Magnetic Determination of Axial Catalyst

Temperature Profiles

A magnetic thermometric method is used to determine cross-sec-
tional average axial catalyst temperature profiles for superparamag-
netic nicke! catalyst beds during ethane hydrogenolysis, an exothermic
reaction. Each solid temperature profile is determined from an axial pro-
file of cross-sectional average magnetization and is represented by a
polynomial. In turn, each magnetization profile is determined from volt-
age data obtained as the bed is moved through an AC permeameter. A
Fredholm equation of the first kind, *‘regularized’’ using a minimum vari-
ance constraint, is inverted to determine the magnetization profile.

The determination of the axial temperature profile for a reactor oper-
ating at 11.0% conversion is detailed. It provides a good test of the
method used. Some limitations of the method are highlighted by
attempts to analyze data from a reactor operating at complete conver-
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sion. The potential for model parameter estimation is discussed.

Introduction

Catalyst temperature is of fundamental importance in hetero-
geneous catalytic kinetics, reactor design, and reactor operation.
Though the local catalyst-phase temperature is determined
largely by the local fluid conditions, the detailed relationship
between the properties of each phase and between catalyst pel-
lets has not been experimentally verified through measurements
of catalyst temperature. Thus, measurements of catalyst tem-
peratures are important to the validation of current and future
heterogeneous reactor models. Until recently, experimental in-
formation regarding the temperature of practical catalysts dur-
ing use was limited to thermocouple-obtained temperatures of
single catalyst pellets (Kehoe and Butt, 1972) or individual pel-
lets in a bed (Balakrishnan and Pei, 1979). Though interesting
in their own right, comparing the measured temperatures with
heterogeneous model predictions provides limited insight. Even
in the latter case, conduction of the thermocouple and thermo-
couple well will modify their thermal environment and change
the measurement to some ill-defined average temperature. In
addition, this technique is not feasible for the small catalyst par-
ticles common in laboratory kinetic studies.

Recently, Cale (1984) and Cale and Ludlow (1984a,b)
developed a magnetic thermometric technique to measure the
well-defined volume-average solid temperature of a bed of sup-
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ported nickel catalyst during ethane hydrogenolysis. The tech-
nique uses the temperature dependence of the magnetic moment
density (magnetization) of superparamagnetic nickel catalysts.
Superparamagnetic samples behave like paramagnetic samples;
however, their particle moments are much larger (Selwood,
1975). Data obtained at low magnetic field intensities are suffi-
cient to determine changes in magnetization of these superpara-
magnetic samples (Cale et al., 1983). An AC permeameter
(ACP), a low field induction device with an output voltage
which is linear in sample magnetic moment, is used to follow
changes in sample magnetization (Selwood, 1975; Cale and
Ludlow, 1984b). The primary coil of the ACP shown schemati-
cally in Figure 1 surrounds two well-balanced secondary coils
connected in series opposition. The catalyst sample is centered in
the ACP secondary coil whose output voltage increases with
sample magnetic moment. The net RMS output voltage of the
secondary coils is followed during process changes. For example,
if ethane hydrogenolysis is initiated by introducing ethane intoa
stream of hydrogen and perhaps helium flowing through the cat-
alyst bed, the catalyst temperature increases due to the exo-
thermic nature of the reaction. The average solid temperature
rise is calculated from the decrease in ACP voltage using a cali-
bration which relates the change in voltage directly to the
change in sample temperature (Cale, 1984). The decrease in
hydrogen partial pressure upon starting the flow of ethane tends
to increase the sample magnetization due to desorption (Sel-
wood, 1975; Cale, 1984), acting against the effect of tempera-
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Figure 1. ACP used to determine the bed-average cata-
lyst temperature.

ture change. To account for the desorption of hydrogen, the
decrease in voltage observed in the thermometry is increased in
magnitude using a calibration relating the change in hydrogen
partial pressure to the change in ACP voltage (Cale, 1984; Lud-
low, 1986). The converse analysis is used if a thermometry
experiment is performed upon reaction termination.

One conclusion from the thermometric experiments is that
the local time-average crystallite temperature is the same as the
local support temperature. This conclusion supports theoretical
calculations (Luss, 1970; Steinbruchel and Schmidt, 1973; Hol-
stein and Boudart, 1983), and the same conclusion has been
derived from more recent experimental results (Sharma et al.,
1988). Thus, the technique measures the bed average catalyst
temperature that would be calculated by averaging over the
solid phase, which is an experimental property not previously
available. The measurements allow new studies with heteroge-
neous reactor models, since the average solid temperatures pre-
dicted by the models are easily computed. The method has been
used to determine the interphase heat transfer coefficients in
packed-bed reactors operated at low conversion (Cale and Law-
son, 1985) within the differential reactor assumption. The
behavior of single catalyst pellets has also been studied (Cale,
1988). While data obtained using the method have proven use-
ful in studies of more complete reactor models (Cale et al.,
1987), it is more desirable to have the cross-sectional average
catalyst temperature at each axial bed position.

This paper reports on the extension of the bed average mag-
netic crystallite thermometry to determine axial nickel catalyst
temperature profiles during ethane hydrogenolysis. The basic
limitations of the thermometry are the same as for the bed aver-
age thermometry, and the experimental equipment is similar.
For temperature profile determinations, data are gathered as
the bed, operating at steady state, is moved relative to the ACP
secondary coils. The technique is an extension of that used by
Richardson (1971) to determine the amount of sulfur adsorbed
as a function of axial position in a packed bed of nickel adsor-
bent. The cross-sectional average magnetization of the catalyst
is determined by inverting the Fredholm equation of the first
kind which arises from theory. The cross-sectional average cata-
lyst temperature profile is calculated from the magnetization
profile using calibrations. The calibrations between magnetiza-
tion and catalyst temperature and between magnetization and
hydrogen partial pressure are obtained in the same way as for
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the bed average thermometry. Their use is somewhat different
for profile determination, since changes in ACP voltage cannot
be related directly to local temperature and hydrogen pressure
changes. (See the Calibrations section.)

The determination of the axial catalyst temperature profile of
a bed operating at 11.0% conversion of ethane is detailed.
Because of the low flow rate and presence of axial dispersion,
this example provides a good test of the extension of the mag-
netic thermometric method to profile determinations. Some lim-
itations of the technique, as it is currently used, are highlighted
by attempts to study a bed operating at complete conversion.

Theory

The determination of catalyst temperature profiles requires
the measurement of the output voltage of an ACP as a function
of the position of the sample in the ACP. Figure 2 shows the
configuration of the sample, reactor and AC permeameter used
to determine the temperature profiles reported in this work. It
also introduces some of the nomenclature. The position of the
catalyst bed in the ACP (X in Figure 2) is specified by using the
outlet face of the bed as a reference point. The position within
the bed is measured relative to this reference point (£ in Figure
2). The position of magnetic material is specified by X and £.
From Faraday’s law, the instantaneous voltage (£) induced in
the secondary coils of the ACP, due to the magnetic catalyst
sample, is the integral, over the bed length, of the local rate of
change in magnetization (I) times local coil sensitivity (Hayt,
1974):

oI(X, ¢,
E(X,t)=fo"o(x+g)——(a—f’~)dg (1)

where 2 is the length of the bed. The sensitivity o(X + £) is the
output voltage of the entire ACP per unit rate of magnetization
change at position X + £ in the ACP (see Figure 2). It depends
on the number of loops in the coil and the coil geometry and is
determined as a function of X from experiment. Thus, the volt-
age induced due to the catalyst depends on the position of the
bed in the ACP. The changes in local magnetization are due to
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Figure 2. Secondary coils of the ACP and sample.
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changes in magnetic field and temperature. Due to the axial
symmetry of the coils, no radial information is obtained.

For superparamagnetic samples in a low-intensity AC field,
the net magnetization of each catalyst particle (and the entire
sample) is small relative to the intrinsic magnetization of the
nickel crystallites and follows the applied field. The Langevin
low-field approximation for the magnetization of a superpara-
magnetic specimen (Selwood, 1975) is

IL(TYI(T)YoH

M =57
B

(2)

where

H = magnetic field intensity
I(T) = intrinsic magnetization of the nickel at temperature T

I(T) = maximum or saturation magnetization of the sample
at temperature T

k5 = Boltzmann's constant
© = average volume of the nickel crystallites

While the temperature and field may vary in time and/or space,
the average crystallite volume is uniform on a macroscopic
scale. There are over ten million crystallites in each cubic
micron of the catalyst used in this work. Thus, an averaging vol-
ume on the order of a cubic micron is sufficient to define the
average properties of the catalyst and be small on the scale of a
catalyst particle. Equation 2 applies locally to any such averag-
ing volume.

The sample magnetization at a given bed cross section is pro-
portional to the amount of nickel in that cross section. The local
cross-sectional sample saturation magnetization is the local
intrinsic magnetization of nickel times the fraction of the coil
cross section occupied by nickel. This is expressed as

Ian(T) = I:(T)‘//pA(E)/Acm (3)

where p is the local solid fraction in the reactor and ¥ is the vol-
ume fraction of solid which is nickel. The latter is on the order of
2% and is uniform on a macroscopic scale. The ratio of the
local bed cross-sectional area to the coil cross-sectional area
completes the specification of the amount of material at £ In
words, the saturation magnetization is the magnetization which
would occur if the moment of every crystallite in the local sam-
ple were aligned perfectly with the applied field. This happens
only at very high magnetic field intensities, particularly at the
high temperatures of concern in this work. Substituting Eq. 3
into Eq. 2, the local magnetization at low field intensity is

I(T)oyp
Introducing the intensive quantity
(T
(T) = ———
T (3)
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to represent the temperature dependence of the local sample
magnetization, Eq. 1 can be written as

axn=[%a+su@maJ

ar 0H
. [H(X, t) a + T, 1) o dt¢. (6)

Assuming that the applied field is spatially uniform within the
sensing secondary coil region and is written as

H(t) = H,sin 2nft) = H, sin (wt) 7

then Eq. 6 can be written
EWX,1) = H, [ o(X + D(A(E)/A.)
0

. [sin (wt) %? + T'(£, thw cos (wt) dE.  (8)

The dependence of voltage on X is only through the sensitivity
function o, since temperature is a function of ¢ (bed position)
and not of X (ACP position) for isothermal coils. The first term
in the braces in the integrand in Eq. 8 is the voltage generated by
changes in temperature. The second term tracks the tempera-
ture and is much larger in magnitude than the first term for rea-
sonable rates of temperature change. For catalyst temperature
profile determinations, the RMS average voltage of Eq. 8 is fur-
ther averaged over time and recorded at specified positions of
the bed in the ACP. As the voltage profiles are measured under
steady-state conditions, the first term in braces does not play a
role in the analysis. In addition, the constant (in time) value of I
can be extracted from the RMS averaging process. The ACP
voltage recorded with the bed at X, is

V(X) - (RMS(E(X))) = [ S&X, + M@ A®dE ()

where the angle brackets indicate time averaging. The second
equality introduces the equation used in profile determinations.
The magnitude of the local sample magnetization vector is rep-
resented by

M(§) = T(¢)H, (10)
and the ACP’s RMS sensitivity is
S(X) = ao(X)w/ Aus (11)

where « is a constant of proportionality. S(X) is the RMS volt-
age output of the ACP secondary coils due to a reference
moment at X, a fixed position in the coils. It has the units of
wVRMS/moment. The local moment is expressed as the magni-
tude of the local magnetization (M) times the differential vol-
ume. The units of magnetization are arbitrary since only ratios
are currently used in the thermometry. Though the recorded
voltage varies in time during reaction initiations and termina-
tions and fluctuates due to noise, time has been dropped from
the argument list. This is to emphasize that, during the acquisi-
tion of voltage data to be used in the thermometry, the system is
at steady state. The origin of the ACP coordinate (X = 0) is
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assigned to the ACP position for which the value of the integral
in Eq. 9 is zero for the bed studied under isothermal conditions.
This point is experimentally determined and the outlet face of
the catalyst bed is somewhat to the negative of the ACP symme-
try point.

Experimental Study

The tubular quartz reactor is designed to allow in situ chemi-
sorptive and magnetic catalyst characterizations (Cale, 1984).
The bed length of the 170/200-mesh-silica-supported nickel
catalyst is 9.0 mm and has a nominal diameter of 11 mm. The
top surface of the bed (inlet) is free and the bed rests on a fritted
quartz disk. One quartz thermocouple well is centered 1 mm
above the free surface to measure the inlet fluid temperature.
Another well almost touches the center of the fritted quartz disk
which supports the catalyst bed in order to measure the outlet
fluid temperature. This catalyst bed, as loaded, has been used
extensively in studies of the bed average magnetic thermometry,
and both temperature and hydrogen partial pressure calibra-
tions have been established. These calibrations are checked reg-
ularly as part of the experimental protocol.

Acquisition of voltage as a function of bed position in the
ACP (see Eq. 9 and Figure 2) is started at X = 0.0, where the
magnetic centroid of the isothermal catalyst bed is at the sym-
metry point of the secondary coils (see Figure 2). The catalyst is
then moved toward the middle of the positive responding sec-
ondary coil, with the bed position adjusted manually and read
with a resolution of 0.1 mm using a scale built into the height
positioner. The ACP voltage is recorded every 2.0 mm in this
work. The signal is averaged for 0.6 s by the measuring volt-
meter before each value is recorded. These values are further
time-averaged to produce the RMS voltage at each coil position.
Four sets of voltage vs. bed position in the ACP are then aver-
aged. The reproducibility of voltage at each position of the bed
in the ACP depends somewhat on the voltage level, but is less
than 3 uVRMS in any case. Errors in positioning add another §
pVRMS uncertainty to the data in the worst case,

The spatial isothermality limits of the ACP-oven system
allowed data to be taken over a length of 36.0 mm (L in Figure
2), before a significant temperature change was noted in the exit
fluid temperature. The repeatability of the thermocouple read-
ings is 0.1 K; therefore, a significant temperature change is
taken to be 0.2 K. Temporal isothermality is satisfactory, as the
temperature of the exit fluid at a given position of the bed is con-
stant beyond the time scale of the experiment. This reflects both
the stability of the oven temperature and the steady state of the
reactor. The oven is not controlled, as the temperature is more
stable with time without the adjustments of a controller.

The established bed average thermometry is part of each
experimental sequence in order to compare the average solid
temperature to the average calculated from the determined pro-
file. The reaction is initiated with the catalyst positioned at the
maximum of sensitivity in the sensing secondary coil (X = 56
mm), and the bed average thermometry is performed. After
steady state is reached, the reactor is moved to X = 0.0 to begin
voltage profile measurements. After the voltage vs. position data
are taken, the sample is again centered in the positive
responding secondary coil. The increase in ACP voltage, after
the reaction is stopped, is converted to average temperature
decrease. The temperature changes determined in both reaction
initiation and termination experiments are the same within
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experimental repeatability (Cale, 1984). The repeatability of
the bed average temperature depends on the thermocouple
repeatability, the sample voltage sensitivity, and the noise level
during a particular set of experiments. The reproducibility
between experiments of the bed average solid temperature,
determined using this technique, has been demonstrated to be
0.1 K in favorable cases, limited only by the repeatability of the
reference thermocouples. For the catalyst sample studied in this
work, the repeatability is 0.2 K. The inlet and outlet fluid tem-
peratures with the bed at X = 56 mm are both 0.2 K above those
at X = 0.0. The higher temperature reflects the small noniso-
thermality in the oven, and the base (no reaction) temperature is
also higher by 0.2 K. Only temperature changes are measured;
therefore, the temperature rise above the (local), no reaction
temperature will be within the repeatability of the bed average
thermometry, independent of bed position between X = 0 and
X = 56 mm.

Calibrations

The magnetochemistry of the ethane hydrogenolysis system
can be important; however, it does not play a significant role in
the thermometry for the catalyst sample studied. The sample
was chosen partly because of its relatively low dispersion, esti-
mated to be 4% from the decrease in ACP voltage upon intro-
ducing hydrogen over the fresh catalyst (Cale, 1984; Selwood,
1975). The average crystallite size in the sample depends on the
assumptions made in the estimation, but is less than 10 nm. This
sample is superparamagnetic at 47 Hz in the operating tempera-
ture range of the ethane hydrogenolysis experiments (475-550
K) (Selwood, 1975; Ludlow, 1986). The low dispersion mini-
mizes the impact of changes in hydrogen partial pressure on
sample magnetization and any assumptions regarding adsorp-
tion. The magnetochemistry of the system is accounted for in
profile determinations; however, neither the calibration deter-
mination nor its use is discussed.

A calibration relating the local catalyst temperature to the
local magnetization is necessary. This calibration is based on a
calibration between ACP voltage and bed average temperature,
used in the bed average thermometry (Cale, 1984). The calibra-
tion between catalyst temperature and ACP voltage is deter-
mined in the absence of reaction by changing the sample tem-
perature in a flow of helium. This is done by withdrawing the
sample from the oven and then reinserting it to the position
which gives the maximum ACP output after the temperature
has dropped substantially. The ACP output voltage is followed
as the sample reheats. Within several degrees (approximately 20
K) of the oven temperature, the sample temperature changes
relatively slowly. In this temperature range, it is assumed that
the bed is isothermal and is represented by the exit fluid temper-
ature. The calibration between temperature and voltage is
assumed to apply over this limited temperature range. This
method gives very reproducible temperature calibrations (Lud-
low, 1986). To calibrate over a larger temperature range, the
oven temperature is changed and the experiment is done again.

From Eg. 9, the ACP output voltage due to a spatially isother-
mal bed (7,) with uniform magnetization (M,) placed at the
value which gives the maximum ACP response for the bed stud-
ied (X = 56 mm) is,

V™(T,) — M(T,) f “S(X + D AE)E. (12)

Vol. 35, No. 9 1431



V™ is used to emphasize that, though the analysis works for an
arbitrary X, the data are recorded where the ACP response is
maximum. The change in voltage during the reheating is con-
verted to a temperature sensitivity by differentiating Eq. 12 with
respect to temperature:

m aM 2
d_”g;_T) N o Y3
0

dar (13)

Dividing Eq. 13 by Eq. 12, the change in voltage is related to the
change in bed moment by

d(M/M,) _dlV™(T)/V(T,)] (14
dT ar ’

Equation 14 expresses the linearity of ACP response to mag-
netic material. The maximum output voltage of the ACP due to
the catalyst sample used in this study is 1,940 xVRMS at 524.0
K. The output voltage of the ACP, with the bed at X = 56 mm,
changes 16.0 uyVRMS/K over a 22 K temperature range (514 to
536 K). Thus, the sample temperature and ACP voltage are
linearly related by

T = 524.0 + (1,940 — ¥™)/16.0 = 524.0
~ (1,940/16.0)(1 — ¥™/1,940) (15)

and the reference temperature and reference magnetization are
arbitrary. Equation 15 is used to compute the bed average tem-
peratures from voltage changes. The experimentally-deter-
mined temperature dependence of magnetization compares well
with past results on nickel catalysts (Cale et al., 1983). Over a
larger temperature range, this sensitivity depends on tempera-
ture and the reference must be carefully specified.

For nonisothermal beds, a magnetization profile is deter-
mined from voltage data by inverting Eq. 9. Then a temperature
profile is computed using the experimentally determined tem-
perature dependence of magnetization. The local temperature
change is not related directly to ACP voltage change; however,
Eq. 15 is still the basis for relating magnetization to tempera-
ture. The magnetization ratio

r(T,T,) = M(T)/M(T,) = M(T)/M, (16)
is introduced to avoid the calculation of absolute values for mag-
netization. To determine temperature profiles, it is assumed that
the temperature dependence of the catalyst’s magnetization is
spatially uniform. This is true for uniform catalysts and the local

temperature is related to the local magnetization ratio through
the inverse of Eq. 15:

(T, T,) =1

— (16.0/1,940)(T — T,) = 1 — 0.00825(T — T,). (17)

The temperature profile is computed from the magnetization
profile using

T =T, - (1,940/16.0)[1 — r(§)] = T}

— (1,940/16.0)[rs — r(©)]. (18)
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The second equality accounts for the fact that the base (no reac-
tion) temperature T, for a profile determination is not the refer-
ence temperature T, in general. The magnetization ratio at the
base temperature r(T,, T,) is calculated using Eq. 17. Because
the ACP is linear in sample magnetization, the ratio determined
at each cross section is the average moment at that cross section.
Since the magnetization is a linear function of temperature, over
the limited range of interest, the temperature determined is the
cross-sectional average catalyst temperature.

Results and Discussion

In order to determine the magnetization as a function of posi-
tion in an operating bed, the ACP sensitivity to magnetic mate-
rial S(X) must be known. This is determined using output volt-
age vs. catalyst bed position in the ACP obtained on the subject
catalyst bed in the absence of reaction at a specific temperature
(T, = 524.0 in this work). The data are obtained after estab-
lishing a flow of helium. The magnetization (M,) of this isother-
mal reference bed is assumed uniform in the absence of reaction;
however, the reactor area decreases somewhat toward the outlet
end. Thus, the local cross-sectional moment is not uniform.
Measurements of the reactor diameter as a function of bed posi-
tion are included in the analysis by writing local area as a frac-
tion ( /') of the nominal area (A4,). The ACP response due to the
catalyst sample with the bed outlet placed at X is then

V(X) = M,A, [ “S(X + HAE)dE. (19)

The sensitivity is determined as a polynomial function of coil
position, as

SX) =3 X", (20)
k=0
Then Eq. 19 is
V(X) - M,,Aak)"’: o ['Xrpi@de @

The first term in the sum is a constant, and the corresponding
integral represents the constant total volume of the reference
bed (divided by A4,). The reference moment and nominal area
are included in the sensitivity by defining new coefficients for
the polynomial:

¢, =M, Ac, for k =0 tons. (22)
So the modified sensitivity
S'(X) =2 cix* (23)
k=0

depends on the sample, since it depends on sample moment den-
sity and sample geometry. Equation 21 can be written as

s

v -3 1o oo - Z X)) (29)

k=0
where ¢, replaces the kth integral. The integrals ¢, are evalu-

ated using Simpson’s (3/8) rule, since fis known at discrete val-
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ues of £ (every 1 mm). The coefficients of the sensitivity poly-
nomial are determined by minimizing the sum of the squares of
the differences between the calculated and experimental ACP
voltage data over the length of data taken:

N

minigmize 0(c) = D_ V(X)) — kio (XN (25)

i=1

where N is the number of data points. Coefficient determination
is performed using Gauss-Jordan elimination.

The voltage data and resulting sensitivity profile for the bed
studied are presented in Figure 3. The sensitivity profile is repre-
sented well by a sixth-order polynomial. For convenience, the
sensitivity is normalized so that its maximum is unity. Hence,
Shax = M,A,and a value for M, is determined in arbitrary units
using Eq. 22. M, represents the magnetization of the sample at
524.0 K. In principle, the normalized sensitivity profiles are
applicable to any bed. In reality, they are not expected to be
identical because of errors in measuring bed dimensions and
perhaps small spatial nonuniformities in catalyst loading. It is,
therefore, critical to use the sensitivity profile determined for
the same bed for which the temperature profiles are desired in
order to account for these small errors. Local magnetization
changes on the order of 0.1% are required for temperature pro-
file determinations. Thus, bed measurements would have to be
done to that precision in order for the determined sensitivity pro-
file to be universal. Another advantage of the approach taken is
that it renders the reference magnetization completely arbitrary
as long as the same value is used for operating beds.

In order to determine the temperature profile in an operating
reactor, ACP voltages vs. bed position in the ACP are measured
after steady state is reached. Two conversion levels are dis-
cussed: 1) 11.0% conversion and 2) complete conversion. The no
reaction temperature in the 11.0% case is 523.4 K and is 520.6 K
for the complete conversion case. These temperatures are dif-
ferent for each other and different from the temperature at
which the sensitivity data were taken because of the long-term
drift in the oven temperature. The data sets were obtained on
different days. The flow rates in both experiments were the
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tivity profile.

Uncertainty in the measurements is less than the symbol size.
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same: 26 mL/min STP of hydrogen and 18 mL/min STP of
ethane, which corresponds to a Reynolds number of 0.023. The
pressure was essentially local atmospheric, as the pressure drop
required for this total flow rate is very small.

For the 11.0% conversion level, the average temperature rise
above the no reaction reference temperature for the solid is
determined to be 5.0 + 0.2 K using the bed average thermome-
try. The inlet fluid temperature rise is 0.5 + 0.1 K, while the
outlet fluid temperature rise is 0.9 + 0.1 K, indicating a consid-
erable amount of axial dispersion and considerable heat loss
through the reactor wall. The voltage vs. bed position in the
ACP data for this bed are shown in Figure 4. The differences
among the voltages at each ACP position and between the iso-
thermal bed and the operating reactor are small relative to the
magnitude of the voltages. Nevertheless, the differences are
larger than the repeatability of voltage at each ACP position,
which is smaller than the size of the data point markers in Fig-
ure 4. Since the no reaction base temperature (523.4 K) is lower
than the reference temperature (524.0 K), the voltage data from
the operating bed cannot be compared directly to that of Figure
3. The magnetization ratio [r; = (T, T,)] at the base temper-
ature is greater than 1.

In this work, the magnetization ratio profile is represented as
a polynomial in ascending powers of £:

M

M, (26)

—HT®). T,) - r(®) - Z byt

This representation was chosen to allow convenient comparison
of results with the predictions of a heterogeneous reactor model
which uses polynomial approximation (orthogonal collocation);
however, the method is limited to cases where the temperature
profile can be represented reasonably well by a polynomial. The
voltage data can be expressed as

VX) - Vo + M, 3 b, [ FOESKX + 9
k=0 0

=V 4+ M,A,>_ bd(X) (27)
k=0
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Figure 4. ACP voltage profiles for 11.0% (m) and com-

plete conversion (a) cases.
Uncertainty in the data is less than the symbol size. Note that the
base (no reaction) temperatures are 523.4 and 520.6 K.
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where ®,, representing the kth integral, is evaluated using
Simpson’s (3/8) rule. ¥ is needed since the integral in Eq. 9 is
not zero for an operating, nonisothermal catalyst bed positioned
at X = 0.0. It is an unmeasurable offset voltage and must be
determined as part of the profile determination. Proceeding as
for the determination of the sensitivity, b and ¥ in principle can
be determined by minimizing the sum of the squared differences
between the data and calculated voltages. Unfortunately, taking
this approach is disastrous. Though the back-calculated voltages
are very close to the experimental data, the moment profiles are
unreasonably wild functions of £. The inversion to obtain the
magnetization profile is said to be ill-posed, which is a common
problem with Fredholm equations of the first kind (Delves and
Mohamed, 1985). The difficulty is due to the fact that the ker-
nel of the transformation [S(X)] is “flatter” spatially than the
desired function [M(£)]. Conversely, obtaining S(X) using Eq.
25 posed no difficulty, because the kernel of that transformation
[M{(£)] varied rapidly in space relative to the sensitivity.

“Regularization” is used commonly to deal with the ill posed-
ness of these inversions by incorporating desired properties into
the solution (Delves and Mohamed, 1985). In this work,
smoothness is introduced into the calculated profile by including
a constraint on the variance in the form of a penalty function.
The variance is written as:

fo “IF - r(9))ME - f ‘e f “rENdg — r@)de (28)

where the bed-average magnetization ratio 7 is calculated from
the polynomial (Eq. 26). It is compared with the average mag-
netization ratio obtained from the bed average thermometry to
ensure consistency. ¥'°and b are the solution to:

N nm
minimize Q(b, V°) = }_ [V(X)) = V°* = 3_ by@(X)]* +
o k=0

P f ‘I - r®1 e (29)

Gauss-Jordan elimination is used to determine the solution. The
difficulty is choosing a value for P. If P is too large, the resulting
moment profile will be uniform at the average, while if P is too
small the profile obtained will vary wildly.

The value of P is determined from extensive trial calculations.
A catalyst temperature profile is assumed, which is converted to
magnetization profile via Eq. 17. ¥(X) “data” are generated
using the established sensitivity, S(X). Many different “data”
sets are generated by adding noise to each point using a random
number generator (Rice, 1983) and then truncating to represent
experimental data. The noise is added so that the resulting vari-
ation in the generated “data” corresponds to the experimental
level. A magnetization, hence temperature, profile is then calcu-
lated for each of the noisy “data” sets using Eq. 29. The results
of thousands of these inversions are analyzed for a range of P
values. For each value of P, this procedure gives an approxi-
mately Gaussian distribution of temperatures at each bed posi-
tion. The average at each cross section is the most probable tem-
perature, with the standard deviation of the distribution being a
measure of the uncertainty.

The value of P, for which the calculated local average temper-
ature is the input temperature, increases with the uncertainty in
the data. Over a substantial range in values for the penalty
above the minimum, the average temperature profile is essen-
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tially the input profile. At very large values of P, the average
temperature at each point is pulled toward the bed-average tem-
perature. In the range of penalty values which allows back cal-
culation of the input profile, the standard deviation of the tem-
perature distribution at each bed position decreases with
increasing P. The value of P chosen is the highest value which
does not cause a noticeable difference between the input temper-
ature profile and the calculated profile.

Figure 5 displays the temperature profile for the 11.0% con-
version case, calculated from the experimental data using the
value of P determined. To verify that the value of P used did not
distort this specific profile, it was used as the starting profile and
the trial calculations discussed above were repeated. The solid
temperature profile in Figure 5 is based on a fifth-order poly-
nomial, because there is no significant difference between it and
a sixth-order polynomial. The solid temperature increases about
0.5 K through the bed and the inlet solid temperature is about
4.5 K above the no reaction temperature. The calculated most
likely solid temperature goes through a slight maximum, and its
derivative at the outlet is close to zero. It is reassuring that the
experimentally-based profile supports the corresponding result
(or assumption) found commonly in heterogeneous reactor mod-
eling (Khanna and Seinfeld, 1987; Odendaal et al., 1987). The
calculated profile indicates an average solid temperature rise of
4.9 K above the no reaction base temperature. The bed average
temperatures computed during the trial calculations are within
the +0.2 K experimental repeatability of the bed-average ther-
mometry for the vast majority of the random distributions of
noise added and for any value of P which allowed meaningful
profiles to be calculated. This reflects the experimentally-estab-
lished reproducibility of 0.2 K in the bed-average thermometry.

The local temperatures fall within the bounds shown in Fig-
ure 5 in 68% and 95% of the inversions. The bounds were com-
puted every 1.0 mm, and the lines are present to guide the eye.
The percentages correspond to one and two standard deviation
units of a normal distribution. The predicted solid temperature
at the bed inlet is within £0.29 K and +0.56 K of the most likely
inlet temperature for 68% and 95% of the irial computations.

TEMPERATURE (K)

527 T T T T T T T ) 1
[ 041 0.2 03 0.4 a.s 0.6 07 0.8 0.9
BED POSITION (cm)

Figure 5. Temperature profile for 11.0% conversion ex-

periment, using a fifth-order polynomial.
The plot is from reactor inlet to outlet, which corresponds to plotting

the profile from £ ~ 2to § = 0. The 68% and 95% certainty levels are
also shown.
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The reliability is considerably better in the majority of the bed,
as the temperature is likely to be within +0.13 K and +0.25 K of
the local average for the listed percentages. The uncertainty in
the profile increases toward the inlet of the bed because the
remainder of the bed is so close to the same (and average) tem-
perature. Thus, the random noise introduced into the “data,”
during the trial calculations, is disproportionately accounted for
by adding variance to the magnetization at the bed inlet. A
higher value of P narrows the distribution of temperatures about
the local average and tends to pull the local average temperature
to the bed average. This skewing effect of P is noted first at the
bed inlet (£ = 2), again because the average temperature is
largely determined by the majority of the bed. Computations
using trial temperature profiles which are smoother spatially
show that the uncertainty is distributed more uniformly over the
bed and is about 0.2 K at the 95% level. Such temperature pro-
files would occur at the same conversion level at higher Rey-
nolds numbers, since the decreased effect of axial dispersion in
the fluid would result in a lower inlet solid temperature. The
11.0% conversion case, as run, is a good test of the magnetic
determination of solid temperature profiles, with a relatively
small change in temperature occurring over a short length of
reactor.

In order to obtain complete conversion at the same flow rates
as for the 11.0% conversion case, the hydrogen flow was reduced
until the average solid temperature started increasing dramati-
cally and then reset. Experimentally, the inlet fluid temperature
rise above the no reaction condition is 18.5 K, while the temper-
ature rise of the exit fluid is 10.4 K. Considerable axial disper-
sion is apparent, in addition to significant radial heat loss. ACP
voltage data for the complete conversion case, shown in Figure
4, reflect a large increase in bed temperature. The average tem-
perature rise above the no reaction base temperature, based on
Eq. 15, is 47 K. The calculated average of close to 570 K is well
outside of the range of validity of the calibration. Since the tem-
perature sensitivity of the magnetization increases (in absolute
value) toward the Curie temperature, this is a lower bound on
the average temperature increase. Indeed, attempts to deter-
mine the magnetization profile indicate that the catalyst at the
reactor inlet is nonmagnetic; i.e., above the Curie temperature
of 627 K. Qualitatively, the complete conversion case represents
the upper steady-state solution to the diffusion-reaction problem
in the pellets at the inlet conditions. It is clear that the thermom-
etry is only useful over temperature ranges where calibrations
are available and certainly below the Curie point of the mag-
netic material. This is not a severe limitation, as materials which
are both superparamagnetic and catalytic are available over a
very wide temperature range (Kittel, 1976).

The potential to use well-defined cross-sectional average solid
temperature profiles for heterogeneous model development and
parameter estimation is clear. The results of the 11.0% conver-
sion case demonstrate that the uncertainties in local solid tem-
peratures depend on the profile determined. Trial calculations
indicate that 2 0.25 K t0 0.5 K uncertainty (at the 95% level) in
local solid temperatures for profiles at higher conversions can be
expected with the current equipment and experimental protocol.
Higher conversions, which have larger spatial temperature vari-
ations, are therefore expected to provide significantly better rel-
ative precision. Higher conversion cases will also require more
extensive computations, since a high-order polynomial may be
needed to represent the temperature profile. This affects both
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the solid temperature profile and the model parameter estima-
tions. Alternative functional forms can be used in such cases.
The conversion level can be chosen to balance uncertainty in
local temperature values and computational difficulties, since
model parameter values should be conversion-independent.

Model simulations are needed to determine the precise depen-
dence of the uncertainties in parameter value estimates on the
uncertainties in local solid temperatures; however; improved
reliability in temperatures will improve parameter estimates.
Trial calculations using the temperature profile of Figure 5 indi-
cate that the uncertainty throughout the bed would be within
the current 0.1 K thermocouple repeatability with an improve-
ment of a factor of ten in signal to noise ratio. A similar improve-
ment in precision can be realized by decreasing the spatial scale
of the ACP secondary coils in order to reduce the difficulty with
the inversion of the Fredholm equation (Eq. 29) (Wing, 1985).
Equipment and protocol are being developed to achieve this
increased precision.

As there is no other method to measure cross-sectional aver-
age solid temperature, validation of the magnetic temperature
profile determinations will come through experiments on sys-
tems for which there are established correlations for model
parameters. For example, experiments at higher Reynolds num-
bers and with larger catalyst particle sizes will alow comparison
of predicted parameter values with the accepted values for spe-
cific models (Froment and Bischoff, 1979). Experiments de-
signed to optimize the prediction of specific parameters can also
be developed. Thermocouple-measured temperatures of larger
catalyst particles may allow pointwise comparison with mag-
netically-determined solid temperature profiles. Comparing
point values with cross-sectional averages will at least provide a
consistency check, though the interpretation of thermocouple-
measured temperatures is subject to debate.
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Notation

A = area, cm?
b = coefficients in the polynomial for magnetization profile
¢ = coeflicients in the polynomial for sensitivity profile
¢’ = modified coefficients in the polynomial for sensitivity profile
E = instantaneous voltage output of ACP with the bed at position X
f = ratio of local cross-sectional area to nominal area
H = magnetic field strength, Oe
I = magnetic moment density, arbitrary units
k; = Boltzmann’s constant
€ = length of catalyst bed, cm
L = range of X over which data was taken, cm
M = magnitude of the magnetic moment density, arbitrary units
N = number of data points for regression
ns = order of polynomial representing sensitivity
nm = order of polynomial representing moment density profile
P = penalty for variance constraint
Q = objective function for determination of coefficient vectors
r = ratio of local magnetization to reference magnetization
S = ACP sensitivity to a unit moment at a given position, uWVRMS/

moment
T = temperature, K
t = time, s

V = recorded time average RMS voltage, uV
H = average nickel crystallite volume, nm?
X = position of bed reference point relative to its starting value, cm
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Greek letters

a = constant of proportionality

£ = coordinate for bed position relative to the quartz frit, cm

¢ ~ integral introduced in Eq. 24

& - integral introduced in Eq. 27

¥ = fraction of solid which is nickel

p = solid fraction in each cross section

I’ - dimensionless quantity introduced in Eq. 5

o ~ output voltage of ACP per unit rate of change of magnetization
w = frequency of excitation voltage

Subscripts

B = no reaction state
o = sensitivity data and conditions thereof
i = index for data points
k = index for the polynomial terms
§ = spontaneous or intrinsic
o = saturation or infinite field
ccs = coil cross section

Superscripts

o = voltage at X = 0 for nonisothermal beds, uVRMS
m = indicating maximum in voltage
' = modified constants for sensitivity profile
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