 3 .63940 0 .97180 2 

.15600 3 .65160 0 .96520 2 .16500 3 .66860 0 .95610 2 

.17100 3 .67920 0 .95050 2 .18000 3 .69400 0 .94260 2 

.18600 3 .70330 0 .93770 2 .19500 3 .71650 0 .93080 2 

.20100 3 .72490 0 .92640 2 .21000 3 .73680 0 .92010 2 

.21600 3 .74450 0 .91620 2 .22500 3 .75540 0 .91050 2 

.23100 3 .76230 0 .90680 2 .24000 3 .77240 0 .90160 2 

.24600 3 .77880 0 .89820 2 .25500 3 .78810 0 .89340 2 

.26100 3 .79410 0 .89030 2 .27000 3 .80270 0 .88580 2 

.27600 3 .80830 0 .88290 2 .28500 3 .81640 0 .87870 2 

.29100 3 .82160 0 .87590 2 .30000 3 .82910 0 .87200 2 

.30600 3 .83390 0 .86950 2 .31500 3 .84100 0 .86580 2 

.32100 3 .84550 0 .86340 2 .33000 3 .85220 0 .85990 2 

.33600 3 .85640 0 .85760 2 .34500 3 .86260 0 .85440 2 

.35100 3 .86660 0 .85230 2 .36000 3 .87240 0 .84920 2 

.36600 3 .87620 0 .84720 2 .37500 3 .88170 0 .84430 2 

.38100 3 .88520 0 .84240 2 .39000 3 .89030 0 .83970 2 

.39600 3 .89370 0 .83790 2 .40500 3 .89850 0 .83540 2 

.41100 3 .90160 0 .83370 2 .42000 3 .90610 0 .83130 2 
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Table XXXVII (continued) 

Time 

Min. RATIOC 
Gas Temp.

0 
F 

Time 

Min. RATIOC 
Gas^Temp. 

F 

.4260D 3 .9090D 0 .82970 2 .43500 3 .91330 0 .82750 2 

.44100 3 .91600 0 .82600 2 .45000 3 .92000 0 .82390 2 

.45600 3 .92260 0 .82250 2 .46500 3 .92630 0 .82050 2 

.47100 3 .92870 0 .81920 2 .48000 3 .93220 0 .81730 2 

.48600 3 .93440 0 .81610 2 .49500 3 .93770 0 .81430 2 

.50100 3 .93980 0 .81320 2 .51000 3 .94290 0 .81150 2 

.51600 3 .94480 0 .81050 2 .52500 3 .94770 0 .80890 2 

.53100 3 .94950 0 .80790 2 .54000 3 .95210 0 .80650 2 

.54600 3 .95380 0 .80550 2 .55500 3 .95630 0 .80420 2 

.56100 3 .95790 0 .80330 2 .57000 3 .96020 0 .80210 2 

.57600 3 .96160 0 .80130 2 .58500 3 .96380 0 .80010 2 

.59100 3 .96510 0 .79940 2 .60000 3 .96710 0 .79830 2 

.60600 3 .96830 0 .79760 2 .61500 3 .97010 0 .79660 2 

.62100 3 .97130 0 .79600 2 .63000 3 .97300 0 .79510 2 

.63600 3 .97400 0 .79450 2 .64500 3 .97560 0 .79360 2 

.65100 3 .97650 0 .79310 2 .66000 3 .97790 0 .79230 2 

.66600 3 .97890 0 .79180 2 .67500 3 .98010 0 .79110 2 

.68100 3 .98100 0 .79070 2 .69000 3 .98210 0 .79000 2 

.69600 3 .98290 0 .78960 2 .70500 3 .98400 0 .78900 2 

.71100 3 .98470 0 .78860 2 .72000 3 .98570 0 .78810 2 

.72600 3 .98630 0 .78770 2 .73500 3 .98720 0 .78720 2 

.74100 3 .98770 0 .78690 2 .75000 3 .98860 0 .78640 2 

.75600 3 .98910 0 .78620 2 .76500 3 .98980 0 .78570 2 

.77100 3 .99030 0 .78550 2 .78000 3 .99090 0 .78510 2 

.78600 3 .99140 0 .78490 2 .79500 3 .99200 0 .78450 2 

.80100 3 .99240 0 .78430 2 .81000 3 .99290 0 .78400 2 

.81600 3 .99320 0 .78380 2 .82500 3 .99370 0 .78350 2 

.83100 3 .99400 0 .78340 2 .84000 3 .99450 0 .78310 2 
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Table XXXVII (continued) 

Time 

Min. RATIOC 
Gas^Temp. 

F 

Time 

Min. RATIOC 
Gas^Temp. 

F 

.84600 3 .99480 0 .78300 2 .85500 3 .99520 0 .78270 2 

.86100 3 .99540 0 .78260 2 .87000 3 .99580 0 .78240 2 

.87600 3 .99600 0 .78230 2 .88500 3 .99630 0 .78210 2 

.89100 3 .99650 0 .78200 2 .90000 3 .99680 0 .78180 2 

.90600 3 .99700 0 .78170 2 .91500 3 .99730 0 .78160 2 

.92100 3 .99740 0 .78150 2 .93000 3 .99760 0 .78140 2 

.93600 3 .99780 0 .78130 2 .94500 3 .99800 0 .78110 2 

.95100 3 .99810 0 .78110 2 .96000 3 .99830 0 .78100 2 

.96600 3 .99840 0 .78090 2 .97500 3 .99860 0 .78080 2 

.98100 3 .99870 0 .78080 2 .99000 3 .99890 0 .78070 2 

.99600 3 .99890 0 .78060 2 .10050 4 .99910 0 .78050 2 

.10110 4 .99920 0 .78050 2 .10200 4 .99930 0 .78040 2 

.10260 4 .99940 0 .78040 2 .10350 4 .99950 0 .78030 2 

.10410 4 .99950 0 .78030 2 .10500 4 .99970 0 .78030 2 

.10560 4 .99970 0 .78020 2 .10650 4 .99980 0 .78010 2 

.10710 4 .99980 0 .78010 2 
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Table XXXVIII. Computer Results of Activated Alumina Run No. 3 (ACTC-3). 

Time Gas Temp.
0 

Time Gas Temp.
0 

Min. RATIOC F Min. RATIOC F 

.6000D 1 .1303D-3 .79290 2 .15000 2 .25320-3 .8032D 2 

.2100D 2 .27390-3 .80500 2 .30000 2 .28410-3 .8058D 2 

.36000 2 .28640-3 .80600 2 .45000 2 .28820-3 .80620 2 

.51000 2 .28930-3 .80630 2 .60000 2 .29100-3 .80640 2 

.66000 2 .29210-3 .80650 2 .75000 2 .29400-3 .80660 2 

.81000 2 .29530-3 .80670 2 .90000 2 .29780-3 .80680 2 

.96000 2 .30000-3 .80690 2 .10500 3 .30480-3 .80700 2 

.11100 3 .30980-3 .80710 2 .12000 3 .32230-3 .80720 2 

.12600 3 .33650-3 .80730 2 .13500 3 .37390-3 .80740 2 

.14100 3 .41700-3 .80750 2 .15000 3 .53170-3 .80760 2 

.15600 3 .66450-3 .80770 2 .16500 3 .10170-2 .80780 2 

.17100 3 .14210-2 .80790 2 .18000 3 .24810-2 .80800 2 

.18600 3 .36780-2 .80800 2 .19500 3 .67210-2 .80800 2 

.20100 3 .10020-1 .80800 2 .21000 3 .17930-1 .80790 2 

.21600 3 .25950-1 .80770 2 .22500 3 .43700-1 .80730 2 

.23100 3 .60370-1 ,80690 2 .24000 3 .94300-1 .80600 2 

.24600 3 .12360 0 .80520 2 .25500 3 .17830 0 .80360 2 

.26100 3 .22160 0 .80250 2 .27000 3 .29590 0 .80040 2 

.27600 3 .35030 0 .79890 2 .28500 3 .43680 0 .79640 2 

.29100 3 .49580 0 .79470 2 .30000 3 .58310 0 .79210 2 

.30600 3 .63870 0 .79050 2 .31500 3 .71520 0 .78830 2 

.32100 3 .76000 0 .78700 2 .33000 3 .81490 0 .78530 2 

.33600 3 .84300 0 .78450 2 .34500 3 .87420 0 .78360 2 

.35100 3 .88910 0 .78310 2 .36000 3 .90520 0 .78270 2 

.36600 3 ,91280 0 .78240 2 .37500 3 .92090 0 .78220 2 

.38100 3 .92490 0 .78210 2 .39000 3 .92930 0 .78200 2 

.39600 3 .93150 0 .78190 2 .40500 3 .93410 0 .78180 2 

.41100 3 .93560 0 .78180 2 .42000 3 .93740 0 .78170 2 

.42600 3 .93850 0 .78170 2 .43500 3 .94000 0 .78160 2 
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Table XXXVIII (continued) 

Time 

Min. RATIOC 
Gas^Temp. 

F 

Time 

Min. RATIOC 
Gas^Temp. 

F 

.4410D 3 .9409D 0 .7816D 2 .4500D 3 .9422D 0 .7816D 2 

.4560D 3 .9430D 0 .7816D 2 .46500 3 .94420 0 .78150 2 

.47100 3 .9449D 0 .7815D 2 .48000 3 .94600 0 .78150 2 

.48600 3 .94680 0 .7815D 2 .49500 3 .94780 0 .78140 2 

.50100 3 .94850 0 .7814D 2 .51000 3 .94950 0 .78140 2 

.51600 3 .95020 0 .7814D 2 .52500 3 .95120 0 .78130 2 

.53100 3 .95190 0 .7813D 2 .54000 3 .95280 0 .78130 2 

.54600 3 .95340 0 .7813D 2 .55500 3 .95440 0 .78130 2 

.56100 3 .95500 0 .78120 2 .57000 3 .95590 0 .78120 2 

.57600 3 .95650 0 .78120 2 .58500 3 .95730 0 .78120 2 

.59100 3 .95790 0 .78120 2 .60000 3 .95870 0 .78110 2 

.60600 3 .95930 0 .78110 2 .61500 3 .96010 0 .78110 2 

.62100 3 .96060 0 .78110 2 .63000 3 .96140 0 .78110 2 

.63600 3 .96190 0 .78100 2 .64500 3 .96270 0 .78100 2 

.65100 3 .96320 0 .78100 2 .66000 3 .96390 0 .78100 2 

.66600 3 .96440 0 .78100 2 .67500 3 .96510 0 .78100 2 

.68100 3 .96560 0 .78090 2 .69000 3 .96630 0 .78090 2 

.69600 3 .96670 0 .78090 2 .70500 3 .96740 0 .78090 2 

.71100 3 .96780 0 .78090 2 .72000 3 .96850 0 .78090 2 

.72600 3 .96890 0 .78090 2 .73500 3 .96950 0 .78080 2 

.74100 3 .96990 0 .78080 2 .75000 3 .97050 0 .78080 2 

.75600 3 .97090 0 .78080 2 .76500 3 .97150 0 .78080 2 

.77100 3 .97190 0 .78080 2 .78000 3 .97250 0 .78080 2 

.78600 3 .97290 0 .78070 2 .79500 3 .97340 0 .78070 2 

.80100 3 .97380 0 .78070 2 .81000 3 .97440 0 .78070 2 

.81600 3 .97480 0 .78070 2 .82500 3 .97540 0 .78070 2 

.83100 3 .97580 0 .78070 2 .84000 3 .97640 0 .78070 2 

.84600 3 .97680 0 .78060 2 .85500 3 .97750 0 .78060 2 

.86100 3 .97790 0 .78060 2 .87000 3 .97860 0 .78060 2 

.87600 3 .97900 0 .78060 2 .88500 3 .97970 0 .78060 2 
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Table XXXVIII (continued) 

Time Gas Temp. Time Gas Temp. 
Min. RATIOC 

o 
F Min. RATIOC 

o 
F 

.8910D 3 .9801D 0 .7806D 2 .9000D 3 .9808D 0 .7805D 2 

.9060D 3 .9813D 0 .7805D 2 .91500 3 .98190 0 .78050 2 

.92100 3 .98240 0 .78050,2 .93000 3 .98310 0 .78050 2 

.93600 3 .98350 0 .78050 2 .94500 3 .98420 0 .78040 2 

.95100 3 .98470 0 .78040 2 .96000 3 .98540 0 .78040 2 

.96600 3 .98580 0 .78040 2 .97500 3 .98650 0 .78040 2 

.98100 3 .98700 0 .78040 2 .99000 3 .98760 0 .78040 2 

.99600 3 .98810 0 .78030 2 .10050 4 .98880 0 .78030 2 

.10110 4 .98920 0 .78030 2 .10200 4 .98990 0 .78030 2 

.10260 4 .99030 0 .78030 2 .10350 4 .99090 0 .78030 2 

.10410 4 .99140 0 .78020 2 .10500 4 .99200 0 .78020 2 

.10560 4 .99240 0 .78020 2 .10650 4 .99310 0 .78020 2 

.10710 4 .99350 0 .78020 2 .10800 4 .99410 0 .78020 2 

.10860 4 .99460 0 .78020 2 .10950 4 .99510 0 .78010 2 

.11010 4 .99560 0 .78010 2 .11100 4 .99620 0 .78010 2 

.11160 4 .99650 0 .78010 2 .11250 4 .99720 0 .78010 2 

.11310 4 .99760 0 .78010 2 .11400 4 .99790 0 .78010 2 

.11460 4 .99890 0 .78000 2 .11550 4 .99890 0 .78000 2 



230 

Table XXXIX. Computer Results of Activated Alumina Run No. 4 (ACTC-4). 

Time TimeGas Temp. Gas Temp. 
o o 

Min RATIOC F Min. RATIOC F 

.6000D 1 .3137D-3 .1047D 3 .1500D 2 .8355D-2 .1312D 3 

.2100D 2 .4123D-1 .1339D 3 .3000D 2 .1535D 0 .1294D 3 

.3600D 2 .2554D 0 .1235D .3 .4500D 2 .4097D 0 .1138D 3 

.5100D 2 .4923D 0 .1083D 3 .6000D 2 .5789D 0 .1027D 3 

.6600D 2 .6206D 0 .lOOOD 3 .7500D 2 .6685D 0 .9700D 2 

.8100D 2 .6938D 0 .9545D 2 .9000D 2 .7249D 0 .9356D 2 

.9600D 2 .7422D 0 .9253D 2 .1050D 3 .7642D 0 .9122D 2 

.lllOD 3 .7769D 0 .9048D 2 .1200D 3 .7935D 0 .8952D 2 

.1260D 3 .8032D 0 .8895D 2 .1350D 3 .8162D 0 .8821D 2 

.1410D 3 .8239D 0 .8776D 2 .1500D 3 .8344D 0 .8717D 2 

.1560D 3 .8408D 0 .86810 2 .16500 3 .84950 0 .86320 2 

.1710D 3 .85490 0 .86020 2 .18000 3 .86240 0 .85600 2 

.1860D 3 .86700 0 .85340 2 .19500 3 .87350 0 .84980 2 

.20100 3 .87760 0 .84760 2 .21000 3 .88340 0 .84440 2 

.21600 3 .88710 0 .84240 2 .22500 3 .89230 0 .83950 2 

.23100 3 .89570 0 .83770 2 .24000 3 .90050 0 .83500 2 

.24600 3 .90360 0 .83330 2 .25500 3 .90800 0 .83090 2 

.26100 3 .91080 0 .82940 2 .27000 3 .91490 0 .82710 2 

.27600 3 .91760 0 .82570 2 .28500 3 .92140 0 .82360 2 

.29100 3 .92390 0 .82220 2 .30000 3 .92740 0 .82030 2 

.30600 3 .92970 0 .81900 2 .31500 3 .93310 0 .81720 2 

.32100 3 .93520 0 .81600 2 .33000 3 .93830 0 .81430 2 

.33600 3 .94030 0 .81320 2 .34500 3 .94320 0 .81160 2 

.35100 3 .94510 0 .81050 2 .36000 3 .94780 0 .80910 2 

.36600 3 .94950 0 .80810 2 .37500 3 .95200 0 .80670 2 

.38100 3 .95370 0 .80580 2 .39000 3 .95600 0 .80450 2 

.39600 3 .95750 0 .80370 2 .40500 3 .95970 0 .80250 2 

.41100 3 .96110 0 .80170 2 .42000 3 .96310 0 .80060 2 

.42600 3 .96440 0 .79990 2 .43500 3 .96620 0 .79890 2 
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Table XXXIX (continued) 

Time 

Min. RATIOC 
Gas^Temp. 

F 

Time 

Min. RATIOC 
Gas^Temp. 

o 
F 

.44100 3 .96740 0 .79820 2 .45000 3 .96920 0 .79720 2 

.45600 3 .97030 0 .79660 2 .46500 3 .97190 0 .79570 2 

.47100 3 .97290 0 .79520 .2 .48000 3 .97430 0 .79440 2 

.48600 3 .97530 0 .79380 2 .49500 3 .97660 0 .79310 2 

.50100 3 .97750 0 .79260 2 .51000 3 .97870 0 .79190 2 

.51600 3 .97950 0 .79150 2 .52500 3 .98060 0 .79080 2 

.53100 3 .98140 0 .79040 2 .54000 3 .98230 0 .78990 2 

.54600 3 .98310 0 .78950 2 .55500 3 .98400 0 .78900 2 

.56100 3 .98460 0 .78860 2 .57000 3 .98550 0 .78810 2 

.57600 3 .98610 0 .78780 2 .58500 3 .98690 0 .78740 2 

.59100 3 .98740 0 .78710 2 .60000 3 .98810 0 .78670 2 

.60600 3 .98860 0 .78640 2 .61500 3 .98920 0 .78610 2 

.62100 3 .98960 0 .78580 2 .63000 3 .99020 0 .78550 2 

.63600 3 .99060 0 .78530 2 .64500 3 .99120 0 .78500 2 

.65100 3 .99150 0 .78480 2 .66000 3 .99200 0 .78450 2 

.66600 3 .99240 0 .78430 2 .67500 3 .99280 0 .78410 2 

.68100 3 .99310 0 .78390 2 .69000 3 .99350 0 .78370 2 

.69600 3 .99380 0 .78350 2 .70500 3 .99420 0 .78330 2 

.71100 3 .99440 0 .78320 2 .72000 3 .99480 0 .78300 2 

.72600 3 .99500 0 .78280 2 .73500 3 .99530 0 .78270 2 

.74100 3 .99550 0 .78250 2 .75000 3 .99580 0 .78240 2 

.75600 3 .99600 0 .78230 2 .76500 3 .99630 0 .78210 2 

.77100 3 .99650 0 .78200 2 .78000 3 .99670 0 .78190 2 

.78600 3 .99680 0 .78180 2 .79500 3 .99710 0 .78170 2 
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Table XL. Computer Results of Activated Alumina Run No. 5 (ACTC-5). 

Time 

Min. RATIOC 
Gas Temp.

0 
F 

Time 

Min. RATIOC 
Gas^Temp. 

F 

.6000D 1 .3068D-3 .1122D 3 .15000 2 .8713D-3 .13090 3 

.21000 2 .10670-2 .13510 3 .30000 2 .3017D-2 .13790 3 

.36000 2 .36790-1 .13700 .3 .45000 2 .32250 0 .11940 3 

.51000 2 .44930 0 .11090 3 .60000 2 .53660 0 .10510 3 

.66000 2 .57500 0 .10260 3 .75000 2 .62060 0 .99850 2 

.81000 2 .64600 0 .98350 2 .90000 2 .67900 0 .96420 2 

.96000 2 .69860 0 .95300 2 .10500 3 .72500 0 .93780 2 

.11100 3 .74100 0 .92870 2 .12000 3 .76300 0 .91610 2 

.12600 3 .77650 0 .90840 2 .13500 3 .79530 0 .89770 2 

.14100 3 .80700 0 .89110 2 .15000 3 .82330 0 .88180 2 

.15600 3 .83350 0 .87600 2 .16500 3 .84770 0 .86790 2 

.17100 3 .85670 0 .86280 2 .18000 3 .86510 0 .85780 2 

.18600 3 .87260 0 .85390 2 .19500 3 .88390 0 .84790 2 

.20100 3 .88890 0 .84420 2 .21000 3 .89790 0 .84030 2 

.21600 3 .90380 0 .83710 2 .22500 3 .91190 0 .83340 2 

.23100 3 .91630 0 .83020 2 .24000 3 .92230 0 .82790 2 

.24600 3 .92640 0 .82480 2 .25500 3 .93310 0 .82210 2 

.26100 3 .93700 0 .81990 2 .27000 3 .94190 0 .81710 2 

.27600 3 .94560 0 .81430 2 .28500 3 .95060 0 .81190 2 

.29100 3 .95390 0 .81020 2 .30000 3 .95720 0 .80800 2 

.30600 3 .96000 0 .80510 2 .31500 3 .96380 0 .80350 2 

.32100 3 .96630 0 .80200 2 .33000 3 .96970 0 .79970 2 

.33600 3 .97120 0 .79770 2 .34500 3 .97470 0 .79590 2 

.35100 3 .97580 0 .79360 2 .36000 3 .97840 0 .79190 2 

.36600 3 .98060 0 .79100 2 .37500 3 .98230 0 .79000 2 

.38100 3 .98370 0 .78870 2 .39000 3 .98510 0 .78710 2 

.39600 3 .98680 0 .78640 2 .40500 3 .98830 0 .78520 2 

.41100 3 .99010 0 .78390 2 .42000 3 .99230 0 .78330 2 

.42600 3 .99380 0 .78310 2 .43500 3 .99530 0 .78280 2 
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Table XL (continued) 

Time 

Min. RATIOC 
Gas^Temp. 

F 

Time 

Min. RATIOC 
Gas^Temp. 

F 

.44100 

.45600 

.47100 

.48600 

.50100 

3 

3 

3 

3 

3 

.99600 

.99740 

.99840 

.99910 

.99960 

0 

0 

0 

0 

0 

.78240 2 

.78160 2 

.781002 

.78050 2 

.78020 2 

.45000 3 

.46500 3 

.480003 

.49500 3 

.51000 3 

.99680 

.99800 

.99880 

.99940 

.99980 

0 

0 

0 

0 

0 

.7819D 

.78120 

.78070 

.78030 

.78010 

2 

2 

2 

2 

2 
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Table XLI. Computer Results of Activated Alumina Run No. 6 (ACTC-6). 

Time 

Min. RATIOC 
Gas^Temp. 

F 

Time 

Min. RATIOC 
Gas^Temp. 

F 

.60000 1 .25490-5 .78680 2 .15000 2 .34660-3 .1095D 3 

.21000 2 .65920-3 .12090 3 .30000 2 .98670-3 .12880 3 

.36000 2 .11080-2 .13120 3 .45000 2 .15330-2 .13420 3 

.51000 2 .15330-2 .13420 3 .60000 2 .60100-2 .13520 3 

.66000 2 .24330-1 .13500 3 .75000 2 .12240 0 .12980 3 

.81000 2 .23410 0 .12290 3 .90000 2 .38030 0 .11330 3 

.96000 2 .43790 0 .10950 3 .10500 3 .49490 0 .10580 3 

.11100 3 .52280 0 .10410 3 .12000 3 .55660 0 .10210 3 

.12600 3 .57550 0 .10100 3 .13500 3 .60030 0 .99620 2 

.14100 3 .61500 0 .98800 2 .15000 3 .63500 0 .97700 2 

.15600 3 .64730 0 .97040 2 .16500 3 .66430 0 .96120 2 

.17100 3 .67490 0 .95550 2 .18000 3 .68980 0 .94750 2 

.18600 3 .69920 0 .94250 2 .19500 3 .71260 0 .93550 2 

.20100 3 .72100 0 .93100 2 .21000 3 .73310 0 .92460 2 

.21600 3 .74080 0 .92050 2 .22500 3 .75190 0 .91470 2 

.23100 3 .75900 0 .91100 2 .24000 3 .76920 0 .90560 2 

.24600 3 .77570 0 .90210 2 .25500 3 .78520 0 .89720 2 

.26100 3 .79130 0 .89390 2 .27000 3 .80010 0 .88930 2 

.27600 3 .80580 0 .88630 2 .28500 3 .81400 0 .88190 2 

.29100 3 .81940 0 .87910 2 .30000 3 .82710 0 .87500 2 

.30600 3 .83210 0 .87240 2 .31500 3 .83930 0 .86850 2 

.32100 3 .84400 0 .86600 2 .33000 3 .85080 0 .86240 2 

.33600 3 .85510 0 .86000 2 .34500 3 .86190 0 .85680 2 

.35100 3 .86550 0 .85440 2 .36000.3 .87170 0 .85120 2 

.36600 3 .87560 0 .84910 2 .37500 3 .88060 0 .84610 2 

.38100 3 .88510 0 .84400 2 .39000 3 .89020 0 .84210 2 

.39600 3 .89360 0 .83930 2 .40500 3 .89900 0 .83650 2 

.41100 3 .90190 0 .83490 2 .42000 3 .90650 0 .83230 2 

.42600 3 .90930 0 .82080 2 .43500 3 .91410 0 .82830 2 
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Table XLI (continued) 

Time 

Min. RATIOC 
Gas^Temp. 

F 

Time 

Min. RATIOC 
Gas^Temp. 

F 

.44100 3 .91690 0 .82670 2 .45000 3 .91150 0 .82430 2 

.45600 3 .92380 0 .82300 2 .46500 3 .92750 0 .82080 2 

.47100 3 .92940 0 .81930 2 .48000 3 .93370 0 .81740 2 

.48600 3 .93600 0 .81610 2 .49500 3 .93990 0 .81430 2 

.50100 3 .94160 0 .81300 2 .51000 3 .94440 0 .81120 2 

.51600 3 .94700 0 .81010 2 .52500 3 .94970 0 .80850 2 

.53100 3 .95190 0 .80760 2 .54000 3 .95440 0 .80590 2 

.54600 3 .95600 0 .80500 2 .55500 3 .95850 0 .80350 2 

.56100 3 .96030 0 .80260 2 .57000 3 .96290 0 .80130 2 

.57600 3 .96420 0 .80050 2 .58500 3 .96620 0 .79930 2 

.59100 3 .96770 0 .79840 2 .60000 3 .96970 0 .79730 2 

.60600 3 .97110 0 .79670 2 .61500 3 .97380 0 .79560 2 

.62100 3 .97390 0 .79500 2 .63000 3 .97570 0 .79400 2 

.63600 3 .97670 0 .79340 2 .64500 3 .97830 0 .79250 2 

.65100 3 .97920 0 .79190 2 .66000 3 .98060 0 .79120 2 

.66600 3 .98150 0 .79060 2 .67500 3 .98280 0 .78990 2 

.68100 3 .98360 0 .78950 2 .69000 3 .98480 0 .78880 2 

.69600 3 .98550 0 .78840 2 .70500 3 .98660 0 .78780 2 

.71100 3 .98720 0 .78740 2 .72000 3 .98810 0 .78690 2 

.72600 3 .98880 0 .78650 2 .73500 3 .98960 0 .78600 2 

.74100 3 .99010 0 .78570 2 .75000 3 .99090 0 .78530 2 

.75600 3 .99140 0 .78500 2 .76500 3 .99210 0 .78460 2 

.77100 3 .99250 0 .78440 2 .78000 3 .99310 0 .78400 2 

.78700 3 .99350 0 .78380 2 .79500 3 .99410 0 .78350 2 

.80100 3 .99440 0 .78330 2 .81000 3 .99490 0 .78300 2 

.81600 3 .99520 0 .78280 2 .82500 3 .99570 0 .78250 2 

.83100 3 .99600 0 .78240 2 .84000 3 .99640 0 .78220 2 

.84600 3 .99660 0 .78200 2 .85500 3 .99700 0 .78180 2 

.86100 3 .99720 0 .78170 2 .87000 3 .99750 0 .78150 2 
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Table XLI (continued) 

Time TimeGas Temp. GaSpTemp.o 
Min. RATIOC F Min. RATIOC F 

.87600 3 .99770 0 .78140 2 .88500 3 .9980D 0 .7812D 2 

.89100 3 .99810 0 .78110 2 .90000 3 .99840 0 .7810D 2 

.90600 3 .99860 0 .78090 2 .91500 3 .99880 0 .78070 2 

.92100 3 .99890 0 .78060 2 .93000 3 .99910 0 .78050 2 

.93600 3 .99930 0 .78040 2 .94500 3 .99950 0 .78030 2 

.95100 3 .99960 0 .78030 2 .96000 3 .99970 0 .78020 2 

.96600 3 .99980 0 .78010 2 
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Table XLII. Computer Results of Activated Alumina Run No. 7 (ACTC-7). 

Time 

Min. RATIOC 
Gas^Temp. 

F 

Time 

Min. RATIOC 
Gas^Temp, 

F 

.60000 1 .25320-3 .10560 3 .1500D 2 .9551D-3 .1283D 3 

.21000 2 .13680-2 .13300 3 .3000D 2 .7407D-2 .1357D 3 

.36000 2 .33750-1 .13520 3 .4500D 2 .1676D 0 .1281D 3 

.51000 2 .30800 0 .11960 3 .6000D 2 .47470 0 .1090D 3 

.66000 2 .54230 0 .10470 3 .75000 2 .61240 0 .10030 3 

.81000 2 .64740 0 .98210 2 .90000 2 .68950 0 .95700 2 

.96000 2 .71280 0 .94330 2 .10500 3 .74250 0 .92600 2 

.11100 3 .75970 0 .91600 2 .12000 3 .78250 0 .90290 2 

.12600 3 .79610 0 .89520 2 .13500 3 .81440 0 .88480 2 

.14100 3 .82540 0 .87850 2 .15000 3 .84050 0 .86990 2 

.15600 3 .84980 0 .86470 2 .16500 3 .86250 0 .85750 2 

.17100 3 .87040 0 .85310 2 .18000 3 .88130 0 .84700 2 

.18600 3 .88800 0 .84320 2 .19500 3 .89740 0 .83790 2 

.20100 3 .90330 0 .83460 2 .21000 3 .91140 0 .83000 2 

.21600 3 .91650 0 .82720 2 .22500 3 .92360 0 .82320 2 

.23100 3 .92800 0 .82070 2 .24000 3 .93420 0 .81720 2 

.24600 3 .93800 0 .81500 2 .25500 3 .94340 0 .81200 2 

.26100 3 .94680 0 .81010 2 .27000 3 .95150 0 .80750 2 

.27600 3 .95450 0 .80580 2 .28500 3 .95860 0 .80350 2 

.29100 3 .96110 0 .80210 2 .30000 3 .96470 0 .80010 2 

.30600 3 .96690 0 .79880 2 .31500 3 .97000 0 .79700 2 

.32100 3 .97190 0 .79600 2 .33000 3 .97460 0 .79440 2 

.33700 3 .97630 0 .79350 2 .34500 3 .97860 0 .79220 2 

.35100 3 .98000 0 .79140 2 .36000 3 .98200 0 .79030 2 

.36600 3 .98320 0 .78960 2 .37500 3 .98490 0 .78860 2 

.38100 3 .98590 0 .78800 2 .39000 3 .98740 0 .78720 2 

.39600 3 .98830 0 .78670 2 .40500 3 .98950 0 .78600 2 

.41100 3 .99030 0 .78560 2 .42000 3 .99130 0 .78500 2 

.42600 3 .99200 0 .78460 2 .43500 3 .99280 0 .78410 2 
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Table XLII (continued) 

Time 

Min. RATIOC 
Gas^Temp. 

F 

Time 

Min. RATIOC 
Gas^Temp. 

F 

.44100 3 .99340 0 .78380 2 .45000 3 .99410 0 .78340 2 

.45600 3 .99460 0 .78310 2 .46500 3 .99520 0 .78280 2 

.47100 3 .99560 0 .78250 2 .48000 3 .99610 0 .78220 2 

.48600 3 .99650 0 .78200 2 .49500 3 .99690 0 .78180 2 

.50100 3 .99720 0 .78160 2 .51000 3 .99760 0 .78140 2 

.51600 3 .99780 0 .78130 2 .52500 3 .99820 0 .78110 2 

.53100 3 .99840 0 .78100 2 .54000 3 .99860 0 .78080 2 

.54600 3 .99880 0 .78070 2 .55500 3 .99910 0 .78060 2 

.56100 3 .99920 0 .78050 2 .57000 3 .99940 0 .78030 2 

.57600 3 .99950 0 .78030 2 .58500 3 .99970 0 .78020 2 

.59100 3 .99980 0 .78010 2 
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Table XLIII. Computer Results of Activated Alumina Run No. 8 (ACTC-8). 

Time 

Min. RATIOC 
Gas^Temp. 

F 

Time 

Min. RATIOC 
Gas^Temp. 

F 

.6000D 1 .3203D-3 .1086D 3 .1500D 2 .1279D-1 .1336D 3 

.2100D 2 .8874D-1 .1341D 3 .3000D 2 .3151D 0 .1208D 3 

.3600D 2 .4418D 0 .1118D 3 .4500D 2 .5402D 0 .1045D 3 

.5100D 2 .57870 0 .10180 3 .60000 2 .61900 0 .99150 2 

.66000 2 .63930 0 .97890 2 .75000 2 .66380 0 .96440 2 

.81000 2 .67770 0 .95640 2 .90000 2 .69620 0 .94610 2 

.96000 2 .70740 0 .94000 2 .10500 3 .72300 0 .93150 2 

.11100 3 .73280 0 .92620 2 .12000 3 .74670 0 .91870 2 

.12600 3 .75560 0 .91390 2 .13500 3 .76820 0 .90710 2 

.14100 3 .77630 0 .90380 2 .15000 3 .78800 0 .89650 2 

.15600 3 .79540 0 .89250 2 .16500 3 .80610 0 .88670 2 

.17100 3 .81300 0 .88300 2 .18000 3 .82290 0 .87760 2 

.18600 3 .82920 0 .87420 2 .19500 3 .83840 0 .86920 2 

.20100 3 .84420 0 .86600 2 .21000 3 .85270 0 .86150 2 

.21600 3 .85810 0 .85850 2 .22500 3 .86590 0 .85430 2 

.23100 3 .87090 0 .85150 2 .24000 3 .87810 0 .84760 2 

.24600 3 .88270 0 .84510 2 .25500 3 .88930 0 .84140 2 

.26100 3 .89360 0 .83910 2 .27000 3 .89970 0 .83530 2 

.27600 3 .90370 0 .83360 2 .28500 3 .90930 0 .83050 2 

.29100 3 .91290 0 .82850 2 .30000 3 .91810 0 .82570 2 

.30600 3 .9214D 0 .82380 2 .31500 3 .92620 0 .82120 2 

.32100 3 .92920 0 .81950 2 .33000 3 .93360 0 .81710 2 

.33600 3 .93640 0 .81560 2 .34500 3 .94040 0 .81330 2 

.35100 3 .94290 0 .81190 2 .36000 3 .94660 0 .80990 2 

.36600 3 .94390 0 .80860 2 .37500 3 .95220 0 .80680 2 

.38100 3 .95540 0 .80560 2 .39000 3 .95740 0 .80390 2 

.39600 3 .95930 0 .80280 2 .40500 3 .96200 0 .80130 2 

.41100 3 .96380 0 .80040 2 .42000 3 .96630 0 .79900 2 

.42600 3 .96780 0 .79810 2 .43500 3 .97010 0 .79680 2 
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Table XLIII (continued) 

Time 

Min. RATIOC 
Gas Temp. 

o 
F 

Time 

Min. RATIOC 
Gas^Temp. 

F 

.44100 3 .97150 0 .79610 2 .45000 3 .97350 0 .79490 2 

.45600 3 .97480 0 .79420 2 .46500 3 .97660 0 .79320 2 

.47100 3 .97770 0 .79260 2 .48000 3 .97930 0 .79170 2 

.48600 3 .98040 0 .79110 2 .49500 3 .98180 0 .79030 2 

.50100 3 .98270 0 .78980 2 .51000 3 .98400 0 .78900 2 

.51600 3 .98490 0 .78860 2 .52500 3 .98600 0 .78790 2 

.53100 3 .98670 0 .78750 2 .54000 3 .98780 0 .78690 2 

.54600 3 .98840 0 .78660 2 .55500 3 .98930 0 .78600 2 

.56100 3 .98990 0 .78570 2 .57000 3 .99070 0 .78530 2 

.57600 3 .99120 0 .78500 2 .58500 3 .99190 0 .78460 2 

.59100 3 .99240 0 .78430 2 .60000 3 .99300 0 .78400 2 

.60600 3 .99340 0 .78370 2 .61500 3 .99400 0 .78340 2 

.62100 3 .99430 0 .78320 2 .63000 3 .99480 0 .78290 2 

.63600 3 .99520 0 .78280 2 .64500 3 .99560 0 .78250 2 

.65100 3 .99590 0 .78240 2 .66000 3 .99630 0 .78210 2 

.66600 3 .99650 0 .78200 2 .67500 3 .99680 0 .78180 2 

.68100 3 .99710 0 .78170 2 .69000 3 .99740 0 .78150 2 

.69600 3 .99760 0 .78140 2 .70500 3 .99780 0 .78130 2 

.71100 3 .99800 0 .78120 2 .72000 3 .99820 0 .78100 2 

.72600 3 .99840 0 .78090 2 .73500 3 .99860 0 .78080 2 

.74100 3 .99870 0 .78070 2 .75000 3 .99890 0 .78060 2 

.75600 3 .99900 0 .78060 2 .76500 3 .99920 0 .78050 2 

.77100 3 .99930 0 .78040 2 .78000 3 .99950 0 .78030 2 

.78600 3 .99950 0 .78030 2 .79500 3 .99970 0 .78020 2 
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Table XLIV. Computer Results of Activated Alumina Run No. 9 (ACTC-9). 

Time 

Min. RATIOC 
Gas^Temp. 

F 

Time 

Min. RATIOC 
Gas^Temp. 

F 

.60000 1 .26800-3 .10630 3 .15000 2 .10840-2 .1292D 3 

.21000 2 .30040-2 .13360 3 .30000 2 .32160-1 .1345D 3 

.36000 2 .98620-1 .13130 .3 .45000 2 .26160 0 .1217D 3 

.51100 2 .36410 0 .11540 3 .60000 2 .46930 0 .1088D 3 

.66000 2 .52160 0 .10560 3 .75000 2 .58480 0 .1019D 3 

.81000 2 .61960 0 .99810 2 .90000 2 .66390 0 .97220 2 

.96000 2 .68930 0 .95750 2 .10500 3 .72260 0 .93830 2 

.11100 3 .74220 0 .92710 2 .12000 3 .76850 0 .91210 2 

.12600 3 .78420 0 .90310 2 .13500 3 .80570 0 .89090 2 

.14100 3 .81860 0 .88350 2 .15000 3 .83650 0 .87340 2 

.15600 3 .84750 0 .86720 2 .16500 3 .86260 0 .85860 2 

.17100 3 .87190 0 .85330 2 .18000 3 .88490 0 .84590 2 

.18600 3 .89290 0 .84140 2 .19500 3 .90400 0 .83510 2 

.20100 3 .91090 0 .83110 2 .21000 3 .92050 0 .82570 2 

.21600 3 .92640 0 .82230 2 .22500 3 .93470 0 .81760 2 

.23100 3 .93970 0 .81470 2 .24000 3 .94680 0 .81070 2 

.24600 3 .95110 0 .80820 2 .25500 3 .95710 0 .80480 2 

.26100 3 .96080 0 .80260 2 .27000 3 .96580 0 .79980 2 

.27600 3 .96890 0 .79800 2 .28500 3 .97310 0 .79560 2 

.29100 3 .97560 0 .79410 2 .30000 3 .97910 0 .79210 2 

.30600 3 .98120 0 .79090 2 .31500 3 .98400 0 .78930 2 

.32100 3 .98570 0 .78830 2 .33000 3 .98790 0 .78700 2 

.33600 3 .98920 0 .78630 2 .34500 3 .99100 0 .78520 2 

.35100 3 .99210 0 .78460 2 .36000 3 .99340 0 .78380 2 

.36600 3 .99420 0 .78340 2 .37500 3 .99530 0 .78270 2 

.38600 3 .99590 0 .78240 2 .39000 3 .99670 0 .78190 2 

.39600 3 .99720 0 .78170 2 .40500 3 .99780 0 .78130 2 

.41100 3 .99810 0 .78110 2 .42000 3 .99860 0 .78080 2 

.42600 3 .99880 0 .78070 2 .43500 3 .99910 0 .78050 2 

.44100 3 .99930 0 .78040 2 .45000 3 .99960 0 .78030 2 

.45600 3 .99970 0 .78020 2 .46500 3 .99980 0 .78010 2 
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Table XLV. Computer Results of Activated Alumina Run No. 10 (ACTC-10). 

Time 

Min. RATIOC 
Gas^Temp. 

F 

Time 

Min. RATIOC 
Gas^Temp. 

F 

.60000 1 .2686D-3 .10630 3 .1500D 2 .1143D-2 .1300D 3 

.21000 2 .39780-2 .13500 3 .30000 2 .53720-1 .13550 3 

.36000 2 .16380 0 .12970 3 .45000 2 .39480 0 .11530 3 

.51000 2 .50490 0 .10810 3 ,60000 2 .60630 0 .10140 3 

.66000 2 .65310 0 .98450 2 .75000 2 .70670 0 .95130 2 

.81000 2 .73520 0 .93400 2 .90000 2 .77070 0 .91260 2 

.96000 2 .79070 0 .90070 2 .10500 3 .81660 0 .88540 2 

.11100 3 .83160 0 .87660 2 .12000 3 .85130 0 .86500 2 

.12600 3 .86280 0 .85830 2 .13500 3 .87820 0 .84930 2 

.14100 3 .88720 0 .84400 2 .15000 3 .89920 0 .83700 2 

.15600 3 .90620 0 .83280 2 .16500 3 .91560 0 .82740 2 

.17100 3 .92100 0 .82420 2 .18000 3 .92820 0 .82000 2 

.18600 3 .93230 0 .81760 2 .19500 3 .93770 0 .81440 2 

.20100 3 .94080 0 .81260 2 .21000 3 .94480 0 .81030 2 

.21600 3 .94700 0 .80900 2 .22500 3 .94990 0 .80730 2 

.23100 3 .95150 0 .80640 2 .24000 3 .95360 0 .80520 2 

.24600 3 .95480 0 .80450 2 .25500 3 .95620 0 .80360 2 

.26100 3 .95710 0 .80320 2 .27000 3 .95820 0 .80250 2 

.27600 3 .95880 0 .80220 2 .28500 3 .95960 0 .80170 2 

.29100 3 .96100 0 .80150 2 .30000 3 .96070 0 .80110 2 

.30600 3 .96110 0 .80090 2 .31500 3 .96170 0 .80060 2 

.32100 2 .96200 0 .80040 2 .33000 3 .96250 0 .80010 2 

.33600 3 .96280 0 .80000 2 .34500 3 .96330 0 .79970 2 

.35100 3 .96350 0 .79960 2 .36000 3 .96400 0 .79930 2 

.36600 3 .96420 0 .79920 2 .37500 3 .96470 0 .79900 2 

.38600 3 .96490 0 .79880 2 .39000 3 .96530 0 .79860 2 

.39600 3 .96560 0 .79850 2 .40500 3 .96600 0 .79830 2 

.41100 3 .96620 0 .79810 2 .42000 3 .96660 0 .79790 2 

.42600 3 .96690 0 .79780 2 .43500 3 .96720 0 .79760 2 
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Table XLV (continued) 

Time 

Min. RATIOC 
Gas Temp. 

o 
F 

Time 

Min. RATIOC 
Gas Temp.

0 
F 

.44100 3 .96750 0 .79740 2 .45000 3 .96790 0 .79730 2 

.45600 3 .96810 0 .79710 2 .46500 3 .96850 0 .79690 2 

.47100 3 .96870 0 .79680 2 .48000 3 .96910 0 .79660 2 

.48600 3 .96930 0 .79650 2 .49500 3 .96970 0 .79630 2 

.50100 3 .96990 0 .79620 2 .51000 3 .97020 0 .79600 2 

.51600 3 .97050 0 .79590 2 .52500 3 .97080 0 .79570 2 

.53100 3 .97100 0 .79560 2 .54000 3 .97140 0 .79540 2 

.54600 3 .97160 0 .79530 2 .55500 3 .97190 0 .79510 2 

.56100 3 .97210 0 .79500 2 .57000 3 .97240 0 .79480 2 

.57600 3 .97260 0 .79470 2 .58500 3 .97300 0 .79450 2 

.59100 3 .97320 0 .79440 2 .60000 3 .97350 0 .79420 2 

.60600 3 .97370 0 .79410 2 .61500 3 .97400 0 .79400 2 

.62100 3 .97420 0 .79390 2 .63000 3 .97450 0 .79370 2 

.63600 3 .97470 0 .79360 2 .64500 3 .97500 0 .79340 2 

.65100 3 .97530 0 .79330 2 .66000 3 .97550 0 .79320 2 

.66600 3 .97570 0 .79310 2 .67500 3 .97590 0 .79290 2 

.68100 3 .97610 0 .79280 2 .69000 3 .97640 0 .79270 2 

.69600 3 .97660 0 .79260 2 .70500 3 .97690 0 .79240 2 

.71100 3 .97700 0 .79230 2 .72000 3 .97730 0 .79220 2 

.72600 3 .97750 0 .79210 2 .73500 3 .97770 0 .79200 2 

.74100 3 .97790 0 .79190 2 .75000 3 .97820 0 .79170 2 

.75600 3 .97840 0 .79160 2 .76500 3 .97860 0 .79150 2 

.77100 3 .97880 0 .79140 2 .78000 3 .97900 0 .79130 2 

.78600 3 .97920 0 .79120 2 .79500 3 .97940 0 .79110 2 



APPENDIX F 

COMPUTER PROGRAM FOR LMS-4A AND ACTIVATED ALUMINA 

The complete Fortran IV program of activated alumina is presented 

in Table XLVI. Most of the LMS-4A program is the same as activated 

calculations.alumina except the input data and the diffusion parameter 

so here we present only these two parts in Table XLVII. 
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Table XLVI. The Complete Fortran IV Program of Activated Alumina. 

//acti JOB (038^41.054178.BINS.T-150,L-999fK-512).C.MSOLEVEL= (1.1) 

IimSTW360 

// EXfC FOHrHcLG.GO.^EG=512K.OPT=2.F(jHTREG=512K 
//foht.sysin on * 

ImPLICII PEAL«8(A-H.0-Z) 
RfAI.^8 oEXP.DABS.OEKF.DSQRT.DLOG.OMaXI.ULOGIO 
InTEGEP’»4 joint 
dimension TG(2.400U).RHOG(2.4000).G(2.4000).Y(2.4000) 
dimension UT(2.31).UP(2.31).UPD(2.31).PE(2.31).DELUTI(2.31) 
DtMENSIuN ?E(30) .GE(30) .n(30) .TE(30).D1(30) 
dimension rat IOC(3).time(3).YTEMP(3).ICHEK(3) 
DIMENSION TW(2),aaP(2).BBP(2).CCP(2) 

C 

c***«**»**«*****************s. H. JURY CARD deck******************************** 
c 

C****»o«*****»******************INPUT data start**************** **************** 

c 

C******»***«*»*********GRANULE parameters*********************** **************** 

c 

c EF IS THE Fraction of aitsorption heat liberated in the granule, the fraction 
C (I.no-EF) li The heat liberated at The granule surface. 
C SIG IS The fraction of CONTINUOUS PHASE IN GRANULE. 
C EFl IS a fraction in THE RELATION EF1=(DO(K)/RD**2)/(D(K)/R**2 ) WHERE OD(K) 

C and Rn ARE THE MICROSPHERE DIFFUSIVITY AND RADIUS. 
C 

1 SiG=.74i)0 
2 EFl=0,0l2D0 

3 Er = 0.(JDo 
4 R=0.0023412369D0 A12/14 

5 CaY=0.074500 
6 YlAMOA=19093.97905UO 

YlAMOA=YLAMUA*1.400 
7 EPSLOh=o,430700 ’ A12/14 

8 RnS=101.0756D0 
9 Si=0.904500 

C 
*****************C*«**»*tt*»****«»********PERCOLATOR PARAMETERS****************** 

C 

10 01=1.2500/12.00 
11 DO=l.5Du/12.D0 
12 RoT=1.0s25D0*62.42700 
13 CPT = U.3.eD0 

C 

c*»*44»»»«*»»**«********FEED gas Parameters********************* **************** 

c 

15 SrFH=10.00n0 ACTl 

16 TeEED = 5_,7.6900 

17 nFDTl=537.6900 
18 UNI I TP= 14.69600*144.000/760.000 
19 bfDPI=0.0011099179D0*UNITP A12/14 

20 HfDPT=10.9482D0*UNITP ACTl 
ACTl21 P=742.875D0*UNITP 

C 

c*«**4*4»»***************r run design*************************** **************** 

c 

20 NR=11 
29 Na=1 

30 NS=20 
31 YhR=NR 
32 YnA=NA 

33 YnS=NS 

https://DO=l.5Du/12.D0
https://01=1.2500/12.00
https://UT(2.31).UP(2.31).UPD(2.31).PE(2.31).DELUTI(2.31
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Table XLVI (continued) 

3^» N=NS-NA*NA*NR 
35 Yt4=N 
36 Nn=N-1 
37 YT=YNS*yNR 
38 R^|=Yr-1.^0 
39 DfLTa^>=H/YNS 
40 nFLTAR=UFLrAS/YNR 
41 ORCSrOELTAR/DELTAS 

C 

each IPRINT INCREMENTS OF 

C BEO. PRIOR |6 A computer RUN THE USER SHOULD USE A CALCULATOR TO EXECUTE 

C statements listed under z- and t- run design to insure 

C JPRINT is ThF time interval between the prints for 

proper computer run 

C DESiGrj. 
»»*«»<HtOtt****fHHH»*»»»0*«*«********0**«***********«*********** **** 

C 

C«n»***«***«*tt*****e*««n>****Z RUN DESIGN 
C 

45 EL=2.DO/12.DO 
46 OfLTaZ=4.DO*R 
47 IpRINT=i 
48 YtP=IPRiNT 
49 LW=IDINT(EL/(DELIAZ*YIP)+.580) 
51 L = LW«*IPkINT 
52 Y|. = L 
53 DfLTaZ=kL/YL 

C 

q*««**»**»*«-***««*«o»«»***»T run design*?***********>***'*****' ********************* 

C 

64 DfLTaT=12.D0/3600.O0 
65 TT1ME=4uOO.DO*OELTaT 
66 JpRINr=l 
68 YjP=JPRlNT 
69 MW=IUIN|(TT1ME/(DELTaT*YJP)*.500) 
70 Mr:HW*JPKlNT 
71 YM = M 

72 DfLTaT=ITIME/YM 
C 

C*«***o<nnnnn**««»******MISCELLANEOUS CONSTANTS** « 

C 

73 ALERR=1.D-3 
74 V21=0.6a152D0 
76 V?2=0.6716000 
77 V?3=0.3^68500 
78 CW=1.56sin0 
80 CR = 0.81.10500 
82 RraR=15^5.33D0 

********************(;**»«•**«inf**#)*^##**##^^******^***input daTa end************* 

C«*<nnnt*»«»**«*tt(n>PARAMETER CALCULATIONS FROM INPUT DATA START******************* 

C 

83 D(> = BEUPk-REDPI. 
84 K| =0 
85 RnCPS=RjS*0,183D0 
86 A|FA=CAy/ROCPS 
89 VfEED = S(:F H*P*TFEFD*4.00/(519.6900*14.69600*144.DO*EPSLON* 3.1415926 

'iI5aOO"()I**2) 
90 RT=RBaR*TFFEO 
91 Rn=RHAR*REnl1 

92 CFEED=BEOPF/Rr 

https://DfLTaT=12.D0/3600.O0
https://EL=2.DO/12.DO
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Table XLVI (continued) 

93 RFDCGl=Hf:DPI/KB 
95 BFnKO&=p/WB 

100 B = DELTA/:/r)ELTAT 
no Aa=(OEL| aP**2)/DELTaT 
115 AY=3.uO*(1.00-EPSLON)/(R*SI) 

Ay=AY»Si 
120 AT=SI0"uY«DELTaZ*(3.1^159265400/4.0001*01**2*0ELTaT 
140 Al=(SlG«AY*U£LrA/)/EPSLOiM 
141 AA=15.Du*DELTAr/R**2 
142 A9=A4*AlFA 
144 A7=5.D0«CAY/R 
145 AH=(1.0i)0-EF)*YLAM0A 
146 Wn2=(l.i)0-SIG)/5IG 
147 Wo3=3.0u*OELTaT/R 
J48 Wo4=l.Du+A9 
150 RnGlN=P/RT 

C 
c*******«*»*******parameter calculations from input oata eno 

c 

151 SuMJST=o.OO 
152 SuMCU=0.r)0 

153 Sf;FlLM=o.D0 
154 SuMGaS=u,00 
201 CF=1.00 
203 1=0 

204 JtF=0 
205 JtF2=0 
206 JU=0 

207 Uj=JU 
200 TtMEJU=u.0D0 
209 ItSUM=0 
210 00 210 J=2»M 
215 Tr,(l.J) = (TFEED-3E0TI)/BE0TI 
216 RhOG(1»j)=ROGIN 
217 G(1«J)=vFEEO*ROGIN 
210 Y(ltJ)=cFEEO/ROGIN 

C 

Z LOOP pOLLOWS************»***«*******«********* 
C 

225 DO 3000 II = nL 
231 1=1*1 
232 If(I .Lf. IPRINT) GO TO 250 
233 1=1 

C 

ST1RT*»********* *******************(;****<nnn»o«***»»«***<n>»*»initials CONDITIONS 
C 

250 Tw(l)=.UO0 
290 Tr,(2,l)=n.ODO 
291 Rh0G(2.i)=HEDR0G 
292 G(2n)=VFEEU*eEDROG 
293 Y(2«l)=HEnCGI/BEDHOG 
300 00 310 K=lfN 
301 OfLUTI (£r,K)=0.00 
305 UT(1«K)=O.ODO 
300 UP(nK)=0.0D0 

310 UPD(1*M=0.000 
315 Trl=BEDlI 
319 Pol=HtOpI 
320 Prl=HCOPl 
321 TnUM=0.i)0 
322 JMAX=0 

https://r,K)=0.00
https://Sf;FlLM=o.D0
https://SuMJST=o.OO
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Table XLVI (continued) 

c 

C*«****«*«**o**«****»*««**jN!]-j/yL CONDITIONS END************** ****************** 

C 

323 JwKITE=0 
324 JftY=2 
325 JO=0 

330 JV=M-JU 
C 

C**»***«oo***«*****LONG time calculation CONTROL-STaRT 
c 

332 If(JIF2.EO.O)GO TO 340 
334 If(JIF.FU.1.0R.JU.LT,KL)G0 to 340 
335 JtF=1 

C 

C**»«»*»»<nt**)HnnfttLONG time CALCULATION CONTROL-END********** ******************* 

C 

(;****«***«*4h»*<hhhh»«**o*»thf Time loop EOLLOwS*«**<h****»**** ************«****»** 

C 

340 DO 2000 J=2.JV 
C 

C***«***«hk**<*****«*lONG time calculation control-start 
c 

374 If(JIF.kQ.O)GO to 400 
376 Y|<=1.D0 
370 K=1 

380 T=TC1 
3«5 PP=PC1 

390 GO TO 4j0 
C 

C«**<n>*<finnnt*<nn*»«LONG TIME CALCULATION CONTROL-ENo********* ******************** 

C 

c The followIimg algorithm for computing the DIFFUSION Parameters,D(K).TE(K) and 
C PE(K) MUST he supplied OY ThE USER FOR HIS PARTICULAR ADSORBENT. 

C 

c»***«*****«*«»»«***t)iFFUsiON Parameter calculation start** 
c 

C activated alumina 
c 

400 K=0 

410 K=K*1 
412 Yk=K 

415 Ir(K.GE,NR*NA*l)GO TO 420 
410 OHM=YNS/(YNS-YNA*(YNR*YNa-YK*1.DO)/YNRl 
419 GO To 4£'1 
420 DUM=YNS/( YN-YK + 1.DO) 
421 T= (C)UM*uT ( 1 ,K) ♦ 1 .DO) *t3EDTl 
427 PP=DUM*uP(1,K)*DP*UEDPI 

430 Tr = T/l.,(00-273.161 111 111 1 1 IDO 
450 Tk = TC-*273.1500 
451 Tr) = 0.65,)0-0.01*TC 
452 Tn2=ro*<»2 
453 Tn3=rD*rn2 
454 Tn4=TD*in3 

455 Tn5=TD*)04 
456 Tn6=lD*I05 

457 7(17 = 10*106 

459 SHM=-74 I.924200-29.72100*70-1 1.5520600*702-0.068563500*703 * 

(•>0.1094 0wROO*Ti)4,0.4349P 100*105* 0.2520658*106* 0.0521866400*707 
460 EPA=l.D-2/TK*(374.13hOO-lC)*SUM 

https://Y|<=1.D0
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Table XLVI (continued) 

461 PSAT=22ij.80DO*OEXP(EPA)/1.0132500*14.69600*144.DO 
462 XpP=(PP/PSaT)**(T/1335.5692200-1.00)/PSaT 
463 X = XPf>*PH 

464 Xi=X**lu.023800 
46b lF(DAUb(X*Xl).GT.1.0-30)00 TO 469 
466 Xp=0.00 
467 X-i = 0.00 
468 GO To 472 
469 X?=X*X1 

470 Xi=X*X2 
472 Zft=l.00-12.023800*X2+11.0238D0*X3 
473 Zp=l.00*3.J676UO*X-4.367600*X3 

475 Vi=KOS*.01073999603D0 
476 V(>=V1*XhP/(1.00-X) 
477 V?=VP*Pp 
478 Vi=Vl/((1.00-X)**2) 

480 ClPP=VP«ZA/ZB 
481 C1=C1PP«PP 
483 S)=132.^479664D0*X1*{X-1.0D0) 
487 53=3.367600-52.51514888D0*X2 
490 r)rl = V2* (Sl/Zn-ZA*S3/2B**2) ♦ZA/ZB*V3 
491 El=-107b4.36D0/T 
492 E?=1335.56922D0/T-1.DO 
495 Yl=332.1801042DO*D50R1(T)*DEXP(E1)*C1PP*C1**2.DO 
496 Y?=1.9b2347015D-9*D5OBT(T)*(l.00-0.678501720900*01) 
497 Y.3=2. 17b6666670-2*I + l.no-0.21 1400*PP/P 
498 Y4 = f’5A r*13 35.5692200*X**E2/tT»OCl) 
499 0(K)=(Yi.Y2/YJ)*Y4 

D(K)=D(^)*3.0U0 
502 Pk(2,K)=D(K)/Y4 
503 n5UM=-(l.00/180.00)*(-29.72100-23.1057200*70-2.605690500*102 *.4376 

'■039200* Tu3 + 2. 19996500*104+1,512394800*705*. 365307600*706) 
504 OLPiiAT=(l.D-2/(1.8O0«TK**2))*(-647.286O0*SUM+1.8D0*TK*(374. 13600-T 

■flC)*DSUM) 
505 Tr(K)=-ALrA*OCl*X*(DLOG(PSAT/PP)♦T*DLPSaT)/1335.5692200 
506 Ir(JlE.K0.1.0«.J.NE.2)G0 TO 510 
507 Pr(l«K)=PE(2tK) 
508 01(K)=0(K) 
510 If(K.LT.N.Ai'IO. JIF.NE.DGO to 410 

C 

C*»*«»*(Ht*««***«*»»*«DlFFUSION parameter CALCULATION END************************ 
C 

c***o*tto***»***o»o**»[5fD Parameter calculations-start********* ****************** 

c 

511 A5=5.00*PE(2.1)/R 
c 

****************C******«***«*****««LONG time calculation cONTROL-START********** 
c 

520 Ir(J1F2.EQ.1)G0 to 570 
522 K|,=I0INr(.101O0*R**2«DMaX1(1.D0/ALFA.1.00/0(1))/DELTaT) 
523 JtF2=1 
525 GO TO 3j4 

C 

C«*****»»*********lONG time calculation control-end 
c 

570 Tr,l = tG(2 + J-l)*8E0TI+BE0Tl 
571 Tr,15=TGl**l .500 
572 CPG=(0.026090-2+(0.03540-5-(0.080520-9*701))*TG1)*TG1*6.7130 0 
575 ViS=9.0f,481040-5*IGl5/( 701 + 198.7200) 
580 GrAY=9.2246260-4*1015/(701+225.00) 
590 Rf=2.00*G(2.J-1)*R/VIS 

https://GrAY=9.2246260-4*1015/(701+225.00
https://l.no-0.21
https://Yl=332.1801042DO*D50R1(T)*DEXP(E1)*C1PP*C1**2.DO
https://E?=1335.56922D0/T-1.DO
https://PSAT=22ij.80DO*OEXP(EPA)/1.0132500*14.69600*144.DO
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Table XLVI (continued) 

595 P9N=CHG*VIS/GCAY 
600 H-V^1'’GcaY*KE**V22«PRN**V23/(2.D0*R) 
605 HW = CW'»GCAY*RE'»"0.tUD0/DI 
610 Bn = CP*(nEr)TI**3)*l.7120-9 
617 HR=BO«( (T»^(1)*1.DO)**2*1.DO)*(TW(1>*2.DO> 

HH=HR«0.5D0 
619 Gl=A.tOu*DELTAT/(HOT*CPT*(DO**2-DI**2>) 
620 Gfl = Gl*Dl*HtV 
621 &4P = G1*i)0*HR 
630 CftYG=(H*RBAH«(TG(2.J-l)♦l.DO)*BEDTI)/(P*CPG) 

CaYG=CAYG*3.000 
635 A?=CAY/ri 
636 A= (H«AY*>OELTa2) / (EPSLON«CPG) 
650 P7=EPGLuN*CPG/(H*AY»OELTaT) 
651 Pb=RhOG(2.J-1)*G(1*J)/8 
652 Pl0=4.Oj/(AY«DI*(l.D0*GA*GAR)) 
653 Pq=P7*PH+l.D0*P10*(GAR*I.00)*HW/H 
654 A?P9=A2«P9 

655 nHl=P7<‘i)ELTAR/A2P9 
656 OB2=(OAh!*1.00)*HW*P10*DELTAR/(A2P9*H) 
657 Dh3=P10*DELTaR/a2P9 
660 Qa=1.00/P9 
662 AP=BEORuG-RhOGI2*J-1) 
663 Bb6=G(1.J)'^TG(1.J)/B 
664 Qr=(P7/H9)*(aP*BB6)*(P10/P9)*TW(1)*HW/H 

c«******»*«****»****«BEO parameter CALCULATIONS-ENO******'****** 
*********'’******* 

C**«*«*»»***«*«**«**LONG time percolator SOLUTION-STaRT********* 
*********«****** 

c 

665 ITCHEK=u 

666 Ir(JlE.FQ.O)GO TO 724 
667 Wnl=Erl«A4"0(1) 
668 Ww0=W02«W01/(1.D0*w01) 
669 Wn5=l.0d+A4*D(1)♦Wwo 
670 Wn6 = TE(l )'»D(1)/(PE(2.1)*ALEA) 
671 Wul=Vi06*A9* ( 1 .DO*WwO) / (ii/04*W05) 
672 Ww2= (PCI ♦Wiv'0oPDl+t^06<*A9* ( 1.DO♦ WWO) *TC1/W04)/W05 
673 WW3 = EF"YLAMOA*W03*W06*(1,00♦WWO)*SIG/(»J04*W05*ROCPS) 
674 Ww4 = a4*i; (1)/W05 
675 Wn7 = SIG*> ( Aa*A9"YLAMDA*Er/W04) 
677 W() = H/W0 7 
681 Wl=(H*A7/W04)/W07 
682 W?=(A7"1C1/«<04)/W07 
683 Ws=l .0Du/A5-W>k3 
684 Wr= (1 .Ou-VkWt.)/W5 
685 W/, = t«/Wl/H5 
686 Wf, = WW2/n5 

687 W7 = H«R)iuG(2fJ-l)*G(l*J) 
688 Wa = B"RH0G (2.J-l)<*Y(2»J-l)*G(l*J)*Y(lfJ) 
689 W<) = W2 + Wi*BE0Tl*tl .UO»OB-Oa)/UA 
690 Wi0=w4<*w9/ (W1-wO*uA)-W6-W4*BEOTI«(1.00*QB-QA)/QA 
691 Wi 1 = -VJ*i<HAR'*(«O-W7)/{CAYG»<W1/OA-K0) ) 
692 Wl 2 = iV4/(W1-Ua**wo) 
693 Wi3=(w7*(P»W3*Wl0)»A3-W9*Wll-W7*Wl2)/(2.O0*(Wn*(l.D0-W12)«A3 )) 

694 Wi4= ((v3*P««3*wlO*W7) /( (Wl 1 ♦ (1.00-W12) *A3)*W13**2) 
699 Y,|ST=w1j*(1.D0-oSoRT(1.00-W14)) 
700 Wo3=EE*tLAMOA*W03*bIC,'‘YjST 
701 Tr, (2. J) = ( YJbT*W9) / ( (Wl/UA-WO) “BEOf I) “1 .00 

702 RmOG (2« j) =8/ ( wBAR" ( TG (2. J) ♦ 1 .DO ) **BEOTl) 
703 Y(2*J)=(«8-A3«YJST)/(W7-A3*YJST) 

https://T�^(1)*1.DO)**2*1.DO)*(TW(1>*2.DO
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Table XLVI (continued) 

70^f G(2»J)=h*(«H0G(2iJ-1)-WhOG(2»J))♦G(ItJ»-A3*YjST 
705 TsT=fclEOTI"<{TO(2»J)-OH)/UA*1.DO) 
706 P5T= (YJbT + ».'6-WA*TST)/W3 
707 Tr2=(TCi*A9»TST+W0a/HOCPS)/W0A 
708 Pr2=ww4»pbT-wwi*Tsr♦wwa-wwa^YJST 
709 Pn?=(HDl*W0l*PC2-W06*(A9*(TST-TC2)*W08/ROCPS))/(l.D0^W01) 
718 C7=A5*(PST-PC2) 
720 UP(2.1)r.(PST-HEDPl)/nP 
721 Up(2.2)=RN»(PC2-BEDPI)/(YT*DP) 
722 Cr,Sl=HHoG(2*J)*PST/P 
723 GO TO 1^70 

C 

f;*o*«'it«o****»*»***»*LONG TIME PEPCOLaTOW SOLUTION-END******** 
** 

start*j;«****<nt**o***soLUTION or granule Mass transfer equation 
C 

72A Q,t = B*RHuG (2* J-1 ) *0 (1 » j) 
755 Qa=H*HHuG(2tJ-1)*Y(2«J-l)*G(l»J)*Y(ltJ) 
760 Qs=(OJ-^v4)/(CAYg"RHUG(2»J-1) ) ♦AG 
765 Q6=CF*(w5-U4*A3/Q3)*PE(2.1)*OP/(DELTAR*Q3) 
870 Rf (1 ) =0(,"YT/( (U6 + 0P/P) *RN) 
871 GF(1)=(U4/Q3-BE0PI/P)/tQ6*DP/P) 
872 DX=1.D0 
873 DfLX2=0fLTaR 
87A UP(1»N*l)=0.00 
875 UP(2iN41)=0.O0 
876 Pf(1»N+i)=PE(1.N) 
877 Pf(2*N*1)=PE(2»N) 
973 no 1016 K=2.N 
974 Kftl. = N-K*l 
975 YKAL=KAl 
976 PhIO=EFi*15.00*0(K)*DELTaT/R**2 
977 PnIOl=PhIO/(l.U0-PHlD) 
978 Wo6=lE(K)*D(K)/(PE(2.K)*ALrA) 
980 If (NR*N,i4.i-K)9iiBt986»981 
981 AR=(YNS-YNA)*YNR+(YKAL-YNS+YNA) 
985 GO TO 991 
986 DX=DRDS 
987 GO To 990 
938 nx=1.150 

989 nFLX2 = f)KLTAG 
990 AP=TKAL*nELrAS/nFLX2 
991 nFN=2.Du*nELX2**2*PE(2.K)/(D(K)*OELTaT) 
992 DTN=3.0u"r)eLX2**2*PE(l«K)/(01 (K»*DELTaT) 
993 00 996 jO=l*2 
994 AAP(JQ) = (.5D0/AR»l.D0)*nX*((1.00-.5O0*OX)*PE(JQiK)♦.5nO*DX *PE(JQ.K 

ii+1 ) )-.5|)0*nX*PE(JU,K)/AR 
995 BnP(JU)=(.25O0/AR+.5n0)*(PE(JO.K-l)♦PE(JQiK))♦(OX-(1.DO-.bDO *OX)/A 

MR)*((l.i,0-.5D0«OX)*PE(JU*K)*.5O0*OX*PE(JQ»K*l))*(.5O0*(1.O0-OX )/aR 

(S))«PE(JQ«^) 
996 CrP(JQ)=(.‘300-.2500/AH)*(PE(ja.K-l)♦PE(JQtK))♦.500*PE(JQiK) /aR 

997 DtVP = BUH(2)♦OEN*(w02*PH101♦1.00)-CCP(2> *BE(K-1) 
998 nF(K)=AAP(2)/OlVP 
999 nF=(CCP(1» *UP(1,K-1)-(BHPt1)- OIN)*UP(1.K)‘AAPC1)*UP(1.K+1) )/OIN-W 

■i'06*HEOTi*nr.LUl I (2.K) '*(1.D0»W02*PHIO1)/OP*W02*PHID1*UPD(1 iK) 

1010 If(0AHS(GE(K-1)).GT.1,0-30)GO TO 1015 
1011 nFDEN=0(-*den 
1012 WPITF(6,1013)11 *J»K»GE(K-1).OEOEN.DIVP 
1013 FORMAT(aH II =.I3*2X.4H J =*15»2X*4H K =iI4t2Xtl0H GE(K-l) =«D12.5 

M.pX.tiH (lEOEN =.012.b.2X,7H OIVP =,012.5) 
1014 Gf(K-1)=0.O0 

https://Gf(K-1)=0.O0
https://I3*2X.4H
https://UP(2iN41)=0.O0
https://UP(1�N*l)=0.00
https://TsT=fclEOTI"<{TO(2�J)-OH)/UA*1.DO
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Table XLVI (continued) 

1015 Gf(K) = (i)F*r)EN+GE(K-l)*CCP(2) )/OIVP 
1016 CoNTINUk 
1054 no 1076 KAL=1»N 
1055 K=N-KAL+1 
1056 Wn6=rE(K)*0(K)/(PE(2«K)*ALFA) 
1057 UP(^,K)=GE(K)♦BE(K)*UP(2.K+1) 
1050 PhIU=EEi»15.000*D(K)*DELTaT/P**2 
1059 UP0(2.K)=(UHD(1»K)♦PH10*UP(2»K)-W06*BEOTI*DELUTI(2tK»/DP)/< l.D0*PH 

■ain) 
1063 Yk=K 
1064 lF(K.Gt.NP*NA*l)GO TO 1067 
1065 DUM=YNS/(YlsiS-YNA* (YNK*YNa-YK*1.O0)/YNR> 
1066 GO TO lu6a 
1067 DllM=YtJS/( YN-YK*1 .DO) 
1068 PP=0UM«uP(2*K)«0P+8EDPI 
1069 If(PP.Gk.0.00)00 TO 1076 
1070 Wr1Te(6,1071)II.JfK,PPtUP(2.K) 
1071 F0RMAr(5H II =*I3.2X,4H J =tI5*2X*4H K =tI4.2X»5H PP =*012,5«2Xt10 

lolH UP(2»k)=*D12.5) 
1075 UP(2*K)=nAeS(UP(2*K)) 
1076 CONIiNUf 
1080 Y )ST = PE(?.l)*0P*(UP(2tl)-YT«UP(2*2)/RN)/nELTAR 
1085 C0=(04-(DP'‘UP(2tl)/P+8EDPI/P)*03)/(CF*(Q5-04«A3/Q3)) 
1090 CF=1.D0/(1.D0-YjST*A3/Q3) 

C 
»««««««»»«»»«««»»

C**<nnn****«««*SOLUTION OF GRANULE MASS TRANSFER EQUATION END*»» 

c 

C*«**<nn,«*««***SOLUTION OF GRANULE HEAT TRANSFER EQUATION START 

c 

1124 BF(l)=l.t)0/( (RN/YT)*(DBl*P8*l.DO*On2) ) 
1125 GF(l)=(i)ni*(AP*BB6)*DB3*TW(l)*HW/H*DELTAR*A8*YjST*SlG/(CAY *BEDTl)) 

ii/(l.DO*i)Pl*P8*OB2) 
1128 UT(2*N+i)=0.D0 
1129 UT(1*N*i)=0.D0 
1130 OX=l.D0 
1131 OfLX2=DfLTaR 
1132 DO 1159 K=2*N 
1133 Pm1D=EFi«15.000*0(K)0DELTaT/R»*2 
1135 Rl=l.DO-FF*YLAMnA*TE(K)*SIG/CAY 
1136 B?=EF*YlAMOA*UP*PE(2*K)*SIG/(ROCPS*8E0TI*D(K)) 
1143 If (NR*Na*1-K) 1150*1146.1152 
1146 OX=DHDS 
1147 GO To 1152 
1150 DX=1.D0 
1151 0fLX2=DFLTaS 
1152 f)FTA = 2.i)0*UELX2*«2/ ( ALFa*DELTaT) 
1154 DTVT = t)l*PETA* l.DO+DX -HE(K-l) 
1155 Hf(K)=Dx/DIvT 
1156 Df=(0X*uT(1.K*1)♦UT(l.K-l))/BETA-((l.D0*DX)/nETA-81)*UT(l*K )*B2*(U 

iwP(2.K)-oP(1.K)♦W02*PHID*(UP(2*K)“UPD(2*K))) 
1158 Gf(K) = (,iETA*DE*GE(K-1) )/DIVT 
1159 continue 
1176 DO 1190 KAL=1.N, 
1179 K=N-KAL*1 

1185 Ur (2.K)=GE(K)*8F. (K)*UT(2.K*1) 
1190 continue 

c 

c solution of granule heat transfer equation end 
c 

C SOLUTION OF BED EQUATIONS STa«T 
C 

https://UT(1*N*i)=0.D0
https://UT(2*N+i)=0.D0
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1200 Tr,(2»J)=0a*UA*UT(2»l) 
1205 Th=UT(2,1)-Tg(2.J) 
120b T,j2=TG(/f .J) *1.000 
1210 aHOG(2*j)=HLUKOC>/TJ2 
1215 G(2*J)=(G(1*J)*(TG11.J)*1.000)*A*TH-A3*TJ2*YJST)/TJ2 
1220 Y(2*J) = ((3*KH0G(2*J-i)*Y(2*J-1)*6(1*J)"Y(1iJ)-A3*YJST)/(B *RH0G(2*J) 

(2fJ)) 
1225 Cr,ST=KHuG(2.J-l)*Y(2tJ)-(l.D0*'Y(2tJ) )*(YJST/CAYG) 
1239 StERH=O.DO 
12A0 00 12^*7 K=1.N 
12^1 DFLUrO=uT(2.K)-UT(l.K) 
12^2 UTFWR=1.D0-DELUTI(2.K)/0ELUT0 
1244 1f(DAHS(UTEKR).LE.DABS(STERR))G0 TO 1246 
1245 STERR=OrERR 
1246 DfLUTI(^,K)=OELUTO 
1247 CONTiNUf 
1250 If(OABS(STERR).LT.1.0-2.OR.J.GT.2)G0 TO 1255 
1251 W.}1Te(6,1252) II.JtK.STERR 

STERR =tD12.5)1252 EoRMAKhH H =.I3.2X,4H J =.I5.2Xt4H K =.I4.2X.8H 
1253 GO TO 4o0 
1255 PsT=UP(2.1)*DP*REnPI 
1260 Pr2=Yr*uP(2»2)*DP/RN+BEnPI 

C 

C**<nn»*»«*******»********SOLUTION or BED EQUATIONS END 

C 

(;**«***«»*«<»****»*«*«*o******GRANULE WRITE start 
C 

(;«**«**<t***«****««*«******«*»«GRANULE WRITE END*************** ****************** 

C 

start************* *********************c*******«****•**•»<h*«**«»******<»*«'*control 
C 

1270 Tw(2)=(IW(l)*64*76(2iJ))/(1.00♦GA*GAR) 
1271 If(JWRITE.LT.1U0)GO TO 1290 
1272 nrDP=PE(2iN)/D(N) 
1273 DrDl=TE(N)/ALEA 
1274 0xnP=PE(2.N)/(0(N)*0Cl) 
1275 DX0T=TE(N)/(ALFA*UC1) 
1276 Tj2=T-4hO.DO 
1277 P|> = PP/U4.I)0 
127B WrITE(6,12T9)TJ2.PP.D(N).PE(2.N),TE(N) 
1279 FnRMAT(2X,6H T.F =.D12.5.2X,9H PP.PSI =.D12.5»2X.7H 0(N) =.D12.5.2 

'•aX.lOH Ph(2.N) =,D12.5.2X,8U TE(N) =.012.5) 
1200 write (6,i2onoci.Dcop.ocDr.oxop.nxnT 
1261 format(2X.faH DCl =.012.5.2X.OH OC/OP =.D12.5.2X.8H DC/DT =.012.5.2 

aX.OH OX/OP =.D12.5.2X.8H OX/OT =.012.5) 
1282 CKFlLM=f;AYG*RHOG (2. J) / (P* (1 .UO-Y (2. J) ) ) 

1283 CKNOKH=he(2.1)/DELTaR 
1284 CKLONG=ftS 
1285 WRIIE(6.1206)J.CKFILM.CKNORM.CKLONG.X 
1286 FoRMaT(jH0.9X.4H J =.I5.5X.9H CKFILM =.D12.5.5X.9H CKNORM =.012.5. 

iii5x.9H CkLONG =.D12.5.5X...H X =.012.5) 
1287 JwRITE-0 
1290 JwRITE=jWRnE*l 
1300 If(TG(2.J) .I.E.TdUM)GO TO 1320 
1310 TnUM=TG(2.J) 
1315 jhax=j 
1320 1F(J .Eu. 2)SJST=YJST 
1321 Y,|ST2 = YjST 
132? Sr,FlLM=^r,FILM.Al*CAYG*(RHOG(2.J-l)*Y<2.J)-CGST)/(l.DO-Y(2 *J) ) 

1323 SumCO = SuMC(J*CQ*AT 
1324 SoMJST=sUMJST*AT*YJ5T2 

https://D12.5.5X
https://iii5x.9H
https://D12.5.5X.9H
https://I5.5X.9H
https://FoRMaT(jH0.9X.4H
https://D12.5.2X.8H
https://D12.5.2X.8H
https://012.5.2X.OH
https://D12.5�2X.7H
https://Tj2=T-4hO.DO
https://I4.2X.8H
https://StERH=O.DO


254 

Table XLVI (continued) 

1325 SuMGAS=bUMGAS*AT*(EPSLON*((6(1.J)*Y(1.J)-G(2.J)*Y(2.J))/DEL TaZ-
«(«H0G(2,J)*Y(2fJ)-KHOG(2.J-l)*Y(2.J-l)>/DELTaT)/(AY*SIG)) 

1331 Ir(J .E.J. 2) SUP1=UH(2,1) 
1332 IF(J .Eo. 2) SUP2=UP(2,2) 
1333 Vv=Y{2,j)*P 
1334 JtK=JU*j 
1335 Ir(JIK.NE.KL.AN0.J.GT.4)G0 TO 1338 
1336 White(6,133/)J.KL.YJ5T2,VV.PST,PC2.CF*SUMJST,SUMC0.5UMGAS*S GFILM 

1337 F0PMaT(i2*I8»9D12.5) 
C 

(;«******« »<>*«<» **»* **»**«■** »*tt**«*»CONTHOL END *******************'*‘* ****** ********* 
C 

WRITE STaRT 
C 

1338 ZtI=II 
1339 Z=ZII*nFLrAZ 
1340 ITSUM=nSUM*l 
1342 IF(I .Lr. IPRINDGO TO 1550 
1344 IF(J .Ne. 4)G0 to 1450 
1350 WhITe(6,1360)Z 
1360 format(18H0 BED HEIGHT =.O12.5fl02H FEET. percolation CALCUL 

iAATIOnS including mass and heat transfer with thermal DIFFUSION AND 

W VARIABlE/37X,5;h GAS velocity AND DENSITY DUE TO HEAT EFFECTS BY 

aS.H.JURy) 
1363 WhITe(6,1366)H»AA 
1366 Format(iH0t21X,16H DELTaZ/DELTaT =tD15.8,23X,21H (DELTaR**2)/DELTA 

lo'T =.Dlb.8) 

1367 white (t,»1368) 
1368 format(iho»31X.69H RaTIOC = (Y-8EDCGI/BEDR0G)/(CFEED/ROGIN-BEDCGI/ 

'aBFDROG) BY DEFINITION) 
1370 White(6,138U) 
1380 FoRMAT(iH0.55Xf22H INPUT PARAMETERS WERE) 
1390 WiiITe(6,1400) ALF A» BEDT I , CPG . 11 , N, T TI ME t aLERR ♦ C A YG. EL. I PR I NT , P, 

NVFEEDtAr.CAY.EPSLON.L.R.YLAMDAiHFDCGI.CFEED.H.M,TFEED.TIMEJU 
1400 format (vyH ALFA =.D12.5,4X,8H BEDTI =♦D12.5,6X,6H CPG =,012.5.4X, 

11 I4.7X,4H N =,I3.14X,8H TTIME =.012.5/9H ALFRR =.D12.5»5X 

M»7H CAYo =,D12.5t7X,5H EL =.D12.5.I X,9H IPRINT r,IA,7X,4H P =*012. 

■■iiB.BX.BH VFEED =.012.5/9H AY =,D12.5.6X,6H CAY =,D12.5.3X.9H EP 
■aSl.ON =.o12.5.6X,4H L =.I4,7X,4H R = . D1 2.5.4X , 9H YLAMDA =.D12.5/9H 

'oiRfDCGI =,ni2.5*4X,aH CFFED =.D12.5.8X,4H H =*D12.5.6X*4H M =,I4*3X 
ra.BH TFEl-D =.D12.5.4X,9H TlMEJU =.012.5/) 

1430 WriTe(6,1440) 
1440 FORMaT(j(12H TIME,MIN,5X,7H RaTIOC,4X,1IH GAS TEMP,F,2X,3H IT)) 
1450 IF(J .Lr. JAY) GO TO 1550 
1460 JftY=J+JHRINT 
1465 JO=JO*l 
1467 JT=J-1 
1468 rj=JT 
1470 TtME(JO)=(UJ*TJ)*DELTaT*60.DO 
1480 RATIOCtjO)=(Y(2.J)-BEDCGI/BEDROG)/(CFEED/ROGlN-BEDCGI/BEDROG) 
1490 YTEMP(Ju)=(TG(2,J)♦1.ODO)*UEDTI-459.6900 

1500 IrHEK(Ju)=lTCHEK 
1510 IF(J0 .lT. 3) GO TO 1550 
1520 JO=0 
1530 WhITe(6,1540)(Time(JON).RaTIOC(JON).YTEMP(JON).ICHEK(JON).J 0N=1»3) 
1540 Ft)RMAT(j(2H i011,4.2H ,D11.4.2h .D11.4,2H ,13)) 

C 

C BEO WRITE END 
c 

C***«**»********»**»***»*TRaNSPORT ZONE CONTROL STaRT 
C 

https://D11.4.2h
https://i011,4.2H
https://TtME(JO)=(UJ*TJ)*DELTaT*60.DO
https://D12.5.3X.9H
https://��iiB.BX.BH
https://012.5.4X
https://�CAYG.EL
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ftinnnnnjsostto******^*#************************************ 

the peo increment under 
r**<nnnnn» *»**«* ******** 

c TrtANSpoRi Zone coutrol omits computations whenever 
statements 1620 ANDC CONSIhERariuN IS in EOUILIBRIUM with the feed stream. 

AND 1790 TEST THE LEADINGC 1630 TEST The trailing edges and statements 1780 
EOUILIPRIUM. STATEMENTSC EDGES OE the CONCENTRATION AND THERMAL WAVES FOR 

TO INPUT VALUES FOR THEC 16(10 through 1720 CONVERT THE OUTPUT STREAM VALUES 
1910 shift the streamc following Bed increment, statements 1850 Through 

J=2 to j=jj.C quantities in time, the transport zone extends from 
Saved is m-jj forc equivalent clocktime extends from ju to ju*jj. time 

C EACH red increment. 
(;*******************'

************************************************************ 

c 

1550 IF(J .Gt. JV) go to 1660 
1590 DiFT=(Ti, (2.J)*1 .ODO) *BEDT1-TFEED 
1600 RaTC=(Y(2.J)-0EDCGI/BEDROG)/(CFEED/ROGIN-BEDCGI/BEDROG) 
1610 nTFC=i.uDO-RATC 
1620 IFIDIFC .GT. ALERRI GO TO 19‘tO 
1630 ir(0ABS(DIF1) .Gl. O.OIDO) GO TO 1940 
1660 JJ=J 
1665 ird .Lf. IPRINTIGO to 1680 
1660 CONCI=RhOG(2.J)*(UP(2*1)*(8EDPF-REDPI>*BE0PI)/P 
1670 WRlTe(6,1671) 
1671 FORMAT(iHO.b5X,23H OUTPUT PARAMETERS WERE) 
1672 WRllE(6,1673)JJ.JV.JtII»SjST.YjST2.CGST,CONCIiSUMJSTiSUMcO* SGFILMf 

■oSu'IGAS.bUPl .SUP2 
=.I5»2X»5H II =«I5*1673 format<1H ,2X,5H JJ =tI5»2X,5H JV =.I5«2X,4H J 

CONCI,S7h SJST =,D12.5,2X,7H YJST =.D12.5.2X,7H CGST =,D12.5.2X,8H 
SgFILM =,d1.S=,D12.5/2X,9H SUMJST =,D12.5.2X.8H SUMCQ =.D12.5*2X.9H 
UP(2.2) =.0«B2.5*2X.wH SUMGAS =.D12.5.2X,1 OH UP(2.1) =»012.5/2X,1 OH 

HI?.5 ) 
16 75 TmAX= ( TijUM* 1. ODO ) *dFnT I -459.6900 
1677 write (f>. 1678) KL* ITSUM.TMAX.UMAX 

IMAX =,D12.5.1X,3H aT1670 F0RMaT(iX,5H KL =,I0,2X,flH ITSUM =,I10.2X,7H 
a,lXi4H J =,I5/////Z//////) 

1680 DO 1720 JH=2.JJ 
1690 Y(1*JB)=Y(2.J8) 
1700 Tg(1iJB)=TG(P«JB) 
1710 RhOG(1»J'8)=RHOG(2iJB) 
1720 G(11JB)=G(2»JU) 
1760 DTFT=TG(1.2)*UEDTI 
1770 CRATI0=((Y(1,2)-BEDCGI/BE0R0G)/(CFEED/R0GIN-BEDCGI/BEDR0g)) 
1775 RaTERR=0.100*ALERR 
1700 1f(CRaTiO.GT.RATERR)GO to 3000 
1790 lF(OABS(niFT) .GT. O.OIDO) GO TO 3000 
1850 DO 1890 JA=2.JJ 

1860 RhQG(1«jA-1)=RHOG(1»JA) 
1870 G(1•JA-1)=G(1»JA) 
1880 Y ( 1 .JA-I)=Y(1 *JA) 
1890 TG(lfJA-l)=TG(l«JA) 
190 0 RhOG(1 *JJ)=ROGIN 
1903 G(1*JJ)=VFELD*R0GIN 
1905 Y(1.JJ)=CFEED/R0GIN 
1907 Tg(1•JJ)=ITFEEO-BEUTI)/BEOTI 
1910 J) = JJ-1 
1911 JU=JU*1 
1912 UjrJU 
1913 TtHEJU=uJ*OELTaT 
1920 GO TO ) ,^60 
1940 lF(JIf.tQ.1)GO TO 1970 
1941 DO 1R60 K=1*N 

1945 PF(l»K)=PE<2tK) 

https://Y(1*JB)=Y(2.J8
https://B2.5*2X.wH
https://D12.5*2X.9H
https://D12.5.2X.8H
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1946 ni(K)=0(K) 
1950 UT(lfK)=JT(2.K) 
1955 UP(1«K)=UP(2*K) 
1960 UpD(1*K)=UPD(2»K) 
1970 TW(1)=Th(2) 
1900 Ir(JIF.(-0.0)00 TO 2000 
1981 Trl=TC2 
1902 Prl=FC2 
1983 Pnl=P02 

C 

C«*«****««****<hhhh>**«*»*»TR/^NSPORT zone CONTROL END 
C 

2000 continue 
3000 CONTINUk 
4000 STOP 

END 
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ofTable XLVII. The Input Data and Diffusion Parameter Calculations 
LMS-4A Program. 

//LMSl JOB ((1384^1»054178»BIMS.T-60.L-999iR-512).C.MSGLEVEL= (1.1) 
//"WESOijMSe IimSTR380 
// EXrc rUHTHt;LG.G0REG=512K,0PT=2.F0RTREG=512K 
//FORf.GYSiN DD * 

ImPLICII KEAL«8(A-H.0-Z) 
RrAL«8 uEXP.OABS.DERF.OSURT.DLOG.OMAXI 
1nTEGER*4 idint 
nTMENSluM TG12.3000).HHOG(2.3000).5(2,3000).Y(2.3000) 
DtMENSIuM UI(2.31).UP(2,31).UPD(2,31),PE(2.31).DELUl1(2.31) 
OtMENSIuM be (30) ,GE (30) .-D(30) . TE (30) .01 (30) 
OtMEMSIuM RaTIOC(3).time(3),Y]EMP(3).ICHEK(3) 
DIMENSION rft'(2).AAP(2).BBP(2).CCP(2) 

C 

H. JURY CARD DECK************^******************** 
C 

****««»***o***«*input data START«****«*»*»*««***********>******* « 

c 

c*********^***#*#^**^*#^^anule Parameters**•“***<*************** ******************* 

c 

C EF IS THE FkaCTION OF ADSORPTION HEAT LIBERATED IN THE GRANULE. THE FRACTION 
C (l.OO-EF) Ib The heat liberated at The granule surface. 
C SIG IS The fraction of continuous phase in granule. 
C EFl IS A fraction IN THE RELATION EF1=(DD(K)/RD**2)/(0(K)/R**2 ) WHERE OD(K) 

c and Ro are ihe microsphere oiffusivity and Radius. 
c 

1 StG=1.0i)0 
2 EFl = 1.0i)0 
3 Ef=0.GD0 
4 R=0.002a120806DO L12/14 

5 C(iY = 0.0,(An0 

6 Y|.AMnA = ^;88SB.4079400 
YlAM0A=yLAM0A*1.270U0 

7 EpSLON=u.464DO L12/14 

8 RoS=77.u989D0 
9 Si=0.923800 

C 
****************c****»«o*****««****«****percolator Parameters******************* 

c 

10 Dt = 1.251)0/12.DO 
11 DO=1.5Du/12.D0 
12 RnT=1.0s25D0*62.427D0 

13 CPT=0.32nO 
C 

caS PARAMETERS************************************* 
C 

15 SrFH=11.2000 LMSl 

16 TfEED=537.69U0 
17 f!FDTlr5j7.69D0 
18 UN I TP=1/,. 69600*144.000/760.000 
19 BrOPl=0.n01325979300"UNITP L12/14 

20 BF-nPF=l 1.356800*UNITP LMSl 

21 P = 748.0f.7D0*UNITP LMSl 
C 

«»««««»«»««««»««»»a.«e«R RUN oESIGN***************************** ************** 

C 

28 NR::11 
29 Na=1 

30 NS=20 
31 YnR=NR 

32 YNA=NA 

33 YnS=NS 

https://DO=1.5Du/12.D0
https://1.251)0/12.DO
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34 N=NS-NA+NA*NR 
35 Ytl = N 
36 Nn=N-1 

37 YT=YNS«yNR 
3a rn=yi-i.do 
39 DfLIaS=k/YNS 
40 i:)rLTAR = !}fLrAS/YNR 
41 nRDS=l)ELTAR/DELTAS 

C 

EACH IPRINT INCREMENTS OEC JRRINT 15 The time interval HETWEEN the RRINT5 EOR 
C BED. PRIOR lO A COHI’UTF.R RUN THE USER SHOULD USE A CALCULATOR TO EXECUTE 

PROPER COMPUTER RUNC statements listed under I- AND T- RUN DESIGN TO INSURE 
C DESIGN. 

C 
RUN OESIGN******^*******************"******************* 

C 

45 El,=2.DC/12.DO 
46 DfLTa2-^.O0"R 
47 lPRINT=i 
48 YtP=IPRINT 
49 LW=IOINf(EL/(DELTAS*YIP)♦.5D0) 
51 L=LW«IPkINT 
52 Yl=L 
53 DeLTa2=fL/YL 

C 
RUN design***************"**^*******"************** 

c 

64 nELTAT=J.000/3600.DO 
65 TtIME=3uOO.DO"DELTaT 
66 JpRINT=i 
68 YjP=JPRlNT 
69 MvI=IDINI (TTIME/ (DELTaT*YUP) ♦ .5D0) 
70 M=MW*JPkINT 
71 YH=M 

72 DeLTaT=TTIME/YM 
C 

********************
(;**(nn»»*<nnnnt««<nnnnnn>»MlSCELLaNEOUS CONSTaNTS*»**»«******** 
C 

73 ALERR=1.0-3 
74 V?1=0.6a152D0 
76 V?2 = O.t'7l60DO 

77 V?3=0.3a685D0 
78 Cl/=2.701700 
80 CR=O.Clj0500 
82 RrAR=15<.5.33D0 

C 
INPUT DATA END********"*******************"**** 

r. 

https://nELTAT=J.000/3600.DO
https://El,=2.DC/12.DO
https://rn=yi-i.do
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c 

C********0*«««*»»***OIP(.-USION PaRaMETCR calculation start 
c 

C LMS-Aft 
C 
400 K=0 

410 K=K*1 

41L> Yk = K 
41b Ir(K.GE.NR*NA*l)GO TO 4?0 
418 OUMrYNS/(YNS-YNA+(YNR*YNA-YK*1.00)/YNR) 
419 GO 10 4^1 
420 DUM=YNS/(YN-YK*1 .00) 
421 T=(OUM*uTtl.K)*l.O0)«eEDTI 
427 PP=DUH<*uP(l»K)«nP*bE()PI 
466 XpP=UEXp'(13516.2DO/T)/DSORT(T) 
467 X=PP»XPh 

472 Zl = l.D0O.069699154l)-9*X 
473 Z?=l .00* 1 .‘*91 24432 70-11*X 

47b VA=2.69ublb396D-ll/Zl 
476 Vn = 3.96.*9aB329U-l4/Z2 
490 Cl=ROb*A*(VA+VB) 
491 ClPP=ROb*XPP*(VA*VB) 
495 Dc1=ROS** ( VA/Zl ♦VB/Z2) 
499 0(K)=(36.84667J6900*DEXP(-l2b89.2DO/T)*(l.DO-1.042796517DO*C l)*ClP 

:iP *1.9887131210-6/0S9RT(T))/<DCl*XPP) 

502 Pf(2*K)=0(K)*DC1'*XPP 
505 Tf (K)=-ALFA"nCl''X« (.500*13516.2D0/T)/T 
506 IFtJIF.KO.1.OH.J.NE.2)G0 TO 510 
507 PF(l»K)=PE(2fK) 
508 01(K)=D(K) 
510 If(K.LT.N.AND.JIF.NE.1)GO to 410 

C 
C*hhhh»****«*«***h**h**h*[)IFFUSION PARAMETER CALCULATION END 

C 
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