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ABSTRACT

This thesis presents a new equation for predicting
catalyst utilization with continuous replacement in

multistage continuous reactors from batch reactor data.

An equation is derived from experimental data for a
no-replacement system which predicts catalyst activity as
a function of time. The assumption of constant inventory,
constant replacement rate and perfect mixing permit the
calculation of catalyst age distribution. By combining
age distribution with a measure of catalyst productivity,
as determined from activity as a function of time, an
equation for catalyst utilization was derived. The case
used to prepare this equation was where the activity

decline curve appears as a straight line on log-log paper.

The resulting equation which describes catalyst

utilization 1s as follows:

(n-0) [ (a-0) /T ()

ri—b

Catalyst utilization =

where: n is the number of reactors in series,
Tﬂis the gamma function, and
b is the slope of the catalyst activity curve

on a log-log plote.
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'30
is found by mathematical integration of the no-replacement
activity curve and catalyst age distribution with respeét

to time,

Resnick developed equations which predict catalyst
utilization when multistage reactors are operated with
continuous replacement, He conéidered three different
types of catalyst activity declines, which are (1) linéar,
(2) experimental, and (3) constant over a finite time

interval, and then falling to zero.3

The assumptions‘Resnick used to develop the eguations
describing catalyst utilization are as follows:
(1) Catalyst moves in succession through the reactors.
(2) Constant inventory is maintained in each reactor,
by continuous equal withdrawal and addition of
fresh catalyst at constant rate (constant
replacement rate).
(3) Mixing is ideal in that each particle, fresh or
old, has the same probability of being withdrawn.
v(4) Activity of the catalyst wvaries only as a function

of time,

By combining the age distribution function, as
mentioned previously, with the no-replacement activity
curve and mathematically integrating them, Resnick developed

an equation which described the yield of product in pounds



4,
per pound of catalyst., Catalyst utilization is then ‘the
ratio of yields obtained by continuous replacement and

no-replacement operations.

The percent catalyst utilization is then plotted
against the coefficients of the catalyst activity equation
for a continuous addition with the number of stages as a
parameter, 3By having knowledge of the replacement rate
and activity equation coefficients, one can then calculate
the percent catalyst utilization for different numbers

of reactors.

The above percent catalyst utilization is based on
infinite time, but actual operations are not infinite,
According to Resnick comparing the catalyst utilization
with that for continuous replacement would not be quite
fair, Since in real life operations would be for a
definite period at which time the reactor(s) would then
be dumped and recharged with fresh catalyst. A more
justified approach is to evaluate the no-replacement yield
at a2 time equal to the average residence time for continuous
replacement, The realistic catalyst utilization would be
determined by dividing the percent catalyst utilization
based on infinite time, by tﬁe yield of product per pound
of catalyst at an average catalyst residence time (as
defined by the catalyst age distribution) for continuous

réplacemént.
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Development of the Theorrectical Eguation

The assumptions used to develop the catalyst age
distribution are as follows:

(1) Constant inventory is maintained in each reéctor

(2) Constant replacement rate

(3) Mixing is ideal

The MacMullin and Weber equation based on the abdve
assumptions for the fraction of catalyst of age t or younger

in a series of equal-volume reactors is:

' _ 2 n-1
-rt rt rt

i

where r rate of replacement of catalyst, fraction per
hour | |

t = time, hours

P = fraction of catalyst which is age t or less

n = number of equal-volume reactors in series

They differentiated the above equation with respect to

time gives the catalyst age distribution:

a T -rt rt)n'l
rx Al (%-1)! (2)

P =

[])

where p = fraction of catalyst which is age t



(probability density fraction for age of
catalyst)

The above development by MacMullin and Weber is a

general equation independent of the catalyst activity

decline.

By combining the catalyst age distribution with a:
measure of catalyst productivity as determined from
catalyst activity decline, as a fraction of time, an

equation for catalyst utilization can be derived.

The case used in developing this thesis corresponded
to a real operational approach. This assumes that activity
decays according to Equation 3 which is the case of a

so-called log-log decline of activity.

y = at™® (3)
where y = catalyst activity index
t = time, hours

a,b = least squares constants

A measure of the cumulative productivity for catalyst
of age t 1is obtained by integrating Equation 3 over the
time interval O to t:

Y, = ft atb:(—_a:—j-

. £(1-D) | (4)



where Y. =.cumhlative»productivity,'(total yield of
product for catalyst to time t), pounds of
product per pound of catalyst |

Combining Equations 2 2nd 4 and integrating gives
the total yield for continuous replacement. For one
reactor, this yield, in pounds of product per pound of

catalyst, would be:

.
a 1-b -rt
le = jm (t ) re dt
o

To evaluate this integral, we let b=2—CX, and therefore
K =2-b, From this: (1-b)=0(-1

o0 =1 -1t o . x-1 -1t
Y =[ar t7 "t Tt I =/ ar o(_lt'e'rdt
» (x=1)r

Integration of this equation requires use of Euler's

integral

0 4
gro(x"( -leI‘de: F(O()—*’

thus




and using the fact that

we find

For the case with

[1

5
(2-b)=(1-v) [ (1-v)~

a fﬂ

(1-b)

n reactors in series,

oo -rt n-1
a 1-b | re (rt)
fo TT-5) Kl m-nr &t
@ =1-b
jqw a 40=b rie~ Tt at re
(1-1) (n=-1)1 * Te
[}

/f‘b a t(n+(?--1) rn+@ ~Ttat
o (1—b)TQ fn—lj!

a r‘(n+@ )
(l-b)r@ (n—l)!

(5)



and finally

.
v . a=b)! (nb) (6
Tn : (l-b)rl—bfﬂ(n) (6)

This equation calculates the catalyst utilization.

Catalyst utilization is defined as the ratio of yields
obtained for continuous replacement and no-replacement
operation., Therefore one must calculate the ultimate

yield.

Qo
~b
Yu = {a’c »dt
0o _
= [tatPaty [at™"at
(o] §

a 1-p)1

= 5 [t IS 1]

At t=o0, Y does not have a value, but at some time

t=c, after time, t=o, Y has a value which is:

.= [1% ] ® | (1)
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The assumed value of Y is expressed in the form above,
to enable one to derive the catalyst utilization without a

dependence on the constant a,

Since, Y now has a wvalue at time near zero, one must
enter this value in Equation 4 and rederive Equations 5

and 6. Proceeding as before we get:

Y, = (ﬁ)[tl‘bn{] (8

Combining Equations 2 and 8 and integrating gives the
total yield for continuous replacement, For one reactor,

this yield would be:

oo
Y, = 'f-T%E (t1 b+K) re Tl
Q .

- 2 /rtl‘b rtdt+/;re'rtdt]
T-% _ ;

- l -
- (_____7[(1 b)l (1-b) ]

r

. - [ -b)PQl-bMKr b]
- (l-b)
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While for n reactors in series,

<
]

o -rt n-1
a 1-b ) re T (rt)
r [ TI-%) Ca wnr ¢
[o] .

. o0 o
(lfb) (n=-1)! (/; tn-brnertd‘tH. C Ktn-lrne—rtdt]

Letting b=1-f, and £ =1-b we get

n

__a [f(n+6 -1)n -ty ¢ o
Tr = TT-0)(m=1)" [ot re dv.ro . ﬁKtn Lpte Ttq4

rearranging terms:

o o
_ a (n+ -1)_n+¢ -rt n-1_n -rt
an = {I-0)(n-1)1 [ﬁt P re e ~ dt+ /[Kt re d?]
T

Using Euler's Integrals

i

O
_
l [rn‘”? g{mt £-1) =T3¢ ona

-]

(n+{9 )

it

[ (n)

oo t
// rntn-le—r it
o



12,

we integrate the above equation and obtain the following

equation:

Yr = (I (EDT P(;Hég) *E r(n)]

[ (n-b+1 .
TS5 (a=TT [ (:1-1; L. Kr(n)] |

H
]

Y —a_ (n=b) "(n-b) 1-v | (9)
n (l-b)J:'l-b [- ™ (n) vET

Catalyst utilization is the ratio of Equations 8

and 9:

R, = (n—b)rﬂ(n-b%/[q(n) L1

u X rl'

(10)

where RI = catalyst utilization based on no-replacement
u

yield and infinite time.

One can now calculate a catalyst utilization, based

on removing the K term from the left side of the equation.
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R, = (R; -1) K = in‘-blqﬁg'b)/r\(n) o (11)
r .

The above equation is just as valid as Equatioh 10,
because when a log~log activity-time plot is assumed,
nobody really cares what the value of Y is near zero.
time., The only concern is that the curve is linear on
log-log paper after some initial lag time, This Equation 11
permits calculation of catalyst utiligzation for n reactors

and requires minimal experimental data. The equation

reduces *to

M (2-1) PRE

for the special case n=1.
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Calculation of Catalyst Utilization

The program used to calculate catalyst utilization
values from Equation 1l-is shown ih Table 1. This program
makes use of IBM basic language and is called Normgamm,
Normgamm calculates catalyst utilization, much as one
would do so by hand, that is starts at r=0.01 and for all
values of b(0.1 to 0.7) and n{(1l to 10) and calculates
catalyst utilization. Gamma function values are calculated
by calling a gamma subprogram and then entering this wvalue -
in Equation 11. Lines 270 to 650 in the Normgamm program
~are a standard subroutine by IEM to calculate gamma
functions. The program then calculates more catalyst
utilization numbers for r from 0,01 to 0.10, in steps

of 0.01 as mentioned above.

Table 2 summarizes the catalyst utilization values
for © from 0.1 to 0.7, for n from 1 to 10 and for T
from 0.0l to 0.10 which were calculated by the Normgamm

program,

When the slope (b) of the catalyst activity decline
has been chosen and/or calculated from experimental data,
the catalyst utilization can be calculated for different
n and r by narrowing down the range of b values used

in the Normgamm program.
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Discussion

Figures 1, 2, 3, and 4 show plots of catalyst
utilization as a function of r (the replacement rate)
with n (number of stages) as a parameter with constant

values of b (0.1, 0.2, 0.3%, and 0.4).

It appears from the forementioned figures»that as r
increases, at any value of b (slope) the percent improve-
ment in catalyst utilization due to staging appears to be
about the same. But, of course, the absolute value of
catalyst utilization is decreasing as would be expected.
Also as b increases from 0.1 to 0.4, the curves due to
n (the number of stages) squeeze together, which implies
that the effect of staging diminishes as the value of the

slope increases.

Figures 5, 6, 7, 8, 9, and 10 show plots of catalyst
utilization as a function of b (slope) with n (number
of stages) as a parameter with constant values of T

(0.01, 0.02, 0.03, 0.04, 0.05, and 0.10),

From the above figures, one can see that as b
increases,vat any value of r (the replacement rate) the
percent improvement in catalyst utilization due to staging
decreases and at the same time also the absolute valﬁe of

the catalyst utilization decreases, At larger values of
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b, the increase in catalyst utilization due to staging

decreases to almost very little improvement,

To sum up, the highest catalyst utilization is
achieved at the lowest replacement rate and with the

lowest slope.

Figure 11 shows a plot of catalyst utiligation as
a function of n (the number of stages) with the ratio
of T/(b+r) as a parameter, This plot is for a semi-
'log decline in catalyst activity and shows more clearly

than Resnick the effect of staging.

- In Resnick's example for a case of where b=0.1,
n=1, and r=0.05, the catalyst utilization is 66.7%. But
when he compares this case to a two stage case, he then
changes r to be 0.10. r should stay the same and the
only difference is that the number of stages are increased,
For two stage case, the catalyst utilization should_be

about 85% rather than 75% as shown by Resnick.

For one-stage system where bY=0.1, and r=0.05, the
catalyst utilization for a log-log decline would be 14%,

For two-stage system, the catalyst utilization would be 27%,

For the above case the effect of staging for a

log-log decline versus a semi-log decline results in a
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greater increase in the catalyst utilization (93% versus
27.5%), but it must be noted that the catalyst utilization
for the log-log case has the greatest room for improvement.
The type of activity décline is shown by the above case

to be of the upmost importance.
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FIGURE 4
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Conclusions’

With the use of Equation 11, one can then predict
catalyst utilization for multistage fluidized reactors
from laboratory catalyst activity data. The prediction
equation is applicable for when activity decays as a
log-log function, mixing is ideal, and constant inventory

is maintained in each reactor,

The prediction equation for catalyst utilization
enables one to make an economic study to determine the
optimum balance among reactor costs, operating difficulties

and catalyst utilization.

The prediction equation éan promote savings in pilot
plant and plant studies through elimination of repetitious
experiments, since only one pilot plant run is needed to
determine the slope at a particular set of conditions in

a batch run with no replacement.
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APPENDIX
TABLE 1

coefficient in catalyst-activity

expression; yzat'b

calculates Gamma function in the
Normgamm program for n-b+l in

Equation 11,

calculates Gamma function in the

Normgamm program for n in Equation 11.

catalyst utilization in the Normgamm

program,
number of reactor in series.

fraction of catalyst which is age
(probability density fraction for age

of catalyst).

fraction of catalyst which is age t

or less,

rate of feplacement of catalyst, fraction

per hour.

catalyst utilization, based on ultimate

no-replacement yield,
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time, hour.

catalyst activity index, 1b. product/
1b., catalyst/hr.

yield of product for continuous catalyst
replacement, one stage, 1b. product/

1b. catalyst.

yield of product for continuous catalyst
replacement, n stages, 1lb, product/

1b. catalyst.

yield of product for no-replacement of
catalyst for catalyst of age t,
1b. product/lb, catalyst.

ultimate yield for no-replacement of

catalyst, 1b. product/lb, catalyst.
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