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The Dynamic Behavior
Catalytic Reactor

of a Fixed-Bed

FREDERIC LEDER and JOHN B. BUTT

Yale University, New Haven, Connecticut

The dynamic behavior of a fixed-bed catalytic reactor was studied under isothermal condi-
tions by means of frequency response analysis. The investigation was conducted over a range
of nonreacting and reacting conditions by using the hydrogen-oxygen combination over sup-
ported platinum as the reaction system. The kinetics of the surfoce catalysis of this reaction
were investigated separately and then were incorporated into the analysis of frequency response
data under reaction conditions.

A method was developed whereby nonlinear chemical reaction effects appearing in the
frequency response measurements could be separated from hydrodynamic factors for a plug
flow reactor. Use is made of the describing function technique, often used to approximate
nonlinear servomechanism response, to accomplish this. It is shown by this method that Peclet
numbers measured for the reacting system agree with those measured in the absence of reaction,

Based on the semitheoretical value of 2 for the Peclet group at high Reynolds numbers, o
value of 0.73 sq. cm./min. was determined for the effective diffusion coefficient of hydrogen
at 100°C. within the porous catalyst particles. Analysis of frequency response data in which
this diffusion is not accounted for leads to Peclet numbers which are unreasonable in view of

previously reported results.

Although there is a great deal of work in the recent
literature on the characterization of flow and dispersion of
fluids in beds of nonporous packing, and some work on
porous packing, there are few data available concerning
these effects under reaction conditions. Furthermore, there
have been until recently no reported measurements of the
dynamic behavior of a catalyst surface. It is, therefore,
the primary purpose of this work to apply existing tech-
niques of transient analysis to a study of the dynamic be-
havior of a fixed bed of porous catalytic particles under
conditions of chemical reaction, and to define the pertinent
adsorption, flow, and diffusion parameters. ,

Tinkler (1) and Sinai (2) have investigated by fre-
quency response analysis related problems of flow through
beds packed with inert solid in which a homogeneous
chemical reaction took place in a liquid phase. Axial dis-
persion effects were neglected and nonlinearities were

Frederic Leder is with Esso Research and Engineering Company, Lin-
den, New Jersey.
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handled by Taylor series expansion. These workers studied
both the temperature and concentration response in their
systems; work in the present study is limited to the iso-
thermal case.

The general problem of flow patterns and residence
time in fixed beds has been considered by many workers
and two distinct approaches have evolved. One considers
the bed as a series of mixing cells in which the fluid in
each cell is perfectly mixed and then passed on to the
next cell; this approach has its most complete expression
in the computational model of Deans and Lapidus (3).
The other approach involves expression of the conserva-
tion equations as material balances over a segment of the

"bed in which a continuous (fluid) phase and a discon-

tinuous (solid) phase are visualized. Numerous workers
have employed this type of description; the well-known,
one-dimensional, axial dispersion model of fixed beds has
been thoroughly explored in the literature (4 to 8).

For such axial mixing or dispersion, the fundamental
step in the mixing process is considered to be a random
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mixing in the interstices between particles. Experimental
data on axial mixing are conveniently reported in terms
of the axial Peclet number (vD,/E); Peclet numbers of
2 have been shown to correspond to mixing cells of one
particle length or perfect mixing between particles. Not
a]l experimenters, however, report Np. = 2 under those
conditions of flow (particle Reynolds numbers > 10)
where one might expect approach to perfect mixing. Car-
berry and Bretton (6), working with a liquid system,
report Peclet numbers around 0.5 and Kramers and Al-
berda (8) report Np. = 1, also for a liquid system. The
discrepancy of these results from theory has been suggested
to be due to capacitance effects within the bed which can-
not be adequately measured.

TRANSFER FUNCTIONS FOR BEDS OF POROUS SOLIDS
IN THE ABSENCE OF REACTION

The application of frequency response analysis to flow
in packed beds was introduced by Kramers and Alberda
(8), who presented equations for the response of a series
of perfect mixers and for a one-dimensional dispersion-
plug flow model. In both cases the analysis was made for
no reaction and for nonporous packing, although the
treatment may be extended to beds of porous solids in
which linear adsorption equilibrium exists. Experimenta-
tion on a system of the latter type under nonreacting
conditions was reported by Deisler and Withelm (5).
Use of the linear adsorption equilibrium between gas and
solid implies that the appropriate mathematical descrip-
tion of such an experimental system must allow for the ac-
cumulation of material within the solid phase;

dq aC
ot ) ()

For most general application, over very wide ranges of
frequency, it may not be appropriate to assume gas-solid
equilibrium. In the case of rapidly changing perturbations,
for example, it may be necessary to relate gas phase con-
centration to intraparticle concentrations by means of a
diffusion equation describing the rate of mass transport
into and out of the solid. For a simplified geometry
i d

.= (2)

ox2 ot

DV%q = D,

where x may be taken as the volume-to-surface ratio of-
the particle. We incorporate this equation into the series
of mixers model to obtain an overall description of the
fixed bed of porous particles. For cell i of the series

GCi 6qi
VC;i:1—C))=V,—— +V
(Cr—C) = Vi— "ot

(3)
where
V, = Azel
N
AL (1—¢)
TN

(4)

2

By material balance
=05 ()
Vo—= ) D;\ — } dS =D, Ap| — 5
: sf ax /s Aok ®

Accumulation within the solid may be defined by the sur-
face integral of the transport at the surface. Transforming
Equation (2) with respect to time, one obtains

dzf,‘ A 6
s = (6)
where
g(x,0) =0
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Solving
5 5
qulexp[—\/—DTX]—FAzexp[\/—;-s—X] )

The boundary conditions are

A A
g=Catx=x (8)

d(/]\/dx =0 at x = x,/2

Evaluation of constants A; and A and rearrangement
yield for the concentration gradient

(%/i) - é\\/g- (tanh\/;-f:-xp) (9)

T=zp
Therefore, by substitution into the transform of Equation

(3) o o
A A s $§
V28q = DsAD C V—‘—Ds (tanh VFS- Xp ) (10)

The transfer function for one cell is, from Equations (3)
and (10)
A
C; Azel
Gi(s) =—=|1+ v
Cioy

DSAD\/ s ( s )]—1
+ v D_s tanh\/Bs—xp (11)

For the bed composed of N such cells
Azel )
NV

DA s s -N
+ VD\/D_S(tanh\/E-xp)] (12)

By way of comparison, for a nonreacting system in which
adsorption equilibrium between fluid and solid may be
assumed [Equation (1)], the transfer function is

GT(s)=[1+ A;;L’(HKB-IZE)]—N (13)

s

s

Gris) = [1 +

THE DESCRIBING FUNCTION ANALYSIS FOR NONLINEAR
KINETICS

The approaches detailed above do not specify a reac-
tion rate form; the inclusion of linear rate terms is easily
accomplished, but if the rate is proportional to higher
powers of the concentration, transform techniques are no
longer applicable and an alternative route to frequency
response analysis must be sought. In this work the de-
scribing function method was found useful in obtaining an
appropriate description of frequency response under the
influence of such nonlinear chemical reaction phenomena.

The describing function, defined by analogy to the
transfer function, is based on the principle of Fourier
series representation where the assumption is made that
only the first harmonic in the output is significant (9).
In physical application this is often a good assumption if
the nonlinear device is in series with linear devices which
damp the higher harmonics. In the present use, only the
reaction rate term is nonlinear; the reactor itself is in-
herently a linear device.

For a second-order chemical reaction taking place in
a plug flow reactor, the appropriate differential equation
is

(14)

— T — kO = —
b ! at
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Since for the plug flow reactor each element of fluid has
the same residence time as any other element of fluid, the
phase lag between output and input is simply the resi-
dence time in the reactor multiplied by the frequency of
the forcing function, Also, for the plug flow reactor, an
input forcing function is not attenuated by the flow
through the reactor if boundary-layer or pore diffusion
effects are negligible; the only forcing signal attenuation
which occurs is caused by chemical reaction during resi-
dence within the reactor. For a second-order reaction, the
conversion under steady state conditions is

Cour 1
Cin 14+ k 0Cin
According to' the analysis of forcing signal attenuation,

the effluent concentration [actually a solution to Equation
(14) 1 from a plug flow reactor must be

_ Cin(t—46)
) = 1+ k, 0 Cyn (£ — 6) (16)

The input and output concentration functions may be
written as the sum of a sinusoid and a mean concentra-
tion level:

(13)

C(t)IN == Ao =+ Bo - sin wt (17)
C(t)OUT:A+B'Sinwt (18)

It is more convenient in frequency response analysis to
eliminate the mean concentration level contribution to in-
put and output functions; thus a new effluent function will
be defined which is equal to the actual effluent function
minus the mean concentration level [A, or A in Equations
(17) and (18)]. The mean output level is equal to the
mean input level attenuated by reaction according to
Equation (15). The new function is then given by

B A, + B, sin o (t) A,
14k 0[A, + Bosinw(t)] 1+Kk-8A,

which represents the total reactor effluent minus the mean
effluent level. The system response given in Equation (19)
may be represented by a Fourier series and the first har-
monic compared to the input function to determine fre-
quency response characteristics, which is the essence of
describing function analysis. For response to concentra-
tion forcing about a mean level

F(¢)

(19)°

C(t)1n = B, sin ot (20)
C{t)our = F(t) (21)
and
F(t) = 2 B, sin wt (22)
where -
B; = _i.f” F(t) sin (ot) d (ot) (23)

The amplitude of the first harmonic B; is defined by
Equation (23) and (By/B,) is the amplitude ratio of the
response function. Numerical values are obtained on sub-
stitution of Equation (19) into Equation (23) and evalu-
ation of the integral. The describing function technique
is simply a type of linearization, and for specified forc-
ing frequency and amplitude the method is identical to
a linear transfer function. However, variations in input
amplitude can cause changes in amplitude ratio and phase
lag in nonlinear systems, and this effect is specified by
the describing function.

®t is the independent variable instead of (¢ — 4). The only error
introduced by this simplification is in phase lag; however this calcula-
tion is carried out only for amplitude attenuation and is independent
of the shift in time axis.
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EXPERIMENT

The hydrogen-oxygen reaction over supported platinum cata-
lyst was employed as the reacting system for this study. In
design of a transient respomse study the speed of chemical
analysis dictates both the type of transient and the reactor
size. For the present study a suitable continuous chemical
analysis was not available, so pulse or step function perturba-
tions were abandoned in favor of frequency response. The
reactor was sized so that the shortest period sine waves em-
ployed in experimentation would, in fact, be of the or-
der of average residence time in the reactor and a dilute
catalyst was fabricated, based on reactor size and available
kinetic data.

The reactor system consisted ultimately of 130 ft. of 7/16-in.
LD. aluminum tubing packed with 3,100 g. of porous eta
alumina extrudates on which 14.5 mg. of platinum were sup-
ported. Tube-to-particle diameter ratio within the bed was
approximately 6:1. Further details of catalyst fabrication and
properties are given elsewhere (10). The catalyst was suf-
ficiently dilute to eliminate problems of temperature gradients
both within pellets and within the reactor. Experimentation
was conducted at a bed temperature of 100°C.; temperature
control was provided by steam jacketing around the reactor
and isothermal operation was verified by measurements of
temperature along the length of the reactor which indicated
less than 0.1°C. variation from the jacket temperature for any
of the runs made. Since the inlet gas to the reactor was never
more than 3% hydrogen, volume changes on reaction were
negligible.

In Figure 1 a diagram of the reactor system is given. Com-
pressed air was regulated to 64 lb./sq.in.abs., mixed with the
modulated hydrogen steam, and fed through the catalyst bed.
The flow was measured by an outlet bubble meter. Inlet and
outlet pressure and concentration were measured, as well as
the bed temperature at several places in the bed. Concentra-
tion measurements were made by gas chromatographic analysis
of continucus sample streams. Details of the equipment and
the sampling procedure are given elsewhere (11).

The sine waves were generated by passing the hydrogen
stream through a very fine metering valve, modified with close
tolerance bearings. The stem of the valve had a spur gear
which was attached to an eccentric cam which was actuated
by a variable speed motor. The volume change of the total
feed gas stream was negligible, since the hydrogen stream com-
prised only a small fraction of the total flow.

The two sample streams were passed through a four-way
valve where one stream was selected for analysis and the
other was vented. The sample stream was then fed into a
Beckman gas sample valve which was actuated automatically
by a solenoid valve and a pneumatic piston.

Measurement of the amplitude attennation and phase lag
of the effluent concentration was carried out over the range
of frequencies from 1 cycle/30 min. to 2 cycles/min. This
policy established a range of frequencies whose wavelengths
varied approximately from one half to thirty times the average
reactor residence time.

Frequency studies were carried out over a range of particle
Reynolds numbers from 6 to 86 in order to determine the

SINE WAVE
GENERATOR

AIR INLET
SYSTEM

AIR DRIER

SAMPLE VALVE REACTOR

H2 INLET

SYSTEM

BUBBLE
METER

. e e e

VENT

SAMPLE SYSTEMS: TO CHROMATOGRAPH

Fig. 1. Schematic of reactor system.
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Fig. 2. Example of forcing and effluent sinusoids; run TR-5.

effect of variation in flow conditions on the reactor response.
Additional measurements were made on a short bed (42 ft.)
in order to confirm measurements of capacitance effects in
the longer bed. Data were also obtained under nonreacting
conditions and at lower amplitudes in order to obtain inde-
pendent information on the mixing characteristics. Normally
the amplitude of an input sine wave was 18% of the mean
concentration level, from midpoint to peak. Lower amplitude
runs were made at 12% of the mean level, or 66% of normal
amplitude. Figure 2 presents an example of the wave forms
under consideration; the data points are spaced 30 sec. apart
in this run. Fourier analysis of the experimental forcing func-
tions was carried out for a number of runs (11); the total dis-
tortion of the input waves varied between 5.7 and 8.1%, while
output waves had an average of only 2% total distortion, in-
dicative of some filtering effect in the packed bed.

Measurement of high frequency sinusoids posed a particular
problem, the solution of which is noteworthy. The chromato-
graphic analysis and sampling technique were constrained to
take no more than one sample every 30 sec. It was desired
to measure frequencies as high as 1 cycle/30 sec., so the fre-
quency of the sinusoid was adjusted to 1 cycle/33 sec. This
permitted samples to be taken at a constant interval approxi-
mately equal to 90% of one period. The result of this pro-
cedure is the production of a secondary wave with a period
ten times the parent wave. The secondary wave can be clearly
defined with ten data points. A similar procedure was used to
develop a secondary wave corresponding to a frequency of 1
cycle/min

The ranges of variables and experimental conditions in-
vestigated in this study are summarized in Table 1.

FREQUENCY RESPONSE RESULTS AND ANALYSIS

In Figure 3 are presented measured phase lags for ex-
perimentation at various Reynolds numbers and both bed
lengths investigated. These data are representative of all
the phase lag results and are presented as a function of

TABLE 1. SUMMARY OF FREQUENCY RESPONSE EXPERIMENTS

Run No. wb Nge** 8, min.
TR-1* 1.6-11.1 34.0 2.58
TR-2 1.3-79.3 32.7 2.70
TR-3 0.6-50.3 48.0 1.55
TR-4 0.4-254 86.3 0.82
TR-5 2.4-70.0 19.8 4.55
TR-6% 1.7-10.0 27.7 3.25
TR-7 0.8-7.7 48.0 1.71
SB-1%- ¢ 0.3-18.1 50.0 0.58
SB-2 0.3-19.4 46.5 0.63
SB-3 5.3-18.9 6.75 4.46
SB-41 0.2-2.9 48.0 0.59

¢ TR series in 130-ft. reactor, 8B series in 42-ft. reactor, All runs
at 100°C.
+ No reaction on this run.
t Input amplitude 12% of mean. All other runs at 18%.
2 Based on particle dimensions.
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Fig. 3. Phase lag.

the frequency of the forcing function normalized with
respect to contact time in the bed. Over the full range of
Reynolds numbers investigated, from 6.7 to 86, no dif-
ference is noted in the phase lag at any given frequency.
The phase lag is seen to be 2.6 times the normalized fre-
quency, constant over the range of investigation. This
phase lag, according to the plug flow reactor model, is
the result only of capacitance in the porous solid pack-
ing, as expressed in Equation (13). [Reaction affects
amplitude attenuation but not phase lag, as indicated in
Equation (16).] The lag corresponds precisely to the

1—c¢

factor (1 + KB) in this equation. The porosity

€
¢ was determined for the experimental reactor as 0.31 in
separate experimentation (I11), and Kp was computed
from the phase lag results as 0.74.

The analysis of amplitude attenuation results is not
so straightforward, since the effects of chemical reaction
are of primary importance here. In work reported else-
where (10) the kinetics of the chemical reaction between
hydrogen and oxygen are defined for the conditions of
this study. A rate equation based on the mechanism of
reaction between chemisorbed oxygen and gas phase hy-
drogen describes the conversion data obtained in the ex-
perimentation on kinetics. The rate equation proposed is

1 K,K,Py?P,
pn (1 + K,P, + KyPy)

Under the conditions of experimentation employed in the
frequency response study, P, >> Py and P, >> P,. The
rate equation simplifies under these conditions to an ap-
proximate second-order form:

Ry, = k/ Cy? (25)

In order to interpret amplitude attenuation data with re-
spect to the reaction, two types of information are re-
quired. First, one must determine the steady state con-
version level, that is, k& in Equation (25). Second, the
relationship between the steady conversion level and
transient amplitude attenuation must be determined. The
steady state conversion is defined for the second-order
reaction by Equation (15), and the transient output for
that value of k. and 6 by the describing function analysis
by employing Equation (19). The ratio of the amplitude
attenuation so determined to steady state conversion is
defined as the describing factor and is immediately de-
terminable for a given system on specification of the
forcing amplitude.

The procedure employed in this investigation was to
normalize the observed amplitude attenuations with re-
spect to the describing functions computed for conditions
of the individual experimental runs. Hence

Rap = — (24)
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(B/BO)N = (B/Bo)/(Bl/Bo) (26)

where By/B, is the calculated describing function. It is a
notable result, as shall be seen in the subsequent presen-
tation of these data, that this method of normalization
raises the amplitude attenuation to the nonreactant level
over the entire range of Reynolds numbers, permitting
direct comparison with amplitude attenuation in non-
reacting systems. In essence, the effects of reaction are
removed from the analysis, leaving only the hydrodynamic
effects within the bed to be considered in interpretation
of the normalized data.

Figure 4 shows, as an example, the amplitude attenua-
tions measured for run TR-2, and the same data normal-
ized as described above. In Figure 5a are given normal-
ized amplitude attenuation results from four runs in which
data from reacting and nonreacting systems are compared,
in both the long bed and the short bed employed in ex-
perimentation. No differences are noted between the nor-
malized reaction data and data of nonreacting runs. After
such normalization, then, the results should be amenable
to analysis with some appropriate mixing model without
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Fig. 5. (a) Comparison of reacting and nonreacting flow patteras at

several bed lengths, amplitudes, and Reynolds numbers. (b) Com-

parison of omplitude attenuation at several bed lengths and the
same Reynolds number,
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chemical reaction. This indeed is true; the solid line of
Figure 5a is computed from Equation (13) for a reactor
model (long bed) of 1,000 mixing cell units; the results
are identical to those computed from Equation (12) for
N = L/D; and D; = 0.73 sq. cm./min. A discussion of
the significance of the interpretation employing these two
models is given subsequently. The decrease in attenuated
amplitude for »f > 10, which is observed experimentally,
is predicted by the computation, indicating that deviations
from ideal flow behavior may be important in this region.

In Figure 5b are compared amplitude attenuation data
at the same Reynolds number for the two bed lengths
investigated. No difference in these data is noted which
can be attributed to an effect of bed length, although in
the region of w# > 10 there are few short bed data, The
curve in this figure is again that computed from Equation
(12) or (13).

A comparison of amplitude attenuation in the two bed
lengths at the same contact time is given in Figure 6a.
The scatter in these data results primarily from the ex-
perimental error involved in carrying out transient ex-
periments at very low flow rates (the two runs involved
hydrogen flow rates of approximately 10 and 30 cc./min.
through the experimental equipment); within the pre-
cision of experimentation (11) there is no effect on con-
version due to change in bed length.

Figures 6b and 7 present the results of experimentation
on the effect of flow rate on the reactor response. Runs
TR-4, TR-5, and SB-3, given in Figure 6b, represent data
obtained at the extremes of Reynolds numbers investi-
gated, namely, 6.7 and 86; there is no effect on amplitude
attenuation. In Figure 7 are plotted amplitude attenua-
tions at normalized frequencies of 20 and 40 for a number
of runs. The functional dependence on Reynolds number
is seen to be negligible. This implies similar mixing char-
acteristics in the bed at the extremes of flow conditions
examined, and indicates the absence of boundary layer
diffusional limitation in the reacting system.

DISCUSSION

The describing function technique was found to be a
useful means of normalizing frequency response data
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Fig. 6. (a) Amplitude attenuation at the same contact time in beds
of different length. (b) Amplitude attenuation at extremes of
Reynolds numbers and two bed lengths.
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under these isothermal conditions for direct comparison
with nonreacting data. Since no attempt is made to in-
corporate any sort of mixing into the describing function
analysis, it is quite noteworthy that the method can
reconcile data for reacting and nonreacting systems over a
very wide range of experimental variables where disper-
sion in the fluid phase and capacitance in the solid phase
may have significant effect on the attenuation. This
method appears to provide a means of handling at least
simpler forms of nonlinear kinetics in frequency response
experimentation; in such cases reaction effects are separ-
able from the mixing characteristics of the bed and non-
reacting theories of fixed bed behavior may be applied to
the reacting system.

The describing function employed here, based on a pis-
ton flow assumption, calculates amplitude attenuation due
to reaction independent of the mixing characteristics of
the system. Data are measured on the combined effects of
mixing and reaction, as well as on the mixing effects
alone; therefore by appropriately removing the effects of
chemical reaction in a reacting system, one can compare
the mixing characteristics of reacting and nonreacting
systems. These effects were found to be identical under
isothermal circumstances; no additional amplitude at-
tenuation was found to occur as a result of chemical re-
action in a dispersive system.

The phase lag measurements reported in Figure 3 are
linear with the normalized frequency over the range in-
vestigated. The proportionality constant 8 relating the
phase shift to the normalized frequency is an important
factor in predicting breakthrough of a step function from
the bed. The linear phase shift can be interpreted to mean
that a step or pulse will elute from the bed with its peak
eluting at time 8 L/ after input, and results from the
presence of porous packing which is not inert with respect
to the fluids passing through the bed.

The phase lag data are, however, not very informative
with respect to the flow patterns within the bed. In de-
veloping Equation (13), we have employed a model
which may denote various degrees of mixing in the bed,
depending on the number of mixing cells included in the
reactor, for computing the curves given in Figures 5 and
6. The correlation of this series of mixers model (7} in
terms of axial dispersion coeflicients is

BL;," ' ('zir—) =Nie (27)

Based on the experimental particle sizes and the value of
N (1,000) which best reproduced the experimental ampli-
tude attenuation characteristics, a Peclet number of ap-
proximately 0.13 is calculated. Though there are litt{’e
data on axial mixing in beds of porous packing, this re-
sult seems to disagree markedly with prior studies em-
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ploying gaseous fluids. It is evident that at the high fre-
quencies, where amplitude attenuations are large, the
rate of transport within the porous particles is not suffi-
cient to allow attainment of gas-solid equilibrium and the
single axial dispersion coefficient cannot be used to char-
acterize the system completely. One must, in addition,
account for the diffusion of material in and out of the
solid phase.

This effect is described more completely as follows.
Under steady state conditions it can be shown (I12) that
no appreciable diffusional gradients exist within the cata-
lyst particles as a result of chemical reaction. Under low-
frequency oscillation, these diffusional gradients must also
be negligible; however, at some sufficiently high frequency
the diffusional concentration gradients must become ap-
preciable, due to the inability of the internal concentra-
tion to respond instantaneously to the external changes. At
this point the fluid phase concentration can no longer be
linearly related to the solid phase concentration. For the
interpretation of experimental frequency response data
using the series of mixers pore diffusion model [Equation
(12)] which represents this case, it is reasonable to estab-
lish the fluid phase mixing at a level consistent with prior
observation for the experimental conditions employed and
to obtain pore diffusion effects by means of fitting com-
puted results to experimental data.

The effective area available for diffusional transport in
this model is the area of each particle multiplied by the
number of particles in each mixing cell and a geometric
factor which is a function of particle shape and distribu-
tion within the bed. The shape factor [incorporated in A,
in Equation (12}] is evaluated iteratively; in order to
satisfy both phase lag and amplitude attenuation data it
was found that approximately 50% of the total pellet
external area was effective in transport. The computed
curve for a Peclet number of 2 and an effective diffusivity
of hydrogen within the solid of 0.73 sq. cm./min. is
shown in Figure 8. This curve is identical to those com-
puted from Equation (13), as mentioned previously, for
the unrealistic value of Np. = 0.13. The calculated dif-
fusivity of 0.73 sq. cm./min. is in general accord with
previously reported values for diffusivities within porous
structures.

In Figure 8 are also given computed amplitude attenua-
tions for the system with a diffusivity of 0.73 sq. cm./min.
for various values of the Peclet group. The distinction be-
tween Np, of 2 and Np, of 0.5, essentially the limits of
data reported on Peclet numbers under conditions of well
developed turbulence, is small. It may thus be concluded
that amplitude attenuation is not very sensitive to Np in
this range and that such measurements may provide a
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reasonable means for determination of effective diffusivi-
ties within porous solids.

CONCLUSIONS

The describing function technique is shown applicable
for characterization of the dynamic behavior of a chemical
reactor in response to concentration forcing where a non-
linear kinetic law prevails. If the steady state conversion
in the reactor is known, providing sufficient information
to evaluate the parameters of the rate law, the transient
output can be expressed in a Fourier series, the first term
of which is employed in representation of the frequency
response of the nonlinear system. The near plug flow con-
ditions prevailing in the reactor during experimentation
allow separation of the chemical kinetics from the mixing
effects in analysis of measured amplitude attenuation data,
indicating that attenuation of the system is a linear com-
bination of the two effects under such conditions.

Interpretation of the response data in terms of a mix-
ing cell porous capacitance model yields reasonable values
for effective diffusivities within the solid based on the
assumption of Np, = 2 to describe dispersion effects at
the high Reynolds numbers employed in experimentation.
At high forcing frequencies diftusion into the capacitance
within the porous support structure of the catalyst is
quite important in determining amplitude attenuation
characteristics.

A simplified model employing a series of mixing cells
and the assumption of linear equilibrium g = KpC can
provide adequate representation of experimental ampli-
tude attenuation and phase lag data (8 measured from the
latter is equal to: B = Kg(l—¢)/e at lower forcing
frequencies and with reasonable values of Peclet num-
ber.® In order to fit experimental amplitude data at nor-
malized frequencies of the order of 10 rad. or greater,
however, the simple model requires unrealistic values of
the Peclet number and provides only an empirical cor-
relation of experimental results. This underscores the
point that the axial dispersion interpretation is capable
of explaining effects based on the mixing of fluid within
the interstices of the packing, but care must be exercised
in attempting to apply this model to effects caused by
other phenomena such as radial gradients of concentration
or velocity or diffusion in or out of porous or stagnant
areas.
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NOTATION

Ax = cross-sectional area of the reactor
A, = mean level of input sinusoid

A = mean level of output sinusoid

A;, Ay = constants of Equation (7)

Ap = area available for diffusion into a pellet

B = amplitude of output function

B, = amplitude of sinusoidal forcing function

B; = amplitude of the first harmonic defined by Equa-

tion (23)

® It should be apparent from experimental results that there is little
difference between plug flow or either the mixing cell porous capaci-
tance or mixing cell linear equilibrium models with Nes = 2 for all
Reynolds numbers in the range of normalized frequency wf < 10. These
models are essentially the same in this region.
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= concentration in gas phase

= transform of gas concentration

= effective diffusivity within porous solid

= particle diameter

= axial dispersion coeflicient

= output function

= mass flow rate based on total cross section

~

transfer function

mixing cell

adsorption equilibrium constant for oxygen

adsorption equilibrium constant for water vapor

constant relating the gas and solid phase concen-

trations

reaction rate constant

= reaction rate constant for hydrogen-oxygen reac-
tion

= length of the reactor

= length variable

= number of mixing cells

= Peclet group (vD,/E)

= partial pressure of hydrogen

= partial pressure of oxygen

= concentration within solid

>
I

transform of concentration within solid

Reynolds number based on particle dimensions,
Nre = (DyG/i)

rate of hydrogen conversion

particle external surface

Laplace transform variable

time

linear gas velocity

volumetric velocity

volume to surface ratic variable for individual
particle

= particle length, volume to surface ratio

I

f

I T I A

Letters

(1 + [(1 —¢)/e] Kg)
bulk porosity of bed
residence time

total pressure

viscosity

frequency

molal density

N

I
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