Causes, Magnitude, and Effects of
Temperature Fluctuations (Flickering) of
Catalytic Wires and Gauzes

An experimental study has confirmed a theoretical prediction that, when
an exothermic mass transfer limited chemical reaction occurs on a single
catalytic wire for which the parameter a [Equation (11)] is large, tempera-
ture fluctuations (fickering) of large amplitude must be induced by con-

centration fluctuations./ A simplified model is presented for predicting the
magnitude of flickering in industrial convertors for which the parameter a
is usually large. The model should be useful in estimating the influence of
improved mixing of the reactants on the reduction in precious metal loss

from the gauze.
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SCOPE

The industrial ammonia oxidation process utilizes a
catalytic gauze consisting of 10 to 40 layers of platinum-
rhodium wire screens. Observations of these gauzes reveal
localized regions of high luminosity whose intensity fluc-
tuates randomly with time, a phenomenon referred to as
flickering. Nowak (1969) reported that the rate of precious
metal loss in the amrhonia oxidation process, which ac-
counts for about 59, pf the manufacturing costs, can be
represented by an Arrhenius temperature dependence
with an activation energy of about 40,000 cal/g mole.
Due to this convex temperature dependence, temperature
oscillations (flickering)! increase the metal loss above the
level corresponding to uniform temperature operation at
the same average temperature. Thus, information about
the magnitude and c%uses of flickering coul.. lead to a

design which reduces these precious metal losses.

Ervin and Luss (18972) used numerical simulation to
show that large amplitude flickering can be induced by
the fluctuations of the turbulent transport coefficients
(caused by velocity fluctuations) if the parameter a, which
is the ratio of the characteristic time for changes in wire
diameter to the characteristic time for surface concentra-
tion changes, was of order unity or less. However,
under the conditions: prevailing in industrial convertors
the parameter g is vety large, and for this case numerical

simulations indicate that the magnitude of flickering in-
duced by velocity fluctuations is negligible. A model
presented here shows that if the parameter a is large and
the reactants are not completely mixed on a molecular
level, concentration fluctuations can induce flickering of
large amplitude. Edwards et al. (1973) measured large
amplitude flickering during the catalytic oxidation of
butane in air on single platinum wires for which a was
rather large. The experiments demonstrated the existence
of a correlation between flickering and the turbulence of
the reacting gas but did not enable a determination of
the specific cause for flickering.

The main objective of this work was to determine the
primary cause of flickering of single catalytic wires for
which the parameter a is much larger than unity. To this
end a high resolution infrared detector was used to mea-
sure localized surface temperature fluctuations on single
platinum wires during the catalytic oxidation of either
hydrogen or ammonia in air. By changing the feed port
location and method of injection various intensities of
concentration fluctuations were obtained in the same
turbulent flow field. The results of this study were used
to develop a theoretical model for predicting the causes
and magnitude of flickering under the conditions prevail-
ing in industrial convertors.

CONCLUSIONS AND SIGNIFICANCE

A series of measurements of the root mean square
temperature fluctuations in the same turbulent flow field
and various levels of concentration fluctuations indicated
that concentration fluctuations must be the primary cause
for flickering of the magnitude observed in industrial
convertors. The theoli'etical predictions of Equation (23)
adequately described | the relation between local flickering
on a single wire and local concentration fluctuation in-
tensity. A comparison of the probability density functions
of the fluctuations ahout the mean of the wire’s tempera-
ture with those of the concentration and velocity of the
reacting gas further ¢onfirm the conclusion that flickering
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was induced by concentration and not velocity fluctua-
tions. The spectral density functions of the temperature
fluctuations do not enable a conclusive determination of
the cause of flickering.

A simplified model was developed for estimating the
magnitude of flickering in industrial gauze convertors
[Equation (41)]. The model predicts that under the con-
ditions prevailing in typical high pressure ammonia con-
vertors imperfect mixing and concentration fluctuations
are the main causes for flickering. Thus, equipment modi-
fications which reduce the concentration fluctuations up-
stream of the gauze will decrease the magnitude of flicker-
ing. This in turn will reduce the precious metal loss and
the deterioration rate of the catalytic gauze.

May, 1974 Page 571



Catalytic gauze convertors deteriorate with time due to
precious metal losses (mainly in the form of volatile ox-
ides). The precious metal loss varies from plant to plant
and often has a significant impact on the economics of the
process. For example, in the high pressure ammonia oxida-
tion process, the metal losses may account for about 5%
of the manufacturing costs (Newman and Hulbert, 1971;
Gillespie and Kenson, 1971; Heywood, 1973) and, ac-
cording to Nowak (1969), can be correlated by the em-
pirical expression

—(Z—A:Zf(oz) exp(— Em/RT) (1)
where En ~ 40,000 cal/g mole.

Large amplitude random temperature fluctuations (flick-
ering) have been observed in commercial convertors. One
of the main disadvantages of flickering is its deleterious
influence on the rate of precious metal losses from cata-
lytic gauzes. An instructive parameter for gauging the in-
fluence of flickering is the relative metal loss r(T), defined
as the ratio of the metal loss with flickering to that during
uniform temperature operation with the same average
temperature and average reactant concentration.

> C(m)

at/
HT) = dt - 2)

(%) o (- 255 )
dt *P R<T>

T=<T>

where < > denotes the time average of a stationary proc-
ess. Since exp(— E/RT) is a convex function of the tem-
perature r(T) = 1. When the probability density function
(pdf) of the temperature fluctuations is known, (2) can
be used to calculate the effect of flickering on the metal
loss. Experiments carried out in this laboratory with single
wires indicate that when no information is available about
the pdf of the flickering a Gaussian distribution should be
good approximation. Typical values of 7(T) are reported
in Table 1 using this assumption and operating conditions
similar to those existing in industrial ammonia oxidation
convertors. It is noted that the relative metal loss increases
rapidly with increasing root mean square temperature
fluctuations.

The temperature and surface concentration of a single
catalytic wire on which a single chemical reaction occurs
can be described by the equations

A
d(dtS) = k(S)C —r (3)
Apc,,aa—fzkwAf—strhp(Tg—T) L P(— aH)r  (4)
(8) + (AS) =L (5)

Edwards et al. (1973) have shown that when the reaction
is mass transfer controlled the maximal temperature rise is
given by

Ak, 92T
<AT > = <AT %> + 6
ad ad P<h> 6.5‘2 ( )
where
— AH)<C N 2/3
<ATge*> = ( )<C> ( PT)
PiCos Nsc
— AH
= LM N )
Cpy Mf

The second term on the right-hand side of (6), which
accounts for the influence of thermal conduction, is negli-
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TABLE 1. VALUES oF 7(T) As A FUNCTION OF THE TIME
AVERAGE TEMPERATURE AND THE ROOT MEAN SQUARE
TEMPERATURE FLUCTUATIONS AsSUMING A GAUSSIAN
TEMPERATURE OSCILLATION pdf AND E,,
= 40,000 cAL/G.MOLE

<T>,°C
T'ems, °C 800 850 900 950
20 1.05 1.04 1.033 1.028
40 1.22 1.18 1.15 1.12
60 1.54 1.43 1.35 1.29

gible when compared with <ATq.q*> for wires with length
to diameter ratio greater than 200.

The turbulent mass transter coeflicient to a cylinder can
be expressed as (1reybal, p. 59, 1968)

ked

NSh:D =a+/3u" (8)

AB

where « and B are two empirical constants. Local turbu-
lent transport coeflicients fluctuate with time and can be
expressed as the sum of their stationary average and a
fluctuating component, which is denoted by a prime. When
the fluctuating velocity component v’ is much smaller than
the time averaged velocity <u>>, the ratio between the
instantaneous to the time averaged mass transfer coeffi-
cient may be approximated by

k. u
=14+N 9)
<k.> <u> (
where
n
N:n'8<_“>:n(1_____a__) (10)
<Nsp> <Ngp>

and n is an empirical constant, which is about 0.5. Analogy
between heat and mass transfer implies that when the
Lewis number is close to unity the right-hand side of (9)
describes also the ratio of h/<h>.

Ervin and Luss (1972) used a numerical simulation to
demonstrate that fluctuations of the transport coefficients
may induce flickering on a wire. The magnitude of this
induced temperature fluctuation was found to be strongly
dependent on the parameter

Ap p<k:><C>  Apcp<aTad®>
- LP<h>  LP(— AH)
Ap cp<xg>Np,~%3
LP cp; <M;>

which is the ratio of the characteristic time for changes in
wire temperature to the characteristic time for surface
concentration changes. The numerical computations indi-
cated that appreciable temperature oscillations were in-
duced by fluctuating transport coefficients only when a
was of order one or less.

Estimation of the parameter a requires information
about the concentration of active surface sites per unit
surface area L. The atomic radius of a platinum atom is
1.38A. Hence, L = 2 X 107° g atom/cm? A high tem-
perature steady state can exist only if the reactant mole
fraction exceeds the value corresponding to extinction x..
Some estimates of a lower bound on the parameter a are
reported in Table 2 for reactions on a 0.025-mm platinum
wire, based on the assumptions of L =-2 X 1079 and
<x> = x,. These estimates indicate that for all these
cases a is at least of order 100. In the industrial am-
monia oxidation process <x,> ~ 0.11 and dy, = 0.075
mm, yielding 9900 as the lower bound on a. A similar

(11)
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TasLE 2. EsTIMA1 (ON OF A LOWER BOUND ON THE
PaRAMETER a FRON ExXPERIMENTS WiTH A 0.025-mm
1 LATINUM WIRE

AT® g4/
Reactant NLe 4IK°] Ty [°C] Xe Min (a)
Butane 2.30 47,500 145 0.0087 140
Hydrogen 0.27 10,600 24 0.010 710
Ammonia 0.895 8,000 24 0.040 1,240

magnitude is attained in the HCN process. The model of
Ervin and Luss (1972) predicts that for these high values
of a the amplitude of the flickering is neglgibly small,
and that fluctuations in the transport coethcients cannot
induce the large amplitude flickering observed in industrial
convertors.

In the following discussion, a model is described which
explains flickering for systems having high values of the
parameter a. The main assumption of the model is that
tor mass transfer controlling conditions and large values of
a the surface concentration of the adsorbed reactant satis-
fies the pseudo steady state relation

r=k(S)C = k.C (12)

Substitution of (12) into (4) and neglecting the effect of
axial conduction yields

Apcy, dT _‘ _ _ )
3 —dT—h(Ta T) + kC(—aH)  (13)

Equation (13) can be rewritten as

Ap ¢cp ar’
P<h><T — T,> dt

(12 o )
=)+ =)

1+ 14

<k.> <C> (14)

where we have expressed the transport coefficients, the

concentrations, and the temperature as a sum of a sta-

tionary average and a Huctuating component, and used the
relations

e

d<T>
—_— =0 15
7 (15)
(— aAH) <k><C>
=1 16
<h><T — Ty> (16)

Substitution of (9) into (14) and neglecting second-order
terms yields

Ap cp dT,—i—T"—T’—i—
- =1y

<T — T,>C
P<h> dt

<C> (17)

Assuming that the gas temperature is uniform (T = 0)
Fourier transformation of (17) yields

<T — Tg>2 Ge: (f)
() = e+ @i (18)

where

Ap C,;
= P% 19
T P<h> (19)

and Gr-(f) and Gc.(f) are the power spectral density
functions of the wire temperature fluctuations and of the
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feed concentration fluctuations, respectively.

The one-dimensional spectral density function of the
velocity fluctuations in an isotropic turbulent flow field
can be usually approximated very well for low frequencies
by (Hinze, 1959)

Gu(f) 1 _ 1
4<u?>rg 1+ (2af )2 1+ (F/fi2)?

where 7z is the Eulerian time scale and fy;2 is the half
power frequency. The power spectral density of concen-
tration fluctuations in a turbulent field should be rather
similar to that of velocity fluctuations and can be approxi-

mated by
Ge(f) 1

4<C>r¢ 1+ (2nfrc)?

where 7¢ is the Eulerian concentration time scale. Experi-
mental measurements of the spectral density function of
scalar fluctuations in a turbulent flow field have been re-
ported by Becker et al. (1966), Lee and Brodkey (1964),
and Freymuth and Uberoi (1971). Substitution of (21)
into (18), integration over all possible frequencies and
application of the definition of power spectral density func-
tion

(20)

(21)

£ cripag = <>, (22)
yields
<T?> 1e<C?> (23)
<T —Tg>? (r¢c + r)<C>?

Substitution of (21) and (23) in (18) yields
Gr(f) _ (r¢ + 7) (24)
4<T>  [1+ (2fr)?] [1 + (2afrc)?]

Edwards et al. (1973) have shown that if flickering is
induced by fluctuations of the transport coefficients then
the experimental data should satisfy the relation

Gr(f) _ (rw + 78)
4<T?>  [1+4 (2afrg)?] [1 + (2nfrw)?]

(25)

where 7y, is computed from

tan~! (2nfy/g )

—T—Etan‘l (2’n’f1/2 TE) —41(1—2) =0 (26)

Tw Tw

Hinze (1959, p. 231) has shown that for isotropic tur-
bulent mixing the ratio rg/rc is equal to \/Ns.. For a
mixture of a reactant in excess air Ng. is close to unity
so the values of 7 and r¢ should be about the same. In
addition, computations indicate that for our experimental
conditions 7, and 7 are about equal. Hence, a comparison
of (24) and (25) indicates that the temperature spectral
density function cannot be used to determine whether
flickering is induced by velocity fluctuations or by concen-
tration fluctuations. However, measurements of the tem-
perature fluctuations in the same flow field at various levels
of concentration fluctuations can be used to test the valid-
ity of (23) and to determine the main cause of flickering,
In the first part of this work we report an experimental
study of temperature fluctuations on single catalytic wires.
The results are then applied to predict the causes and
magnitude of flickering in catalytic gauze convertors.

EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental data obtained to determine the cause of
flickering include measurements of instantaneous values of
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local surface temperature and reactant concentration. Instan-
taneous wire surface temperatures were measured with an in-
frared detector while concentration fluctuations were measured
with an aspirating probe unit manufactured by Thermo Sys-
tems, Inc. The temperature measurements were made on single
platinum wires placed normal to the flow direction of a turbu-
lent reactant (either ammonia or hydrogen)-air mixture. The
test assembly (Figure 1) which includes gas flow meters, mix-
ing nozzles, flow channel, probe holder, and infrared detection
unit is the same as that described by Edwards et al. (1973),
but includes a redesigned flow channel, wire probe, and mix-
ing devices.

The rectangular cross section (25 X 152 mm) flow channel
(Figure 2) was constructed from two (203 X 1650 mm.)
3.2-mm thick aluminum plates separated by 25-mm square
aluminum bar stock. The channel was insulated with a 38-mm
thick layer of fiberglass. The feed gas, air, or nitrogen, entered
the flow channel through a 12.5-mm diameter opening into a
short (127 mm long) diverging section. In order to break up
the incoming jet an§ to provide a uniform velocity distribution,
the gas was passed through two 30-mesh stainless steel screens
(100 mm apart) followed by a section packed with 6.3 mm
L.D. 102-mm long stainless steel tubes. The flow inside these
tubes was laminar for the experimental conditions used.

The catalytic wire probe (Figure 3) was positioned 700 mm
downstream from the exit of the stainless steel tubes (56
channel half heights). The probe opening (12.5 X 50 mm) in
the bottom of the channel was sealed with a spring loaded
fiber plate to prevent gas leakage.

A 25-mm. diameter sapphire window transmitting radiation
in the 1-8x range was installed in the top plate to permit
direct viewing of the platinum wire with the infrared unit. This
unit measured the instantaneous local wire surface temperature
of a 0.04 mm. diameter spot. The root mean square noise level
of the measured temperature fluctuations was 0.7°C. The
gas temperature was measured with a mercury in glass ther-
mometer inserted through a port in the side of the channel
near the catalytic wire. Details of the method of measurement,
calibration, recording, and data processing were described by
Edwards et al. (1973) and Edwards (1973%.
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Fig. 1. Schematic of test assembly.
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Fig. 3. Catalytic wire probe.

A wide range of reactant concentration fluctuations was ob-
tained by varying the method of reactant injection and/or by
changing the injection point (labeled A, B, C, and D in Figure
1). The reactant injector at point A consisted of a 6.3-mm
stainless steel tube placed normal to the air flow in the channel
between the two 30-mesh screens. The gas was injected through
eleven 0.34-mm diameter holes spaced 12.5 mm apart. This
distributor could be rotated so that the reactant could be in-
jected at any prescribed angle relative to the bulk flow axis.
Feed point B was a tee connection and the reactant was in-
jected through nine 0.24-mm diameter holes in a steel plate.
Feed point C was similar to B and contained nine 0.5-mm
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diameter holes in a plastic plate. A 50-mm 1.D. packed bed
containing 100 cm3 of 0.065-mm diameter glass beads topped
by 100 cm? of 3-mm diameter glass beads was placed between
points C and the channel inlet in order to improve the mixing
and therefore reduce the| magnitude of concentration fluctua-
tions. Feed point D consisted of a tee connection ahead of the
1m. high packed bed air drier shown in Figure 1.

Instantanecus concentration fluctuations for nonreacting
turbulent helium-air or hydrogen-nitrogen mixtures were mea-
sured with a Thermo Systems Model 1441A aspirating probe
(Figure 4) in conjunction with a Thermo Systems Model
1010A constant temperature anemometer system. The design
and principles of operation of this probe have been described
by Blackshear and Fingerson (1962). Edwards (1973) dis-
cussed the conditions under which the measurements of the
aspirating probe can be considered valid.

EXPERIMENTAL RESULT§ AND DISCUSSION

Edwards et al. (1973) have shown that for butane oxi-
dation the temperature fluctuations behave as a stationary
process for times muchilonger than those required for a
single experiment and that conduction due to end effects
had a negligible influen¢e on the time averaged tempera-
ture and root mean squdre temperature fluctuations at the
center of wires of diameter 0.075 mm or less. In the ex-
periments reported here, it has been assumed that the
same is also true for eithér ammonia or hydrogen oxidation.

Preliminary experiments demonstrated that when the
reactant was injected at either one of the feed points
labeled as B, C and D in Figure 1, there existed no
gradient in the time averaged concentration at the wire
station. However, when either hydrogen or ammonia
were injected at point A, gradients in the time averaged
concentration existed at ithe wire station. Moreover, it was
found that the concenjtration fluctuation intensity, the
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Fig. 4. Schematit of the aspirating probe.
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on: <Xg> and C’rms/<<C>> as measured by the aspirating probe,

on <Te — Tg> and T'ims/<Te — Tg> for a 0.075-mm wire as

measured by the infrared detector, and on C'rms/<<C> as computed
from T'rms/<<Te — Tg> by Equation (23).

probability density function (pdf), and the spectral den-
sity function (sdt) were sensitive to the angular position
of the distributor at point A. The intensity of the con-
centration fluctuations at the catalytic wire station de-
pended on the feed port location and was in the following
order A>>B>C>D.

A series of experiments were carried out to determine
the relation between the concentration fluctuations (as
measured by the aspirating probe for a hydrogen-nitrogen
mixture) and the root mean square temperature fluctua-
tions (as measured by the infrared detector) at the center
of platinum wires during the oxidation of hydrogen in air.
In all the experiments reported here, unless otherwise
specified, the channel Reynolds number was 4000, the
turbulent intensity (¢'rms/<u>) was 0.11, T, = 24°C,
and d = 0.075 mm.

Experiments with a mixture of 3%v H, in air yielded
values of T’rms equal to 0.84, 1.10, and 2.7°C and C’pms/
<C> equal to 0.002, 0.004, and 0.006 when the hydrogen
was injected from feed points D, C, and B, respectively.
These results indicate a direct correlation between the con-
centration and temperature fluctuations and point out
that in the absence of concentration fluctuations T”;ps will
be very small (the noise level of the detector was 0.7°C).
The above measured values of C’pps/<C> are accurate
to only one significant digit due to the poor signal to noise
ratio. Thus, in order to obtain data suitable for a critical
examination of the theoretical predictions it was necessary
to use injection point A, which yields high values of con-
centration fluctuations at the wire station.

Experiments with the aspirating probe as well as chro-
matographic analysis of samples taken at various points
across the channel revealed that gradients in the time
averaged concentration existed next to the wire when in-
jection point A was used to obtain a mixture of 2.5%v Hp
in air. Moreover, the time averaged concentration next to
the wire depended on the angular position of the feed
distributor. A comparison of <x;> and <T. — T;> shown
in Figure 5a indicates that the variations in the time aver-
aged concentration next to the wire were responsible for
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the variation of the time averaged temperature rise of the
wire with ¢ and its deviation from 475°C. (If mixing of
the reactants were such that no gradients in the time
averaged concentration existed then for this mass transfer
limited reaction <T'; — Ty> would have been 475°C. The
injection angle ¢ is defined as O for injection in the direc-
tion of air flow and positive when measured in the clock-
wise direction, for example, vertical upwards injection
corresponds to 90°.)

Figure 5b describes the effect of the angular position
of the feed distributor (point A) on the measured con-
centration and temperature fluctuations. The results in-
dicate a close similarity between C’pms/<C> and T'pms/
<T, — Tyg>. Thus, while C’rns/<C> changes by a factor
of about five as the distributor is rotated, the ratio of
(C'rms/ <C>)/(T'rms/ <Te — Tg>) changes by no more
than 89%. The values of T’yms oObtained in these experi-
ments were quite large compared to the values obtained at
points B, C, and D, and ranged from 8.6° to 33.4°C. Since
peak to peak temperature fluctuations are about six times
larger than T'ims, the temperature fluctuations could be
observed visually.

The assumption that flickering is induced by concentra-
tion fluctuations when @ >> 1 led to the development of
Equation (23) in the theoretical section. In order to test
its validity it was used to compute C’ips/<C> from the
measured values of T'rs/<T.— Ty>. To accomplish
these computations, values of = and 7. must be known.
The value of + was determined from heat transfer ex-
periments as 0.070 sec. Measurements with the aspirating
probe showed that r. varied between 0.030 and 0.039 s
depending on the injection angle. The computed values of
C’tms/<C> shown in Figure 5b agree very well with the
values measured by the aspirating probe, and support the
validity of Equation (23).

Figure 6a describes the measured values of T”pms/<T.
— Tg> as a function of the wire diameter for a mixture
of 2.5% vol. Hy in air. The mixture was injected at point
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Fig. 6. (a) The effect of wire diameter and position of distributor on

the temperature fluctuation for a mixture containing 2.5% Hz in

air; (b) Computed values of C'rms/<<C> from T'ims/<Te — Tg>
using Equation (23).
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A using two different angular positions of the distributor.
The temperature fluctuations in these cases almost doubled
as the wire diameter was decreased from 0.125 to 0.025
mm. The magnitude of <T. — T,> in these experiments
was about 475°C, and the flickering was quite large in
some cases.

The above measurements of T’,.ms were used as a further
test of the validity of Equation (23). The values of r as
measured by heat transfer experiments were 0.011, 0.070,
and 0.141 s for wires of 0.025, 0.075, and 0.125 mm diam-
eter, respectively. Measurements with the aspirating probe
determined 7, as 0.039 and 0.030 s for ¢ = 180° and
270°, respectively. Figure 6b presents the values of C'rms/
<C> calculated by Equation (23) from the measured
temperature fluctuations and the measured values of + and
re. The computed concentration fluctuations are indepen-
dent of the diameter of the wire used for measuring the
temperature fluctuations and agree within 4% with values
of C'1ms/ <C> measured directly by the aspirating probe.
These results strongly support Equation (23) and the
notion that when the parameter a is large compared to
unity temperature fluctuations are induced mainly by con-
centration fluctuations in the reacting gas mixture.

It should be noted that Equation (23) was derived as-
suming that Equation (21) is an adequate representation
of the concentration spectral density function (sdf). Fortu-
nately, the constants appearing in (23) are rather insensi-
tive to the exact form of the concentration sdf as is often
the case with results based on integrals of assumed profiles:
This insensitivity to the sdf enables application of (23)
even when Equation (21) is no more a proper representa-
tion of the concentration sdf. On the other hand, the
temperature fluctuation sdf is rather sensitive to the exact
form of the concentration fluctuation sdf (especially when
¢ > r) and Equation (24) cannot be expected to be valid
when (21) is not. However, Equation (18) should be
valid regardless of the form of the sdf of the concentration
fluctuations, provided that the hypothesis about the cause
of flickering is correct.

The sdf of the temperature fluctuations was measured
for various reactions, wires, and operating conditions. Fig-
ure 7 describes the normalized sdf G’ (f)/Gr-(0) for a
0.075-mm wire using mixtures of either ammonia or hydro-
gen in air injected at point C. According to Equation (24)
this normalized sdf should satisfy the relation

Gr(f) — 1
Gr(0)  [1+ (2afr)21 [1 + (2nfr)?]

For the experiments shown in Figure 7, r was determined
to be 0.07 s, while 7. was measured with the aspirating
probe (Hy-N; mixture) and found to be 0.03 s. The ex-
perimental results agree well with the theoretical curve
which uses the value of r, for the Hy-Ny mixture. This
agreement is not a critical test of the validity of (27)
since 7 > 7. and the theoretical curve is rather insensitive
to 7. in the range of frequencies for which the measure-
ments were made. A critical test of the theory requires ex-
periments with very thin wires for which r < .. Experi-
ments with a 0.025-mm diameter wire (+ = 0.011 s) have
been inconclusive in this respect due to vibrations of the
wire which introduced large errors in the measurements.
Thus, the sdf of the temperature fluctuations, in contrast
to the root mean square, was not usefu] in determining the
major cause for flickering. Additional information concern-
ing the sdf is presented by Zuniga (1974).

Instantaneous velocity measurements by a hot wire in-
dicated that the pdf of the velocity fluctuations at the
catalytic wire station was skewed with the mode smaller
than the average. Changes of the angular position of the
feed distributor did not affect the magnitude of the veloc-

(27)
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ity fluctuations or the, pdf. However, rotation of the dis-
tributor affected both the magnitude and the shape of the
pdf of the temperature fluctuation on the wire. Figure 8
describes the temperature fluctuation pdf on a 0.075-mm
wire during the oxidation of a mixture of 2.5% vol. hydro-
gen in air. The pdf’s are skewed, and the position of the
mode relative to the ayerage depends on the angular posi-
tion of the distributor.. Measurements of the concentration
fluctuation pdf of 2.5% vol. hydrogen in nitrogen showed
that they were also skewed and very similar to those of
the temperature fluctuation pdf. The similarity between
the temperature and concentration fluctuation pdf’s, and

(f)/GT.(O)

EQUATION 27 —=
.05

r 8 0.03 sec a 7
T = 0.07 sec
020 4
Ol L B
005 A HZ - AIR Xg =0.03 |
[ ] NH3-AIR Xg =0.07
002 1 1 1 1 ! ]
2 .5 | 2 5 10 20

NORMALIZED SPECTRAL DENSITY FUNCTION - GT'

FREQUENCY — f[Hz]

Fig. 7. The normalized spectral density function of temperature
fluctuations at the center of a 0.075-mm diameter wire during
the oxidation of either ammonia or hydrogen in air.
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Fig. 8. The probability deasity function of temperature fluctuations
on a 0.075-mm wire as a function of the angular position of the
feed distributor.
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Fig. 9. The influence of the angular position of the distributor and

the size of the holes in the distributor on the magnitude of: (a)

<Te — Tg> and (b) T'rms/<Te — Tg> during the oxidation of
ammonia on a 0.075-mm wire.

the lack of any correlation between the velocity and tem-
perature fluctuations further supports the argument that
temperature fluctuations are induced mainly by the con-
centration fluctuations and not by velocity fluctuations.

Temperature fluctuations were measured during the oxi-
dation of ammonia in air on a 0.075-mm diameter wire
using two geometrically similar distributors, one of which
(#2) had 0.51-mm diameter injection holes as compared
with the 0.34-mm diameter holes for the standard dis-
tributor. The results (Figure 9) indicate that both T”ims
and <T. — T3> depend on the size of the holes as well as
on the angular position of the distributor. This result is
of course similar to that obtained with hydrogen. A com-
parison of Figures 9 and 5 indicates that the maxima in
T’yms were attained at different angular positions of the
standard distributor during the oxidation of either hydro-
gen or ammonia. This must be due to the difference in the
effect of ¢ on the magnitude of the concentration fluctua-
tions for different reactants. Unfortunately, C’pms/<C>
for ammonia cannot be measured using the aspirating
probe due to the small difference in the thermal conduc-
tivities of air and ammonia. When the distributor at point
A was used to obtain the 2.5% vol. mixture of H, the
injection velocity of the jets was 1.39 X 10* cm/s. How-
ever, when a 5% vol. mixture of NH; was prepared the
injection velocities were 2.84 X 10* and 1.29 X 10* cm/s
for feed distributors 1 and 2, respectively. This differ-
ence in the injection velocities and the density of H, and
NH; is responsible for the variation in the effect of ¢
on Clpps/<C>.

There is no question, however, that concentration fluc-
tuations are the main factor affecting the magnitude of
temperature fluctuations in both the hydrogen and am-
monia oxidation reactions. This conclusion was further
confirmed by passing a premixed mixture (5.0% vol.) of
ammonia in air over the catalytic wire at Nge = 3200 and

T, = 24°C. The measured 1" (0.76°C) was very close
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to the root mean square noise level of the detector
(0.70°C). Thus, we conclude from our experiments that
large temperature fluctuations are caused mainly by con-
centration fluctuations of the reactants when the parame-
ter a is large.

CAUSES AND MAGNITUDE OF FLICKERING
IN GAUZE CONVERTORS

A theoretical model of gauze convertors will be used
here to predict the main causes of flickering and to
estimate its magnitude. The model assumes that: (1) the
reaction rate is hmited by mass transfer; (2) the param-
eter a is large; (3) plug flow of the gas through each
gauze; (4) the length ot the effective fiow path through
a single gauze is ! and the surface area of a single gauze
is @yt per unit cross section of the reactor; (5) the local
temperature of each gauze layer is uniform in the flow
direction and the rate of heat transfer by conduction and
radiation between successive gauze layers is negligible;
and (6) the effect of axial concentration dispersion can
be ignored.

The concentration of the gaseous reactant flowing
through gauze i is described by the equation

" dac
' dz

Defining C; as the concentration of the gas stream leaving
gauze { we obtain from (28)

(of ( ke ajl
—_— — exp —
Ci—y Uj

= — kc,i a,,C (28)

) =exp(— Nsyi al) = &
(29)

The mass transfer coefficient for a long cylinder can be
described by the correlation (Treybal, 1968)

Nsp = 0.43 4 0.53 N3 Ng, 05 (30)

For a typical high pressure ammonia oxidation con-
vertor the gauze wire Reynolds number is about 35 and
the Stanton number is essentially a constant changing by
less than 15% as the gas average film temperature in-
creases from 500° to 900°C. Thus, it will be assumed that
&; is the same for all the gauze layers, yielding

C;
Co
At steady state the heat loss from any gauze is equal to

the heat generated by the reaction. Hence, the tempera-
ture of each gauze satisfies

=¢ (31)

Ti - Tgi.Lm
— (_AH)kc Ci,lm — (_ AH)CO Ci,lm NLe_2/3 (32)
h PfCos C,
where we have used the heat and mass transfer analogy
ke psc
021 L = Ny~ (33)

and the subscript i,Im denotes the logarithmic average
across gauze . An enthalpy balance yields

(— aH)(Co ~ Ciim)
Pprf
(— AH)C, (1 _ Cim
Co

Tgi,lm - Tgo =

) e

PiCof
Addition of (34) and (32) yields
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Ti - Tgo
(— AH)C, ay (L— )81
=T R O 4 (1= Npm8) S
PfCpy [ o - ) In¢ ]

(35)

If » << 7. and 7g this relation can be used to predict the
temperature fluctuation T, Substitution of

Co=<Co>+C (36)
E=<&>+ ¢ (37)
into (35) yields after discarding second-order terms
Ti/ COI 4
- K——  (38)

<> — Ty <Co> <>

where

_ (= AH)<Co>(1 — N ~%3)

B picos (<Ti> — Tyo)

[ ( (i—1)y<ée>izt — i<§>i) <gE>ITL — <§>i]
In<¢> T (In<é>)?

K;

(39)

The fluctuations in ¢ are induced by the turbulent velocity
fluctuations and thus cause fluctuations in the mass transfer
coefficient. Substitution of (9) into (29) yields
g/

_—— =1 < >(1—N)u'/<u> 40

<> ¢ (40)
Substitution of (40) into (38), squaring, and time averag-
ing yields

<Ty2>  <Cy%>
(KT> — Tgo)?  <Co>?
<CO’>(1 — <£>(1—N)u'/<u>)

+ 2K;

<Co>
+ Kiz <(1 _— <§>(1~—N)u'/<u>)2> (41)

Computation of K; for typical industrial conditions indicate
that its value is usually much smaller than unity. This in-
dicates that the main cause of flickering in industrial
gauzes is the concentration fluctuations and not the turbu-
lent velocity fluctuations. Numerical computations of the
amplitude of temperature fluctuations caused either by
velocity fluctuations or concentration fluctuations for a
typical ammonia oxidation convertor for which x, = 0.11,
Nre = 0.895, <€> = 0.5, Ty = 25°, and N = 0.45 pre-
sented in Table 3 demonstrate this point.

When the time constant of a single wire is about equal
to or larger than rc or vg the amplitude of the flickering
will be attenuated and (41) will overestimate <T;2>. In
this case a numerical simulation of the transient behavior of
the various gauze layers is required for predicting T7.
Comparison of (23) and (41) indicates that T’ will be
attenuated by a factor of 1/N/1 ¥ #/7.. For a typical high
pressure ammonia convertor dy, = 0.075 mm and the wire
Reynolds number is 35, yielding » = 0.03 s. The reactor
diameter is about 1 m and the average gas velocity 2 m/s.
Since Ay ~ D/3 then »g = Ay<u> =~ 7. is approximately
0.166 s and 7/r. = 0.18. Thus, the attenuation of T/pus
due to the heat capacity of the wire should be very small
in industrial convertors and (41) should yield a good pre-
diction of T’/ms. It should be noted that in some of our
single wire experiments © > 7¢ and the attenuation was not
negligible. )

The above model predicts that flickering is a 1oca1'1zed
phenomenon induced mainly by concentration fluctuations.
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TaBLE 3. COMPUTATIONS OF K; AND T’rms FOR AN AMMONIA CONVERTER FOR WHICH <xo> = 0.11, Nz, = 0.895,
<E> = 05, Tgo = 25°, and N = 0.45

Layer
number

i <Tg> [C°] <T> [C°]
1 253 887
2 547 865

3 695 853

4 768 848
5 805 845

10 841 842

We will now examine briefly the influence of conduction
on flickering. The characteristic time for conduction along
a single wire is

e = pep 8°/k (42)
while that for heat losses by forced convection from a wire
is

d Cpd?
=Pt Pht (43)
4h  4Nnuks
These two time scales are equal when
s Ky ]o.s
_— — 44
d [ 4kj N Nu ( )

Equation (44) predicts.that under typical operating condi-
tions the two time scales are equal when the wire length
is about ten diameters. Hence, the influence of conduction
is rather localized and ‘is not expected to attenuate to a
large extent local temperature fluctuations induced by in-
stantaneous concentration fluctuations.

The above results indicate that flickering is induced pri-
marily by concentration fluctuations. Hence, it is important
to estimate the magnitude of concentration fluctuations in
industrial convertors. The only theoretical correlations de-
veloped so far are restricted to a homogeneous isotropic
turbulent flow field. Corrsin (1957) suggested that for an
idealized mixer

<crH)> _ (6
<C2(0)> ( A2> (45)

According to Hinze (1938, p. 186)

L. 4 A¢ v Wmsh
= —— = —— 46
A 3 A 15 v (46)

where v is a constant of about one. Substitution of t =
X/<u> and (43) into (44) yields

<C2(t)>
_— — 0.4 47
where
m= .§_ -X_ Yrms (48)
4 Ay <u>

Beek and Miller (1959) carried out a numerical com-
putation of the spectral transfer of concentration fluctua-
tions in the wave number space. Their graphical results
indicate that after a short distance downstream from the
mixer the concentration fluctuations decay exponentially
as a function of m. Their design charts show a significant
improvement in mixing when the number of inlet nozzles
is increased. However, this result should be applied with
care since it is based on the yet experimentally unproven
conjecture that the size of the concentration eddies in the
inlet is inversely propontional to the square root of the
number of injection nozzles. Moreover, the calculations
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T'rms

Urms = 0.1 <u> tems =0
102K; C'rms =0 C’'rms = 0.05 <C>
2.3 0.7 43.1
3.9 1.2 420
3.3 1.0 414
2.4 0.7 41.2
1.5 0.5 41.0
0.1 0.03 40.9

are restricted to the special cases in which the injection
velocity is equal to final mixed stream velocity.

In a typical ammonia convertor the distance between
the mixer and the gauze X ~ 20D, «/ims/<u> = 0.03,
and Ay ~ 0.4D so that m ~ 1.13. For this case (47) pre-
dicts that <C’2(t) >/<C"?(0)> = 0.64, while the graphs
of Beek and Miller predict 0.57 and 0.014 for the cases of
one and 64 injection nozzles, respectively. Although the
above predictions are a rough approximation, they indicate
that under commercial conditions the distance between the
mixer and the gauze is not sufficient to eliminate concen-
tration fluctuations.

One of the main difficulties in estimating C’ms(t) is the
lack of a reliable estimation technique for C’pys(0) in in-
dustrial mixers. Keeler et al. (1965) suggested for an ideal
one-dimensional system the approximation

C,I‘mS(O) ~ G

<C(0)> A
where G and I are the main stream and tracer volumetric
flow rates, respectively. Toor (1969) obtained the same
result for an idealized mixer in pipe flow. This prediction
is at best a crude estimate for an industrial gas mixer for
which gradients in the time averaged concentrations usu-
ally exist next to the injection nozzles. For these mixers,
the initial root mean square concentration has to be de-
termined experimentally. Fortunately, in most practical
cases the time averaged concentration gradients decay
faster than the concentration fluctuations, and the graphs
of Beek and Miller (1959) should be a good approximation
for the decay of <C’2(¢)> at the center of the pipe at
points where no gradients in the time averaged concentra-
tion exist. The decay rate next to the wall is expected to
exceed that predicted by their graphs.

The prediction that C’rns decays exponentially as a func-
tion of m is most useful for scale-up purposes and for
equipment modifications. Thus, measurements of C’'rms at
several points downstream from the mixer should enable
one to predict the effect of changing the length of the
inlet pipe on C’ims at the gauze. This should enable design
or modification of equipment to reduce concentration fluc-
tuations and the accompanying flickering.

(49)

CONCLUDING REMARKS

The present study was concerned with the causes and
magnitude of flickering of single wires and gauze con-
vertors on which a single catalytic reaction occurs. Flick-
ering has a deleterious influence on gauze convertors since
it increases the precious metal loss. Dorawla and Douglas
(1971) have shown that in complex reaction networks the
yield of a desired intermediate can be increased by oscil-
latory operation. Wandrey and Renken (1973) have re-
cently shown that periodic variation of the concentration
of the feed to a gauze converter (frequency 0.5-2 per
min.) has a significant influence on the selectivity (CO/
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CO; ratio) during the oxidation of cyclohexane on a cata-
lytic gauze. Therefore, it is most likely that concentration
fluctuations which induce flickering affect the yield in
industrial gauze convertors used for the production of
HCN.

Our analysis indicates that the parameter a is usually
large in industrial reactors and that flickering of the magni-
tude observed in industrial ammonia convertors must be
caused by imperfect mixing of the reactants. It is desirable
to minimize the amplitude of the flickering in order to re-
duce the precious metal loss, and our analysis indicates that
this can be accomplished by improving the mixing of the
reactants. This prediction merits a test under commercial
conditions and is supported by the observation of Heywood
(1973) that when a catchment gauze was placed below
the platinum gauze there was evidence for improved gas
mixing and a reduction in the rate of deterioration of the
gauze.

At the present time, mixing theory is restricted to certain
idealized flow fields and mixing devices and is not suitable
for predicting the performance of various industrial mixing
devices. This study points out the need of improving our
knowledge and understanding of mixing under industrial
conditions. One of the difficulties in investigating mixing
is that most probes for concentration fluctuations can be
operated only with a very limited number of substances
which are not normally encountered in industrial reactors.
The fact that flickering of a single wire is directly related
to the concentration fluctuations has led to the develop-
ment of a new probe which can measure the intensity of
concentration fluctuations of a number of gaseous mixtures
of practical interest. This probe should be useful in many
applications and will be described elsewhere.
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NOTATION
a = capacity term defined by Equation (11)
a, = gauze surface area per unit volume, cm™?
A = wire cross-sectional area, cm?
AS = occupied catalyst sites, g mole cm ™2
C = reactant concentration in fluid, g mole cm™3
¢, = wire heat capacity, cal g~! °K—1
cp; = fluid heat capacity, cal g~! °K~!

= wire diameter, cm
D = diameter, cm
Dug = binary diffusion coefficient, cm? s—!
En = metal loss activation energy, cal g mole™?
f = frequency, Hz

fis2 = half-power frequency, Hz
= main stream volumetric flow rate, cm3 s~!
Gy(f) = one-sided power spectral density of random proc-

ess y

h = heat transfer coefficient, cal s~1 cm~2 °K—!

AH = heat of reaction, cal g mole™!

i = catalytic gauze layer number, integer

I = tracer injection volumetric flow rate, cm3 s—!

ky = mass transfer and adsorption rate constant, cm? g
mole™1 51

k. = mass transfer coeMicient, cm s—1

k = thermal conductivity, cal s™! em~1 °K~!

K; = constant defined by Equation (39)

l = flow path length through a single gauze layer, cm

L = total catalytic sites, g mole cm=2

L., = characteristic scale of turbulence, cm

M = weight of precious metal gauze, g

m = parameter defined by Equation (48)

M; = molecular weight of fluid, g g mole—!
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n = empirical velocity exponent in Equation (10)
N = constant defined by Equation (10)

Ni. = Lewis number, ks/ps Dap cpf

Nyy = Nusselt number, hD/k;

Np, = Prandtl number, cps us/ky

Nge = Reynolds number, D u/y;

Nsc = Schmidt number, v;/Dag

Nsi = Sherwood number, k. D/Dag

Ns: = Stanton number, k./u

P = wire perimeter, cm

r = surface reaction rate, g mole cm=2 57!
r(T) = relative metal loss, Equation (1)

R = gas constant, cal g mole~! °K~!

S = unoccupied catalytic sites, g mole cm~2
s = distance along wire axis, cm

t = time, s

T = temperature, °K

u = fluid velocity, cm s—!

X = distance from mixer, cm

xg = mole fraction reactant in fluid

z = axial distance in catalytic gauze, cm

Greek Letters
@ = constant in Equation (8)

B = constant in Equation (8)

v = constant used in Equation (47)

A = concentration microscale, cm

Ac — concentration macroscale, cm

Ay = velocity longitudinal macroscale, cm

& = viscosity, g cm~! 571

v = kinematic viscosity, u/p, cm? 571

£ = defined by Equation (29)

p = wire density, g cm™3

ps = fluid density, g cm™3

T = wire time constant, Equation (19),s

Tc = Eulerian time scale of concentration fluctuation, s

TE = Eulerian time scale of velocity fluctuations, s

Tk = characteristic time for conduction along wire axis,
s

tw = wire time constant defined by Equation (26)

Subscripts

ad = adiabatic

f = fluid

g = gas

0 = inlet condition

w = wire

Superscripts
’ = fluctuating component
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Growth Rate of an Ice Crystal in Flowing
Water and Salt Solutions

The growth rate of! an ice crystal in the basal plane has been measured
in subcooled water flowing at velocities of 0.04 to 1 cm/s to test a theory

of Fernandez and Barduhn (1967). The theory fits the data in pure water at
all velocities and subcgolings studied here and at velocities up to 46 cm/s
studied previously. The interfacial tension between ice and water calculated
from these data is 33 * 6 ergs/cm?, a value in good agreement with those

determined by others,

Measured growth rates of ice from solution do not follow the theory and
in fact are as much as 1509} higher in 0.5 to 19, NaCl solution than in
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and
ALLEN J. BARDUHN

Department of Chemical Engineering
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pure water. High subcoolings and low flow velocities accentuate this

anomaly,

SCOPE

To test further a theory of unconfined crystal growth of
Fernandez and Barduhn (1967), the growth rate of ice
crystals in the basal plane (g-axis direction) has been
measured in flowing subcooled water, aqueous NaCl, and
glucose solutions overl a wide range of subcoolings, flow
velocities, and solute ¢oncentrations. The theory presumes
that transfer of the latent heat of crystallization, by con-
vection to the flowing stream, controls the ice growth rate
and yields an expression with no empirical constants

which is
( +
1 b

where a is a function of the known properties of pure

) V12 ATS3/2

water and ice and b of the solution. The equation predicts
zero ice growth rate (v) in quiescent water (V = 0) which
is known to be untrue, and an attempt is made to dis-
cover the lowest flow velocity for which the theory holds.
Previous work showed the relation to hold well at flow
velocities up to 46 cm/s, and kinetic contributions to ice
growth have been shown to be negligible even at this high
flow rate.

The term b in the equation is nearly proportional te
the solute concentration and it is thus predicted that ice
growth rates decrease regularly as the solute concentra-
tion is increased. Previous work shows this to be untrue,
and a thorough experimental investigation of this is made.

CONCLUSIONS AND SIGNIFICANCE

The measurements of ice growth rates in pure water
now include flow velocities as low as 0.042 cm/s, and the
equation of Fernandez and Barduhn holds well here. Pre-
vious work included, it has now been shown that the
theory holds over a rahge of flow velocities covering three
orders of magnitude. A lower limit to its applicability has
not yet been detected although such a limit must exist.
Limitations of the apparatus did not permit use of lower

Correspondence concerning this paper should be addressed to A. J.
Barduhn. J. G. Vlahakis i with Sanitary Science Division, U.S. Army
MERDC, Fort Belvoir, Virginia 22060,
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flow rates.

The equation resulting from the theory has been verified
experimentally for growth in pure water over a velocity
range of 1100 to 1, a subcooling range of 40 to 1, and a
growth rate range of 180 to 1. The theory, along with the
experimental data, yield 33 = 6 ergs/cm? for the inter-
facial tension between water and ice, a value in good
agreement with that determined by others using entirely
different means. The theory predicts the radius of curva-
ture of the ice crystal tip to be inversely proportional to
the subcooling, and this has been verified by photographic
methods but the proportionality constant agrees poorly
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