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OBJECTIVES BACKGROUND INFORMATION 

1. To develop analytical models for evaluating the 
fluid mechanics of membrane coated, dead-end 
ceramic filters. 

2. To determine the effects of thermal and 
thermo-chemical aging on the material 
properties of emerging ceramic hot gas filters. 

CeraMem Corporation has been active in devel- 
oping a unique, high-efficiency ceramic gas filter 
for removal of particulate matter from flue gas and 
hot gas streams. The filter is fabricated by coating 
a thin ceramic membrane (50 pm) on a commer- 
cially available honeycomb cordierite monolith 
(EX-80) with multiplicity of passageways. The 
membrane filter operates as a dead-end filter. This 
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flow configuration is achieved by modifying the 
monolith structure by plugging every other cell at 
the upstream face with a high-temperature inorga- 
nic cement. Cells which are open at the upstream 
face of the monolith are plugged at the downstream 
face. The particle laden gas is thus constrained to 
flow through the membrane-coated porous cell 
walls. The thin membrane has a pore size approx- 
imately 100-fold finer than that of the monolith 
support. Thus, the retention efficiency of the filter 
for entrained particles is determined by the mem- 
brane pore size. After the particulate matter has 
accumulated for a defined interval of time or to a 
defined pressure drop, the filter is backpulsed to 
dislodge the collected particulates. Whereas com- 
plete regeneration of the filter by simple back- 
pulsing has been achieved in laboratory and field 
tests, some problems were recently encountered 
during tests at pilot scale. Subsequently, DOE 
requested ANL, to provide assistance by develop- 
ing analytical models for the backpulse cleaning 
operation. 

The CeraMem cordierite material and the 
Industrial Filter and Pump Manufacturing (IFPM) 
Company fibrous material are at a stage of 
development where long term reliability issues 
must be addressed. For example, their tolerance to 
exposure to alkali-containing combustion gas, 
being able to absorb N+O without serious degra- 
dation of the mechanical properties at use temper- 
atures, must be demonstrated. Their performance 
must be correlated to the phase composition and 
microstructure, in general, of the materials after 
exposure. 

The thermal and chemical aging at use tempera- 
ture may significantly alter the thermophysical and 
thermomechanical properties of these materials in 
ways which must be documented. In fact, the 
values of thermal expansion coefficient, thermal 
conductivity, and elastic moduli as a function of 
temperature must be measured for the as-fired or 
as-received materials in addition to the thermally 
and chemically aged materials. These parameters 
determine the thermal gradients in the components 
during transient and steady state operating condi- 

tions, and the thermoelastic stresses which develop 
in the components as a result of these thermal gra- 
dients. The thermoelastic stresses can be 
accurately mapped in a given component if the 
temperature distributions are known (assumed a n d  
or calculated) and the thermomechanical proper- 
ties are known as a function of temperature and 
aging history. In conjunction with a knowledge of 
the strength distributions of the materials as a fun- 
ction of temperature and aging exposure, these 
thermoelastic stress calculations can be used to 
predict survival of the components in actual or 
simulated use. 

In addition, when the details of the micro- 
structural changes are established as a function of 
temperature and thermochemical aging and the 
properties are related in a cause-effect relationship, 
the microstructure can be tailored to resist the 
deleterious changes. 

The two materials under consideration are very 
different structurally. The CeraMem material is 
rigid, monolithic material with parallel channels 
along the axis of the filter body, created by the 
“green” extrusion process. The IFPM filter is 
similar to the rigid candle filters except it is highly 
compliant, being comprised of refractory fibers 
loosely bonded together with an inorganic-binding 
agent. 

The reaction of these materials to thermal tran- 
sients such as pulse-cleaning is quite different. 
The cordierite body is 3-D mechanically coupled 
so the thermoelastic stresses can be determined, in 
principle, by knowing the thermal gradients and 
the thermophysical properties. The IFPM material, 
on the other hand, is very loosely mechanically 
coupled such that thermal strains can be more 
readily tolerated without generating destructive 
thermoelastic stresses. The degree of mechanical 
coupling in this material can be dramatically 
affected by thermal and chemical exposure. For 
example, the fibers can develop “welds” where 
they cross due to fluxes (such as N%O). The incor- 
poration of very fine particulates will fill void 
space and tend to “rigidize” the structure. Thus, 
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careful analysis of the rigidity of this latter mater- 
ial with exposure is essential. Also, oxide fibers 
have been shown to be degraded (mechanically 
weakened) by exposure to alkali and other fluxes 
such as H,O which assist crystallization and grain 
growth at exposure temperature. 

The CeraMem material will show subtle 
changes in microstructure (phase composition, 
grain size, pore size and shape) with exposure 
which will dramatically affect the mechanical 
properties, particularly strength, as has previously 
been demonstrated with the Coors alumina/ mullite 
material. Thus, careful x-ray diffraction, SEM, and 
chemical analyses are required to make the 
correlation between microstructural changes and 
property changes. 

PROJECT DESCRIPTION 

This program utilizes combined experience, 
skills and facilities at three organizations: Argonne 
National Laboratory, Penn State University (PSU) 
under subcontract to ANL,, and CeraMem Corp. 
(not funded under this initiative). ANL is respon- 
sible for analytical modeling of filtration and 
pulse-cleaning operations, flow-through testing, 
and prediction of filter response to thermal cycling 
under realistic service conditions. PSU is respon- 
sible for measuring properties and microstructural 
changes of exposed filter specimens. CeraMem is 
charged with the responsibility of fabricating and 
supplying the filters, advising ANL on its experi- 
ence with pulse cleaning, and conducting explora- 
tory or confirmatory laboratory tests as needed. 

RESULTS 

Analytical Model 

In order to analyze the forward and reverse 
flows, models were developed for jet entrainment 
and mixing, fluid flow in filter passages, and ven- 
turi nozzle and diffuser. Referring to Fig. 1, it is 
clear that these models can be combined appropri- 
ately to represent the fluid mechanics of gas filtra- 

tion and backpulse cleaning operations. Entrain- 
ment of the suction/plenum gas by the motive/ 
pulse gas issuing from the blow hole is modeled as 
a constant area, steady and adiabatic process. Flow 
in the filter passages is determined on the basis of a 
one-dimensional compressible flow in square 
channels with proper accounting for skin friction 
and mass, momentum and energy transfer across 
the porous walls. In order to satisfy the no-flow 
outlet boundary condition in the inlet channel, 
pressure P at entrance to the exit channel is 
guessed and varied. Depending on the initial 
guess, 3 to 40 iterations are required to satisfy the 
outlet boundary condition. Flow in the diverging 
section (area ratio >1) of the venturi is analyzed on 
the basis of a specified diffuser pressure recovery 
coefficient and in the converging section on the 
basis of a specified nozzle efficiency. 

In the filtration mode, dirty gas enters the filter 
and exits through the converging-diverging 
venturi. For specified mass flow rate ( r i z ) ,  this 
flow is analyzed by executing the filter model, the 
nozzle model and the diffuser model. Within the 
filter model, P at x = 0 in the exit channel is 
determined iteratively such that riz at x = L in the 
inlet channel is reduced to zero. 

To analyze the pulse cleaning mode, entrain- 
mendejector model, diffuser model and channel 
model are executed sequentially. An iterative 
procedure is required since the suction gas pres- 
sure (Pa in the ejector model is unknown. The 
Newton-Raphson iteration scheme is employed to 
determine P, such that the exit pressure from the 
filter model matches the specified pressure in the 
dirty gas plenum. Alternatively the suction gas 
flow rate riz, can be regarded as unknown and ~ 

determined iteratively to satisfy the exit pressure 
constraint. An advantage of n?, iterations is that 
the possibility of negative entrainment can also be 
factored in. Note that separate iterations are still 
required within the channel model as in the 
analysis of the filtration mode. 

i 
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Figure 1. Flow passage configuration. Reproduced with permission 
from CeraMem Corporation 
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Figure 2. Filtration pressure drop behavior as a function of channel wldth, 
face velocity, wall roughness and gas pressure. Channel length is 306 cm. 



Filtration Pressure Drop 

Figure 2 shows the pressure drop characteristics 
of 30.5-cm long membrane filters as a function of 
channel width (W), face velocity (v3, gas pressure/ 
temperature, effective permeability (I&) and the 
equivalent sand grain roughness (e) .  The medium 
is air for atmospheric system calculations and a 
reducing gas of molecular weight 2 1.9 g/gmole for 
the pressurized system. The effective permeability 
may be regarded as combination of in-series resist- 
ances offered by the monolith, membrane, adherent 
ash deposit layer, and the removable ash deposit. 

2-mm Channels. At 2 c d s  face velocity and P = 
1 atm, the flow in the channels is laminar. The 
observed experimental AP for clean channel is 1.3 
kPa (6.8'' H20) from which a & of 4 x lo-'' m may 
be inferred from Fig. 2a. The model calculations 
indicate that a AP of 3.9" H20 may be attributed to 
Darcy flow and 1.3" H20 to friction effects. In 
many applications, this filter would be pulsed at 
AP of about 1.7 kPa (6.8" H20) which corresponds 
to a & of 3 x 18" m . This implies that if ash had 
a specific permeability of 4.5 x 
cleaning is initiated when the cake thickness builds 
up to 0.038 mm. 

m2, pulse 

At v, = 4.5 c d s  and P = 1 atm, the channel flow 
is mostly laminar and AP is almost independent of 
the wall roughness. The observed experimental AP 
for clean channels is 3.36 kPa (14.6" H20) at the 
above-inferred ICff of 4 x m. The calculations 
indicate that 9.3" H20 of AP may be attributed to 
Darcy flow and 5.1" H20 to the friction effects. 

At P = 28.3 atm and T = 656 K, the channel 
flow becomes turbulent. At 2 c d s  face velocity 
and Kff = 4 x lo-'' m, the calculated pressure drop 
for smooth channels is 16.6" H20 (4.13 kPa) of 
which 8" H20 is due to friction effects. If the walls 
are treated as rough, the pressure drop increases to 
40" H20 at 0.5 mm equivalent sand grain rough- 
ness. At this operating point, AP (friction) >> AP 
(Darcy) and the flow may be regarded as friction 
dominated. 

At v, = 4.5 c d s  and P = 28.3 atm, calculated 
AP for smooth channels is 60.6" H20 of which 
25.8" H,O can be attributed to friction effects. The 
pressure drop becomes unacceptable, > 200" H20, 
if the channel walls are treated as 0.5 mm rough. 
Given the uncertainty over e, one would not select 
2-mm channels for service at 4.5 cm/s face velocity 
in most high-pressure applications. 

4-mm Channels. At P = 1 atm, the channel flow is 
laminar. The computed pressure drop is 4.1 H20 
at v, = 2 c d s  and Kff = 4 x lo-'' m, and 9.5" H20 
at v, = 4.5 c d s  and same &. More than 95% of 
computed AP occurs across the porous walls at v, 
= 2 c d s  and more than 90% at the higher face 
velocity. Thus, the friction effects are not 
important in 4-mm channels for service at 
atmospheric pressure. 

At P = 28.3 atm, the channel flow is turbulent. 
The computed pressure drop for smooth walls is 
7.7" H20 at v, = 2 c d s  and Kfl = 4 x 18'' m, 85% 
of which is due to the porous media. The pressure 
drop increases to 10.2" H20 if the walls are treated 
as 0.5 mm rough. At the higher face velocity, 4.5 
c d s ,  computed AP is 20.5" H20 for smooth walls, 
33.9" H20 for 0.5-mm rough walls, and 16.1" H20 
for flow without friction. Thus, friction and Darcy 
pressure drops become equally important at 4.5 
c d s  face velocity and P = 28.3 atm. 

Pulse Cleaning of Atmospheric System 

A number of parametric calculations have been 
performed to explore the fluid mechanics of the 
cleaning operation. A 15.2 cm x 15.2 cm square 
filter assembly is selected as reference. The 
assembly contains 900 4 mm x 4 mm channels, 
each 30.5 cm long, and blocked at alternate ends. 
The total filtration area is 2.2 m2. For pulse 
cleaning, compressed air at 334 K issues from a 
1.9-cm diameter blow hole into a converging- 
diverging venturi with 10.2 cm x 10.2 cm throat 
cross-section. The venturi and the blow pipe are 
located in a plenum containing air at 422 K and 
atmospheric pressure. Flow in the diverging 
portion of the venturi is modeled as a diffuser with 



0.5 pressure recovery coefficient. When choked, 
the total flow rate through the blow hole is 0.37 
kgls at stagnation pressure (Po) of 5.9 atm, 0.50 
kg/s at Po = 7.9 atm, and 0.63 kg/s at 9.9 atm. At 
zero entrainment, these represent average face 
velocities of 15.4 c d s ,  20.7 c d s  and 25.9 c d s .  

Role of Effective Permeability. Figure 3 displays 
the computed jet entrainment ratio and the average 
face velocity along the clean channel as a function 
of effective permeablity (E = 0.5 mm). Using the 
filtration pressure drop data presented in Fig. 2, the 
results in Fig. 3 can be reinterpreted in terms of the 
trigger pressure drop, i.e., AP at which pulse 
cleaning is initiated. A pressure of 15.5 Wa gauge 
(2.25 psig) is calculated at inlet to clean channel 
for Po = 5.9 atm and Icff. = 4 x lo-'' m which 
compares favorably with 2 psig measured in some 
laboratory experiments. The gauge pressure 
increases mainly with Po and secondarily with 
decrease in Ktr. A higher gauge pressure of 29.6 
kPa can be established at 4 x IO-'' m effective 
permeability by raising Po to 9.9 atm. A nearly- 
uniform velocity field is established inside the 
clean-gas channels at low effective permeability. 
The velocity variation along the channel increases 
with I& and Po. 

Amount of plenum gas entrained by the 
pulse jet is very sensitive to effective permeability. 
As €& decreases (e.g., due to deposit buildup, 
sintering or low specific permeability), so does the 
entrainment ratio. There is a critical IC, at which 
the net entrainment is zero and below which a part 
of the motive gas is reflected back into the plenum. 
This condition must be avoided (e.g., by more fre- 
quent pulsing) because it represents under utiliza- 
tion of pulse gas compression energy with conco- 
mitant reduction in face velocity. Both v, and chan- 
nel gauge pressure are deemed important in deter- 
mining the efficacy of the pulse cleaning operation. 

Venturi Geometry. For optimum pulse cleaning, 
the venturi should be deigned to maximize jet en- 
trainment. Figure 4 quantifies the improvement in 
pulse cleaning with narrowing of venturi throat. 
For ICfI = 2.4 x IO-'' m and Po = 5.9 atm, the en- 

trainment ratio can be increased from 0.08 at A, = 
100 cm' to 1.02 at A, = 22.5 cm2 with corres- 
ponding increase in channel pressure from 16.7 
kPa gauge to 35.5 kPa gauge. 

In general, as the venturi throat is made narro- 
wer jet entrainment increases as does the pressure 
generated in the channel. There is a critical throat 
area, 26.5 cm2 for Po = 5.9 atm, below which fur- 
ther increase in flow kinetic energy obtained by 
reduction in Ah and improvement in entrainment is 
not usefully converted to the pressure head. At 
this point, the excess pressure generated in the 
channel begins to level off or to even diminish 
slightly. For a given filter (L, W and &) and 
pulse system (P,,, blow hole diameter), the critical 
& corresponding to the maximum channel pres- 
sure, is a function of the pressure recovery coeffi- 
cient. As A, is further reduced, a mismatch de- 
velops between the venturi flow and the filter flow 
in that the pressure generated at the venturi is in- 
sufficient to drive the combined motive gas and the 
suction gas through and across the filter assembly. 
Thus, a part of the combined flow has to be reflec- 
ted back into the plenum. The model has not been 
extended into this flow regime because it clearly 
represents a suboptimal operating condition. 

System Optimization. In general a reverse flow 
cleaning system must be designed to generate a 
pressure pulse of predetermined magnitude (AP) in 
the clean channel. Effective permeability at which 
cleaning is to be initiated can be inferred from the 
trigger pressure. Together & and AP specify the 
required face velocity. The task is then to deter- 
mine the reservoir pressure, blow hole size and 
venturi geometry capable of achieving the target 
AP. For reasons stated earlier it is desirable to 
minimize compressed gas usage and maximize 
plenum gas entrainment. A methodology to 
accomplish this objective is best enumerated 
through an example problem. 

The dimensions of the filter assembly are the 
same as for calculations presented in Fig. 3. Figure 
5 shows that for given stagnation pressure (Po) and 
temperature (322 K) at the blow hole, there are 





many combinations of blow hole diameter and 
venturi throat area that can achieve the target AP 
(14 kPd2 psig). The optimum combination is the 
one that leads to the maximum flow entrainment, 
Le., the smallest blow hole diameter. Note that at 
Po = 5.9 atm the optimum nozzlehlow hole area is 
one-fourth of the original design (2.8 cm2 in Fig. 
3), and the venturi throat area is one-sixth of the 
original design (104 cm2). The optimum combina- 
tion achieves an entrainment ratio of 2.2 compared 
to only 0.1 in the original design. 

The combination of Po, blow hole diameter and 
venturi throat area that minimizes compression 
power can also be determined from the results pre- 
sented in Fig. 5. The results favor the lowest Po 
capable of achieving the target AP, but other 
considerations such as the reservoir volume may 
dictate that somewhat larger Po be selected. 

Filter Performance 

A test apparatus, shown schematically in Fig. 6, 
has been assembled to expose ceramic filter speci- 
mens to chemical environments simulating opera- 
tion of pressurized fluidized bed (PFB) and inte- 
grated gasification combined cycle (IGCC) plants. 
The exposed specimens are analyzed for changes 
in thermophysical and thermomechanical proper- 
ties: thermal expansion coefficient, thermal con- 
ductivity, strength, elastic moduli and 
microstructure. The tests also monitor the collec- 
tion efficiency of the filters and the ability of pulse 
reverse gas flow to regenerate the filter. The 
following are the nominal test conditions. 

Pressure: 
Temperature: 
Superficial face 

Filter specimens: 
velocity: 

Nominal gas 
flow rate: 

Test duration: 

atmospheric 
600 - 900.OC 
2-4 C ~ / S  

5.08 - 15.24 cm long, 
25 or 100 cpsi . ’ 

9-15 slm, variable SO2, 
alkali and ash concentration 
100 - 2,000 h continuous or 
in termpted 

* C.l l r .1  

e-. 

Figure 6. Filter Exposure Apparatus 

Gas Handling System. Initial tests will simulate 
the oxidizing environment of PFB operation. A 
mixture of shop air, bottled N2, CO, and SO, and 
H20 vapor at nominal volumetric composition of 
17.1%, 58.8%, 13.5%, 0.01% and 10.5% respec- 
tively, is used to match the oxygen potential, SO& 
SO, concentration, moisture level and C02 concen- 
tration typical of PFB environment. 

Pulse Gas System. After exposure to the particle 
laden gas for a defined interval of time or to a de- 
fined pressure drop, the ceramic filter is back pul- 
sed to dislodge the accumulated ash deposit. Nitro- 
gen from the high-pressure line is used for back 
pulsing. Pulse duration and frequency are adjust- 
able by means of a computer-controlled solenoid 
valve. The nominal values are 1 s duration and 4- 
6/h frequency. 



The pulse gas from the high-pressure line is 
directed into a blow pipe and issues from a small 
blow hole of 1.25-mm diameter. It discharges into 
the plenum region and entrains some of the ple- 
num gas. The resulting mixed jet enters the ven- 
turi atop the filter holder. For the conditions of the 
experiment, the flow is choked at the blow hole 
and the estimated entrainment ratio is about 1.2. A 
ballast tank, with a capacity of 4 filters, is 
connected to the upper plenum and serves as a 
reservoir for entrained gas. It is estimated that the 
maximum differential pressure generated in the 
venturi will be less than 3 psi. 

The blow tube and the venturi section are 
machined from a nickel based alloy, Inconel 625. 
To further improve the corrosion resistance at high 
temperature in presence of sulfur oxides and alkali 
species, these are coated with alumina particles 
(alonized). 

AsWAIkali Feed System. For tests under oxidi- 
zing conditions, fly ash from Tidd plant is used. 
The ash has a top size of about 10 pn and is 
extremely cohesive. Repeated attempts to feed this 
ash by a fluidized-bed aerosol generator proved 
futile because of in-bed agglomeration leading to 
volcanic deposits on the distributor plate. A new 
feed system had to be designed in which ash is 
introduced into a plenum on a chain conveyor and 
is blasted with two jets of nitrogen which cross at 
an angle of 140". The jets have a diameter of 1.6 
mm, meet at a point on the conveyor and serve to 
suspend and deagglomerate the ash. A third jet 
from the bottom helps in entraining and 
transporting the suspended ash particles to the test 
chamber. 

An ultrasonic nebulizer is used to feed water 
containing dissolved sodium chloride or sodium 
hydroxide sufficient to provide a concentration of 
1- 10 ppmv in the gas stream. 

Gas Heating System. Flowing gas is heated by a 
Lindber-lue M three-zone tube furnace capable 
of achieving a maximum temperature of 1200 "C. 
A concentric tube arrangement is used to contain 

the gases. The tubes are of ceramic (mullite) 
construction and are clamped at the bottom. The 
inner tube (8.89 cm ID, 0.9 m long) has one collar 
and is shorter than the outer tube (IO. 16 cm ID, 
1.07 m long) which has two collars. The filter 
assembly is positioned at the top of the inner tube. 
The outer tube is longer to provide a plenum for 
the hot clean gas and to permit all connections to 
the metallic tubes to be made outside the furnace. 

. 

Filtration System. The ceramic filter specimens 
are provided by CeraMem Corp. The specimens to 
be tested are 5.08-cm or 15.24-cm in length, and 
may contain 25 cpsi (cells per square inch) or 100 
cpsi. Four 100 cpsi, 5.08-cm long specimens can 
be exposed at a time. At a superficial face velocity 
of 2 c d s ,  the expected pressure drop across a 
clean filter specimen at room temperature is about 
4" of water. The filter holder is machined from 
Inconel 625 which is superior to stainless steel in 
high temperature strength and corrosion resistance. 
To further protect the surface and for life 
extension, the filter holder is alonized by Alon 
Processing. 

Material Properties 

Strength. Strength testing as a function of tem- 
perature has been completed for the uncoated EX- 
80 material with 4 mm cell size. Four-point flex- 
ure tests were conducted on 2" long by 1 cell by 1 
cell specimens at room temperature, 800 "C and 
870 "C. All specimens were loaded using a sup- 
port span of 40 mm, a load span of 20 mm and a 
loading rate of 0.02"/min (a strain rate of 9.641 
min). Specimens tested at elevated temperatures 
were heated to the test temperature (800 "C or 870 
"C) and held for 15 minutes for thermal equili- 
bration prior to loading. Compared to the mea- 
sured room temperature strength (9.6 & 0.6 MPa), 
the uncoated EX-80 material did not exhibit a 
significant strength increase at 800 "C (9.7 I?: 1.5 
MPa), but did show a slight increase in strength at 
870 "C (10.8 -t. 1.3 MPa). Slight increase in 
strength at 870 "C may be caused by closure of 
microcracks. 



The same procedure was followed in 
conducting four-point flexure tests on coated 4- 
mm cell size specimens. Based on the average 
strengths and standard deviations, the coated filter 
material did not exhibit a significant increase in 
strength, even after accounting for differences in 
surface area under uniform tension due to the 
slight difference in size. To be consistent with the 
uncoated filter material, the tensile surface was 
always the outer surface of the filter bars, which 
received the sanding treatment performed by 
CeraMem. The sanding was done to ensure a flat 
and uniform surface for loading the specimens. 
However, the sanding also removes some, if not 
all, of the coating, which may explain why the 
coated filter material did not exhibit a significant 
increase in strength. While the inner surface of the 
square cell contained the as-processed coating, the 
maximum tensile stress during four point flexure 
occurs on the outer surface (which was the surface 
that was sanded) within the load span. 

Strength tests were also conducted on coated 2- 
mm cell size specimens, 2" in length and two cells 
by two cells wide. Table 1 gives the experimen- 
tally obtained Weibull strength distribution for 
both the coated and uncoated filters. Fractographic 
analysis using scanning electron microscopy is 
being performed to determine the source of some 
of the low strength failures for some of the strength 
distributions. The fracture patterns for the flexure 
bars of the uncoated EX-80 material show only 
intergranular fracture, as expected, at room and 
elevated temperatures. Fractures initiated from the 
outer surface of the bottom cell wall, which is the 
location of maximum tensile stress. No fractures 
were observed to initiate from cell walls (strut) 
parallel to the applied load. Thus, the expression 
used to calculated the strength of the flexure bars, 
which were based on the outer fiber strength of an 
open-square wall bar, are valid. 

Elastic Moduli. Elastic moduli data as a function 
of temperature were obtained using an acoustic 
resonance technique. Specimen are suspended 
inside a furnace via sapphire fibers, which are 
glued to transducers outside the furnace. An am- 

plifier is used to excite one of the transducers, 
thereby sending vibrations down the sapphire 
fibers, through the specimen, and back up the other 
sapphire fiber to the receiving transducer. The 
resonance spectrum is then analyzed using a fast 
Fourier transform computer program to identify the 
primary resonant frequency for the corresponding 
mode of vibration (longitudinal or torsional). 

The longitudinal mode measurements, which 
yield the Young's modulus, were conducted on 
specimens which were 2" in length by 6 cells wide 
by 2 cells thick with a small, through-thickness slit 
(to accommodate the sapphire fiber) machined into 
the center strut at each end of the specimens. For 
the torsional mode, which yield the shear modulus, 
the slits were machined into the ends of the 
specimens (2" in length by 6 cells wide by 3 cell 
thick) at diagonal comers. 

Specimens were heated to 950 "C at 10 "C/ 
minute and held for five minutes (to allow for ther- 
mal equilibrium and resonating of the specimens) 
at 400°, 800", 870", and 950 "C. The specimens 
were then cooled at a rate of 10 "C/ minute to 400 
"C with five minute holds at 870 "C and 800 "C. 
The room temperature measurement was repeated 
after the furnace cooled. The structural stiffness of 
the uncoated EX-80 material (4 mm x 4 mm cell 
size) for the longitudinal resonance mode increa- 
sed from 0.38 x lo6 psi at room temperature to 0.5 
x lo6 psi at 950°C. Upon cooling the longitudinal 
stiffness increased to 0.52 x lo6 psi at 870°C and 
8OO"C, and then returned to 0.38 x lo6 psi at room 
temperature. The torsional stiffness exhibited the 
same hysteresis increasing from 0.12 x lo6 psi at 
room temperature to a maximum of 0.16 x 1 O6 psi 
at 800OC during cooling and back to 0.12 x lo6 psi 
at room temperature. The increase in stiffness with 
temperature may by due to closure of microcracks 
during heating or some sintering (densification) at 
the elevated temperatures. Significant sintering 
probably did not occur since identical stiffnesses 
were measured at room temperature prior to 
heating and upon cooling from 950 "C. If the 
increase in stiffness is due to closure of micro- 
cracks, then the hysteresis observed upon cooling 



Table I. Average Strength and Weibull Parameters for Uncoated and Coated Filters 
Using Four Point Flexure 

Weibull 
Material Temperature Average Weibull Characteristic? 

("C) Strength Modulus Strength (MPa) 
(MPa)' LR* m3 LR2 ML3 

Uncoated 20 
800 
870 

Coated 20 
25 cpsi 800 

870 

Coated 20 
100 cpsi 800 

870 

9.6 (0.6)" 17.8 22.3 
9.7 (1.5) 7.4 8.9 

10.8 (1.3) 8.9 12.7 

10.1 (0.4) 27.6 31.2 
10.4 (1.3) 8.3 12.5 
10.4 (0.9) 13.1 11.8 

8.8 (0.8) 13.6 15.2 
8.4 (0.9) 10.7 10.4 
8.6 (1.5) 6.8 7.4 

5.9 6.5 
3.2 3.8 
4.3 5.7 

7.5 7.8 
3.8 5.3 
5.7 5.3 

4.8 5.1 
3.8 3.7 
2.5 2.8 

t - Characteristic strength based on a unit area of surface in uniform tension. 
1 - Data based on ten samples/temperature. 
2 - Linear Regression 
3 - Maximum Likelihood 
* - One Standard Deviation based on ten samples per temperature. 
Loading rate = 0.02"/min---Strain rate = 8.65-03/min for uncoated and 9.64E-O3/min for coated. 

Table 2. Young's Modulus (GPa) and CTE @pm/"C) Data 

Material Temperature Young's Modulus (GPa) CTE (PPd"C) 
(" C) Heating cooling Heating Cooling 

Uncoated 22 
25 cpsi 400 

800 
870 
950 

Coated 22 
25 cpsi 400 

800 
870 
950 

13.2 
13.2 
15.5 
16.6 
17.5 

9.9 
10.1 
13.4 
14.4 

13.2 
15.2 
17.9 
17.8 
17.5 

9.9 
11.9 
15.5 
15.8 

-0.5 
0.2 0.05 
0.5 0.45 
0.6 0.50 
0.6 0.55 

-0.4 
0.05 -0.1 
0.37 0.3 
0.35 0.35 
0.40 0.38 



suggests that the micro-cracks did not reopen 
above 800 "C and possibly until cooling below 650 
"C. 

Independent confirmation of the elastic modu- 
lus for the uncoated Ex-80 material was achieved 
at room temperature using a second acoustic reso- 
nance apparatus. This is equipped with an oscillo- 
scope that enabled us to identify first (represented 
by ellipse) and half-order (represented by a figure 
"8") resonant frequencies and can measure fre- 
quencies less than 5,000 Hz that are typically 
masked by background or system noise. 

To measure the modulus of the material, a 
single layer of the EX-80 material was machined 
from the 6 cell by 6 cell bar of uncoated EX-80. 
The final dimensions of the single layer were 
51.232 mm long by 19.761 mm wide by 0.889 mm 
thick. Stainless steel taps were glued to the ends of 
the single layer plate at locations of mid-width (for 
flexural mode) and diagonal comers (for torsional 
mode). The single layer was then suspended such 
that the steel taps were oriented directly above 
transducers. A frequency generator was then 
turned on and the frequency was adjusted to 
resonate the sample. 

The first and half order resonant frequencies for 
the flexural mode were determined to be 121 1 and 
606 Hz, respectively, which yielded an elastic 
modulus of 14.8 GPa. Likewise, the first and half 
order resonant frequencies for the torsional mode 
were determined to be 2010 and 1006 Hz, respec- 
tively, which yielded a shear modulus of 6.6 GPa. 
Based on the elastic and shear moduli, a Poisson's 
ratio of 0.12 was calculated for the uncoated EX- 
80 material at room temperature. 

Since the first and half-order frequencies for a 
single layer are less than 5,000 Hz, we can not 
measure the resonant frequencies using the eleva- 
ted temperature accoustic resonance apparatus. 
However, the ratio of the structural stiffness (E*) to 
the elastic modulus of the strut (EJ is related to the 
ratio of the thickness (t) to the length (1) of the strut 
(cell wall). For a honeycomb material with open- 

square cells, the above two ratios are directly 
related: E*& = t/l. For the uncoated EX-80 mater- 
ial with a 4 mm cell size, t = 0.034" and 1 = 0.17". 
Knowing E* = 2.6 GPa (resonance technique), the 
room temperature elastic modulus of the strut (i.e. 
uncoated EX-80) was calculated to be 13 GPa , 
which is in very good agreement with 14.8 GPa 
determined using the single wall specimen. Thus, 
this equation can be used to determine the elastic 
modulus of the material from the structural stiff- 
ness measured via resonance at elevated 
temperature (see Table 2). 

Elastic moduli measurements were performed 
on the coated EX-80 filters with 25 cpsi. As 
compared to the uncoated filters (E = 14.8 GPa), 
the coated filters exhibited slightly lower moduli 
(9.9 GPa), which is the opposite of what was 
expected. While measuring the structural stiffness 
at elevated temperatures (> 800 "C) the resonance 
signal decays fairly abruptly, making measure- 
ments quite difficult. In fact, the resonant signal 
became lost in the background noise at 950 "C and 
no results were recorded. This evidence suggests 
that the coating material acts to dampen the 
resonance of the material at elevated temperatures. 
Similar behavior has been observed for material 
with extensive glassy phase in the microstructure. 
At elevated temperatures, materials with a 
significant glassy phase in the microstructure prove 
very difficult to resonate, because the glassy phase 
tends to soften (viscosity decreases) and dampens 
the acoustic vibrations in the material. 

While room temperature X-ray diffraction 
patterns (XRD) indicate that the coated filters con- 
tain no significant amorphous phases, heating to 
elevated temperatures may form an amorphous 
[e.g., silicate] phase(s), that could reduce the abi- 
lity to resonate this material. Since the intensity of 
the resonant signal increases as the temperature is 
lowered from 950 "C, it is unlikely that any 
significant amorphous phase(s), if formed, remains 
("freeze in") upon cooling. 

Thermal Expansion. A dilatometer has been used 
to measure coefficient of thermal expansion (CTE) 



for 1.5" long x 2 cells x 2 cells specimens cut from 
uncoated and coated 25 cpsi filters. The measure- 
ments indicate that hysteresis does occur upon 
heating at 1,000 "C, holding for 30 minutes, and 
then cooling to room temperature (see Table 2). 
Upon heating to 1,000 "C, the percent change in 
the length is not perfectly linear, but shows a slight 
upward curvature, which may be due to closure of 
microcracks. Upon cooling below 800 "C, micro- 
cracks appear to open resulting in a slight hyster- 
esis in the expansion curve. For the uncoated 
sample, the results compare well with that of the 
manufacturer in both overall shape and values of 
the average CTE. In agreement with the 
manufacturer's data, a small discontinuity in the 
cooling curve occurs around 650 "C due to the 
opening of the micro-cracks that closed upon 
heating to 1,000 "C. 

The coated 25 cpsi filter exhibited similar 
expansion behavior as the uncoated filter with the 
exception of an additional discontinuity in the 
heating curve at 800 "C. The source of this discon- 
tinuity is being investigated; however, it may be 
due to a phase change associated with the coating. 
Note that the structural stiffness measurements at 

elevated temperature were damped at about the 
same temperature. An average CTE at 800 "C of 
0.35 x lO-6/oC was measured for this sample. We 
will continue to perform some additional thermal 
expansion tests to verify the repeatability of the 
expansion behavior. 

FUTURE WORK 

Detailed three-dimensional fluid dynamics 
calculations are being carried out to confirm the 
criteria for sizing the filter passages from consi- 
derations of Darcy pressure drop, friction pressure 
drop and the dynamic head. The calculations will 
also validate the methodology for optimizing the 
venturi geometry from the standpoint of minimi- 
zing pulse gas usage and controlling the thermal 
load imposed on the filter assembly. 
underway to expose the filter specimens and 
measure changes in material properties as a 
function of exposure time, exposure temperature 
and gas environment. The resulting database will 
provide the capability to predict the probability of 
survival of commercial filters under anticipated 
service conditions from calculated thermoelastic 
stresses and measured material properties. 

Work is 
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