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I. INTRODUCTION

The heat and mass transfer accompanying a chemical reaction
occurring in a porous media has received considersble attention in
recent years. Most work has been focused upon proper experimental
and theorétical evalustion of diffusion coefficients and effective-
ness factors for isothermal systems. Although theorétical.treétments
of non-isothermal cases have appearéd, they have not been followed
through experimentally. The highly exothermic water formation
reaction on & plaﬁinum catalyst has been studied here with the
following obJjectives:

1. To use a recycle system to study a steady state reaction occurring
in a porous catalyst pellet.

2, To determine experimentally the magnitgde of the temperature rise
which occurs in the catalyst during an expthermic reaction,

3, To determine the theoretical concentratioh and temperaturé pro-
files .and the effectiveness.factor of the catalyst. ‘

L. .To compare the meaéured temperature rise with the predictéd
temperaturg rise as a:test of_thé'mathematicalvmodel,

5. To evaluate the error thét results from neglgcﬁing catalytic heat

' effects iﬁ thé deﬁermination of the effectiveness factor.



II. REVIEW OF OTHER WORK

Since-Tniele (H9)‘introduced the effect of diffusional impedition
‘ef reaction kinetics into-the field of heterogeneous catalysis, litera-
ture has appeared which has expanded the original insight to encompass
 the role of heat and mass transfer within porous catalyst pellets. In
.his work Thiele suggested.tne use of the ratio of the actual catalytic
activity to the activity in the absence of diffusional retardation for
an isothermal.reaction. .This retio, usually referred to as the effec-
tiveness fector,.has received considerasble attention since 1939.

Several reviews of advances in the genefel fleld of heterogeneous
catalysis are available (5, 8; 23). Those of Carberry (8) and Hougen
(23) are more directly applicable to the study of individual catalyst
particles.

Much attention has necessarily been focused upon the nature of the
'diffusion of gases through porous solids since diffusive properties may
influence the integral reaction rate. Wicke and Kallenbach (61) made
the first attempt to measure diffusivities in porous media. Hoogsehagen
(22) measured the diffueion rate of oxygen through a porous peliet by
vreacting the diffused gas with copper éha noting the resulting weight
change. Several comprehensive papers were written on the subject
including those of Wheeler (59, 60) and Weisz and Prater (57).

Weiszwsinpiified the Wicke-Kallenbach method -of measuring dif-
fusivities in 1957 (s4). The basic method of bathing each. side of a
mounted pellet with different gases and determining the diffusivity by
measuring the resultant effluent concentrations by means of 8 thermal
conductivity cell is still popular today (20, 37, 45, 46). Beek (3)

2



~ concluded that both component fluxes needed to be.measured because of =
non-equimolar counterdiffusion occurring in the porous media;

Simultaneously, an effective diffusion coefficient for binary dif-
fusion in pores where any combination of Knudsen and bulk diffusion may
occur was developed by Evans, et al. (54), Scott and Dullien (46) and
Rothfeld (40). These workers and others (33, 50) also showed that the
ratio of the molar fluxes of the components must be equal to the square
root of the inverse ratio of the molecular weights of the components
regardless of the method of transport. Rothfeld's analysls has been
extended to the multicomponent case by Butt (6).

Wakao and Smith (52) proposed a model for predicting diffusion
rates at constant pressure through "bidisperse" porous media in terms
of the porosity and pore size-distribution of the media. The term
bidisperse refers to a dual pore system consisting of micropores within
the granules making up the pellet and a macropore reéion between the
granules. These authors reached the simple conclusion'that in the
absence.of Knudsen diffusion the diffusivity is porportionai to the

. square of the macropore porosity, i.e., DE/DAB %. This conclusion
-was also reached by Weisz and Schwartz (58) who investigated numerous
porous catalysts.

While the diffusion in porous media has received considerable
attention, the thermal conductivity has not. Sehr (47) reviewed the
experimental methods available to determine thermal conductivities and
compared data taken by these methods on several porous catalysts. The

onductivity of alumina pellets was measured by Mischke and Smith (28)

'-under vacuum, in air and in a helium atmosphere. ‘The macropore volume



fraction of the pellets was observed by these autnors to be the most
influential variable. |

The thermal conductivity of the heterogeneous gas-solid mixture is
important in determining themagnitude of the temperature gradients which
may occur in a catalyst particle due to the non-isothermal nature of
the reaction. Damkohler (13) and Wheeler (60) investigated the thermal
effects in spherical particles with a first order reaction and found

the temperature as a function of concentration to be given by
( -AH)D,

(C
kg s

(T - 1,) = - ¢)

This result was found to be valid for all kinetics and all particle
geometries by Prater (32). Obviously, the temperature rise becomes &
maximum whenever the concentration in.the pellet becomes zero.
Temperature measnrements within the interior of reactive pellets have
not been recorded in the literature. |

A number of authors (9, 27, 41, 50, 56) undertook theoretical
treatments of porous catalysts under non-isothermal reaction conditions.
An analytical solution was presented by Schilson and Amundsen (41).
Mingle and Smith (27) introduced micro and macro effectiveness factors
.to sult the bidisperse model of the catalyst pellet. Reversible
reactions (11) and the problem of gelectivity in a chain reaction (10)
were investigated by Carberry for isothermal reactions in bidisperse
catalyst systems. Weilsz and Hicks (56), using Prater's relationship,
solved the coupled heat and mass transport equations to obtain an overall
effectiveness'factor.in terms of quantities available to the

_experimentalist.



Scott (4k4) obtained isothermal effectiveness factors for a first
order reaction with any mode of diffusion occurringbby introducing his
previously mentioned general diffusion equation. Special emphasis was
placed by Scott on diffusion under reactive conditions and volume
changes accompanying the reaction. Butt (7) further suggested the
introduction of a position dependent multicomponent diffusivity into
the evaluation of the effectiveness factor.

The problem of diffusion and reaction in_light of their bidispe}se
diffusion model (52) was also.the~subject'of a paper by Wakao and Smith
(53). The authors show that the diffusivity in the reaction zone is &
' function of the microeffectiveness factor. Experimental data on
effectiveness factors has to date only been reported by Smith and his
co-workers (33, 3h 35) In these studies the isothermal ortho-para-
hydrogen conversion reaction was studied in porous glass (34), and on
silica and alumina supported nickel oxide (33, 35). The theoretically

predicted nacroeffectiveness‘factor,agreed'very well with the experi-
| mentally determined values.

Other aspects of individual pellet catalysis have also been con-
sidered. For instance, Aris (1) demonstrated that the'effeotiveness
factor is essentially independent of particle geometry in the case of
an isothermal reaction. Additionally, nunerous authors have investigated
the influence of the boundary layer surrounding the individual pellets
(3, 9, 12, 38, b1, 48).

Chambre and Acrivos (12) cautioned against the indiscriminate use
. of the Frank-Kamenetskii (16) approach to the boundary layer. This

principle,.which is commonly used in engineering analysis, equates the



rate of mass transfer to the ratio of the driving force to the resis-
tance to mass transfer. Beek (3)'and Carberry (9) applied Frank-
Kamenetskiz's average coefficient approach to their beundary'cbnditions
in attacking the non-isothermal reactive catalyst probiem. Particular
~emphasls was also given to the boundary eondition by Smith and Amundsen.
(48) in their analysis of reversible catalytic reactions. ‘Rosner
(38, 39) has most recently warned of the pitfalls which,may arise éue.to
improper consideration of the pellet bopndary lajer. He sﬁecifically
points to the deceptive nature of the apparent activation energy and
reaction.rate in e.suffece reacting system. |

The thesis of Trotter (51) provided the 6niy available -instance of
the same reaction Being carried out on the same type catalyst as is
reperted here. Trotter studied the hydrogen-ok&gen reactioﬁ on a
_0.28% platinum on alumina powder which hed a considerably higher

surface area (203 m2/g) than that used here,



IIT. THEORETICAL DEVELOPMENT

The mathematical model used describes an 1nfihite1y long cylinder
of porous catalyst material with a constant diameter as shown in Fig. 1.
A gas stresm flowing transverse to the cylinder axis cérries the,

‘reactantS“tolthe surface of the catalyst pellet and removes the product.

'FIGURE |- THE MODEL

" The specific assumptions made are:

1. The cylinder is effectively infinite in length, i e., no end effects.
According to Olsen and Schultz (29) a length greater than four diameters
renders the end effects negligible.

2. The surface flow and reaction rate are such that variation of

temperature and composttion with angular position may be neglected.
7



3. The diameter of the pellets is 1grge enough relative to the pore
éize such that diffusion and thermal conduction méy be treated as
‘homogeneous phenomena using Fick's and Fourier's laws with effective
transﬁort coefficients.
b, éhe‘reaction can be expressed‘as

peE/RT(ca ) tie.,

a) Xp <<Xg

b) irfeversible reaction

c) Arrhenius rate constant.

5. The following effects mgy be neglected:

a)' variations of the diffusivity, thermal conductivity,‘and heat
of reaction with temperature and composition. (See Section V and
Appendices F and M,) “ |

b) Pressure change in the pellet due to bulk flow (see Section V).

c) Héét transport due to bulk flow (see Appendix L). .

d) Ideal gases

e) Heat generation by viscous dissipation

f) Gravity effects.

- The aevelopment given here parallelsﬁkhecearlierzworkfdffWéiszuand
Hicks (56), differing in that (a) cylindricel rather than sphericai‘
particles are tréated, (v) a‘generalized boundéry condition is used
and {c) the numerical method of solution is differenf.-

The transport equations in complete form can be written (4)

oC, R |
p + (V'N,) =R, ' | - v (1)

for mass transfer of A, and

pg% = ==(V.q) = (m:W) f %(ir.q;) + %% : i ()



for energy transfer. Since the mass average velocity at any point
within the pellet is zero under steady state conditions, . .
| | VeN, = R, (3
and |
| (Veq) =0 ‘ (4)
The tluxes are given By the tollowing equations, which serve to define
the effective mixture diffﬁsivity and etfective thermal conductivity.
. n :
N, = - eDfFFUK; + X2 (5)
J=1
q =~ kJVI'+ %H,J| (6)
If (6) is combined with (4) and expanded in accordance with assumptions

(2) and (b-C) then

Vet- kT + %H|J|)1= 0

and

—keng + %Hlv.‘]i-: 0 v (7)

A A mass balance on the jth component at steady state requires. that
Vv+3, =R,. Thus, in consideration of the reaction being studied, (7) may
be rewritten as

k VT = (-AH)R, (8)
'where (-AH) is the negative heét of reaction..

Sincé the component fluxes are contrglled at steady state by the

stoichicmetry of the reéction, %t is seen that '

=1y = - ly..
N, = 2Ng = - 2Ne; , (9)

elimination of N, and. N from (5), -and simplification gives
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DF.FF K )
A (10)

( 1"XA)
which is the desired expression.
If the reaction rate is written in accordance with assumption (4) as
R,. = - kaC} ' (11)

then (3) and (8) can be put into the form

a ! EFF
_}_ _d_ I‘pDem ix n 12) -
r<dr[§gT(l Xy) drl kaC, . ( )
and ' ' '
1d rQT I )kacn (13)
r dr[ dr] o

The solution of (12) and (13) provide the temperature andvoxygen
concentration profiles. Another component mass balance is required to
describe the system completely, but it isAnot included here, since one
balance is sufflclent if the pressure is assumed to be constant.

The specitfic reaction rate constant can be expressed in Arrhenius

form as
_ JE .
k = Ae™®d (14)
and eliminatibn of the frequency factor in favor of the surface
temperature rate constant leads to
£ (e Te
( 7*)

_ . RgT (15)
'k = kge 9's ,
~E/ R

where k, = Ae

The dimensionless variables and .parameters can now be defined
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£=L y= Xa, =L
R’ Xps' T,
' EFE _ (16) -
R%ksa - E -MH)D, -C ,
a? = ,_I;TC:S‘; Bz — i A= (-AH)D, p Cys
Dypy RQTS kT

Then, with the aid of (15), the tramsport equations (12) and (13) can be

put into the form

14 £ Al e Bl-2) gy '. .
:s ¢(1‘XAs)d§:] ae_ ¢ [¢] | (17)

> L
and - . ‘
4y -

The boundary conditions at the surfabe of the pellet are féund by
equating the solid surface fluxes and the corresponding driving force
for transfer of mass and energy between the surface and the.flowipg gas
stream. - Thus

Nelgs = Kan(Cy = Cps) (19)
and |
Calge B(T - T) N  (20)

With the substitution of (10),- (19) becomes in dimensionless form,

-1 - 1 dy B
\Pss l (Nu)m(l - XA'S\.U) d¢ £=1 (21) . :
where
- kapR
(Nu) , DE?F (22)
Am

is the Nussult number for mass transfer. Equation (20) can be written as



-k 4] =p(r-T
€dr'ss _ ( s)

which is put into the form of (21) to give

L w .
L NP (23)

where the Nussult number for heat transfer is given by

(M), = EE ‘ (24)

e
The boundary conditions at the pill center express the symmetry of

the mass and temperature profiles.

d = o = 4O RS
B=0=8% ¢=0 (25)

If all of the interior area.of the catalyst were exposed to the gas
' stream concentration and temperature, the integral molar reaction rate
cogld then be expressed as

¥ = - (mR°L)k aC), ~ (26)
However, &iffusidnal effects.may cauSe the concentration of component A
to vary with the pill radius. Likewisg, the rate constant varies under
non-isothermal conditions existing in the pellet. These combined effects
may cause the reaction rate to differ from that given in (26). The
actual molar flow at the surface of the pellet -is given by

o ) 2mRLpDEEF  dX, '
M. = 4WR-NA|S-"'R9TS(1—XA) dr lg=t _ (27)

The effectiveness factor is defined in the conventional way as the. ratio
of this actual molar flow rate to the flow rate which would occur if the
entire internal area were exposed to the surface temperature and oxygen

concentration,
2 dw_
@’ (1 - X, ) &l

n = (28)

=1
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The simultaneous heat and mass transfer equations (17) and (18)
vere puf into finite difference form and solved as‘functions of the
parameters X,5, A, ¢ and B for n = 1. The numerical solutions were
carried out on the Rice University Computer. An iterative method of
solution was selected to solve the equations. In this method a value
of ¢ was calculated for each grid point from the parameters and an
assumed ¢ grid. The ¢ profile was then used to compute a new Y profile.
These iterations continued until a convergence test was subcessful on
every point of the ¥ grid. Details of the computef solution are in
Apﬁendix A,

} ‘There are three regions of diffusive behavior in porous medila,

each having different diffusion equation. Scott (44) defined these
reglons with reference to the magnitude of the ratio of the pore radius
to the mean free'path. At ?/i ratios of less than 0.1, Knudsen
-diffusion occuré where wall collisions are more frequent than the inter;
molecular type. For ratios gregter than 10, ordinafy diffusion pre-
dominates, and the region between has béen called the transition zone.
The sppropriate equation for diffusion in the transition zone has only
'recently been derived by several authors (40, 46, 5u).

- In bidisperse pbrous media the diffusion processes are pictured to
occur in series'going first frﬁm‘the macropores betweén granules into
the micropores of the granule interior. However, the results of Wakao
and Smith (52) indicate that the mbss.transfer in bidisperse systems is
.primarily,through the macropores, and that micropore diffusion in such
systems is only of importance in the case of very fast reactions on

large'granules.
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It 1is important to know what type of diffusion 1s'prevalent so ‘that
proper diffueion equation may be applied to experimentally measured
diffusion rates. An estimation of the pore radius controlling flow
through a porous media may be obtained'from 1te permeability. Data
given in Appendix J indicate that a macropore system controls the
diffusion through the pellets used in this work and ordinary diffusion
prevails in the macropores. Thus, for the measurements made in this
laberafory an effective binary diffusion coefficient mey be defined by

the equation

_ - EFFdX
N, = = cD,q H’* + X, (N, + Np) (29)

If this equation is integrated with X; =1 at 1 = L then

EFF ,
CDA’B l - W

A8
wL 1 - eX,

Ny = - (30)

wwhere w=1 + Ng/Nj. Scott and Dullien (46) and Mason, et al. (54) .

“have shown that

Ny M, - (=)
7 o |
regardlees,of the prevalent mode of diffusiop in the porous media.
Equations (30) and (31) were used to calculate the diffusivity.of
oxygen in ﬁydrogen‘ (Di;F) for pellets used in this work from the
.experimehtelly determined fluxes and mole fractions.

Tﬁe complexion of the diffusive prbcess changes in the presence'

of the reaction, since multicomponent diffusion occurs, and the dif-

fusive fluxes are controlled by the stoichiometry of ‘the reaction. The
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multicomponent diffusion coefficient for ordinary diffusion in porous

media defined by (5) is given in terms of the binary diffusion

coefficients by

n
N, - X, I N,
EFF _ L
im = KNy 2 XN (32)
5 3 AL -
J:i 1]

where & is a purely geometric factor which presumably also relates the

binary diffusivities
5=gr < (3)

For the diffusion of oxygen in the reactive pellet mixture (32) may be

written '
EFF EFF
Dyw  Dam - 1-X
$— = TTFF = (34)

D, Do Xy - K, + ol X, - X - Xp) ¥ Xy
where ry = D,,/D,c and ro = DAB/DAD. If the r's are equal, (54) may be
reduced to ‘ ‘

EFF
DAM 1l - XA
—FF -
DL Xy - X, + rall - X, - Xg)

(5)

This equation was used to represent the diffusiviﬁy under reaction
cohditions.
Since the theory -involved in the.experimental determination of the

thermal conductivity is well known, it has been included in Appendix A.



IV. EXPERIMENTAL EQUIFMENT

The use of a gas recirculation system to carry out experiments'of'
this nature is unique. The attractive features'of this sygtem were
that (1) steady state operation was possible and,:(2) each run provided
a direct measure of the reaction rate.

For convenience the equipment section is subdivided into three
sub-sections, each describing a separate piece of equipment'used in the
study. The sub-sections are: (A) The ﬁeactor System, (B) The Thermal

Diffusivity Apparatus, (C) The Diffusivity Apparatus.

A. The Reactor System

Thevreéctor system represents the main experimental facility in-
volved in the'program. The purpose of this closed system was to circu-
‘late miitures of hydrogen and oiygen at a controlled steady state .
‘temperature and pressure over & platinum on a;umina catélyst upon which
water was formed. The water produced was collec@ed to obtain a measure
of the integral reaction rate at the end of & run. A tempefature
differential was measured between the geometric centers of the catalyst
pellet and a-catalytically inert pellet mounted in Juxtaposition. A
‘schematic dlagram of the eéuipment used 1s given in Fig. 2.

The reactor which served as a housing for the cafalyst and blank
pellets is illustrated in Fig. 3. Its shape is reqtangular with the
enés rounded to fit circular flanges. Conical expansion and contraction
sections coupled.the reacfbr to the remginder of the system. |

A 0.05% by welght platinum on porous alumina support was used as

B 16
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the catalyst. The platinum had first been deposited on powdered alumina
which was then pelletized into 3/8 x 3/8 inch cylinders; Five pellets
were glued end to end with epoxy to serve as the catalyst cylinder in
accordance with assumption (1). A blank cylinder consisting of only
the alumina support: material was made in the same way. The catalyst
and blank cylinders were meunted parallel to each other as shown in
Yig. 3. |

Each pellet was drilled axially to allow insertion of a combination
thermocouple-micromanometer into the annulus. The copper-constantan
Junctions were lecated at the center of each cylinder and connected in.
a manner allowing a direct measure of the centerline temperature
differential. The copper portion of the thermocouple was a eapillary
‘tube notched next to the thermocouple Junction to serve as a pressure
tap. Pressure differentials were read on a manometer connected to
the capillary tubes,

| The bulk phase temperature and gas velocity were also measured in _

the reactor as shown in Fig. 3. Further details of the reactor are
given in Appendix 3-la.

A temperature bath controlled by means of a refrigeration unit and
a heater maintained the bulk gas temperature in the reactor to within
0. 5°C for all runs. Details of the temperature bath are given in
Appendix B-lb. | | ‘

Circulation was provided.by a double acting diaphram type positive
displacement pump as shown schematically in Fig. 4,  The pumr had a
capaclty of Jjust under 15 cfm, and flow was regulated by means of a

bypass line on the pump. A small amount of air was present in each runm,
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because the pump was incapable of maintaining a high vacuum and the
system was eharged by an evacuation technique. Appendin B-1lc gives
additional details of the pump.

Water made during tne runs was collected on silica gel in two .
driers mounted in parallel as illustrated in Fig. 2. Flow was directed
through one of the driers during the transient stage of equipment'
startup and switched to the previously weighed secbnd drier'ﬁo begin
the steady state run. At the conclusion of & run the driei was agaln
weighed, The amount of water accumulated during the run furnished a
direct measure of the reaction rate. Detalls of the drying system
are found in Appendix B-1d.

Since the product (H20) was removed guanfitatively, system pressure
had to be maintained by continuous makeup; reactant gases were replaced
in stoichiometric proportions bj water electrolysis. A schematic.
diagfam of the electricai network used'tb supply power to the electroly-
sis cell is presented in Fig. 5. Pressuremcontrol vas automatically
maintained by an off-on system which supplied two levels of current to
the cell. The pressure control system is further discussed in Appendix
B-le.

Gases were charged into a previously evacuated system from cylinders
conteining nominal mixtures of .ome, two, three and four percent oxygen in
hydrogen. A sample of the gas in the system was taken at the end of each
‘Trun from the port shown in Fig. 2. Further discussion of the gas
injection system and the gas sampling system is included in Appendices
B-lf and B-lg, respectively. The samples were analyzed for oxygen,

hydrogen and nitrogen on a Beckman GC-2 gee.chfometog:aph; details of
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the analysis are found in Appendix B-2.

B. The Thermal Diffusivity Apparatus

Thg value of tbe effective thermal conductivity of the catalyst
pellets in hydrogen gas was determined from their thermal diffusivity
measﬁred in air. The apparatus ié presented'schematicaily in Fig. 6.
| Samples of catalyst for these experiments were of the same con-
figuration as described in Section IV-A. 1In this case four pellets
_ rather then five were fastened end to end after being drilled axially
fo house a standard poppechonstantan thermocouple.

Thé sample for test was mounted in a hblder which could be moved
'back and forth between hot and cold air circulation chambers. Pellets
brought to é steady stapg temperature in the heating chamber were
injected quickly into thé cooling chamber where the time response of
the‘centerline temperature was~rec§rded on a 0-1 millivolt, recorder.

This equipment is further discussed by Park (30), and in Appendik B-3.

C. The Diffusivity Apparatus

The method used to measure the diffusivity is similiar to that
used by several aﬁthors (20, 40, 55, 61). In this method, 1llustrated
.in Fig. 7, different gases are eirculated past‘the ends of a single
catalyét pellet grfanged in a compartment which prévents 1e9kage of the
gases afound the sample; thue ellowing mixing of the gases to OCcui
onl& by diffusion through the pellet. Gas fléw rates were measured, and
samples of phe effluent gas wére analyzed by gas chromotography to |
determine the necessary gas flﬁ#es. Additional detaiis may be found in

Appendix B-lk.
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" V. DISCUSSION OF RESULTS

A. The Effective Thermal Conductivity

Centerline temperature-time response data is given in Table 3.
These vaiues were converted to the dimensionless quantities given in
equation (A-40) by choosing a thermal diffusivity constant for each
run which permitted a comparison of the & vs 7 curve so obtained with
the theoretical curve for heat loss from & cylinder (ha). The experi-
mental value of the Nussult number of the cooling air was 56 based on
the velocity data given in Table 2. Schneidef's curve for a Nussult
number of 20 was used for comparison purposes. Examples of the curve
fits obtained are pfesented in Appendix F*.Figs. 19-2k. Reproducability
of the data is graphically illustrated by comparison of Figs. 19 and 21
and Figs. 20 and 22 which are duplicate runs at two different tempera-
ture levels. The particular catalyst type as well as gtﬁer pertinent
data on the samples employed in each run is given in Table 1.

_Because of the close correspondence between the theoretieal and
experimental curves, the theoretical curve was taken'to represent all
runs, facilitating the calculation of the thermal diffusivities
presented in Table L. | | ‘ -

Temperature dependent literature values (25) of the heat capacities
of alumina and air were used in the calculation of thermal conductivity.
The heat capacities given in Table 5 were calculated according to the
'equaiioh | '

- pC, = % (Volume fraction)(eC,);

P

26
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Table 6 gives the derived thermal conductivity values at selected values
of 6. The mean value for each_rﬁn is calculated from the portion of the
curve which most closely coincides with the theoretical curve. The
values chosen in the averaging process are indicated in Table 6.

The more important results implied in Table 6 are the small
'deviations of the mean thermal conductivity due to changes in tempera-
ture and sample type. For this reason, the ko value was assumed to be a
constant independent of saﬁple type and temperature with the value

3.5 x 10'2+

0.1 x lO'u cal sec*l em ! oc~1. This value agrees with
that obtained by Mischke and Smith (28) for a similar material.

The correlation of Godbee (18) was used to convert the conductivity --
in air to that in hydrogen. His method requires a knowledge of the
macropore void volume and the magnitude of the kD/kf ratio, values for
which are given in Tables 7 and 8., From these values a correction
factor was obtained from Godbee's plot and applied to the results of
k, from Schotte equation (A-44), Table 8 presents the data used in
evaluating kf. Also glven is the value of kc, the contact contribution,
attainéd from the data taken in air and kge, a value calculated for
helium gas to compare with the experimental value of Mischke and Smith.

The uncertainty of these computations lies in the values chosen
for the accommodation coefficient and the charactéristic diameéer of
the peilet, s;nce their values strongly influence the results. Porel
volume distributibn data giveh in Table 7 indicate a macropore diametef
maximum at_approximately 900 R,which was the value used in (A-hh).‘ Tﬁe
éccommodation coefficients were taken from the literature (lh, 15, 19, 31),
and a value of k_ = 0,13 BTU hr™ rt"1%F™" was used throughout the re-

'mainder of - thls work.
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B. The Effective Diffusivity

Preliminary experiments with hydrogen.and nitrogen indicated that
equation (31) is applicable to the porous media used here. Tﬁus,
equation (30) and (31) were used to calculate the efféctive binary
diffusivity of oxygen in hydrogen.' The data and calculated diffusivi-
ties are presented in Table 9. The average value of ngF waé
0.115 cme/sec at one atmosphere and 26.500; Using the_DAB calculated
at these conditions from equetion (F-1), the value of 5 was compﬁted

to be 7.15. For ordinary diffusion in porous media Wakao and Smith

(52) offer that

DEFF
Dis

= 2
€a

1
D 5

AB
where €4 =.0.345 is the macrovoid fractioﬂ; or in this case
0.14 = (0.345)° =0.12

which indicates that ordinary diffusion is prevalent.

It muqt be noted that the flow iate in the experiments'was that
of hydrogen.enteringthe diffusivity cell-(see'Fig. 6) and the sémple
is that of mixture leaving the cell. Therefore, due to the non-equimoler
diffﬁsion of the gases through the pellet, the calculated oxygen flux was
about 5% high. This discrepancy was ignored because it was considgrably
smaller than the possible error re§uiting from neglected thermal.effects.

Table 10 gives values of ry and‘r2 cglculafed f?ém the binary
diffusivities at 20°C and one atmosphere. The proximitx of these values
allowed the use of (35) to calculate the mixture diffusivity. |

The diffusivity predicted byv(35) is shown in Table 10 io be

virtually independent of the oxygen concentration over-the'O-S% range
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covered. If it is assumed that nitrogen present in a particular'run
displaces only hydrogen, then the diffusivity is seen to depend upon
the nitrogen‘concentration. Finally, the values of DﬁgF are given in
Tgble 10 and Fig. 8-as a function of the nitrogen concentration. Values

from Fig. 8 were used for other calculations.

C. The Reaction Dats and Results

A 4% bxygen~run'was‘madé with an inert supﬁort cylinder in place
of the catalytic cylinder. No temperature differential was recorded
between the pellets during a one hour run and no weight change had
occurred in the drying cylinder, so it was assumed that all reaction
occurred in the catalyst pellet.

Data was taken to generate four isotherms between 20-6090 and
0-5% oxygen in hydrogén. Thé rate data 1s ﬁresented graphically in
Fig. 9, and pertinent data for each run 1s'given in Tab;e 12, . The
negligiblé size of the radial pressure drop 1s shown by Téble 12,
Average values for the Nussult numbérs are seen to be (Nuﬁ$= 10.8
and (Nu)h ==21.6; Other data is included in Appendix H. Each run is
. catalogued first by the isotherm témperature, followed By the nominai
~oxygén concentratibn and an iﬁdexihg number.

v Initially, the data was used to evaluate an overall activation-
energy ahd reaction order. Then from these, effectiveness factors,
rate constants and centerline temperatures were computed for each run.

A similiar approach is used in determining the activation energy
and reaction order from the data of Fig. 9 and an alternate definition

.of the effectiveness factor
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“R* = k Ch.7 o (36)
Slopes of 1n k vs (1/T,) curves are used to obtain the activation energy
when an effectiveness factor is not involved. The 1ln R* vs (1/T,) plot
shown in Fig. 10 was used here. Equation (36) shows that
9LlnR* _-Qlnkg . dlnn

.., B

or, using the definition of kg

_E* _ B Uy ' (37)
= - + E
R, R, ? {Ps]'

The last term'in (37) in terms of the.system parameters is

lnm  alna .'(38)
*L a ;L 'i ] L i
3.Ts )Ino a T,

From the definitions given in (16), it may be seen that

' : ot A nEFF
_B*_ _E __E 2y E dlnn . 2(-AH)Djn Cas Ay (39)
R R, 2R 3me R, B K, a
_ g o EFF R
Prater (32) noted that the group ( - AH)D,, C,/k, represents the maximum
temperature rise. which may occur in a‘péllet if surface.effects are
negiected. Under this supposition (39) may be splved for the real
activation energy giving
5 9l
.E* + 2.R.g,(/AT)max —aﬁﬂ , .
B 1 olnn _ dlmm . ~ (40)

* 2 dna T 3B
The reaction order may be obtained in a similiar fashion from the data of

Fig. 9. If the observed reaction order is_defined by -
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. _ [2LoR*
n" = |?1nC,
TS

then (36) gives

AnR* ) Any a1
[BlnCAs] = n * 31nC,, (41)
T
The total derivative is given by
dln7m dlnn dlna  Anny  An\

= . + ]
dnC,,  olna 3lnC,, 3lmk AnC,,

or

- 9lnm, n.- 19lnn 9dlnn
3nC,, -~ 2 .olnz ' 3Am

Combining this expression with the definition of n* and (41) gives

‘ (n - 1) 3lnp dlny o
n¥ =n+ + : (42)

2 dlnd BlnA

From (42) it is evident that n* will deviate from n by dlnm/dln\ for a

-real first order reaction. -
Using average Nussult numbers and n < 1‘computer solutions were
obtained over a comprehensive range of the parameters ¢, B and A.

Interpfetation of the results given in Figs. 11-13 and Taﬁle 13 points

out that
. dlny
(a) E* > > 2Rg(§T)max —
1 9lnnp  9lny

: 1+ - 5>
(b) 2 9lna 98

olnm
() n* > 1 +3Jrm
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This justified the assumption of a first order reaction and fostered the

reduction of (40) to

*

oy o ' (44)
dlna :

l\)ll—'l?-i

A triel and error method was used to evaluate the activation energy'
from (44)., First, a chosen [ value was used to obtain curves of 7 vs «
for various M (see Fig. 1h4). Activation energles were then &etermined
from (44) for each run which generated a new Sin erder to repeat the
process, Table 1h shows the results of this procedure. Infernal
consistancy is apparant within each isotherm, but intra-isothermal
variations are notable. The mean values are 6500 cal/moloK for the
activation energy and 10.4 for B. This value agrees well with the
6hoo_cal/m01°K reported by Trotter (51), who worked with a similiar
catelyst.

Calculations were made to determine whether experimenteliy.
encountered variatiohs in the Nussult numbers, the bulk flow of mass
and the activation energy (or ﬁ) wvere sigﬁificant.‘ The spot results
' given in Table 15 indicate that a fairly accurate relationship between
M and ¢ 1s obtained for this work from a single set of n V8 o curves
using constants for the other parameters, 1.e. Fig. lh

To provide a means for determining the effectiveness factor from
the experimental data, the Arrhenius copstant.is eliminated between (36)

and the definition of o  (16) to give

\ R°R* ' . (45)
ne’ = TEFFL T :
DAm ,CAs
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Quaatities on the right side of (45) were:measured for each run (see
Teble 12). Thus, curves of 7 vs na2 such as fig. 15 with the appropriate
A yleld values of the effectiveness factor which in turn were used to
obtain o (and k,) from Fig. 1k. Results of this procedure are presented
in Teble 16. Differences between 7's calculated from the "exact" data
and Figs. 14 and 15 never eiceeded 0.01. The effectivenesa factors in
Table 16 are seen to increase as'expected with increasing M at T;
(through increasing C,,) and also to decremse with increasing Ts. The
'm are seen to be independent of C,s but>dependenx upon the surface
temperature. Fig. 16 displays the.ln ks vs (1/T;) curve where the
activation energy determined was 7300 cal/moloK which is within 15% of
the predetermined value. -—

Radial concentraticn and temperaturc'profiles were also computed for
each set of the parameters. Several representative curves are included
in Appendix d.. More important than the profiles were the-computed
temperature differentials which are compared with excerimental values
in Teble-16. Notably, the two methcds gave results that were within
13% of each ‘other with only two exceptions. |

Table 16 includes values of (AT),Tax which were calculated by ‘the
method given by Prater (32) to insure that the measured temperature

| rise was within the boands imposed by this physical limitation. The
maximume given were calculated as a gulde according tchthe relation

(AT) = AT

ma x
' which fails to account ‘for the effect of the f1lm which envelopes the
_pellet. A full derivation of the proper equation is given in Appendix I.

For the 60°C isotherm the "maximums" are lower than the measured o
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differentials. The.corrective term from equation (I-l4) increases the
" maximum differential to a valué miﬁimally eqﬁal to the measured value
iﬁ-each'caée. |

.Effectiveness féctors'were calcﬁlated assuming that the péllet
was isothermal. The results in Table 16 point out that the greater the
X, theAgreater the difference in the effegtiveness factoré, which is
expecte@ since A represents the ratio of the heat ggnefated'in the
pill to heat removal. The maximum difference realized was 60%.

Observation of Fig. 10 indiecates ﬁhét the éurve may be non-linear.
Since the acfivation energies differed somewhét from isotherm to
isotherm, this possibility was investigated assumihg that;E* vas &
_variabié which compensated for changes in the dlnn/dlne term appearing
in (44). Two points were significantly discoﬁraging in this fegard
(1) the maximum deviation from the sfraight line of any of the points
involved is 3-1/2% (2) the slope of the curve is such that it would

increase the spread of the meah isotherm activation energies.



VI. CONCLUSIONS -

1. Use of a recycle system for measurements of this type was unique
and successful, its success hinging upon the acquisition of a
satisfactory circulating pump. | |

2. HExperimentally measured temperature rises as high as 33°C were
encountered in the porous catalyst pellets during the course of the
chemical reaction.

3. The mathematical model predicfed the experimental centerline
temperature rises to within 13% with two'exceptipns.

ﬁ. Errors4in effectiveness factors of up to 60% would result if the

heat effects of'the reaction were ignored.

by
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TABLE 1

SAMPLE DATA FOR THERMAL DIFFUSIVITY EXPERIMENTS

Sagp' le Mass; g Length, in Diameter, in ‘sz 101"}‘l fta N ft3 Runs

Support 4.15k 1.5  0.395 2,717 83.7 79

0.05%Pt 4.199 1.589 0.396 2.72 81.7 1-6
TABLE 2

COOLING AIR VELOCITY DATA FOR THERMAL DIFFUSIVITY MEASUREMENT
. : ) 2
Reading 1 2 3 L 5 AVG, - o (Nu)p

Veloclty 2730 2730 2745 2730 2717 2731 49 56
Velocity given in ft/min
TABLE

TIME-CENTERLINE TEMPERATURE DATA

THERMAL DIFFUSIVITY OF CATALYST.AND SUPPORT IN AIR

Time X Run Number p 8

min, 1 2 3 ' 1 9
0.0% T76.1 76.8 112.5 53.7 73.2 — 109.8  59.5 7.0 102.1
0.1 75.8 76,8 112.2 53.6 T78.2 109.7 59.4 77.8 102.1
0.2 5.1 T6.4 111.4 53,5 T78.0 108.9 59.3 76.8  101.7
0.3 T2.1 73.5 106.3 53.3 4.6 102.5 58.2 Th.6 97.5
0.4 67.3 68.5 199.2 52,0 69.7 94.9 55.4 70.4 90.7
0.5 63.0 63.4 92,2 50.1 . 64.5 87.1 52.9 65.4 84.2
0.6 58.8 59.6. 84,8 LB,5 60:2 79.5 50.2 - 61.k4 77.2
0.8 52,4 53.0 71.3 45.2  53.4 67.8 Lé.4 54.8 66.5
1.0 L47.3 UuB.2 62,6 L2k 48,6 59.2 43.4 50.1 59.2
1.2 42,8% 44,6 54,9 L40.7 U45.0 52,8 41.1 46.5 53.0
1.5 4.0 4.8 k9.2 38,6 41.3 W67 38.7. k2.l 47.9
2,0 - 37.1 37.7 k2,3 37.4 38.2 4b1.4 .36.8 38.7 k2.0
2.5, 3.4 36.0 39.8 36.3 363 38.6 358 37.5 39.5
5.0°0 32.9 3k4.0 36.6 35.0 3W.7 35.9 35.0 35.5 36.8
AT, 43.2 k.8 T75.9 18.7 43.5 73.9 24,5 -L42.3  65.3
& Tiax

b T,

c Time =1.25 min
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TABLE L

DIMENSIONLESS ’I’EMPEMTURE, 6-THERMAL DIFFUSIVITY, ¢ a

THERMAL DIFFUSIVITY OF CATALYST AND SUPPORT IN AIR

92 0.00510 0.00520 0.00515 0.00482

0.00468 0.00500 0.00510 0.00515 0.00495 0.00490 0.00485 0.00480
0c00465 * 0.00468 0.00478 0.00480 0.00u80 0.00482 0.00488. 0.00468
0.00365 0.00388 0.00405 0.00418 0,00422 0.00430 0.00450 0.00448
0.00475 0.00502 0.00518 0.00525 0.00512° 0.00498 0.00495 0.00490
0.00488 0.00500 0.00515 0.00515 0.00502 0.00495 0.00500 0.00502
0.00435 0.00455 - 0.00468 0.00475 0.00465 0.00462 0.00470 0.00478

- 0.00465 0.00478 0.00485 0.00490 0.00478 0.00468 0.00465 0.004T2
0.00452 0,00470 0.00475 0.00482 0.00480 0.00475 0.00475 0.00465
0.092  0.123 0.155 0.187 0.219 0.259 . 0.315 0.392

o)
ﬂ\omqm\nrwmu—'lg

TABLE

DIMENSIONLESS TEMPERATURE, 6-CALCULATED PELLET HEAT CAPACITY IN AIR

- 6

Run 0.900  0.800 0,700 _ 0.600 _ 0.500 .400 -o.goo 0,200
0.218 0.217 _ 0.216  0.215  0.213 212 0.212  0.210
0.218 . 0.217 0.216 0.215  0.213 ‘ 0.212  0.210
0.225 0.224 0.222 0.220° 0.219 . '0.215  0.21k
0.21k4  0.213 0.213 0.212  0.212 0.210  0.210

0.218 0.217 0.216 0.215 0.213
0.226 ~ 0.224 ~ 0.223 0.221 0.219
0.215 0.215 0.21k o0.21k . 0.213"
0.218 0.218 0.216 0.215 0.214
0.224 0.223 0.221 0.220 0.218

0.212 - 0.210
0.215 0,21k
0.212  0.211
0.213 0.212°
0.215 = 0.213

RERBERR

eNoNoNoNoNoNoNoNo (o]
Bl\)l\)l\)l\)i\)l\)
w

n
=.
o\

\O O3 O\ FWw N



TABLE 6
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CALCULATED THERMAL CONDUCTIVITY IN AIR-DIMENSIONLESS TEMPERATURE

AVG.

*Courtesy of E. I. du Pont de Nemours and Co., Inc.’

6
Run 0.900 0.800 0.700 0.600 0.500 . 0.400 0.300 0.200 ke ko
1 10.0877 0.0901 0.0915 0.0902 0.0858| 0.0832 0.0834 0.080% 0.0891
2 ]0.0830 0,0883 0.0900 0.0898 0.0861)0.0845 0.0838 0.082k 0.0874
3 0.0852 0.0852 0.0864 0.0860 0.0856 0,0848 0.0858 0.08501 0.0855 3
L 0.0639 0.0675(0.0702 0.0721 0.0731 0.0741| 0.07H1 0.0767 00.072k &
5 10.0846 0,0887 0.0911 0.0919 0.0888 0.0861 0.0858| 0.0841 0.0881
6 |0.0900 0.0912 0.0935 0.0931 0.0899 0.0879 0.0877 0.0877| 0.0901 __
7 0.0785 0.08200.0842 0.0854 0.0833 0.0822 0.0825 0.0847| 0.0837 &
8 10.0853 0.0875 0.0881 0.088L4 0.0858 0.0836| 0.0835 0.0841 0.0864 &
9 |0.0852 0.0878 0.0883 0.0893 0.0878 0.0861 0.0856 0.0834| 0.0867
Table values of thermél .conductivity in units of BTU/hr ft Op |
| k, = 3.5 x 107% £ 0.1 x lO'l" cal/cm sec °C |
| | values included iﬁ averaging process
TABLE
SURFACE AREA AND PORE VOLUME DATA*
‘ - ‘ N Total Pore
- Sample Designation _ Surface Area Volume
, Alumina Support ‘ 60 m2v/ gram ' 0.3690 ml/g
0.05 % Pt - : o 65 ma/gfam | 0.3758 ml/g-
| i o Pore Distribution -
o - Cumulation ml/gram
Pore Size, A - Alumina Support - 0.05% Pt
165,000 ' 0.0000 ‘ 0.0000
2,000 ; 0.1477 0.1358
1,000 ' 0.1717 0.1387
800. 0.1786 0.1662
600 0.1886 0.1761
500 0.1946 0.1810
400 _ 0.2006 0.1889
1300 - 0.2096 0.1987
200 o 0.2266 0.2154
120 ~0.2585 0.2479
<120 ’ 0.3690 0.3758



TABLE 7 (Continued)

Total Void
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' Pellet Macrovoid Microvold
Ka1,05 (ko) Density Fraction Fraction Fraction
cal/sec cm °C cm a €]
0.065 1.3k 0.495 0.346 0.149
TABLE 8
DATA FOR USE IN EQUATION (A-Lbk)
Gas Al Helium. Hydrogen
a 0.8 0.5 0.4
Y 1.4 1.67 1.b
T, °R 580 580 58
P - .
4 /£t2 2120 12120 2120
Pr, 0.70 0.70 - .0.70
-d, 2 ( '8 '8 -8 ‘
S 29.5(10 7) - 29.5(10 ) 29.5(10 )
5 - 10.2(20"1Y) 6.25(10™°) 7.9(10720)
£t '
K . — . .
gSi 0.72(107%) 3.98(107) k.99(10™)
sec_cm °C : .
ke, -4 4 -4
cal 0,110 {10) 0.118(10) "~ 0.192 (10)
sec cm °C . . . o .
ks -4 -4 -4
cal 2.5.(10) 2.7(10) h.i(10) ©
sec cm °C o -

7 = 5.08(10‘2u) £t-1b/°R - Godbee Factor =22.8

Results Using Above Data

ke

- 1 He
ke

Hg'
L SA

1.0(10"

")

3.7(207%)

sQu(lo'F)

kze(zs) b.5(10™)



p =1.0 atm’ T = 26.5 °C

TABLE 9
OXYGEN-HYDROGEN DIFFUSIVITY DATA
- _ | DEEF
Run _V:i., sZé . ccir’nin % 0o . X | Cmgﬁsec
1 50.0 3 50.4 2,0k |
50.0 50.4  2.05
AVG. 50.6 50. 4 59.5 2.05 0.020 0.1179
2 50.0 50.5 1.94.
50.0 =~ 50.k 1.98
0.0 50,4 1.97
AVG. 50.0 50,4 59.5 1.96 0.020 0.1125
3 50.0 63.6 2.62
50.0 63.6 2,50
AVG. 50.0 63.6 b7.2. 2,58 0.016 0.1186
b 'lso.o ~19.0 4.50
.50.0 119.2 | 4.55
50.0 119.0 _;__ |
. AVG. 50.0  119.0 25.2 .52 0.045 0.1165
5 50,0 ‘ho.6' 1.56
50,0 .bo.k 1.53
AVG. 50.0 4.5 ©  TH.0 1.5k 0.015 0.1087
AVG. | | 0.115

49



TABLE 10

CALCULATED DIFFUSIVITY RESULTS

Binary Diffusion Coefficients

50

p = 1.15atm% Ny = 0.0

: PN Co 2
Diffusivities given in cm’/sec

1T, °c Dypp Dyo Dp | ™1 e P
293 °c 0.7k 0.22 0.20 3.k 3.7 1.0 atm
| Diffusion Ratio vs C;;;osition
| e
% N, X, =0.05 X, 50.0
0 0.84 0.85
16 0.61 0.62
Diffusion Ratio and DﬁgF'vs % N,

EF: NEFF 0 L 8 o | 16 20
Dam /DB 0.84 0.76 0.70 0.65 0.61 0.57
DEFF, ‘enf/sec 0.096 0.087 0.080 0.075 0.070 0,066

p = L15atm T =54°C = 17.15 |
TABLE 11
CALCULATED VARIATION OF THE DIFFUSION COEFFICIENTS WITH TEMPERATURE
¥, % | 293 313 333 353 393
Dpp 0.684 0.765 0.851 0.940 | 1.030 1.128
Dﬁgp 0.0957 | o0.1070 0.1190 0.1315 0.0440 0.1578
DEET 10,080 0.1090 | 0.100 0.110 0.121 0.132




51

L0 422°0 = ,¥q uotq1sodwoo uweatis AJp uo @mmmMm
912 8701 L | I | | : oAy
20°L G090°0 €'¢2 4TI £30°0 346 G°G 8°8 go80°0 20°2 60°0 9°92 978G 968°0 L9400 4420°0 09711 682 T-%-09
28 °L L3Y0°0 9%z 82T T30°0 GB9 0°G 8'8 8%40°0 2¥v°¢ - 60°0 ¢.>H.m.wm.owm.o.nmﬁﬁ.0 6020°0 ¢8°8 g'1e T-2-09
84°9 4420°0T°02 878 .ono.o mmn c'8 88 momo.o. 9T °T S0°0 T°TT 4°8G 896°0 4L020°0 ¥210°0 TL&°¥ 082T T1-2-09
9%°9 $020°0 9°02 9°6 G20°0 ¥2% 69 8°8 1C80°0 $G°T %0°0 2°4 G°'8G 886°0 086070 8800°0 69°¢ 68 T1-1-09
6%°G 8660°0 €22 ¥ 1T 82070 9gc 2°g 8°8 0¥B0'0 402 OL°0 2'¢¢ 0°8% 106 ‘0 66G0°0 0620°0 ¥0°61 L3S 2-%-08
10°G 6£90°0 9722 ¢*TT €20°0 9SG G°G 8°8 8380°0 96°T v0°0 9702 &'8¥ 806 °0 9G90°0 ¥920°0 &G°TIT T°12 1-%-0S
$G°G £0G0°0 4°62 €°2T T20°0 4S9 1°G8'8 04L0°0 222 60°0 $°4T 1°8% GL8°0 mmoa.o‘mmmoro‘ ¥.°6 3¢ 8T T1-2-0S
G9 'Y G480°0 §°22 9°0T 920°0 19% ¢'9 88 IGBO"0 €9°T GO0 9 1T 6°L% P86 °0 £080°0 2STO'0 8G'9 LY°IT 1-3-06
g8°% 28T0°0 8°02 £€°6 630°0 09¢ 674 8°8 4680°0 4271 20°0 4°C ¥°8% G96°0 642070 0400°0 €0°E - ,nmJn T-T1-0S
86°¢ T8OT 0 S°'I2 0°2T T30°0 T¥9 T°¥ 074 044070 TI.°2 90°0 .0°0¢2 4°0% 968 ‘0. TOT "0 ¥2%0°0 98761 892 9-%-0¢ -
Hu.n.wnno,o 9°02 G*OL G20°0 8%y $¥'G 18 Tego'0 T8'T 4L0°0 0°¢t 0°0¢ 826°0 0S0°0 0020°0 816 64°2T 9-¢-02
$6°C 8940°0 -0°22 T°2T 22070 819 €% 679 6GL0°0 84°2 9070 1°02 T°0¢ 098°0 60T °0 $T120°0 ¢Z %1 84°8T G-&-0%
12°¢ 28G0°0 4°6T 4L°6 820°0 688 6°G §'9 0¥80O°0 I8°T 20°0 4L°IT 0°0g ¥26°0 9gG60°0 0020°0 €68 19°01 6-3-0%2
LTS L6800 8°02 #°0L G20°0 49% A 88 2980°0 G9°'T %0°0 8°4 ¥°0g 686°0 8c$0"0 2GTO°0 G879 L8 23°1-0%
$g°¢ GLIT 0 9°6T ¥°IT 2230°0 €85G 9°¢ 0°G 0690°0 29°¢ 810 ¥°¢¢ 2702 884°0 ¥89T°0 68%0°0 263 1°62 TI-%-02

40°¢ T280°0 6761 90T £20°0 BTG [ 172 9I80°0 S£°2 G2°0 ©°6T 876T 96870 0G.40°0 BB20°Q -497CE TI°6T T-2-03
242 G8G0°0 T T2 9°2T 22070 G¥9 6°9 8'8 284070 g2z OL'0 @2°ST G-02 G68°0 288070 GT20°0 0g "0t ¥.°01 %-2-02

co'c 96%0°0 ¥°¥2 6°6 L420°0 BT¥ 1°G 88 4680°0 9¥°T 80°0 T°0I €£°02 £96°0 S120°0 6GTO0°0 PS°4 218 £-2-03
24°2 T0S0°0 0°02 48 080°0 82¢ £°8 8°'g 2¢60°0 9T°T 2070 ¢°9 6°6T £86°0 ¥400°0 £600°0 ¥y - 26°% &-1-02
. 099s 098 T10 w0 9 _°‘IV : , wo 09s _wd
. _ 20 . g o
al@) X Uny) Ynyg) 90=HE oW 05 AT 0 \mq dy paan poan Wo s8y SOy S¥y TSotom  Sorom  uny
: TA mm_mm LOIx9 _ceoy  -seay I . 0T x Sy 0T % 4 :

YIVA STSATYNY NOILOVEY QdTIdN0D
2T FTEV.L




COMPARISON OF MAGNITUDES OF TERMS APPEARING IN EQUATIONS (40) AND (42)

(1)

(2)

(a) Largest experimental (AT)_ ... Most runs had considerablyvémaller AT,

TABLE 13

Constants: (Nu), =11 (Nu), =20 o =3.0
dlnn
E* vs 2R9(AT)max 5K
B 10.0 13,0
9lny 2.4 2.3
N ,
) 9lnn
ZRg(AT)max N 290 400
Maximum % Difference 5.7 10.0
E* = 4000 cal/mole °K  (AT)2,, = 30°
1 dlnm dlnn
1+ 72 31Ina V3 T8
A 0.02 0. 10
9 ° ,
55 0.006 0.03
Maximum % Difference 1% 6%
_ alnﬁ ,
1>»1+ dlnd > 0.5
" 9lnn-
n* vs 1 + 31573
A 0.03 0.10
9ln
1 + 2= 1. .
SLoh '08 1. 22
n* 1,00 1,20
B =10




TABLE 14

ACTIVATION ENERGY DATA

53

20 Series 30: Series 50 Séries 60 Series
1-3 5700 1-2 5800 1-1 7100 -1 7700
2-3 5600 2-5 5600 "2-1 6700 2-1 7800
2-4 6300 3-5 5900 3-1 T100 3-1 8000
13;-1 5300 13;-2 sgoo t-l ggoo L-1 7800
-1 00 - 00 -2 00 '

AVG. 5500 5800 900 7800
B= 9.5 5= 9.6 B = 10.8 B = 11.9
E = 6500 23= 10.4
TABLE 1
INFLUENCE OF EXPERIMENTAL VARIATION OF PARAMETERS
ON THE EFFECTIVENESS FACTOR

' o o
(Nu), | 1.5 - 3.0 6.0 (Nu), 1.5 3.0 6.0
10.29 | 0.904k | o544 | B.241 8.73 | 1.024 | 0.626 | 0.283|"
13.27 | 0.931 | 0.584 | 0.273 12.77 | 0.979 | 0.590 | 0.264
(Nu), = 10.8°8=9.7 A=0.12 (Nu), = 11.6 B= 9.7 A=0.16
a @

B 1.5 3.0 6.0 X, s 1.5 3.0 12.0
9.1 0.869 | 0.534% | 0.244 0.00 |0.997 | 0.60% | 0,100
10.3 0.894 | 0.549 | 0.250 0.0k | 1.008 0.610 | 0.100
(Nu), ¥10.8 A=0.10 (Nu), =11.6 (Nu), =10.8 A=0,16 (Nu), =11.6

. ) o
(Nu),{ 1.5 3.0 - 6.0
10.29| 0.904 | 0.544 | 0.241
13.27| 0.931 | 0.584 | 0.273

(Nu), =10.8 B =9.7 A=012
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TABLE 1

PERMEABILITY DATA

Run 2:: 2éc EE%TE pili)a pzia psiaP%tm"': m,latm X cf‘m- fm
1 | 50| 42.8| 49.8| 64.7] 49.8} 14.86 39.8 2.70] 0.370/2.87]1.01|1.02
2 | 30] 35.5{ 39.8| 54.7] 39.8|14.86|34.8|2:36| 0.423|2.97(1.01|1.02
3 | 201 34.8] 30.2| 45.0] 30.1|14.86]29.9 2.04 0.491|3.10[1.01]1.02
4 | 12 35.2]20.2| 35.1]20.2|1k4.86|25.0(1.70 0.589|3.29|1.01{1.02
5 | 25 37.429.8 44.6|29.8)14.84|29.7 ; 3.62|0.98|1.01
6 | 4o| 33.5|30.0| 44.8] 30.0|14.83|29.8 6.5411.00{1.01
7 | bo| 35.0/29.9| b4.7|29.9]|14.83(29.8 6.35(0.99|1.01
8 | 25 36.0{29.9| 44.8]29.9(14.85(29.8 3.78{1.01{1.02

9 | 20| 37.0l29.8| 4t.6|29.8|14.85 |29.8 2.96|1.01|1.02

10 | 20| 34.8/29.9|44.8|29.9|1k.85 |29.8 3.16[1.02[1.02

u = 0,018 cp
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APPENDIX A - THEORETICAL DEVELOPMENTS

1, The Firite Difference Equations

An iterative method of solution was chosen to solve equations (17)
and (18). Results of solving one of the profiles was used to calculate
the other profile. This result in turn was used to recalculate the
first equation, etc., until converged values were obtained.

To do this, both equations were put into the central finite
difference form‘

AY, ., +BY +CY, =D (A=1)

-on the discrete axis, & = iA£,

a. The Mass Equati&n

_If (17) is expanded with n = 1, the result can be written as

a%y (1 X,e & ldpdy slay)
— = As o — -S| - , = =
ag™ [f 1-X,4de ¢ dg’]d& $ - Raaple pro b

In central difference form, this equation is

TR = VRN Tit
| [Al - ] 4_{2§ , [Xas (¥ ey .
Lo J et 7 - e (e

' Y . 2 (A-3)
¢1+1 B ¢'|~; ."?_’L_ ¢z- 1 2(.1 VX )i 2 a1 75[) _
e, g | TR e R0

where

M €7 (L - DA, 51,2, BN (A-4)

This equation can be considerably simplified with the .aid of the notation,

£, = éﬂ(i_ii); g = FacWies "9 0] bues = i | (A-5)

4(1 - X, ¢,) 49,

Al



With these substitutions, terms may be collected in (A-3) giving

[2 + a®A8% 1 (1 - x;{s'w"i)J—i]‘l’l i-
Wiy 7 E?i‘-’s_] T
i-2 &

which is in the form pf'(A-l) with the A; all equal to one.

i-2

1 |
t S]‘/’Hi =0 - (A-8).

The boundary conditiops must be applied. At the center of the
bellet, i.e., i =1; &£ =0, the term %'%? is seen by L'Hospital's rule to
have the limit %g#. Thus, the differential equation (A-2) applying at
that point is

2 _ o
ek BTN R P (a-7)

In finite difference form

Ep - B ¢ ave] SR -K T L ()
V3 2
If dy/d¢ is éero'at'the center, then the boundary condition is
| Yo = Yo (A-9)
and thé difference equation can be written as |
r Y
[2 E xw“]w B, =0 (4-10),

The general difference equation at the other boundary (i = N), i written

as
Yy-, T ByWy + Cydye, =0 - (A-11)

Also, the boundary condition (21) in finite difference form is

_ (‘J’Nu B ‘/’N-1)
206 (Nu) (1 - X, )

Wes Ty 51 (A'lé)

which 'is solved for y,,, to give

Ynea™ ¥n-1t Dy~ Dy o (A-13)



where |
Dy = 20 (Nu) (1 - X, op) 07"
Combining (A-13) and (A-11) gives

By - CyDy CyDy
1+ Cy ‘/J,N_—lwcN

Yy-a? (A-14)

The coefficients By and C, differ from those given in (A-6). From

equations (A-2) and (A-5) it is seen that

R "/ ldﬂ
STl -xga b

“but from the boundary conditions (21) and (23) it is evident that

1 d _ dg o :
1 - X, ) E?EH = (M) (1 - ¥); ggl,,, = (B, (1-¢) (A-15)
The g, .can be put into the finite difference form
gi. - [As(Nu) (1 g,) + (Nu), (1 - ¢> s -~ (a-16)
N

and used in (A-6).

The set of equations (A-6) with the boundary equations. (A-10) and
.(A-16) represent the complete set of finite difference equations
representing the mass trensfer of oxygen between the pellet and the
main gas stream.

b. The Energy Equatlon

Equation (18) may be written fof the first order case as
a°¢ 1 de Xoﬁf
Fi=2=45=y =0 - (A-17)
ag & d¢ @

where f is the function described by (A-5). This may be given in

central difference'form by



P21 - 2, + 4’“1 Piar T Pi-a Ao’ £ |
. v + 2(1 TN e W T (A-18)

which may be rearranged upon collectlng terms to give

‘ 4(1-1) 2i - 1
o Y, B e B ] (a-19)

which is in the form of (A-1).

For the p01nt £ =0, the 11m1t of the term including the first

derivative 1n'(A—l7) is seen to be

@ '
i, [h - 42 | (4-20)

Therefore, (A-17) -can be applied at £ =0 to give

gé%+xa2f%=,0 o (A-21)

The boundary condition (25) is. applied by setting ¢o = ¢. in the finite

differenée form of (A-21). The result is expréssed as

. : . s - |
-2, t 23, = - M—"ZAL Fa.ﬂj . (A-22)
At the solid-fluid interface, the same procedure is followed as
‘was used for the mass equation, An ‘equation equivaient.td—(A—l) is
<i’N*i + Bydy * Cydysr = Dy '_ ‘  (A-23)
where the céefficients are caicqlated according to (A-19). oy, is
eliminatéd by use of the boundary condition (23) which' is written
By, = Bes - 2(N) 000, + BN 08 (a-24)
Combining HLBB):anﬂ.(A-24), the finite difference equation for the solid-

fluid interface is obtained.

By - 2(Nu) h'Ach¢' Dy - 2(MNu) AfCy
1+C . Y 1+

Py-y * . (A-25)



A-5
The N equations given by (A-19), (A-22) and (A-25)Iare solved to
give the radial temperature profile'of the qayalyst pellet.
c. The Effectiveness Factor ‘ ‘ |
Equation (28) defines the effectiveness factor 7. To calculafe
'vn it is necessary to knowlﬁhe first derivative of the oxygen concentra-
tion at the surface. Equation (33) can be rearranged to provide the

value of derivative in terms of Y at the solid surface, or

% £=1= '(Nu)m(l - XASL(J) (1 - ¥gs) | (.21)

Combining this with (28) gives

2(Nu) (1 - ¥gq)  2(Nu)p (1 - ¢y)
n = o =’ Il (A—26)

which is the equation use@ to calculate the effectiveness factor.
2-, The Method of Solution
The method employed 1s described in Richtmyer (36). A brief review
of the method\is glven as it pertains,directiy to the solution of the
equations of this work. . ' ) |
| If it is assumed that a solution to the transport equation ié
availsble at the 1M grid point in terms of the known value at the

1 + 1 grid point, then

Y, SE Y, v F . - - (A-27)
For Y,_, '
| Y., =E,_,Y, +F_, | (A-28)
Recalling (A-l) |
A.tYJq +BY, +CY,,, =D (A-1)

it 1s seen by eliminaﬁing‘Yl-,, and noting that the A are all one that



¢ = _ & hoFie (A-29)
T i+1 '
' By + B, By + B,
Comparison of (A-2) with (A-27) shows

LM A LY (4-30)

I B| +El-1’ I BI +‘E'_1 -5
where
C D
By = - B P = (A-31)

The procedure is to calculate the coefficlenfs B, C; and D;, then

the E; and F, and finally the Y, from equation (A-27) with
Y, = F, o (a-32)

A complete block'diagram of the progrem is given in Fig. 17.

3. The Starting Values
. To get the ite;gtiohs startéd initial values of grids are needed to
begin the calculations. For this purpose,”apﬁrﬁximate values are
availlable from the analytical solution for the case of isothermal
equimolar reaction.

The applicable equation is

l}%ﬁ]— e’y =0 | (A-33)

1.d]
_ £ aé
which may be vritten as
3 d§2~+ 3 e @&y =0 (A-34)

This.is in the form of the’modified Bessel function (21) and has the

general solution : . .
Y = cilo(0€) + coKo(af) . (A-35)
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A-8
Using a boundary condition which requires ¥ ta be fimite &t the pellet
center forces c: =0, since Ko(0) 1s infinite. An approximate boundary

éondition of y = 1at & =1 1s used to obtain the final solution

Io (ag) '
BT O (4~ 36)
where
o [P
2
Io (ag) = 112 A-37)
C 73 =0 (k) ( )

Using (A-36) and.(A;37), initial values of ¥ were calculated for the
N grid points between O < £ <1, Simple perturbations of A and ¢ at a
particular B value were used to obtain converged solutions over the
desired range of values in subsequent calculations.

4., The Computational Procedure

The calculations were made on the Rice University Computer. A
block diagram of flow sheet of the computational method is shown in Fig. 17.

The calculafions were begun by calculating a grid of starting values
for a small value of o as staﬁés above; This grid was used in turn to
compute the corresponding isothermﬁi case ( A =0) for the system equatiops.
With the X,s;and B constant, A was brought in small increments to the -
desired value using the lasf calculated vélues as stafting values for the
new'%, Then with A held constant, the o value was similarly incremented
stepwise to any preselected level. For each convérged profilé a value
of the effectiveness factor was calbulated. All data changes 6n the
compﬁter vere made externally.

Two tests were neceésary in the course of the calculations. First,

the Bessel functions used to calculate the starting values are infinite



A-9
series. The series was cut off when two successive terms failed to
differ by more than 0.001. 'A convergence test was used on successlve
Y 1terations. Eaéh‘paiﬁt in the grid was tested against its corre~
sponding value from the previous iteration. If any of the values
differgd by'a value greéter than 10'43 the test failed and another
complete iteration was made. '

When convergeﬁce vas achieved, the profiles.along with the data
and effectiveness factor were printed out, or one of the parameters was
incremented to restart the céléulations. Another option avaiidble in
the prograﬁ is the print of successive iterations.

5. The Computer Program

The program used to solve the equations mentioned in the past
sections 1s reproduced below.

6. The Thermal Diffusivity and Conductivity

The centerline temperature response of an infinitely long cylinder
(initiaily at a uniform.temperature) to forcg@ convection flow over its

surface of a gas at another temperature can be used to compute the mean
'thermal diffusivity of the cylinder. |
| An energy balance applied to a differential element of the
cylinder yields the necessary equation for solution. The following -
assumptions are mﬁde in the derivation:. |

1) - The cylinder is circular, homegeneous‘and is infinite iﬁ
length.

2) The surface transfef group 1s 1ndependent of temperature.

3) Radlative losses from the éylinder are negligible.'

) An effective thefmal condﬁctivity for the heterogeneous gas-

solid system can be defined which is independent of poéition and temperaturg.
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The energy balance gives
19 9T 3T '
T or Ekear] pcpat , , (A-38)

with the boundary conditions

- =g = T _ |
t <0, T=Ty; ¢ =0, 3 0; ? = R, -_Kﬂar = h(T - ?o) (A-39)
If dimensionless quantities are defined as
r T-T k ta
- - - ———0 - ——f - '
€ R 6T T % TpCp T RD (A-40)

then the equation can be written

Q)

26 ,
o’

Y&

(A=41)

n |l—'
R

with the boundary conditions

T<0,6=1; £=0, %§'= 0; €=1, 6=~ Tﬁ%;;’%g (A-42)
The solution of this equation for constantaﬁ-at.g 5 0 for various
values of (Nu), can be found in Schneider (42), From these curves, the
thermal diffusivity ¢, is calculated. Then, if the heat éapacity and
" density of the cylinder are known, the thefmal condgctivity can be-
calculated. | |
Experimental efidence was necessary to show that the above theory
applied to_thé heterogeneous pellets used in this work. However,
assuming that this model was satisfaétgry, a method was further required
to convert the thermal conductivity calculated in air to its cdrrespondihg

value in a_hydrogen atmosphere.
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A model is chosen which relates the thermal éonductivity of the
heterogeneous solid to that of its solid and gas phase constituents and
to the volume fraction of thesé constituents. Such models geherally
include empericisms which tailor the rgsultsvto agree with experimentally
measured values, wherein lies their value. The model chosen was
suggested by Fulkerson (17).

‘In this‘model the gas phase is chbsen.as'the continuous phase and
the solid phase as the discontinuous phase. The effective thermal
conductivity, k. is expressed ih the form‘.

ke = ky(kyy kpy Vp) * k¢ (A-43)
where | ”

'kt = thermal conductivity contribution of the pellet particles

= (Godbee factor)(k¢)

k. = thermal cgnductivity contribution due to particle contact

kg = thermal.cohductivity of the discontinuous or solld phase

Vd = volume fraction of the dispontinuous phase.

In this equation k. is obtaihed from the difference between the measured
values of k, in air and-kt. Cﬁanging the gas affects only.kt.

. ‘The correlation developed 5& H. W. Godbee (18) is appliedttb
values of k; in the computation of k,. Values of k¢ are cﬁlculated
from the expression developed by Schotte (43) | |

k

% e [ O | (A-44)
l+ZLa_ L+ png(Pr):l '

ke =

~ where kg = bulk phase thermal‘cohductivity of the gas.

In media containing small pores, the thermal conductivity of a gas .
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is reduced as the pore diameter becomes comparable in size with the
molecular mean free path. Another important phenomena 6ccurring in
small pores is the reaction between the solid and gaseous phases.” Thé
extent to which a molecule striking a surface comes into thermal
eqﬁilibrium with the surface is given by a factor known as the accommo-
dation coefficient, a. Its value is éreater than zero and equal to or
less than one, if equilibrium is achieved for all molecules striking
the surface. Experimental values of the accommodation coefficient
(14, 15, 19, 31) provide a means of estimating its value.

Godbee's correlation is based on a graphical relationship from
which the ratio ki/k¢ can be obtained from a knowledge of the volume
fraction of the discontinuous phase.  If this ratio is multipiied by"
k; as procured from equation (A-4k4), a value of k; results which is

then corrected by an emperical factor dependent on the fraction ko/kfu



APPENDIX B - EXPERIMENTAL EQUIPMENT

1., The Reactor System

a. The Reactor

Construction of the entire reactor was of 316 stainless stqei.

A 2.0 inch cross section for gas flow was‘provided in the feactor. The
flanges shown in Fig. 3 on the toﬁ and bottom of the reactor weré used
to mount and geain access to the catalyst.

Connecting the reactor té the rest‘of the system were tws conicai
sections, eight inches in length, used for expansion ahd contraction.
The large end of each cone was fitted with a flange to conneét it to
the reactor. On the small end the cones were connected to 1/2 inch
stainless steel tubing. |

The catalyst And.blank wvere mounted paraellel to each other, as
shown in Fig; 3 and compressed axially between the top flange on the
reactor and a mounting plate. A fod attached to the center of the top
flange was threaded on the free end, making it pdssible to'secure the
mounting plate by means of a retaining nuﬁ. |

Each pellet was drilled axially before the cylinders were assembled
and the annulus served to house a combination thermocouple-micromanometer.
Copper-constantan thermocouples were snug-fit at the center of each
cylinder. When the constantan ends were enjoined a direct reading of
the centerliﬁe temperature differential was available.A The copper
portion of thé thermocouple was & 0.023 inch 0.D. by 0.0l1 inch I,D,
capillary tube of thermocouple grade copper. A notch in each capillary
tube next to the thermocouple Jjunction served as a pressure tap. -Both

B-1
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" cylinder ends were sealed with epoxy. The capillary tubes were connected
to a red oil manometer which was read with'a'cathetometei.

. A thermocoupie; positioned upstream of the catalyst, measured the
bulk ﬁhase temperature'of the circulating gas mixturé. Downstream of
the catalyst cyiinders-was a ﬁitof tﬁbe connected to an inclined
manometer. Pressure drops’recor@ed for each'run were converted to gas
velocities as shown in Appendix K. ‘ |

'The bulk phase temperature and the centerline temperature'differ-'
éntial_were'measured»through use of a Leeds and Northrup Model 8686
potentioqeter.

b. Temperature Control System

The‘temperature bath waé constfucted in the following manner. An
inner liner of 18'gauge stainless steel was formed into a cylinder
17 inches in length and 10-3/4 inches 0.D, One end of the cylinder was
closed, A similier vessel 18-1/2 inches long and 14-3/4 incheé I.D,
served as the outer shell of the bath. The space between fhe inner
and outer shells was lined with & two inch thickness of Johns-Manville
thermobestos insulation. The top of the bath was a 17-1/2 inch circular
plate of 304 étainless steel which resﬁed on the inner shell separated
from it by a rubber gasket, Four bolts through slotted pleces of angle
iron welded to the outside of the exterior shell coﬁpressed the top onto
the bath. E |

Mineral oil was used throughout as the bath fluid, as the tempera-
ture of .the éystem was only‘varied between the limits of 20°C and 60°C.

To-control‘the‘sysﬁem~at an equilibriumvtemperature during the runs,
both & heater and a refrigeration unit were required.

Refrig#ration was supplied continuously by.é Tecumseh Air-Cooled
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Condensing unit, Model Chlt1LHTK, with a rating of 1/k hp which employed
Freon 12 as the refrigerant. A Detroit Model 905+c-501expansion valve
was used preceeding 50 feet of flow through a 3/8 inch 0.D. copper
" tubing coiled in the temperature bath. _

To supply heat to the system and maintain the bath temperature at
a given level, a 500 watt immersion heater vas used.

The final temperature control was attained through the use of a
Thermotrol, Model No. 1053qA equipped with‘a nickel resistance thermo-
meter bulb Model 1060-A, both of which were manufactured by the
Hallikeinen Instrument Co. The-500 watt heater was ccnnected to the
Thermotrol so that its operation was governed by the Thermotrol. The
bath temperaturevwaa adjusted to maintain a constant bulk phase
temperature of the gas as measured in the reactor. Control was main-
tained to within t0.5°c with only minor adjustments to the Thermotrol
necessary daring the runs,

' To insure a uniform bath temperature, the bath fluid was constantly
circulated'by means of a motor driren stirrer mounted on a 3/8 inch
ehaft. The two inch propeller was located about one inch from the
bottom of the bath.

The heat transfer area of the syatem was provided by a 20 foot
lenéth of 1/2 inch 0.D, aluminum tubing coiled in the temperature bath. .

¢. The Gas Circulation Pump e

Gases were circulated about the system by means of a single-atage,
double-acting diaphram type, positive displacement pump ahown in Fig. 4.
The pump chambers were constructed of aluminum and mounted on an angle
viron freme, ‘Each chamber consisted of a head plate, a spacer and an

end plate. The diaphrams were of neoprene rubber; They were attached
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40 the plunger by means of a retainer plate. A shaft guide mounted to
the end plate aligned the plunger and its .shaft with the pump chamber.
‘The chambers vere synchronized with each other by means of a link rod
connecting the plunger shafts.

The pump was driven by & 3 hp Dayton Motor, Model No. 2NB60-B with
the motor speed reduced to 267.4 rpm through the use of a Boston Gear
Reducer, Model No. H1350.

A connecting rod fitted with roller bearings at both ends coupled
the gear reducer and one of the plunger shafts. The plunger displace-
ment was fixed.}_a_t one inch by means of an offset connector between the
comecting rod and the gear reducer. This particular combina_tion of
stroke length and punp speed led to a design capacity of just under
15 cfm. | |

The intake and exhaust ports of the pnmp nere equipped with spring
loaded check valves which had been designed especially for this pup to
minimize the amount of dead volume involved. One intake and one exhaust
valve were mounted on each heed plate. | 4
| The pump was equipped with a valve regulated bypass line as shown
in Fig. 2. In most runs the opening of the bypass valve was the same.
One-half inch stainless steel Rockwood Ball Valves, Model 204, were
located on the intake and discherge lines of the pump so that the pump
could be separated from the system. |

The pump was not capable of maintaining a high vacuum. This re-
quired that precautions be taken during operation to prevent a vacuum
~ from forming in the chanbers. Preliminary tests showed that operation
at pressures slightly greater than atmospheric was sufficient to prevent

pump starvation. However, since the system was charged by an evacation
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technique, a small amount of air was present in each run.

4. The Drying System

Water made’ du:ring the runs was collected on silica gel in two
driers mounted in parallel as shown in Fig. 2. Flow was directed through
one of the driers during the transient stage of equipmnt startup. To
begin the steady state run, flow was switched to the sécond. drier which
had been previously weighed. At the cooclosion of a run the drier was
"again weighed. The amount of water accumulated during the run furnished
a direct measure of the reaction rate for that run. |

The driers vere cylindrical tubes two inches in diameter and six
inches long. Each was fitted at one end with a screw-on cap which was
sealed with a neoprene gasket. _Aluminum was used as the material of
construction in order to keep the total weight to a minimum,

At each end of the cylinders a pair of 1/2 inch stainless steel
Rockwood Ball Valves, Model 204, were set in series. The valves neareot
the cylinders were used to close off the ends of the drying chambers,
while those farthest from the cylioders were to isolate the cylinders
from the remaining part of the Asystém whenever the cylinders were to be
removed from the ‘system. |

A provision wvas made to evacuate ofxly the dead volume located
between the pairs of valves, as well as the entire system. For all
purposes throughout the reactor system the vacuum was provided. by a
Welch Duo Seal Vacuum Pump, Series No. 1&05-6.

‘ The cylinders were removed from the system through the use of
standard 1/2 inch Swagelok fittings.

Weighings were made on & Model 106 August Sautar Heovy Duty
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Analytical Balance with 10 kilogram capacity. The sensitivity of the’
balance as determined in this ldboratory vas approximately eigh't' milli-
grams per scale division. The manufacturer quotes tlie balance as
reproducible within il/h dcale di\tision, so that weighings could be
teken to be accurate within * 2 milligrams.

Since an abdolute mass measurenent of the cylinders was unecessary,
a taré weight of 2300 grams was used in con.junc_:tion with a small
analytical weight set. The five swing rest point determination method
was employed for all weighings.

e. The Pressure ‘Control System

Due to the non-equimolarity of the reaction, the system vpressure
dropped as the reaction proceeded. Since vthe reacting gases removed
water stoichiometrically, they were replaced by a water electrolysis
technique in order to maintain a constant pressurd.

A one quart capacity glass jar sealed with a neoprene stopper
served as an electrolysis cell. One inch square platinum electrodes
vere used in distilled wvater whose conductivity was enhanced by the
addition of sbout 33 sulfuric acid: |

‘Power was supplied. to the cell by medns of d d.é. pover sﬁpply
built in this leboratory. A schematic diagrem of the electrical metwork
1s presented in Fig. 5; de 1évels' of current were made avallable to
the cell through the utilization of both output voltage leirgls available
on a powerstat. The levels were adjusted by the powerstat setting to -

make the pressure of the system inci'easq at ttie high current level and
decrease at the lowé.r level. ’I'he adoption: of the high or low level of

cell current was controlled by a relay operated by a mrcury-nichrome
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sensing switqh located ;n a mercury manometer equipped with a 10 micron
| snubber to dampen oscillations. The'manoiater was of the opén end U-tube
type and was used to measure the system pressure. When the pressure of
the system decreased, contact was broken in the sensing switch'and the
high level of current péséea through the cell. When the mercury-
nichrome contact in the manometer was reestéblished, the low level. of
current prevalled. |

Vapors from the electrolysis cell passed through a two stage'dryihg .
chain before entering the main éirculating system. The driers were of
the same construction as thoée used in the drying system described in
the previous section. | ‘

The first drier contained Ascarite* which 1s a highly basic coﬁpound
ﬁsed to remove any‘sulfdric acid th;t carried over as well as water .
vapor. A second drier containing silicé gel vas used to insure the
delivery of dry gases to the system. The gases were injected into the
circulating system at the intaske of the pump to provide maximum mixing.

f. vThe Gas Injeétion System

Four gas mixtures were prepared; They hominally contained one,
two,:thfee and . four ﬁercent_oxygen in hydrogen. The cylinders were'
1nitia11y cha:ged ﬁo approximately‘four atmospheres pressﬁre. These
gaseé vere ihtroduced bj expansion info a previousiyvevécuated system,

Facilities were avellable to inject the gas mixtures, hydrogen or
' oxygen‘into the system. The hydrogen and the hydrpgen rich mixiures
used a common manifold, and the oxygen vas separately introduced. The

valves used for control of the injections were Whitey Valves, Model

*Registered Trademark
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0. 1KSk, featuring Kel-F* stem tips.

'I'he hydrogen and oxygen was let down from the high pressure cylin-
ders through the use of Victor pressure regulators. Any oxygen in the
pure hydrogen was cat&l&ticallj removed by means of a series of three
Engelhard Deoxo Hydrogen Purifiers. Silica gel drying tubes were used
to remove water vapor from any gases bbeilng 1n'trodixced'_ into the system.

-0 Tﬁe Gas Sampling System |

A 250 ce senmle of the" system gas was collected for analysis at the '
close of each run.‘ A tee located between the two ball valves on the
discharge side of the steady state d.rying chamber servecl as a sample
port.

A 250 cc glass.ga's holder with stopcock valves was suitable as a
safniple bomb., It was attached on one end to the system vacuum source and
on the other end to the system through the use of tubing and clamps.

A 1KSk Whitey Velve vhich served to keep the oystem closed during the
run separated the sample bomb and the tee. |

The sample was collected by expansion 1nto the sample bomb which
had previously been evacuated to 20 microns or less absolute pressure.
Precautions were taken to exclude gases in the vapor line from the
electrolysis cell which were oxygen rich. Gases in the pump were also

excluded from the sample.

2. The Gas Analysis System
The samples of gas from each run were analyzed for oxygen,

hydrogen and nitrogen on a Beckman GC-2 gas chromatograph. Complete

| ~*Reglstered Trademark
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details of this unit are available elsewhere (2). (See Fig. 18.)

A 10 foot, 1/4 inch 0.D, stainless steel tube was used as a
chromatographic column. The packing used was mbleéular sleve, type 13X.
Screened 50-60 mesh material which had been roasted at 400°C for six
hours was packed into the column, The column wés further baken out in
the system by purging with helium carrier gas at 150°C for 24 hours.
This insured the removai of moisture from the column.

The chromatographic unit was equipped with a flow reguiation
system, a gas‘sampling valve, a thermal conductivif& detector cell and
a temperature bath which housed both the column and the cell. Carrier
gas flow was split into two equal parts in the flow regulation system
where capillary tubes restricted the fiow to the desired rate. One part
being preheated in fhe temperature bath en route, passed directly into
the reference side of the detector cell. The other portion flowed first
through the sample valve where the sample was injected and then through'
the column before passing through the sensing side of the detector cell.
The gas flow rate was measured through the use of a soap film bubble |
' meter affixed to the effluent of the sample”sidé on the detector cell.
Both sides of the detector were maintained at one atmosphere pressure at‘
all times. The temperature bath was kept at 100°C for all measurements,

Helium ﬁag used as the carrier gas for £he entire program, and its
flow to the thermal conductivity cell was never interrupted. A helium
flow rate of approiimately 15 cc/min was maintained by adjusting the
preaéure regulatbr until the pressure gauge on the unit read 10.0 psig.
The helium was taken from‘a high pressure cylinder fittqd with a Vietor

‘ pressure regulator. A silica gel drier was inserted in the helium line
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to prevent water vapbr from ‘contaminating the molecular seive.

‘The samples were introduced from the sample bomb to the sample
valve by means of a nozzle located on the front of the GC-2 for that
purpose. A rubber hose and clamps were used to link the boﬁb and the
nozzle. The gas sample valve was of the dual position variety. With
the valve in either pdsit_ion_, ‘one of the two sample loops was in the
s&stem. Meanwhile, the other sample line could be made ready with the
next semple. Both sample lines were made of 1/8 inch stainless sf.eel
tubing which was 0.069 inches I.D.‘ The volumes were adjusted to 1/k ce
by measuring the lengths with a micrometer. |

The thermal conductivity cgll was coinprised .of two pa:l.rs'of
filaments mounted in a stainless steel body. One pair served aﬁ the
sample or 'sensing side while the other pair was the reference side.

Heat was supplied to the filaments by a current which was manually
adjusted, The filaments were arranged in a standard thermal conduc-
tivity cell bridge circuit which converted temperature changes in the
sensing filamexits to a voltaée differential across thé bridge. 'I'ei:pera-v
ture changes were due to varying amountq of heét being rén_:bved from the
sensing filaments by gases ovf.'differing thermal cohductiv;ties flow:l.ng ‘ .
over them, The voltage differential. was applied across an attehuator
before being applied to the recorder.

The recorder was a Texas Inéti'uments sefvo/riter* Integrating
.Recorder, Model 'PWS, with a 0-5 millevolt rangé. The spah of the
recorder was 10 ihches,' and the épan step response time was 0.5 seconds,

A chart speed of 0.75 in/min was used throughout.

*Registered Trademark.
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The design of the gas sampling valve permittéd admissiqh of the gas
samples by a uéans.of a vacuum technique. A vacuum system was connected |
to ihe exhaust 1ine on the sample valve. A Welch Duo Seal Vacuum Pump,
Model No. 1402 furnished the vacunm."The vacuum vas measured prior to
sample injection at 15 microns or less on a Veeco_Theruncouple Vacuum
Gauge, Type RG-3A. A fegulating valve was used to arrest the vacuum
system in order to introduce the sample, Qgcé the sample was roughly
inserted the system pressure was then adjusted with this valve. The
sample pressure was measured before and after the sample was introduced
to the sample loop by'means of a U-tube mercury manometer read with a

cathetometer.

3.' The Thermal Diffusivity Apparatus -

‘The value of the effective thermal conductivity, k., of the pellets
in hydrogen gas was determined from the thermal diffusivity which was
measured in air. These experiments were carried out on equipment
described by Park (30) and modified for this work.

” ngples of cgtalyst for these experiments were of the same structure
~ as those descrived earlier. In this case four sellets rather.than five
wereﬁfastened endAtobend‘after.being drilled'axially. Standard Leeds
and Northrup 24 B & S gauge'éopper-constantan thermocouple wire was used
for the thermocouple wﬁich was located at the geometric center of the
sample.. Two types of samples were used; 0.05% Pt on alumina and an
alumina support. |

The sample for test was mounted in a holder which could be moved
back andvforth between heating ﬁnﬁ cooling chambers. Pills heated to a

steady state temperature in the heating chamber were injected quickly
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into the cooling chamber. Cooling curves were obtained by recordihg the
variance of the centcrline teuparaturc with time.

The equipment used consisted primarily of a specinan holder for the
catalyst sample, heating and cooling chambers and recording equipment for
the temperature response measurements. The major equipment change from
that described by Park (30) was the use of a Spencer Gas Booster with a
'50 cfm capacity to increase the turhulence in the ccaling chamber,

Other modifications were minor, consisting largely of remodeling
equipment used by Park. T

The samples were mounted perpendicular to two teflon disks which
were machined to fit tightly into an 18 inch length of 1-1/2 inch }
aluminum tubing. The tubing served aslthe sample holder which could be
switched back and forth between the heating ahdbcoolihg chambers.. The
samples sat in a section of the aluminum tubing which had been milled
awvay leaving only three strips of metal as supports. One teflon end
disk wvas held in place by set screws, the other by means af an externally
cperated screvw mechanism. » ' ' o

The thermocouple wire was thresded through one of the teflon disks,
the catalyst pellet and the other teflon disk before being reversed
through the teflon disks and a teflon spacer between the disks. Both
thermocouple leads were insulated with teflon spagetti.

The cooling chamber was a four foot section of two inch steel pipe.
A hole at the approximate center of.the'lcngthvalloVed the sample holder
to slide into the cooling chamber. Roou air was blown through the pipe

"by the gas booster.

The heating chamber was a four inch length of two inch pipe'fitted
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with inlet and outlet lines for the hot air. The two inch pipe was
welded at a right angle onto the cooling chamber. The ends of the
chamber weie fit enuggly around the sample holder through the use of
brass bushings. This phyaical‘structureiaccorded the rapid.transfer of
the speciman from the heating to the cooling chamber.

-Hot air was supplied to the heating chanber by means of an e}gctric
heat gun. The temperature in the éhamber was cbntrolled by a Powverstat
ﬁransformer vhich allowed coverage of the 20-100°C temperature rahgp. A
thermocouple probe was used to measure the temperature of the heating
chamber. Various locations in the chamber were checked to assure the
absence of thermalﬂgradienté. This temperature was also matched with
the centerline temperature of the sample. The temperatures were
measured on a Leeds and Northrup Potentiometer, Model 8686.

The time response of the centerline temperature yas'measured on a-
0-1 miilevolt Texas Instruments servo/riter Recorder, Model PWS. The
recorder had a 10 inch span and a 0.5 second sﬁan éw?ep response tiﬁe.
The chart speed used was 2 in/min.

Alr velbcities in the cooling chamber were measured with a Taylor

Anemometer, No. 14k23.

L, The ﬁiffuéivity Apparatus

The method adopted to measure the diffusivity is similar: to that
used by several authors (22, 54, 58, 60)., In this method different
. gases are circulated past the ends of a catalyst pellet arranged in a
compaftment which prevents leakage of the éases around the catalyst, thus
ailowing mixing of the gaeeé to'pécur only by diffusion througﬁ the

pellet. Gas flow rates are measured, and samples of the gas .are analyzed
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fo deteimine the necessary gas fluxes.
The apparatus was comprised of a compartment to house the sample,
a bubble meter for flow measurement, and a manometer to balance the
pressure on both sides of the sample. The gas samples were analyzed
on the Beckman GC-2 gas chromatograph.described earlier. The equipment
is diagrammed schematically in Fig. 7.

- The samples for this work were cylindrical alumina pellets, 3/8 inch x
3/8 inch_O.D. from the same lot as those used for the other work
described here. A rubber stopper with a 3/8 inch hole centered on its
axls served as a holder for the sample speciman. The stopper was
mounted into a brass mandril beveled to match the taper of the stopper.
The mandril was fitted on the narrowAend into a cylindrical lucite
support fitted with a neoprene O-ring which served as a seal between the
two pieces. The rubber stopper at the wide end of the mandril was
mounted against a cylindrical brass support with a lip around its cir-
cumference to seal agalnst the stopper. An anchored C-clamp was used '
to compress the three piece ensamble and form the seals. This also
squeezed the rubber stopper into the mandril and prevented gas seepage
around the sample. ‘ | |

Both the brass and lucite supports had inlet and outlet lines for
gases which opened into the 3/8 inch hsle in the rubbef stopper. An
in-line msving film bubble meter provided a method of measuring the flow
rate of hydrogen prior to its inlet to the brass support. Samples of
the exhaust gas from the brass support were captured by passing this
gas through a 250 ce glass gas holder with stopcock valves at each end.

Pure oxygen gas passed through the lucite. Its flow rate was regulated
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to balance the pressure on both sides of the porous pellet which vere
linked by a red oil manometer.

| Gases were supplied from high pressure éylinders. Victor pressure
regulators were used to reduce the gas pressure. The hydrogen flow was
controlled_by.a model 28 Nupro metering valve. An Engelhard Deoxo
‘Hydrogen Purifier converted any oxygen in the hydrogen to water. A
silica gel drier installed after the in-line bubble meter removed the

moisturé from this gas.



APPENDIX C - EXPERIMENTAL PROCEDURES

1. The Reactor System

. Since the reactor s&stem was of necessity a closed unit, frequent
preésure tests were required. An accepted pressure test was one in
which no ﬁapometer changes were detectable over a ﬁinimum period of two
hours. The tests were conducted with hydrogen gas at 6 psig prior to
‘each run. This pressure exceeded any pressure developéd in the system
during a run. Any leaks which were detected were repaired until a
satisfactory pressure test resulted.

Prior to beginning each isotherm a rough temperature adjustment was
made on the thermotrol unit. For the high temperature isotherms, the
amount of refrigeration was also reduced. Final ad justment was deferred
until starting the first run of the isotherm.

Freshly dried silica gel was used to replace that in the system
minimally before every other run. The silica gel vas prepared by drying
. under vacuum overnight‘at 150°C. Several funs vere ruined because the
drying agent was not dried under vacuum and the silica gel became
saturated while in use. The ascarite was replace§ at the same time as
was the silica gel. , -

Following the pressure test, the drying cylinder for the steady
state port;on of the run was weighed. The weighing was made with the
cylinder charged with hydrogen to the approximate run pressﬁre.

With the drying éhamber re-installed, the entire system with the

exception of thé electrolysis cell wvas evacuated. Since the pump could

" C=1-
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not withstand a high vacuum, it was only partially evacuated by rapddly
opening and closing one of the ball ;alves separating it from the rest
of . the system. The entire system was then charged with the proper gas
mixture by overpressuring the remainder of the system before expanding
the gases into the pump. The system was then again evacuated and
recharged. On this occasion with the electrolysis cell open to the
system, the desired static pressure was fixed, and the pump by-pass
valve was completely opened. .

After proper valve alignment to direct flow through the transient
drying chamber and activation of the electrolysis cell, the pump was
turned cn to start a run. The nichromevcontact on the manometer was
set to the desired pressure, and as the system pressure increased due to
the gas generated by the electrolysis cell, the pump by-pass valve was
gradually closed, circulating more of the gases through the reactor. In
7this manner, the b;rpass valve and the pressure settings were achieved.

Temperature equilibrium was generally achieved from three-quarters
of an hour to an hour after the pump was turned on. Minor adjustments
were'made as hecessary to maintain the reactor temperature to within
i‘O.SOC; For the initial run of each isotherm the temperature had to
be adjusted by means of the thermotrol.‘ ,

When no changes in the bulk phase temperature and the centerline
temperature differentiai had occurred for five minutes, the drying
cylinders were changed and the run begun. |

The only changes made to the system during the steady state
portion were to the thermotrol as described above. Measurements were

reccrded at frequent intervals of the bulk phase temperature, centerline
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temperature and pressure differentials, pressure at the pump intake and
pitot tube flow pressure. Most runs were terminated after an hour, but |
Jthie‘was not a fixed policy. During thé last five minutes of each rum,
the saﬁple bomb was evacuated..

To end a run the pump was shut down; the electrolysis cell de-
energized; and the static pressure of the éystem vas measured. This
value was used for computational purposes. Before taking the sample,
the section of the system from below the sample ling to the discharge
~ of the pump was removed from the system. This excluded from the sample
the line comnecting the electrolyais cell and the circulating system.
Finally, fhe cylinder to be ﬁeighed was valved off from the rest of

the system and removed.

2, The Gas Analysis System |

Prior to sample analysis, the chromatograph and recorder had to be
warmed up. Therefore, a few hours before anaiyzing this equipment was
Activated. Tmproper warmup led to a zero drift in the recorder.

When a sample bomb was fitted into position, the system vacuum
pressure was read on the cathetometer. The vacuum was then cut off, and
a sampie admitted. When the sample pressure had been adjusted to |
‘approximately 4O cm absolute (20 cm as measured on one slde of the
manometer) , the sample was in,jected into the column and the exact
‘ preasure read. The vacuum system was then opened to prepare the next
sample. | |

The total elution time for a thrée component sample"was about 12
minutes, Hyﬂrogen v'ras‘ :the first gas to come out at about 4.5 minutes

after injection. Oxygen and nitrogen followed in that order. There was



a highly satisfactory signal zero between teaks.

Leakage in the system usually occurred at the gas sampling valve
and was detectable on tte thermocouple gauge. Replacing the grease
seal on the valve corrected these leaks. As a further.test for leaks, -
the vacuum system was per;odically shut off. After waiting 1.5 minutes
with the valve closed, the false semple was injected 1nto the column.
This time lapse represented a longervperiod than was necessary to inject
a normal sample. No integrator disturbances were ever detected on.the
" recorder in this fashion.

From three to five samples were run from each sample bomb, depending
primarily upon the temperment of the recorder.

The chromatographic aolumn was calibrated for oxygen and hitrogen.
A pare component method was used for the calibrations. Samples of the
pwe gases et varying measured pressures were injected into the column.
Resu;ting plots of curve area versus component pressure served as
calibration curves, In a sample analysis the area of a given peak was
used to find the partial pressure of the component from the éalibration
curve. . -

' Hydrogen determinations were effected by difference.‘ The oxygen
and nitrogen partiasl pressures were subtracted‘from the total Bamplev
pressure, and the'differencebwas assumed to be the ﬁartia} pressure of

hydrogen.

3, The Thermal Dif‘fusivity Apperatus
A sample vas mounted into the holder and located in the heating
éhamber. Preliminary work showed that a particular position of the

hqldér in the heating chamber gave an even temperature distribution
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threughout the chamber. This position utilized the eluminum support
strips of the holder as baffles for the‘heeted air.

The samples were heated until steady state was reached as indicated
by £he recorder. The absence of radial gradients was assured by'com-
parison of the ambient and centerline temperature. before inserting the
sample holder into the cooling chamber. _

Time zero was taken as the moment of insertion of the sample into
the cooling chamber. Time temperature plots were recorded for each
run. Approximately five minutes were'required for the centerline
temperature to arrive at its new steady gtate at which time the run was
éerminated.

The air velocity in the cooling chamber was measured after all runs

were completed. An averege value of 45.5 ft/see was assessed.

4. The Diffusivity Apparatus

Geses were admitted to each side of the catalyst pellet. First,
the hydrogen flow was adJjusted Qith the iegulating valve, then the
manometer pressure was balanced by adjusting the oxygen flow. Pre-
liminary tests showed that equilibrium was reached in the cell within ,
ten minutes. In these tests the effluent from both sides of the
diffusivity cell passed through & thermal conductivity cell where steady
state was detected by the leveling off of the recorded voltage.

Based on this information the time for each run was set at ten
minutes plus the time necessary to allow five volume changeovers in the
sample bomb. |

| The samples were analyzed on the gas chromatography unit used

throughout this proJject.



APPENDIX D - MATERIALS

Catalyst
The catalyst was supplied through the courtesy of’Engélhard'

Industries, Incorporated. Platinum was deposited on finely divided
alumina particles in two emounts, 0.05% and 0.3% by weight. The
material was then separateiy pélletized."Several pelleté of the
alumina support material were also donated by Engelhard. Only the
0.05% material was used for reaction purposes. '

Hydrogen -

Big Three Welding Co.; prepurified grade; stated purity of
99.91%; Impurities; 15 ppm oxygen, 30 ppm hydrocarbons, 810 ppm nitrogen.

_ oxyeen

Big Three Welding Co.; stated purity of 99.70%; Impurities;
0.25% argon, 0.05% nitrégen, 25 ppm methane, < 0.1% ethane, < 5 ppm
water. |

~ Nitrogen |

Big Three Welding Co.; prepu?ified grade; stated purity 99.998%..

Helium |

Big Three Welding Co.; stated purity 99.99%.

Silica Gel

Davidson Chemical Co.; Grade 40; 6 to 12 mesh size.

Aécari@e |

Arthur H. Thomas Co.; 8 to 20 mesh; purchased from W. H. Curtin

Co.

- D-1
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Water
Walker's Distilled Water Co.

Sulfuric Acid

J. T. Baker Chemical Co.; specific gravity—1.81+; purchased

from W. H. vCurtin Co.



APPENDIX E - EXPERIMENTAL DIFFICULTIES

The major difficulty encountered was in purchasing a satisfactory
gaé circulation pump which would deliver approximately 10 efm at 5 psig
which were the requirements of this system. Pumps with this combination
of Eapacity and pressure rafing were commercially uncommon. Several
modéls of vane typempoéiti§e displacement pumps were availeble, one of
which was tried in thé system. - An attempt was also made to use a
15,000 rpm blower in the system. \Both of these ventures failed because
of gas leakage at the pump'shaft seals.

' Very few diaphram pumps were available commercially. Those that
were adequate were prohibitive fof reasons of cost or delivery timg.
Thus, the pump‘was designed apd built here.

Inconsistancies were noticable in the early runs mede with the.
circﬁlation pump. It appeared as though the pump delivery was incon-
sistant, end the fault was found in one of the check valves., The
springs on the exhaust valves were held in place by a back-up plate
threaded to the valve body. One of the back;up plétes wbrked its way

loose during operation until there was no spring compression in the
valve. This was corrected with a retainer threaded in series with the
back-up pléte.h )

Sevefal runs vere loét at one point due to the silica gel driers
becoming saturated during the process of a rﬁn. This was éorrected by
drying the silica gel under vacuum rather than at atmospheric pressure.

Measurement of the system veloclty was another experimental problem.
The snubber damped flowmeter provided a'reaso;ablé relative.preséure drop

E-1
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from run to run, but pitot tubes are not accurate in pulsating systems.
Thus,'an absolute system velocity measurement was made with the pump
intake open to the atmosphere. The velocity was measured with an
anemometer at the exhaust flange of the reactor. The pump bypass valve
was opened to its usual settinglduring this measurement. This method
is admittedly questionable, but the measured velocity was consistant
with design specifications, and subsequént calculations are somewhat
insgnsitive to velocity changes. Aﬁcorrelation between the pressure
drop and gas.density at the known valve setting was used to calculate

nevw velocities for other valve settings.



APPENDIX F - TEMPERATURE DEPENDANCE OF THE DIFFUSIVITY

If it is assumed that the effective diffusivity is influenced by

temperature changeé'in the same way as binary diffusivities, then Bird's

equation (4) can be modified to give ey
T°<JL + j:
Ma Mg
: = apEFF = -3
D,g = 8DEEF = 1.858(107") po? (F-1)
, ABD, _

This equation was used to calculate & as well as the effect of tempera-
ture of the value of the-diffusivity. The temperature, pressure, and
average DESF given in Table 9 were used to compute 8, Several values of
DﬁgF(T) are given in Table 11 for p = 1.15 atm which Qas the approximate
reactor pressure. | |

Over the range of isotherms examined, this could lead to an error
of +10%. The maximum AT for any run was épproximately 30?0 leading to
a diffusivity which may be as much as 25% low.

Tt is evident that the assumption of a diffusivity 1ndependent‘of,
témperature is not a good one. The diffusivity should be incorporated

as a function of temperature in further work.
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APPENDIX G |
THERMAL DIFFUSION AND PELLET PROFILE CURVES
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APPENDIX H - ORIGINAL REACTION DATA

H-1 -

RUN 20-1-3
Time, Ty, mv T, mv (T,-T,) AT(DIRECT) .,
min. mv. : .cm
—o0 0.769 ~1.088 0.259 ~ 0.258  0.00
10 0.755 1.005 0.250 0.248 0.00
20 0.79% 1.042 -0.248- 0.246 0.00
30 0.805 1.042 0.237 0.238 0.00
4o 0.780 1.010 0.230 0.230 0.00
50 0.780 1.023 0.243 0.243 0.20
. 60 0.792 1.037. 0.245 0.2L5 0.25
AVG. 0.782 ) 0.24k
Wy =77.0358 W, = 76.819¢ p = 1.14 atm
RUN 20-2-3
0 0.776 1.140 0.364 0.363 -0.05
5 0.779 1.176  0.377 0.379 0.00
10 0.811 1,192 0.381 0.361 0.00
17 o0.800 1.188 0.388 0.389 0.00
20 0.794 1.186 0.392 - 0.391 0.00
25 - 0.796 1.193 0.397 0.396 0,00
30 0.796 1.195° 0.399 0.398 0.00
37 0.811 1.212 o0.kol 0.400 0.00
4o 0.815 1.215 0.40O 0.400 0.00
45 o0.811 1.224 o0.403 0.ho2 0.00
56 0.788 1.206 0.418 0.420 0.00
AVG. 0.799 0.394
W, = 83.402g W; = 82.735¢ p = l.lhatm
RUN 20-2-4
0 0.803 1.295 0.L492 0.490 0.00
5 0.810 1.310  0.500 0.499 0.00
10 0.823 1.331  0.508 0.510" 0.00
17 0.811 1.325 0.51% - 0.512 -0.05
20 0.809 1.327 0.518 0.520 -0.05
25 0.801 1.330 0.529 0.530 -0.05
30 ° 0.796 1.337 0.541 0.539 -0.05
AVG. 0.808 . ' 0.5k
Wy = 68.17kg W, = 67.938g pp = 1.1katm

Ap;

em ol

0.056
0.0k6
0.006
0.012
0.020
0.019
0.023

0.091
o.wu

0.097

0.076

0.076

0,085

Oﬁlau

0.092

0.101

0,106

A®,
2in HH0

0,065

0.065
0.065
0.065
0.060
0.065

0.165
0.165

0.165

0.165

0.170

0.170

0.135

' 0.130

0.130

0.130



Time, Tg»
min, __mv_
0 0.713
10 0.770
20 0.772
30 0.786
Lo 0.787
50 - 0.770
60 0.790
AVG. 0.778
W, = 82.521¢g
0 0.776
10 0.803
20 0.801
30 0.780
Lo 0.802
50 0.813
60 0.790
65 0.779
AVG 0.79k
= 81.85Tg

0 1.202
10 1.190
20 1.205
30 1.229
Lo 1.220
50 1,212
60 1,210
70  1.210
75 1.210
AVG. 1.209
W, = 74.828¢
0 1.206
10 1.201
20 1.195
30 1,189
4o 1.189
50 1,188
60 1.189
70 1,188
80 1.188
AVG. 1.193

Wy = 65.9758

RUN 20-3-1

T, (Tg-Tg) AT(DIRECT) .p,
mv : mv - cnm
“1.557 —0.78h 0.78F  0.05
'1.557 0.787 0.785 . ~ 0,05
1.54% 0.772 0.770 0.00
1.541 0.755 0.756 0.00
1.528 0.T74d 0.7h1 0.00
1.509 0.739  0.738 0.00
1.527 0.737 0.740 0.00
0.759
wl = 81.857g p = l.lkatm
RUN 20-k4-1
2,094 1.318 1.316 0.00
2,127 1l.324 . 1.325 0.00
2.130 1.329 1.331 0.00
2.133 1.353 1.346 0.00
2,1b0 1.338 1.336 . 0,00
2,152 1.339 1.339 0.00
2,141 1.351 1.348 0.00
2,117 1.338 1.335 0.00 .
: 1,333
W, = 80.667¢g p l.lbatm
: " RUN 30-1
0.283 0.283 0. 281 0.05
0.278 0.278 0.280 0.00
0.280 0.280 0.282 0.00
0.285 0.285 0.288 0.00
0.299 0.299 0.302 0.00
0.308 0.308 0.310 0.00
0.313 0.313 0.319 0.00
0.330 0.330 0.335 0.00
0.335 0.335 0.340 - 0.00
0.302
L T4.37hg p = 1l.12atm
RUN 30-2-5
| eme -—- 0.4k40 —--
1.633 0.432 0.437 -0.05
1.625 0.430 0.430 -0.20
1.613 o0.k26 ~ 0.426 -<0.15
1.642 0.453 0.455 0.00
1.649 0.461 0.466 -0.05
1.664 0.475 o.k78 - 0.00
1.669 0.480 0.483 - 0.00
1.675 o.k87 ' 0.489 0.00
. 0.457
= 64.355¢ p = l.1llatm

Ap, AF,
em oll . in H O
0.345 0.125
0.290 0.115
0.2 0.115
0.212 0.115
0.194  0.115

0.205 0.115
0.248

0.201  0.115
0.158 0.115
0.193 0.115
0.200 ~ 0.1l15
0.152 0.115
0.161 0.115
0.178 h

- 0.115
0.036 0.115
0.039 0.115
0.028 0.115
0.032 0.115
0.030 0.115
0.028 0.115
0.08

o 0.075
o-ais o;o}o

- 0.075
0.006



Time, Ts’

min., mv
0 1.190
10 1.190
20  '1.194
30 1.201
Lo 1.209
50 1.216
60 ———
AVG., 1.200
Wy = 65.025¢
0 1.192
10 1.193
20 1.170
30 1.204
4o 1.191
50 1.187
‘60 - 1.220
AVG 1.194
= 68.952g

0 1.217
10 1.224
20 1.217
30 1,222
Lo 1.220
50 1,218
60 1.232
AVG, 1.221
Wé =T70:130g
0 1.977
10 1.963
20 1,988
30 1.978
Lo 1.951
50 1.946
60 1.965
AVG. 1. 967

- To, (Tg=Tg) A T(DIRECT) P,
mv

RUN

1.965 O.715
1.966 0.776

1.982 0.788
1,996 0.795
2,004 0.795
2,013 0.797
W, = 6l4.200g
1.677 0.485
1.694 0.501
1.682 0.512
1,715 0.511
1,703 0.512
1,700 0.513
1.730 1.510
= 68.390g

2,373 1.156
2.k18 1.194
2,411 1.194
2.416 1.19%
2,423 1.203
2.419 1.201
2,427 1.195

= 68.952

2,211 0,234
2.190 0.227

- 2,210 oO.222

2,188 0.210
2.167 0.216
2.167 0.221

RUN

RUN

RUN

2.182 0.217

W, =80.220g

30-3-5
cm
0.776 - 0.10
0.779 0.00
0.791 0.00
0.796 0.00
0.796 0.00
0.797 0.00
0.798 e
0.790
p “l.l3atm
30-3-6
0.489 0.00
0.505 0.00
. 0.511 0.00
0.511 0.00
0.513 0.00
0.514 0.00
0.512 0.00
00508
p= l.Matm
30-4-6
1.161 0.00
1.195 0.00
1.195 0.00
1.195 0.00
1,204 0.00
1.202 0.00
1.200 0.00
1.193
= 1l.lhatm
50-1-1
0.235 0.00
0.228 0.00
0.216 0.00
0.211 0.00
0.216 0.05
0.219 0.05
0.219 0.00
0.221 '

p =1l.lbatm

AD,

0.096
0.098
0.086
0.038

- 0.056

0.030

0.066

0.120
0.086
0.087
0.051
00038
0.06k

0.00k
0.01k
0.031

' 0.013

0.034
0.019

Ha3

0.115
0.115
0.115
0.115
0.115
0.115

0.115

0.110
0.115
0.115
0.115.
0.115
0.115
0.115

0.165
0.165
0.160
0,165
0.165



H-4

RUN- 50-2-1
Time, Tg» Ty, (Tg-T,) AT(DIRECT) P, Avp, AF,
min, mv mv mv cm_ cmoil inHO
0 1.942 . 2.419 O.&77 0.5476 0.00 o ——-
10 1.945 2.417 o.k72 . 0.469 0,00 -—- 0.125
20 1.945 2,400 0.455 0.455 -0.05 0.042 0.125
30 1.945 2,391 O0.h4l6 0.4l9 0.00 0.032 0.125
Lo 1.946  2.386 0.4ko 0.440 0.00 0.049  0.125
50 1.943 2.382 0.439 0.439 0.10 0.054 0.125
60 1,947 2.380 0.433 0.433 0.10 0.063 0.125 .
AVG. 1.945 0.452
W, = 75.9108 W = 75 .406g p = 1l.lbatm
RUN 50-3-1
0 1.956 2.646 0,690 0.693 0.00 0.068 0.175
10 1.956 2,650 0,694 0.693 0.00 -—- e
20 1.940 2,623. 0,683 0.685 0.00 0.086 .0.175
30 1.961 2.644 0.683 0.685 0.00 0.089 0.175
4o 1.943 2,630 0.687 0.686 0.00 0.098 0.175
50 1.945 2,620 0.675 0.678 0.00 0.100 0.175
60 10965 20630 00665 0.667 Ocoo -e= me=-
AVG. 1.952 o 0.684 . 0.086
W, = 81.283g Wl = 80.477g p. = 1l.l4atm
RUN 50-k4-1
0 1.951 2,781 0.830 0.835 0.00 === ---
10 1.967 2,782 0.815 0.815 -0,05 0.035 0.150
20 1.960 2,765 0.805 0.807 0.05 0.000 0.150
30 1,958 2.764 0.806 0.808 0.00 0.017 0.150
4o 1.963 2,771 0.808 0.805 0.00 0.056 0.150
50 1.970 2.776 0.806 0.805 0.00 0.057 0.150
. 60 1.947 2,761 0.815 0.820 0.00 0.069 0.150
AVG. 1,961 0.811 0.039
W, = 80.617g W, = 79.689¢ p =1.15atm :
RUN 50-4-2
0 1.948 3.243 1.305 1.305 0.00 - -—-
5 1.950 3.271 1l.321 1.322 0.00 . .
10 1.950 3.274  1.324 1.325 0.00 0.053 0.155
20 1.950 3.274  1.324 1.324 0.00 0.082 0.155
25 1,946 3.273 1,326 1.325 0.00 e _—a
30 1,950 - 3.275 1.325 1.326 ° 0.00 0.093 0.155
35 1,950  3.276 1.326 1.326 0.00 --- ---
Lo. 1.955 3.284 1.329 1.329 0.00 0,117 ° 0.155
ks - 1.960 3.292 1.322  1.332 0.00 —-- —--
50 1,960 3,291 .1.331 . 1.333 0.00 0.117 0.155
55 1.952 3.294 - 1.342 1.341 0.00 - am-
60 1,948 3.285 1.337 1,38k - 0.00 0.124 0.155
AVG, 1.951 1.327 : 0.099 &
Wy =82.140g W, = 80.617g p “1l.15atm -



735

Time, Tgs
min. ; mv
0 0
5 . 2. hos
10 2.389
15 2,386
20 2,39k
25 2.399
30 2.4ok4
2.395
Lo 2.405
45 2.405
50 2,405
55 2.405
60 2.401
CAVG. 2.401
: = 71.028¢
0 2.429
5 2.452
10 2.448
15 2.406
20 2.375
25 2.382
30 2.394
AVG., 2.h12
Wy E T1.328g
o} 2.410
5 2,410
10 2.ko6
15 2.410
20 . 2.415
25 2.410
30 2.405
35 2,419
Lo 2.421
45 2,417
50 2,410
55  2.4ok4
60 2,402
AVG, 2.k
Wo =69.733g

RUN 60-1-1

Tos (TB-TO) AT(DIRECT) b,
mv mv cm
3.698 0.278° ~ 0.,279 0.00
2.601 0.286 0.284 0.10
2.670 0.281 0.281 0.00
2.660 0.274 0.278 0.00
2,667 0.273 0.276 0.00
2,668 0.269 0.272  0.00
2,675 0.271 0.273 0.00
2,669 0.274 0.273 . 0.00
2.680 0.275 0.276 0.00
2,680 0.275 0.276 0.00
2.680 0.275 0.277 0.00
2.683 0.278 0.279 0.00
2,680 0.279 0.279 0.00

o 0.277
W, = 70.635 & p = l.1l4atm
RUN 60-2-1
2,867 0.438 0.4k39 0.00
2.887 0.435 0.k37 -0.05
2.880 0.432 0.433 -0.05
2.838 o0.432 0.433 -0.05
2,805 0.430 0.433 0.00
2.810 0.428 0.430 0.00
2,817 0.423 0.426 -0.05
0.433
Wl = T71.028g p = l.lkatm
RUN 60-3-1
3.095 0.685 0.686 0.00
3.110 0.700 0.698 0.00
3.104 0.698 0.698 0.00
3,104 0.694 0.697 0.00
3.111° 0.696 - 0.696- 0.00
3,105 0.695 0.695 0.00
3.100 0.695 0.694 0.00
3,107 0.688 0.690 0.00
3,107 0.686 0.689 0.00
3,105 0.688 0.690 0.00
3,096 0.686 0.689 0.00
3.092 0.688 0.688 0.00
3.090 0.688 0.690 0.00
00692
Wy = 68,799

P =1l.15atm

Ap, AF,
cmoil inHO
0.035  0.090
0.007  0.095
0.029  0.095
0.052  0.095
0:559 0:5;5
8;%&3 0.095
0:559 0.060
0.0k9 0,060
o.0u6
0.056 0,175
oot oo
0,080 0,185
0.110  0.180
0.111  0.185
oss 0.8
0.089



RUN 60-4-1

Time, Tgs To» (Tg-To) AT(DIRECT) b, Ap, AF,
min, mv mv mv em cm oil in HO
—0. 2.}20 3.466 T1.046 1.052  0.00  --=- e

5 2.7 .3.475 1.058 1.062 0.00 0,065 0.155

10 2.408 3.462 1.05k4 1.055 0.00 - “--
15 2.405 3.450 1.045 © 1,048 0.00 0,062 0.155
20 2.396  3.442 1,046 1.049 0.00  --- -e-
25  2.385 3.430 1.045 1.044  0.00 0.070 0.155
30 2,380 3.422 1.042 1.045 0.00 R “--
35 .2.391 3.43% 1.043 1,044 0.00 0.090 0.155
Lo 2.407 3.450 1.043 1.04s  0.00 ——- “ee
45  2.409  3.451 1.042 1.045 0.00 0.118 0.155
50 2,411 3.455 1.04k4 1.049 0.00 --- ---
55 2.419 3.465 1.046 1.049  0.00 0.141 0.155
60 2.415 3.467 1.052 1,055 0.00 -e- ---

AVG. 2.k05 1.053 . 0.091

Wp = 77.697g¢ Wy = 76.427g p = l.llkatm

BLANK

0 1,175 - === ‘=== 0.001  0.05 —u- -e-
10 10169 ) - m—-e- 0.000 0.00 —-- indei
20 1,147 --- --- 0.000 -0.10  -~-- ---
30 10135 i = 0.000 0000 o- ) -
4o 1.132 -——- ——- 0.000  0.00 --- .-
50 1,130 —ao i 0.000 -0.20 —-- .-
60 1.135 ~<= --- 0.000  0.00 ——- am-

AVG. 1.146 0.000

Wy =77.832¢ W = 77.839¢ p = 1.1k atm

RN

*A11 thermocouple conversions were accomplished through the Leeds and
Northrup handbook. ' '



SAMPLE ANALYSIS FOR INDIVIDUAL RUNS

The calibration curves for the gases are given in Figs. 29 and 30.

RUN

VALVE
NUMBER USED
20-1-3

20-3-1
20-4-1

30-1-2

30-2-5
30-3-5

30-3-6

30-4-6

HUaErHUQaWrUaEPUambEUQEPUaEwPUQEPUaW>UaD QW >

A
t“ﬁt“t“iﬂwl“w'ﬂt‘ﬁbﬂ:ﬂ:ﬂwl“wr."‘wr‘wt‘wwt‘Wt‘wﬁbﬂl“t‘wr‘wbﬂt‘Wt‘t"ﬂl“

TOTAL

PRESSURE

cm H
20,005
20,004
20.012
20.061
20.145
20.117
20.262
20.185
20.100
20.102
20.224
19.840
19.800
20,040
20.155
19.968
20.003
20.163
19.982
20.304
20.302
20.375
20.376
20.373
19.975
20.075
20.195
19.883
20.11k4
18.359
20.274
20.457
20.123
19.992
19.904
20.410
20.215
20,359
20.583
19.911
19.838
19.889

INTEGRATOR COUNT

102 Ng .

- 515 655
580 640
530 650
1100 1840
1090 1850
1130 1925
1160 1930
1650 7385

- 1575 7210

1600 7310
1565 T270

2240 6515

2120 6420

2170 6550

22u45 6600

3890 14,140
3985 14,310
3850 14,150
3880 14,060
. 1055 3825
1045 3730
1105 3875
1070 3870

1140 3920
1497 4507
1498 4615
1443 Lk20
1436 Ll32

2490 9715

2220 8960

2595 9905

2510 9610
1405 4330
1350 - 43h4o
1550 Leko
1590 L7175 -
14h45 L460
3610 9140
3540 9190
3350 8640
3325 8590

- 3425 8810

PARTIAL PRESSURES

823

cm Hg
0 N
) .'1@'7" o".jls"o'
0.181 0.1L47
0.192 0.149
0.325 0.423
0.305 0.425
0.332 0.443
0.320 O.huk
O.434 1.70
0.436 1.66
0.428 1.68
o434k 1.6
0.594% 1.5
0.549 1.k
0.576 1.5
1.5
. 3.2
3.2
3

O O\
W\

W W ;\)\O

&k

ocNoNoNoNoNeo oo
leNoNoNeNo VL

NEHDDHPFEE DD DWW

B8E5368886

O
W
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RUN
NUMBER

50-1-1 A

50-2-1

50-3-1

. 50-4-1

50-4-2
60-1-1
4 60-2-1

60-3~1

60-4-1

:

uaw»muam»com:>uom:>uom:>om:>o'=1tquow>uow>om

VALVE
USED
R

t‘L“':UL":UHWF‘BJ!:‘WL":UI:"L":U%?'JUt"Bﬂt‘lT‘Wt":Ut*';UL"';Ut“bUL‘*Wt"IJt‘l"

- TOTAL

PRESSURE
cm H
19.720
20.168
20.259
19.924

19.978

20.273
20,042
20,090
20.013
20.017
20,068
19.741
19.955
20.124
20.122
20.172
20,106
20.172
20.076
20,070
20.023
20.332
19.859
20,063
19.983
19.904
20.186
20,043
19.906
20.128

20.127 -

20.201
20.164
20.115
19.953
20.002
20.076
20.217
20.237

INTEGRATOR COUNT

0-2' NQ_
375 2485
360 2460
305 2355
1100 L450
1045 4355
1045 4hos
1015 4330
1870 9040
1760 8970
1700 9040
1640 8740
1640 8760
1700 8980
1690 9060
1970 5690
2020 5765
2030 5730
3080 5255

3090 5260 .
3035 5180
3060 5200
515 4540
500 4695
520 4690
465 4545
715 1780
740 1800
690 1790
740 1830
1665 10,700
1440 10,080
1580 10,560
1515 10,535
1500 10,400
2110 6770
2210 6730
2090 6680
2070 = 6600
2230

3005

18

PARTIAL PRESSURES

cm Hg
0, N,
0.132 0.572
0.151 0.566
0.138 0.540
0,305 - 1.02
~0.312 1.00
0.294 1.01
0.307 1.00
0.l87 2.08
0.480 2.06
o.lhg 2.08
0.453 2.01
0.433 2.01
0.467 2.06
o.kk6 2.08
0.530 1.3l
0.522 1.32
0.542 1.32
0.791 1l.21
0.778 1.21
0.780 1.19
0.770 1.20
0.185 1.04
0.163 1.08
0.168 1.08
0.176 1.0
0.235 0.410
0.220 O.hkik
0.224 0.411
10.220 0.k420
0.438 2.46
o.kos 2.32
0437 2.43
0.403 2.42
o.k20 2.39
0.542 1.56
0.586 1.55
0.541 1.537
0.553 1.517
0.513

0.770



INTEGRATOR COUNT

50001~

4000

O RIGHT

3000|—

/4 "TLEFT VALVE®

2p00}—

1000 -

0.0 0.2 0.4 0.8 10 .2 14
- PARTIAL PRESSURE 0, , cm Hg

FIG. 29 -CHROMATOGRAPHIC CALIBRATION CURVES
FOR OXYGEN CONTENT
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APPENDIX I - MAXIMUM TEMPERATURE RISE IN A PELLET

It was shown in Section V that the effects of bulk flow in the

pellet are small enough that they may be neglected. The transport

equations may be cltosely approximated by (¢ = constant )
' 2nEFFR = |
VDinCy =R
and
v’k T & - (-AH)R

Mﬁltiplying'(I—i) by (-AH) and coupling the equations gives:

‘ (-AH)DEFFC, '
v [—7__ime“A'+'T =0
e

EAmmygy ]
k t T =0
. |

This is Laplace's equation and has the solution

or

(-AH)DEF FCAS

k:m + Ts¢ = constant
and
(-0H)DEFTC, o ‘
kT, + ¢ = constant
or

‘Ny t+ ¢ = constant
This equation also applies at the surface

Mg t ¢gs = constant

Subtraction gives

Migs = ¥) = @ - oy,

I-1

(I-1)

(I-2)

(1-3)



I-2

The surfaces values ére those given by the boundary conditions in the
text. (See (21) and (23)), and the temperature rise will be a maximum

when all oxygen is consumed (¥ =0). Using the boundary conditions
1 dy 1l do¢
All - = -1+ +
[ (Nu) , dé’] (Nu), d¢ ®

A d 1 .
(¢ - l)max= A (Nu)m'ag - (Nu)h a& . (1I-4)

or

I8

This expression for the maximum temperature rise in a pellet,
independent of geometry and kinetics, is equivalent to that obtained
by Prater (32), but includes the effect of the generalized boundary -
cbndition. Thé second term on the right side of (I-4) is small compared
to the other terms. However, the term involving the temperature
derivative can influence the maximum achievable temperature appreciably.
Since d®/d¢ is negative for exothermic reactions, values of (AT)pax

. may be low if this effect is ignored.



APPENDIX J - THE PERMEABILITY OF THE PELLETS

The. apparatus used to measure the gas permeability of the poroﬁs
catalyst pellets belonged to the Production Reqfarch Laboratories of
the Humble 01l Compény. For this reason, the apparatus will not be
discussed in detail.

In general the equipment resembled that used in this work to
measure the gas diffusivity. The samples again-were single cylindrical
pellets situated in a fixture which prevented gas from seepiﬁg around
the edges of the pellet. Nitrogen at a predetermined high pressure was
applied to one face of the speciman. The steady state rate at which
it permeated to the atmospheric side of the pellet was measﬁred.

‘The data t#ken is presented in Table 17. The first four runs are
at various pressures to verify that Darcy's Léw is applicable to the
pellets. Then the permeability of several samples of eaéh pellet type
was measured. The permeabilities were calculated according to the

formula:

- 44 - ,u.QLpa
.K = 1,47(10 )‘tA(Ap)pm (J-1)
where

_ p1 t P2

Pm 5

From the measured permeabilities and pofosity, an estimate of the
pore radius which controls flow through the pellet can be made from the

relationship

K=%¢ (3-2)



J-2
. 2
Using a permeability of 0.005 Darcy's (25 x lo'llcm) and a porosity of

0.5, the average dlameter is approximately lo'hcm ﬁhefeas the mean free

. path is on the order of 1072 giving .an r/l ratio of ebout five. Thus,

the application of equation (30) is borderline. However, Wakao and Smith
(52) predicted a DAB/DﬁgF ratio approximately équal to the square of the

macropore porosity if ordinary diffusion prevails. In this case

EFF
DA-m

D

2
a

s 0.14 ~0.12 = (.345)% = ¢

Both of these factors encouraged the selection of the diffusion

equation (30) used in the text.



APPENDIX K - DETERMINATION OF RUN VELOCITIES

Pressure drops were measured for each run on a pitot tﬁbe
connected to an inclined manometer equipped with five micron snubbers
to dampen the oscillations. These measurements were only ggod onﬂa
rélétive basis, since the effects of the pulsations are appreciaﬁle.

An absolute velocity of 8.8 ft/sec was measured in the reactor
with an anemometer at a pump suctioﬁ preésure of one atmosphere which
was close to actual run conditions. For this measurement, the bypass
valve on the pump was set at the opening employed during most of the
runs. It was assumed that the velocity of 8.8 ft/sec occurred during
all runs having this valve setting.

From runs with equal velqcities,'a relationship between the
fluid density and manbmeter pressure drop was gvailable, and at a
particular density, differences in the flow rate were assumed due only
to changes in the Bypass valve setting. Velocities at any flow rate

were then available from the gas density from the relationship

AF AF
v: o= (Vm)QKF-; = (8.8)"A¥_ (K-1)
where AF is the measured pressure drop and AF, is the pressure drop

obtained from the density-pressure drop relation mentioned above.



APPENDIX L - ORDER OF MAGNITUDE FOR THE BULK TRANSPORT OF HEAT

If viscous dissipations and gravitational effects are neglecﬁed,
the energy - equatlon may be written at steady state as
=~ (V. q) +SH (Y - g, - R))] C(1-1)

or

0=-V_ [—’va"'%HlJ‘] ;ZIZHI[V'Jl _R|]

where ?Hlji is the energy flux of interdiffusion. This equation

reduces to

kYT - Zp; - VH SHR, =0 (L-2) .

which is in the same form as'(B) with the additional bulk transport

term. Since the mass average velocity at any point is zero, (L-2) may

be expanded as follows

af pDEFF  4x, ar
ker ar] +RT1—X) ar (Cpy * 2C,y - 2C ) g7 -(-AH)R, =

which in dimentionless form is

e (1 ¢, DEFFAC a ldo ﬁ(l"#)[‘ﬁ]”
— t |~ + I P - -
€® & koll- xAS¢) d¢ | d¢ hate ® (1-3)

Equation (L-3) differs from (18) by a single term which has its maximum

‘value at the solid surface, Thus, its significance may be estimated by
comparison qfvits magnitude to unity.  The size of the derivative may be

estimated from the isothermal case where

dyl a -
|z, T [emh o "1 . (L-4)

The heat capacities were taken from Perry (31) as follows:

L-1



L-2

Cpo, = 6,18 + 2.99(10°°)T - 0.806(107°)1°
Cpu, = 6.92 + 0.218(107%)T + 0.279(107%)T*
Conyo= 822 +0.15(107°)T + 1.34(107°)T

Using AC, = 4.6 cal/mole®K at 298%K, Diff = 0.1 cm’/ sec,
k, = 5.4(107%) cal/sec cm%k, C, = 2.0(10™%) moles/cm’ and @ = 10

(larger than any measured) then the additional term

C,,DEEFAC, &y

. < 0,006 < < 1.0
ke df'g:i

which is sufficient evidence to consider the effect negligible.



APPENDIX M - TEMPERATURE DEPENDENCE OF THE HEAT OF REACTION

Kirchoff's equation for the heat of reaction at any temperature 1s

Ab o . A
MM, = MH; + AsT + ZT° + FT° (M-1)

where A a, o andAc represent the difference in heat capacities of the
products and the reactants. Using the heat capacities in Appendix L and
the heat of formation of water at 25°C from Lange (25), the reference

heat of formation may be calculated

DH, o = - 57,798 = Ma7a0¢ - (1.76) (298) - (0.78)(29852(10'3)

+ (0.52)(107°) (298)°
Hp7a0c = - 57,217 cal/mole.

- The temperature range of interest in this work is 2Q°C to lOOOC.
Further calculations show that a change of less than 200 cal/mole occur

" over this range, or less than a 0.4% change.



APPENDIX N - SAMPLE CALCULATIONS

The run chosen to illustrate the sample calculations 1-16 is

50-2-1.

1)

2)

3)

k<]
R*, moles O/cm sec

W, - Wy = 75,910 - 75,406 = 0.501g H20

2
3 7
Catalyst Volume = [g] g [é . é](2.54)s

time = 3600 sec.

R* = 11,47(107°) moles 0,/cm’sec

c _ XAsp-
As — RTs
X,s = 0.0152
- p = 114 atm
T, = 321%K
3
- _at
R = cm m

g = 82.05 o mote

C,q = 6.58(10"" )moles Oz/cm’

The data may be found in Table 12 or Appendix H.

3,38 cm’

0.0140 moles 0O,

= XM,
p= 2.24(10%)
- (0.934) (2) + (0.0503)(28) + (0.0152)(32) . 273 , 1.14
~2.24(10%) 321  1.00
= 1.63(10"%) g/cm’
g,

kT,

(-0H) = 2(57,80Q) cal/mole

DgFF = 0.0851 cm°/sec (see Fig. 8)
m .

N-1



k, = 0.13 BTU/hr ft°F = 5.4(10"%) cal/sec cm°C

. C,, = 6.58(107") mole/cm’
T, = 321°C _
A = 0.0376
5) Re=P%L'Q
D = g in = 0.0312 ft
v = 8.8 ft/sec
p = 1.63(107*) g/cm = 0.0102 #/£t°
p = 6,05(107°%) #/ft, sec (viscosity of hydrogeﬁ)
Re = 461

N *
6) Sec =

EFF

DAmp

p = 6.05(107°%) #/ft sec

p = .0102 #/£t°

DEFF = 0,0851 em®/sec = 9.15(107°) ft°/sec

7) Pr =

Cop
jf‘ (Used for all runs)
e :

«Q
n

cal ) , '
p = 5.9 éaa_(heat capacity of hydrogen)

o= 6.05(107°) #/fﬁ, sec = 96(107°) g/cm sec

kg =-5,4(107*) cal/cm secOC

Pr = 0.70 | _
8) jp = Jjy = 0.026 [Bird, Stuart and Lightfoot (4) p. 408]
9) (MNu), = jHRePf% = (0.026)(461)(0.70)t = 10. 63
10) (Nu), = jDReSé% = (.0.026)(461)(6.7)%-= 22,7

11) B = Rr,



13)'
1h4)

15)

16)

7

E = 6500 cal/mole

R = 1.987 cal/mole, Ok

T =301 %
B =10.2
. R*R®
™ T ogire,,
R* = 11.47(10"7) moles/cm®, sec
2
R = [1% (2.54)% = 0.227 cm®

- DEFF = 0.0851 cm’/sec

Cps = 6.58(1077 ) moles/cm’
nd® = 4,65
n = 0.55 (from curve such as Fig. 15)
¢ = 2,9 (from curve such as Fig. 14)
2
gy

k.sa = R2

a = 2.9
DEFF = 0,0851 em’/sec
2 _ 2 !
R = 0.227 em
ksa = 3.2 sec”’
: *
E = — (Table 14)

d9lnm
1* 2 J1na

==

= L4000 cal/mole

= . 0.81 (from Fig. 1h)



17)

18)

19)

E = 6700 cal/mole

Nl 1+ . |
o lnT 7 oK, (Table 9, Run 1)‘ (20)

DF:_

EF
AB

(0.020) (59. 5) 4 273 _ -6 2
N,L = 80)(22,400) ° (3/8)m(2.54) " 300 ~ 1,.08(107°) moles/cm sec
' 1

1
2 32,00]
5 =1- |2.016 = - 3,00

c = ﬁ&fz 'EE%T%65T = 4.06(10"°) moles/cm®

Ng :
w:1+N—A'=1—

glg
>

Thermal Diffusivity (Table 4, Run 2)

. TR2
0y =, (6 = 0.900)
T = 0,092

R? = g2,72(10°%) ft?

t = 0.322/60, hr (see Fig. 19)

@, = 0.00468 ft°/hr

Thermal Conductivity (Table 6, .Run 2)

k, = opCp (6 = 0,900)

0, = 0.00468 f£t°/hr (See Table 4)

= 81.7 #/ft® (See Table 1)

0
.C, = 0.218 BTU/#/°F (See Table 5)

k, = 0.0830 BTU/hr ft °F
kg

* A )




21)

22)

0.72(107*%)

(1.98)(107%*) {1.5) (0. 58)
(10.2)%(1072°) (29.5) (107°)

= 0.110(10"*) cal/cm sec®C

1+

22:8 k, = (22.8)(0,110)(107%)

kAIr. kAT = 3,5(107%) - 2.5(107%) = L.0(107)
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