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A realistic wear test was developed for porous thermal insulation systems exposed to high temperature turbulent
gas flow, because it is essential for the development of existing and new concepts of such insulation and therefore
also for the performance of processes that depend on such insulation. Wear is crucial and often dominant for the
long-term performance of thermal insulation and, because of the complex nature of insulation wear under
exposure of high-temperature turbulent flow, realistic testing capability is a necessary tool for improvement. A
test rig was developed to subject fibrous ceramic insulation, the most encountered type of thermal insulation, to

conditions representative for in-service use and to enable investigation of the occurring phenomena and
behaviour. This rig can accommodate a range of different insulation configurations and is compatible with many
turbulent flow sources. This test rig, its components, the experimental procedure, its accuracy and representative

results are presented.

1. Introduction
1.1. Motivation

Sustainability is a major topic in the European Union and as a result
there is substantial drive for improved energy efficiency. This is,
amongst others, reflected in the priorities of the EU Horizon 2020 and
Horizon Europe innovation programs and in the increasingly strict EU
road vehicle emission legislation [1-3].

For road vehicles, the energy efficiency can be increased through
lowering the vehicle mass. One possible way to do so is to replace
conventional steel exhaust systems with a lower density material alter-
native, where, by employing thermal insulation, more materials become
suitable alternatives despite the exhaust gas temperature. However, for
the most cost- and mass-competitive insulation, ceramic fibres, this is a
challenge in terms of performance and durability. This is to a large
extent because of the combined long-term thermal and fluid-dynamic
influences [4].

Improved understanding of wear of fibrous thermal insulation under
combined thermal and fluid-dynamic influences can thus help in
increasing vehicle energy efficiency, but it is also relevant to existing

* Corresponding author.
** Corresponding author.

applications where insulation durability matters, such as in processing
industry exhausts and ovens. More understanding of the degradation of
insulation systems can also help in reducing the formation and release of
the types and sizes of ceramic particles that can cause adverse health
effects [5].

Realistic wear testing possibilities are crucial for developing and
assessing ideas and models for the wear of fibrous insulation and also for
validating designs and configurations. Testing on real systems is often
not feasible because of the limited availability and associated cost and
safety risk. Replacement experiments require representative fluid-
dynamic and thermal conditions and realistic mounting of the insu-
lation systems.

1.2. State of the art

There are some test rigs and methods already available; these are
mentioned and analysed here. First, two from standards and then, three
tests found in scientific literature. The analysis focusses on whether the
test is suitable for high-temperature, high-turbulence gas flows and on
the wear mechanism(s) identified, if reported.

Test standard E859 of ASTM focusses on the erosion of sprayed fire-
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resistive materials lining ventilation ducts, including sprayed fibrous
materials [6]. Another erosion test is part of UL 181, which is a set of
standardized tests for factory-made air ducts [7]. Both standards test the
wear of the material lining the duct by exposing it to an air stream and
collecting fibres downstream using filters. The use of collection filters is
a proven method for detecting lost fibres or fibre fragments. There is a
lower limit to the captured fragment size though, so wear in the form of
very small fragments can go undetected. For high temperature flow, the
thermal resistance of the filter materials would have to be investigated.
Also, the relatively large flows ducts and the use of collection filters is
not well suited to high levels of turbulence and temperature, because of
the capacity demand on the flow source.

In a set of articles Arnold, Heuer and Walter describe their mea-
surement of wear of different configurations of fibrous insulation using a
slit wind tunnel [8-10]. The thermal insulation formed both long sides
of a rectangular flow channel, which was termed slit because of its small
relative height of 20 mm. Their flow source was a natural gas burner and
as a consequence, they achieved temperatures up to 1200 °C and a
Reynolds number of 1.4-10* at that temperature and even higher at
lower temperatures. The insulation wear rate was determined by
counting and measuring using SEM the fibres that were sampled
isostatically from the flow downstream. Accelerated embrittlement was
achieved through thermal ageing before the test, i.e. by heating the
samples to temperatures close to their classification temperature for a
certain time interval. The fibre counting using SEM is a rather
cumbersome approach and the isostatic sampling is incompatible with
pulsating flows as those generated by combustion engines. Only re-
fractory ceramic fibre insulation without cover fabric or binder was
tested and it was concluded that the main wear mechanism was loss of
complete fibres. The minimum detectable fibre (fragment) size was not
mentioned.

Sokov and Sokov [11] have published results of a test of a different
type of insulation, namely rigid fibrous hollow cylinders. These fibres
are sintered together and can withstand even higher temperatures. The
mass change was measured after exposure to flows with temperatures up
to 1800 °C. No mention is made of mass flow rate measurements, so the
Reynolds number is unknown. The presented method seems incompat-
ible with non-rigid fibrous samples, as no provision is made to house or
support them. No mention was made of the mechanics behind the wear.

Mui and Clancy [12] developed a relatively simple laboratory setup
to mimic the damage of fibrous insulation systems resulting from flow
exposure. A room temperature pulsating air-jet was directed at the
centre of a 15 x 15 cm sample under a 45° angle to create a repeated
series of traveling waves across the cover fabric. It was used in
conjunction with thermal cycling to compare samples with different
coatings. This approach offers a lot of freedom in terms of insulation
configurations, but the thermal and flow conditions at the sample sur-
face are not necessarily representative for those in for instance pipe flow.
Consequently, this test can be used to rank the resistance of materials
under the specific test conditions, but the user must determine the de-
gree of correlation with in-service results.

The focus of their investigation was on protective coatings, so only a
brief mention of the damage of the uncoated sample was made. The
waves passing through the cover fabric separated and ultimately
ruptured its fibres. A few seconds after the first few fibres ruptured, a
hole formed in the fabric. In the provided figure, these holes in the fabric
seem to occur some distance away from the through-the-thickness
stitches in the insulatoin system, where the fabric was less restricted
in its movement.

Besides the above mentioned articles, there is little comprehensive
literature on the degradation of fibrous insulation (systems) under in-
fluence of high temperature turbulent flow. Publications on separate
influences do exist, but were usually done with a different aim and were
therefore not exactly representative. The authors identified the
following influences that can affect the response and thus potentially
also the degradation of insulation systems: the system configuration [12,
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13], its interaction with the flow [14-17] and the materials and their
thermal history [18-20].

The wear test presented in this article simulates in-service conditions
with the benefit of flexibility in terms of sample configurations and flow
sources, including compatibility with pulsating flows as those generated
by combustion engines. Furthermore, it enables simple access to the
sample, making mass measurement and inspection with different tech-
niques possible.

1.3. Aim and outline of this article

A test for wear of fibrous insulation systems was designed and built
that offers wall-like mechanical boundary conditions and well-defined
flow conditions. During the development, the focus was on a test rig
that could accommodate different insulation configurations with
different mounting methods while compatible with different flow
sources, including combustion engines.

The result is a test that allows wear quantification through its mass
loss and visual identification of the sample state and potential damage
accumulation through relatively easy intra-test inspection. The me-
chanical boundary conditions are such that the test rig can accommo-
date a range of insulation thicknesses and mounting methods. Also, as
the test rig is independent of the flow source and easy to handle, the flow
source can be used efficiently, because a second test rig can be coupled
to the source while the first rig is, for instance, weighed, inspected or has
its sample replaced.

This article firstly presents the test rig in detail, part of the test ca-
pabilities and the additional components required. Secondly, it presents
the experimental procedure and thirdly, representative samples and
results are shown. This includes mounting methods, mass change with
time and visually observed damage mechanisms.

2. Test rig and components
2.1. Testrig

In essence, the test rig forms a closed flow channel with the sample
surface forming part of the channel boundary. Along the sample, the
flow channel cross-section is rectangular and it smoothly converges both
up- and downstream to circular over a length of little over two pipe
diameters. See Fig. 1 for an overview.

The insulation sample surface forms one of the two long sides of the
rectangular flow section in the middle of the test rig, see Fig. 3 for a
widthwise cross-sectional cut. The surface of other three flow channel
walls is smooth steel. The rectangular section has the same hydraulic
diameter as the up- and downstream circular sections, so the Reynolds
number should not vary along the channel. The flow condition at the
sample can thus be derived from the measurements downstream.

The test rig consists of two main components. The first and largest
part of the test rig makes up the flow channel and widens on the sample
side to form part of its enclosure, this is the top part in Figs. 1-4. The
second part of the test rig forms the remainder of the sample enclosure,
namely the bottom part in Figs. 1-4. It is in this easily replaceable part,
that different mounting methods can be integrated. The bottom part is
designed to be bolted to the top part. These bolt connections are through
the part of the sample that extends beyond the flow channel, thus
through its clamped edge, see Fig. 2.

As the sample is clamped beyond the flow channel, no special pro-
visions are necessary for mounting it at the edge of the flow domain.
Another consequence is that the sample is slightly more constrained near
the sides, generally causing the wear to initiate widthwise in the middle,
exactly where the flow conditions are well-defined.

The distance between the top and bottom part that defines the
sample thickness is set using spacer rings around the bolts. Together
with the gasket around the edge of the sample enclosure, these provide
sufficient airtightness. See Fig. 1 for the spacers and gaskets. In the
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Fig. 1. Exploded view of the test rig without sample. It consists of two main
components: the flow channel itself together with the top and sides of the
sample enclosure, and the bottom part of the enclosure to which the sample can
be mounted. In between, spacers and gaskets are mounted to control the height
available to the sample and seal the circumference, respectively.

Fig. 2. An isometric view of the test rig in closed form (nuts and bolts not
shown). The dashed lines A-A and B-B indicate the cross-section axes of Figs. 3
and 4.

Flow

Fig. 3. Widthwise cut of the test rig, see A-A in Fig. 2. Visible are the top and
bottom parts of the rig, spacing cylinders for the bolts and two stacked gaskets.
The flow domain is indicated in solid light grey and the sample domain in solid
dark grey.
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Fig. 4. Partial mid-plane lengthwise cut of the test rig, namely the bold part of
line B-B in Fig. 2. From left to right, it spans from the cylindrical section to the
rectangular sample section of the top part.

current configuration, the minimum thickness available to the insulation
is 11 mm.

The insulation samples that can be tested using the presented rig are
flat, making installation relatively simple and the setup compatible with
many different configurations. In the current test rig, the length of the
channel boundary that is formed by the sample is more than four times
the channel width. The dimensions of the exposed area are 434 by 100
mm. The total length and width available to the sample are 593 and 170
mm, respectively. Sufficient exposed length is, first of all, necessary to
make the distance over which the fully developed flow can adapt to the
change in wall roughness relatively small. Second, a sufficiently long
sample is necessary to be able to test insulation with spatial patterns, e.g.
periodic mounting points.

The test rig was designed in such a way that its stiffness and tem-
perature distribution limit the test rig curvature during testing with high
gas temperatures. This is the reason that beyond the exposed section of
the sample, the channel slopes away to a vertical offset of about 15% of
the height of the rectangular channel section, see Fig. 4. Also, the
spacing rings and gasket around the sample enclosure provide sufficient
airtightness to prevent unwanted secondary flow through the sample.
The gaskets can be stacked to accommodate different spacer heights. As
the pressure difference is generally low, the stacking of gaskets provides
sufficient sealing.

The test rig was made of EN 1.4301 stainless steel, providing
dimensional stability at high temperatures and resistance against
different gas compositions, including flue gasses. The employed gaskets
were made of mica and have a maximum service temperature of 950 °C.
Thermocouples were spot-welded to the test rig at specific locations to
monitor the temperature evolution along the flow channel, and to record
the temperature difference between the top and bottom part. In the
current configuration, the test rig has been used with gas temperatures
up to 800 °C. Higher gas temperatures up to 1000 °C are deemed
possible, but require further investigation.

The design of the test rig is not set in stone, some aspects can be
varied depending on the situation of interest. As already mentioned, the
smaller bottom part can be easily replaced and adapted to different
insulation mounting systems if necessary. Also, the dimensions of
exposed sample area are not crucial and can be adapted to relevance,
although a minimum exposure length is required to reduce the influence
of entrance effects.

Furthermore, the thickness range available to the sample is not fixed.
The sample thickness range of interest is primarily influenced by the
insulation type and its mounting. Irrespective whether a porous sample
forms a permeable or impermeable fluid boundary, the loads are largest
near the flow-exposed surface [14]. The minimum possible sample
thickness will therefore often be defined by the need for a realistic
mechanical and thermal boundary conditions for the surface layer of the
sample. When an internal combustion engine is used as a flow source, a
larger sample thickness might be required for a realistic response than
for steady turbulent flow because of the larger pressure variations.

The basic cylindrical connections of the test rig allow combination
with different flow sources. The authors have used the test rig in com-
bination with blowers, burners and combustion engines, but other
sources are not excluded.
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2.2. Experimental layout

The described test rig is the main component of the experimental
setup, but it cannot function on its own. The experimental layout that
was employed for the results presented in this article was as follows,
from up-to downstream, Fig. 5: flow source, connection section with gas
temperature measurement, test rig, connection section with gas tem-
perature measurement and mass flow measurement. Additionally,
downstream of this layout, the flow was led away from the test area to
maintain a steady test environment. Furthermore, to keep the temper-
ature of the test environment constant across time and space, active
room ventilation was employed.

The analysis and study of wear requires sufficiently accurate
knowledge of both sample and flow state. To assess the mass change of
the sample after exposure using the afore described layout (without
having to disturb the sample), the mass of the test rig including the
sample was measured using a high-accuracy scale. A scale (Mettler
Toledo) with a 15 kg capacity and an absolute measurement error of 0.5
g was employed. This accuracy is such that the mass has to be deter-
mined at room temperature, otherwise the buoyancy of the hot air inside
will result in a bias. An uncertainty analysis according to Dunn [21] was
performed to determine the uncertainty in the mass change determi-
nation of the sample, see Appendix A.

Using a heat exchanger and flow meter (ABB) the mass flow rate
could be determined with about 1% accuracy. Together with the tem-
perature, measured using K-type thermocouples, this allowed the esti-
mation of all relevant flow properties. Fig. 6 resembles part of the setup.

3. Experimental procedure

The experimental procedure employed to obtained the results pre-
sented in this article was as follows. In order to prevent unwanted sec-
ondary flow throughout and around the sample and to determine the
virgin sample mass accurately, it is important that the sample is pre-
pared correctly to fit the enclosure. This means sizing it to the casing and
punching out the holes for the bolts and spacers. Once the virgin sample
mass is determined, it can be installed. Accelerated thermal ageing of
samples before testing is possible. This should be done before sizing the
sample to the casing as the ageing generally results in non-negligible in-
plane shrinkage. The remaining steps before exposure are closing the rig
at the preferred sample thickness using the spacer rings, optionally
measure the leak rate to check the gasket sealing quality, and then,
lastly, determine the mass of the test rig including the sample.

Once this baseline mass has been determined, the test rig can be
mounted in the described experimental setup. The sample can then be
exposed to the set flow for the required duration. The conditions inside
the test rig can be determined from the gas flow temperature in com-
bination with the mass flow rate and from the temperature distribution
over the casing.

To assess the mass change of the sample after the exposure, the test
rig has to be dismounted and allowed to cool down to room temperature.
In the meantime a second test rig can be mounted to use the flow source
efficiently. Once at room temperature, the mass of the test rig (including
the sample) can be determined and thus the mass change with respect to
the baseline mass. If required, the casing can be opened to visually
inspect the sample or to apply inspection techniques. Subsequently, the
casing can be mounted to the flow source again for further exposure. The

S S S Y

I II II1

Fig. 5. Schematic representation of the test setup with, from left to right, flow
source (I), test rig (II) and mass flow sensor (III). Also indicated are the loca-
tions of temperature (T) measurement.
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Fig. 6. The test setup as employed with a combustion engine (figure rear):
downstream of the engine manifold is first the test rig with sample (figure
middle), then a heat exchanger (figure front) and third a mass flow sensor (not
in figure).

whole procedure is schematically visualised in Fig. 7 and specifications
are provided in Table 1.

4. Results & discussion

A non-exhaustive set of insulation systems that can be tested using
the test rig is shown here as a representative example and subsequently,
for some the mass change and visual change are discussed. These ex-
amples were exposed to internal combustion engine exhaust flow (the
more severe end of the test spectrum).

Many types and configurations of fibrous insulation exist and many
can be tested using this test rig, some of which are presented here. Be-
sides the insulation material itself, most configuration differences are
related to the mounting, i.e. keeping the insulating fibres in place. The
solutions differ between applications, but do generally include a cover
fabric or liner. Figs. 8-10 depict several mounting configurations.

Table 1
Main specifications of the here presented test rig.
Current max. gas flow temperature 800 °C
Mass change uncertainty <02¢g
Test rig mass ~ 15kg
Sample size 593.2 x 170 mm
In- and outlet pipe outer diameter 54 mm
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Prepare
- Optional: accelerated thermal ageing of samples
- Shape, weigh and install the sample

- Close, weigh and mount the test rig

\

Subject to conditions

- Activate flow source for the required duration

- Track mass flow and test rig temperature evolution

\

Measure and inspect

- Dismount test rig for cool down

- Measure room temperature mass of test rig

- Optional: open and close rig for visual inspection

- If needed, mount and subject again

Fig. 7. Measurement procedure
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Fig. 9. Example of sample mounting: a liner with overhead thick metal mesh.
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Fig. 10. Example of sample mounting: locally, the liner is mechanically con-
nected to the bottom.

Figs. 8 and 9 show a mounting method that requires no modifications
of the bottom part of the test rig, namely using a fabric liner held down
by a metal mesh that spans the surface. This method offers the possibility
to determine the influence of surface elements and of varying degrees of
mechanical support on the wear by varying the mesh wire thickness and
wire pitch. Another option is to connect the liner to another fabric un-
derneath the insulation and adhere that to the bottom, as shown in
Fig. 10.

A range of insulation system samples was exposed to gas flow until
visible damage to one of the parts had occurred and their configuration
was similar to that shown in Figs. 8 and 9. Given the diversity in types of
degradation and the fact that some of these do not occur at the interface
with the flow, makes the authors refer to the degradation in general as
wear rather than erosion. Figs. 11-14 show some of the failure mecha-
nisms that occurred. In some cases it was not the insulation that
degraded the most. As shown in Fig. 11, prolonged exposure proved too
much for the mounting in this case with a thin mesh.

Additionally, when testing a sample that was not thermally aged
before exposure, a tear occurred in the liner after about 10 h, see Fig. 12.
As this type of failure was not observed in samples with thermally aged
liners, the tear was probably the result of fibre tension due shrinkage and
insufficient capacity for contraction.

Fig. 13 shows a form of local insulation damage: cylindrical holes in
the insulation underneath and perpendicular to the liner with a large
‘shot” chunk inside. These holes suggest that these largest of shot ele-
ments do not just fall down, but keep moving around and with their
large inertia, damage the surrounding fibre structure.

Fig. 11. Example of mounting failure rather than insulation wear.
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Fig. 12. Example of protective liner damage.

Fig. 13. Local insulation damage (wormholes), photograph taken from the flow
side with the liner removed.

Fig. 14. Distributed insulation damage, photograph taken from the flow side
with the liner removed.

In most cases however, the tested insulation systems had distributed
insulation damage, which is the type that can be better correlated with
the mass change. Fig. 14 shows an example. With such extensive wear,
the mass change can be corrected for the presence of shot chunks in the
worn region, as they remain as residue at the bottom of the sample
container. This can be done by determining their mass separately after
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sample removal.

Representative graphs of mass change with exposure time for several
fibrous insulation systems are shown in Figs. 15-17. Error bars indi-
cating the uncertainty, see Appendix A, are included. It is assumed that
the gaskets and test rig do not change in mass.

The mentioned bulk Reynolds number is defined as Re, = u,D /v, and
the range that was achieved with this flow source was 1-10%-4-10%. It
was computed using the diameter D of the pipe up- and downstream of
the sample and the bulk gas flow velocity u;, derived from the mass flow
using the flue gas properties, amongst which the bulk kinematic vis-
cosity vp. The range of the wall-normalized frequency of the pulsations
with this flow source was o* (= wvp/u?) = 0.003-0.040, where o is the
angular frequency of the pulsations and u, is the friction velocity.

The exposure duration of the un-aged sample in Fig. 15 is shorter
because the sample developed a tear in the liner. To avoid interference
of this local degradation with the general sample mass change, exposure
was not continued. After the shown exposure durations, the liner and
insulation of the samples of Figs. 16 and 17 both still lacked visible
damage, proving the added value of the mass change measurement, as
the absolute decrease was rather different. Additional techniques such as
thermography could aid in identifying potential differences inside the
insulation blankets.

Despite the difference in ageing, for all three samples of this insu-
lation system, the observed mass change is of the order of a few percent
of the sample mass. After an initial relatively large decrease the sample
mass decreases more slowly with increasing exposure duration. This
insulation system has blankets of amorphous ceramic fibre that contain
manufacturing related residue called ‘shot’. Compared to the average
fibre diameter, these chunks of shot are huge and under pressure vari-
ations, the difference in inertia will very likely stress nearby fibres. One
hypothesis on the initially larger mass decrease is that it results from the
larger shot elements breaking loose and falling through the network
early on.

Further research, for instance comparison with shot-free fibrous
insulation and insulation characterisation using microscopy before and
after, is needed improve understanding of degradation of this system.
This test rig makes such research feasible. For other fibrous insulation
systems, however, the observed mechanisms will not be equally rele-
vant, because of different combinations of influences, and separate
investigation might be needed.

5. Conclusions

A test rig for the wear assessment of fibrous high-temperature insu-
lation systems exposed to realistic turbulent flow was designed and
built. During the development the focus was a test rig that has me-
chanical and fluid-dynamic conditions representative for in-service use

367t
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Fig. 15. Sample mass as a function of exposure time for an un-aged sample
exposed to combustion engine flow (T = 700 °C, Re, = 2.8-10%)
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279,0 - temperature turbulent gas flows from various sources, including those
that general pulsations such as combustion engines. The test rig, addi-
2785 tional components and the experimental procedure have been intro-
duced. The sample surface state can be visually inspected and its mass
change measured without having to remove the sample from the test rig
@27&0 % and additional techniques can be applied. Different samples have been
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} % % fibrous insulation systems.
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Fig. 17. Sample mass as a function of exposure time for a sample with un-aged
insulation and thermally pre-aged liner exposed to combustion engine flow (T
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of thermal insulation systems lining ducts or channels with high-

Appendix A. . Uncertainty analysis

The uncertainty in the mass change as obtained in the here presented measurement procedure was estimated using the method outlined by Dunn
[21]. Differentiation between the contributions of different sources of error allows an estimate of the uncertainty in the final result. The method is
based on probabilistic considerations, which means that the random and systematic errors are all described in terms of Gaussian distributions. In this
case three sources of error were included, two random ones and one systematic.

Because the mass can be measured directly and the mass difference is simply the subtraction of two consecutively measured masses, the uncertainty
of the scale has a large influence. It has both a random variation (influence on the average) and a bias (systematic error). The former, the random
uncertainty of the average value, was obtained from the standard deviation of the set of mass measurements Sp_ as used to compute the average:

Sp..
S5 = \/sz (A1)

where N is the number of measurements in the set, resulting in S; = 0.01g. The latter, the standard deviation of the bias error of the mass mea-
surement using the mentioned scale, was estimated by assuming that the manufacturer-specified accuracy (0.5g) represents the 95% confidence level
bias limit. This means that the standard deviation is roughly half the limit: S, = 0.25g.

The last source of error, which is also random, is the variation in conditions for the different mass measurement series. Its contribution was
estimated based on repeated test rig mass measurements at different occasions. The resulting standard deviation S;_, while taking into account the
Student’s t distribution, was 0.04 g.

The expression for the combined standard uncertainty for the mass change, u;, requires the determination of the absolute sensitivity coefficients 6;
for the different average masses. In this case, these are the derivatives of the expression for the mass change r = x; — x, with respect to the two
different measurands x; and x,, where the measurands represent the sample mass before and after the (continued) exposure, respectively. Leading to
6y =0r/ox; =1and 02 =dr/oxy = — 1.

A look at the resulting expression for the combined standard uncertainty reveals that the bias error will cancel out since it is common to both
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measurements. This leaves only the two random contributions. Since these are not common to both mass measurements, their covariances are zero.
The remaining expression for the total uncertainty in the mass change at a 95% confidence level is then:

Umass,95 =1y, 95Uy

with.

u; =018 + 0357 +01S; +0585

change at a 95% confidence level of U905 = 0.16 g.
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