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Abstract

Investigations of transient two-phase flow oscillations in single channels and monolithic catalyst
supports are described. The experimental investigations were conducted in glass capillaries of varying
inner diameter as well as ceramic monoliths. As a result of the experimental investigations pressure drop
instabilities were found both in reference to the liquid and the gaseous phase. When coupling the test
sections with compressible volumes in the feedlines of the phases pressure drop oscillations of the two-
phase flow are established. A model is presented for the theoretical description of the resulting transient
flow oscillations. The basis for the model are the momentum and mass conservation equations for all
the components. For the flow instability developing in the test section experimental results are used. The
non-linear differential equations of second order are solved by a dynamic finite step numerical scheme.
The experimental and the theoretical results for the pressure drop oscillations are compared. © 1999
Elsevier Science Ltd. All rights reserved.
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1. Introduction

Regular and irregular packings are used in the chemical industry for a variety of different
mass-transfer and reaction applications. Most of the heterogeneous reactions of multiphase
systems are carried out using wetted catalysts. For the conversion rate in such a system, the
mass-transfer resistance into and through the liquid phase as well as the kinetics of the reaction
at the surface of the solid catalyst are influential. In order to reduce the mass-transfer
resistance in the liquid phase, turbulences are desirable. These are easily obtained for
countercurrent reactors such as distillation and rectification columns. In the case where an
excessive reaction is possible, for instance, in hydrogenation of a variety of components or
hydro-treatment, the cocurrent downflow of the gaseous and the liquid phase is chosen.

In Fig. 1, two possible reactors for cocurrent downflow of the two phases are schematically
shown. The reactors consist of a tray (1) holding the packing or the monoliths (2) and a feed
for both phases at the top of the column as well as a separation unit for the phases at the
bottom. For certain flow rates of the phases, a region of bubbles in a continuous liquid will
establish above the catalyst. In this region a high turbulent mixing of both phases can be
observed.

In the case of trickle-bed reactors as shown in Fig. 1a, a high level of turbulence within the
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Fig. 1. Schematical representation of (a) a trickle-bed reactor and (b) a monolithic reactor.
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liquid phase in the column is generated for the pulse flow regime of the two phases. The pulse
flow is obtained due to instabilities of the flow through the packing and subsequent blocking of
the passages for the gaseous phase by the liquid. The experimental and theoretical
investigations regarding the onset, development and mapping of the pulse flow in trickle-bed
reactors are numerous, for example, Gianetto et al., 1978; Gianetto and Specchia, 1992; Holub
et al., 1992, 1993; Talmor, 1977; Morsi et al., 1984; Chou et al., 1977; Sai and Varma, 1988;
Grosser et al., 1988. Even though the mass transfer in this regime is significantly increased, the
pressure drop of the flow through irregular packings is also increased resulting in high
operating costs. Recently, an alternative to the irregular packings in trickle-bed reactors has
been developed. The application of monolithic catalysts for two-phase cocurrent flow is
advantageous because of the regularity of the packing and the resulting low pressure drop. In
the case of monolithic reactors though, as shown in Fig. 1b a distinct pulse flow regime is not
observed. Yet for higher flow rates of both phases oscillatory flow instabilities develop, leading
to pressure drop oscillations of the system. Since the mass-transfer in this flow regime is
significantly increased, the knowledge of the physical reasons for the onset of the oscillation
and the physical properties of the developing transient flow are important.

2. Two-phase flow in monoliths and single channels

The application of monolithic catalysts for gas phase reactions and two-phase hydrogenation
reactions has been reported by a number of authors including Hatziantoniou and Anderson
(1982, 1984); Kawakami et al. (1989); Irandoust and Anderson (1988, 1989a, b); Irandoust et
al. (1989); Irandoust and Gahne (1990); Tronconi et al. (1991); Tronconi and Forzatti (1992);
Svachula et al. (1993a, b); Beretta et al. (1993); Crynes et al. (1995). The experimental
investigations were carried out using monoliths and single channels. The flow regime
encountered in the multiphase systems was exclusively the bubble flow regime which is
established for small flow rates of the phases.

A systematic characterization of the possible flow regimes of cocurrent two-phase flow in the
monoliths was carried out by Satterfield and Ozel (1977). They showed that the flow in the
single vertical channel of the monolith can be characterized by a two-phase flow in vertical
capillaries. The encountered flow regimes were annular flow, bubble flow and slug flow. The
investigations were not extended to higher flow rates of the two phases. Crynes et al. (1995)
studied a monolithic froth reactor with a cocurrent upflow of the two phases but their entrance
conditions are a froth layer of the two phases. Suo (1968) and Suo and Griffth (1964), as well
as Marchessault and Mason (1960), Kariyasaki et al. (1991), Thulasidas et al. (1995), Irandoust
and Anderson (1989a, b) also studied the two-phase flow in capillaries. The predominant flow
regime was the bubble or the slug flow regime. It was found, that the void fraction only
deviates slightly from the fraction of the volumetric gas flow rate in the total flow rate. For the
small superficial velocities of the phase that were studied, no pressure drop instabilities were
found. Ozawa et al. (1979a, b, ¢, 1982, 1984) studied the two-phase flow in horizontal capillary
tubes for slightly higher flow rates and found that for the transition between the bubble and
the slug flow regime, an instable region of the pressure drop is encountered. The combination
of a single or two or more instable test sections with compressible buffer volumes leads to
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pressure drop oscillations of the flow rates of both phases. The analytical description of the
system with a lumped parameter model leads to qualitatively good results yet errors for the
absolute values of the amplitude and the frequency of the oscillations.

3. General description of the oscillations

The behaviour of a test section with a pressure drop instability coupled to a stable feed
system containing buffer volumes is schematically shown in Fig. 2. In Fig. 2a the feed system
and the instable test section is shown. For simplicity, a single phase system is considered. The
feed system consists of a buffer volume and a feed pipe, both with stable behaviour. The only
external input into the system is a mass flow rate n2; which is kept constant. The mass flow
rate »1 is supplied at an arbitrary pressure p; which can vary independently of the flow rate. It
is assumed, that a dynamic coupling between the considered system and the feed pumps can be
neglected. At the junction the feed mass flow rate n2; is divided into the mass flow rates ni;
flowing into the buffer volume and 13 flowing through the feed pipe. The mass flow rate ni;
enters the instable test section at point 2. The test section shows a pressure drop instability
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Fig. 2. Schematical representation of a system with pressure drop instabilities: (a) setup and (b) pressure drop
instability.
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which is schematically shown in Fig. 2b. Plotted is the pressure drop of the test section as a
function of the mass flow rate mi;. It is assumed, that the pressure drop of the test section
changes from an asymptote Ap; for small mass flow rates to an asymptote Ap, for large mass
flow rates via instable operating points between D and B where

dAp

its <0 (1)
When a constant mass flow rate 2, is supplied by the feed at a given operating point A, a very
small increase of the mass flow rate into the test section rz3 will result in a decreasing pressure
drop. As the pressure drop across the test section decreases, the pressure just outside the buffer
volume p; decreases also, leaving a driving pressure gradient between the buffer volume and
the junction. Thus, the mass flow rate m1, is discharged from the buffer volume. The additional
mass flow rate increases the mass flow rate mi3 further yielding an even smaller pressure drop
across the test section. This dynamic behaviour will continue until the operating point B is
reached. At this point the system is again stable but due to the inertia of the system the mass
flow rate m3; will be increased further in direction of E. When the pressure inside the buffer
volume is equal to the pressure at the junction, the dynamic behaviour of the system is
reversed. Now, the buffer is depleted of the flowing medium and has to be recharged. The
operating point therefore moves back toward point B and then very fast through the instable
region to operating point C. This very mast movement of the operating point results in an
almost transient change of flow rate. At operating point C, the mass inside the buffer volume is
discharged into the test section and the operating point moves toward D. Since at point D a
similar behaviour than in point B is encountered an oscillation developes.

In order to estimate the effect of a variation of the parameters, a simple formulation of the
problem can be used. The pressure drop of the feed pipe is calculated using a laminar friction
law and a mechanistic acceleration formulation of the form

p1—p2= Wims + Wz,l% (2)
where the coefficient W can be calculated by

B 128 [1 n

Wy=——7— 3
: n dip 3)

with /; as the length of the pipe, d; the diameter, p the density and # the dynamic viscosity of
the flowing medium. The coefficient W, ; can be calculated by

4 1

Wi =—-—
© o ond?

(4)

The pressure drop of the instable test section will only be considered in the instable operating
region. This yields the simple formulation:
drns

P2 — p3 = Apo — | Winstlns + WMT &)
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The pressure drop Apy is an initial pressure drop which is reduced by a pressure drop
calculated with Winst. The acceleration pressure drop is calculated analogous to the feed pipe
by using

45
- nd 2

(6)

Wsa

where [, and d, are the length and diameter of the test section, respectively. The behaviour of
the compressible buffer volume is described using the ideal gas law

— = Wsm 7
dr - (7)
with the coefficient W3 containing

_RT

Wy = 7 (3)

In Eq. (8), R is the specific gas constant, V the size of the buffer volume and T the absolute
temperatures. Eqgs. (2)—(8) are coupled using a balance of the mass flows at point 1:

my = my +mj ©)

When Egs. (2)—(9) are introduced into one another and rearranged, an inhomogeneous
differential equation of second order is obtained. In order to estimate the effect of a variation
of parameters, the homogeneous solution is considered. The differential equation is thus
reduced to

drivydins ,
A——+B——+Cm3; =0 10
de? + dt +ems (10)
The coefficients in Eq. (10) can be calculated by

A=Wy + W (1)

B =W, — |Wisrt
and
C=W; (13)

From the differential equation given in Eq. (10) it is evident, that the flow in the test section
behaves as a linear, damped, harmonic oscillator. It is assumed that the given eigenvalues of
the system are stable and no amplitude enhancement takes place. Therefore, the linear solution
of the differential equation is

C Ws
=== 14
@0 A Wi+ Waa (14
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The linear cycle frequency wy is defined as

2
wo = 2nf = 7” (15)

where f is the oscillation frequency and T the period of oscillation. The damping coefficient D
is calculated by

D— B _ Wi — [Winstl
2v/ed 2\/W3(W2,1 + Wa2)

(16)

The actual oscillation cycle frequency wg is then
s = wWoV 1 — D2 (17)

Using Egs. (14), (16) and (17) the effect of a variation of parameters can be estimated.

1. Volume of the buffer J: An increase of the buffer volume V' will lead to a decrease of
parameter W3. This will result in a subsequent decrease of the linear cycle frequency wg as
well as an increase of the damping coefficient D. The result is a total decrease of the
oscillation cycle frequency ws.

2. Friction of the feed pipe: An increase of the friction within the feed pipe will result in an
increase of parameter W. This will result in an increase of the dumping coefficient D and a
resulting decrease of the oscillation cycle frequency ws.

3. Slope of the region of instability: An increase of the slope of the pressure drop curve in the
instable region will result in an increase of parameter Wingt. This will result in a decrease
of the damping coefficient D and an increase of oscillation cycle frequency ws.

As the size of the buffer volume is decreased down to zero, the frequency of the oscillation
becomes infinity, while the enhancement of the amplitude of the oscillation approaches 1.
Therefore, in the absence of compressibilities in the feed lines, a measurement of stationary
pressure drop curves is possible.

4. Experimental investigations

In order to examine the two-phase cocurrent downflow in vertical capillaries experimental
investigations were performed. The experimental investigation that were conducted were
grouped in two stages. First, the stationary pressure drop characteristic of the two-phase flow
in a capillary was investigated. For these investigations it is necessary to have no compressible
buffer volumes in the feed lines of the supply system. In a second stage, compressible volumes
for either or both phases were introduced into the feed system and the resulting pressure drop
oscillations monitored.

In Fig. 3 the experimental setup is schematically shown. The test section consists of a glass
or perspex capillary with an inner diameter of 3 and 2 mm (round cross-section) or 1.5 mm
(square cross-section). The total length of the test section is 1000 mm. The capillaries are
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Fig. 3. Schematical representation of the experimental set-up.

equipped with pressure taps for differential pressure measurements along two different lengths
as well as conductive sensors for the void fraction. In Fig. 4 the pressure tap (Fig. 4a) and the
void fraction sensor (Fig. 4b) are schematically depicted. The liquid and the gaseous phase are
fed into a mixing section located at the top of the capillary tube. A storage container at the
end of the tube is used for the separation of the two phases. While the liquid is recirculated
using a pump, the gaseous phase is supplied by a compressor and discharged.

The feed systems for the gas and liquid phases are equipped with a fixed and very high
stationary pressure drop from valves which are used to decouple the oscillations of the system
pressure drop in the test section from the feed characteristics of the pump and the compressor.
In the feed lines to the mixing section a buffer volume of variable size is included. Whereas the
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Fig. 4. Schematical repesentation of (a) the pressure taps and (b) the void fraction sensors.

gaseous phase is already compressible, the buffer volume in the liquid section of the feed line
contains a gas bubble of variable size yielding the compressible properties.

4.1. Stationary experiments

For pressure drop oscillations to be possible, instabilities in the stationary pressure drop
characteristic have to be identified. This can be achieved, as has been shown in the previous
section, when no compressibilities are present in the feed pipes. Therefore, in a first set of
experimental investigations the compressible volumes in both feed lines were removed in order
to facilitate the measurement of the stationary pressure drop across the test section as a
function of the volumetric flow rate of the gaseous and the liquid phase.

In Fig. 5, the pressure drop per unit length across the capillary is plotted as a function of the
volumetric gas flow rate for three volumetric liquid flow rates. The capillary used has an inner
diameter of 3 mm. The plotted pressure drop is measured from the mixing section down in the
direction of the flow. Therefore, for small gas flow rates up to superficial velocities of jg = 0.35
m/s (corresponding to Reynolds numbers of the gaseous phase Reg of 70), the pressure drop is
negative. This holds true for all the liquid flow rates depicted. This is due to the fact that the
overall pressure drop is dominated by the hydrostatic pressure drop, which in turn is negative.
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Fig. 5. The pressure drop per unit length as a function of the volumetric gas flow rate for three different volumetric
liquid flow rates (single capillary, d = 3 mm).

For higher gas flow rates, the system is dominated by the frictional pressure drop and the
overall pressure drop thus is positive. In the region, where the pressure drop is dominated by
the hydrostatic pressure drop, an increase of the volumetric liquid flow rate for constant gas
flow rates will yield a decrease of the void fraction in the capillary. The increase of the liquid
flow rate ranges from superficial velocities of ji = 0.1, 0.2 and 0.25 m/s (corresponding to
Reynolds numbers of the liquid phase Rep of 380, 630, and 750, respectively). Thus, the
hydrostatic pressure drop is increased and the overall pressure drop decreased. Therefore, in
this region

Ap

[
d—-<0 18
P (18)

and the system displays instabilities in reference to the liquid phase. Within Eq. (18), V' is the
volumetric flow rate of the liquid phase. These instabilities will, when the system is coupled
with compressibilities, generate pressure drop oscillations.

In Fig. 6, the pressure drop per unit length across the capillary is plotted as a function of the
volumetric gas flow rate for one volumetric liquid flow rate. The parameter in this plot is the
degree of turbulence of the liquid phase at the inlet of the test section. The turbulence was
generated by bubbles of different sizes in the mixing inlet of the liquid phase. For a high
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Fig. 6. The pressure drop per unit length as a function of the volumetric gas flow rate for one volumetric liquid flow
rate (single capillary, d = 3 mm).

degree of turbulence in the liquid phase and small or intermittent gas flow rates, the pressure
drop per unit length is significantly higher than for the flow with the smaller degree of
turbulence in the liquid phase. This effect is due to an increase of the slug frequency due to the
turbulence in the liquid phase. With the same liquid flow rate, an increase in the slug frequency
will result in a decrease of the slug length. Since the slugs and in particular the front of the
slugs, where due to the turbulence in the liquid phase the velocity gradients are large, are
responsible for the frictional pressure drop, an increase of the number of slugs will
automatically lead to an increase of the frictional pressure drop.

For a superficial velocity of the gas of approximately j; = 1.4 m/s (corresponding to
Reynolds numbers of the gaseous phase Reg of 270) and a high degree of turbulence in the
liquid phase the pressure drop decreases. This is due to the transition from the slug flow
regime to the aerated slug flow regime, which is shown in Fig. 7 for increasing gas flow rates.
Similar effects have been reported by other authors for the horizontal two-phase flow including
Andreussi and Bendiksen (1989), Nydal and Andreussi (1991), Barnea and Brauner (1985) and
Obot et al. (1991). As small gas bubbles are entrained into the front of the slug, the
homogeneous viscosity decreases. Since the viscosity is directly proportional to the shear stress
and thus the pressure drop, the frictional pressure drop will also decrease. This decrease in the
pressure drop can be written as
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(d)

Fig. 7. Photos of liquid slugs flowing from top to bottom. The gas flow rate is increased from (a) to (d) and
aeration of the slugs occurs.

Ap

l
d——<0 19
ave (19)

Vg is the volumetric flow rate of the gaseous phase. For the condition given in [19], the system
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liquid flow rates (monolith, d = 1.19 mm).

displays pressure drop instabilities. When the maximum aeration of the slug is reached, the
local minimum is passed and the system is again stable.

In order to assess, whether a similar behaviour of the two-phase flow in monolithic catalyst
supports is observed as has been shown for the single capillary, measurements were conducted
using an array of ceramic monolithic catalyst supports with 118 mm outer diameter, 300 cpi
(cells per in.?) and 10.5 ml (107 in.) wall thickness. The shape of the channels is square
resulting in a hydraulic diameter of 1.19 mm. The measurements were conducted using a total
length of the test section of 960 mm. In Fig. 8, results for the pressure drop per unit length as
a function of the gas flow rate for several liquid flow rates are plotted. It is evident, that both
instabilities found in the single channel experiments are also present in the cocurrent two-phase
flow of the monolithic catalyst supports. Therefore, the transient behaviour of the flow through
the multichannel catalyst is expected to be similar to the transient behaviour of the flow
through the capillary.

4.2. Transient experiments

When adding compressible volumes to the feed lines of the two phases, pressure drop
oscillations can be observed. A requirement for the development of pressure drop oscillations is
the operation of the test section in the instable regions of the pressure drop curve.

In Fig. 9, sample oscillations for instabilities in reference to the gaseous phase are shown.
Plotted are in Fig. 9a the volumetric gas flow rate, in Fig. 9b the volumetric liquid flow rate
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and in Fig. 9c the pressure drop as a function of time. The parameters for the average flow
rates of both phases and the size of the buffer volumes are given in the legend. The
corresponding superficial velocities are jo = 1.45 m/s (Reg = 300) for the gaseous phase and
jL =0.34 m/s (Rep = 1000) for the liquid phase. It was found experimentally, that for an
increase in compressible volume of either phase, the frequency of the oscillations decreases.
This is in accordance with the simple theory given above. The phase difference between the
oscillations of the liquid phase and the gaseous phase is increased with increasing liquid buffer
volume. This is due to the higher storage capabilities in the liquid feed line and the longer
times for the change of flow direction into or from the buffer volume.

In Fig. 10, sample oscillations for instabilities in reference to the liquid phase are shown.
Plotted are in Fig. 10a the volumetric gas flow rate, in Fig. 10b the volumetric liquid flow rate,
and in Fig. 10c, the pressure drop as a function of time. The parameters for the average flow
rates of both phases and the size of the buffer volumes are given in the legend. The
corresponding superficial velocities are joG = 0.3 m/s (Reg = 57) or the gaseous phase and ji =
0.23 m/s (Rer. = 657) for the liquid phase. It was found experimentally, that for an increase of
the size of the buffer volumes of the gaseous phase the frequency of the oscillations is
decreased, whereas for an increase of the size of the buffer volumes of the liquid phase, the
frequency of the oscillations is increased. While the first finding is in accordance with the
simple theory given above. The second finding shows that there are oversimplifications in the
model. Therefore, a more detailed model has to be developed.

5. Theoretical investigations

In the theoretical investigations on the pressure drop oscillations of the cocurrent vertical
downflow of a gaseous and a liquid phase presented in this paper, we will focus on the
instabilities in reference to the gaseous phase.

In order to mathematically describe the complete system by a set of differential equations
with the corresponding boundary conditions, each component of the feed lines and the test
section has to be taken and modelled. The simplest way to do this, as has been described in
Section 3, is to use integral equations. Thus the pipes were modelled with a simple laminar/
turbulent pressure drop law, where a continuous transition was included to avoid mathematical
instabilities. The equation then becomes

N2 - 2 2
p V) pdV (64) (0.3164)

P 2d(A VEaa Re) T\ R0 (20)
which is in accordance to the general form given in Eq. (2). The compressibilities of the buffer
volumes were modelled using the ideal gas law, as has been given in Eq. (7). This is valid for
the gaseous phase. Since the liquid phase is incompressible in the pressure ranges investigated,

a gas bubble is used to yield the compressible effect in the feed pipes. Therefore, Eq. (2) has to
be modified. It then becomes
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Fig. 10. Sample results of oscillations resulting from instabilities in reference to the liquid phase: (a) volumetric gas
flow rate, (b) volumetric liquid flow rate and (c) pressure drop all as a function of time (single capillary, d = 3 mm).
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Fig. 11. The pressure drop per unit length as a function of the volumetric gas flow rate for one volumetric liquid
flow rate in the instable region of the gas flow rate (single capillary, d = 3 mm).

EG) = —I‘/LL (21)
dr\p poV
Due to inverse of the pressure on the LHS of Eq. (21), the stepwidth of the calculation has to
be chosen so that no mathematical instability arises, yet the time resolution is high enough for
the transient oscillations.

Closing equations were obtained at the junctions and the feed flow rates from the pump and
the compressor were assumed to be constant.

The pressure drop instability in the aerated slug flow regime was modelled using the
correlation by Storek and Brauer (1980) and including an additional curve fit for the data:

Ap = Apstat + %[Pdeﬂ + pg%] and  Apsrar = f(V1.V ) (22)
t dt
The correlation and the experimental data for one exemplary operating point are shown in Fig.
11, where the stationary pressure drop per unit length Apstat is plotted as a function of the
volumetric gas flow rate Vg for one volumetric liquid flow rate V. The inertia of the two-
phase system was included in accordance to the inertia of the feed pipes.

The resulting differential equation is strongly non-linear and of second order. Solving the
equation with standard methods was found to be unsuccessful. Therefore, a dynamic finite step
numerical scheme was developed to solve the equation.

In Fig. 12 sample experimental results for the pressure drop oscillations are compared to the
numerical results obtained from the model described. Plotted is the pressure drop as a function
of time for the operating parameters given in the legend. The corresponding superficial
velocities are jg = 1.8 m/s (Reg = 353) for the gaseous phase and ji = 0.34 m/s (Rep, = 1000)
for the liquid phase. The agreement between the numerical and the experimental results is

good, not only for the frequency and the amplitude of the oscillations, but also for the shape
of the pressure drop trace.
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Fig. 12. The pressure drop for an oscillation due to an instability in reference to the gaseous phase as a function of
time (single capillary, d = 3 mm).

In Fig. 13 the calculated frequency of the oscillations is plotted as a function of the
volumetric gas flow rate for one volumetric liquid flow rate. The corresponding superficial
velocity is ju = 0.34 m/s (Rep = 1000). The parameter in this plot is the size of the buffer
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Fig. 13. The frequency of the oscillations as a function of the volumetric gas flow rate for the operating condition
given in the legend (single capillary, d = 3 mm).
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volume in the gaseous feed line. The buffer volume in the liquid feed line is zero. The vertical
lines indicate the limit of the region of instability. The frequency of the oscillations is increased
for decreasing sizes of the buffer volume in the gaseous feed line. This is in accordance with the
simple model developed in Section 3. As was expected from the results plotted in Fig. 12 the
agreement between measured and calculated results is good. The onset of the oscillations, when
changing the gas flow rate from a stable operating point to an instable operating point is
spontaneous. The frequency of the pressure drop oscillations is increased in the middle of the
instable region. Here, the negative slope of the pressure drop becomes larger and therefore the
acceleration of the fluids greater. With greater acceleration, the frequency of the oscillations
also becomes larger. This finding is in accordance to the simple model developed in Section (3).

6. Conclusions

Transient flows in single capillaries with a two-phase cocurrent downflow of a gaseous and a
liquid phase were studied. The goal of the investigation was the estimation of transient flow
oscillations in monolithic catalyst supports. As a model for a single channel, a capillary tube
was used. The experimental investigations showed instabilities both regarding the liquid and
the gaseous phase. A mathematical model was developed for the calculation of the pressure
drop oscillations. The differential equation that was derived is a second-order, non-linear
equation. Solving of the equation was done by using a dynamic finite step numerical scheme.
The agreement of the numerical results and the experimental data for the oscillations is good,
not only for the frequency and amplitude of the oscillations, but also for the shape of the
oscillations. Further work needs to be done to verify the model with oscillations obtained for
the two-phase flow in monolithic catalyst supports, where the same instabilities are found.
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