CHAPTER 6 CFD simulations and experimental results -
Ceramic foam and orifice plates

6.1 Introduction

With the experimental and CFD shock tubes introduced in chapter five, this chapter
reports on the results from the CFD simulations and the experimental tests using the
shock tube. The shock tube was primarily used as a tool to produce shock waves that
would impinge upon the porous media — ceramic foam — that was also discussed in
chapter five. In most underground mining explosions, the shock wave precedes a flame
front. Thus the ability of the porous media to allow the passage of the shock with as
minimum as possible a pressure drop is important. Indeed, with the performance of the
ceramic foam being the main source of investigation, a detailed description along with its

material properties were given in chapter five.

Initial experimental and CFD simulations of the shock tube were given in chapter five. In
chapter six, a more detailed results of the ceramic foam and the thin plate orifice plates

are reported and discussed.

In order to arrest the flame, the porous media must be able to withstand the force of a
shock wave and as part of the contribution to the body of knowledge, experimental tests
and CFD simulations were carried out on various types of ceramic foams (with different
pore per inch [ppi] values). These results from these simulations and tests will show the
nature of the pressure drop across the various ceramic foams for a Mach number of

approximately 1.5. This being the maximum attainable Mach number for the safe

operation of the shock tube used in these tests.

The flexibility of CFD was such that the simulations were conducted by describing the
shock tube flow as a two-dimensional problem. The CFD simulations showed the nature
of the flow in the region of the porous media as well as giving more flexibility to

investigate how various configurations of the obstructions placed in the porous region of
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the CFD shock tube affected the magnitude of the pressure attenuation. Such flexibility

1s not achievable from experimental tests alone.

6.2 CFD simulation strategy

The general nature of the CFD software available means that most types of flow can be
solved. This is usually done by using the appropriate numerical solution technique as
briefly discussed in chapter four. It might not be necessary to describe every detail of the
geometry or the flow and in fact it is usual practice to reduce the complexity of the
problem by suitable modification to the original problem. The simplification of the
problem depends on the aspect of the flow of interest, be it the contact surface or the
shock front as in the shock tube problem. This simplification may be in terms of grid

size, cell concentration or the numerical solution technique used.

Though the validation results for the shock tube flow without any obstructions in the
porous region were given in the chapter five, the assumptions adopted for solving the

flow problem with obstructions in the porous region were as follows: -

> the shock tube flow is described as one-dimensional in nature. The CFD simulations

were conducted as two-dimensional in Rampant,

> though the shock tube problem is an inviscid flow problem, the presence of an
obstruction produces reattachment problems downstream of the porous region.

These observations were borne out in work carried out by Dwomoh and Dixon-

Hardy (under review). The turbulent -& equations were used.

> the CFD simulations were all modelled as axisymmetric flow problems. Thus the
obstructions were represented as a series of circular rings within the porous region.

(They appear to be square or rectangular in section.)

These assumptions formed the basis of the CFD simulations of the ceramic foams for

which the results are given in this chapter.
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6.3 Experimental procedure

All the laboratory experiments in this research project were carried out using the custom-

built shock tube in the Department of Mechanical Engineering at Brunel University.

All the measuring equipment and pressure gauges were calibrated and checked against

the sensitivity values supplied by their manufacturers.

In order to achieve a fairly consistent set of results, each experiment was repeated up to
a maximum of six times in succession. Also, more tests were conducted on different

days checking for a consistent set of results from each test specimen.

The shock tube was loaded by filling the driver section with compressed air fed from a
compressor until the pressure gauge atop the section registered 120 psi or approximately
8.38 bar. This was the maximum pressure used in all the tests as this was the safe
maximum loading that the shock tube material could withstand. The diaphragm was then
punctured when there were no air leaks and the data logging equipment was ready to

record. The average values were then used for subsequent data analysis.

Before placing an obstruction (either orifice plate or ceramic foam) in the shock tube,
incident pressure tests were always conducted in the first instance. This was to
determine the strength of the pressure behind the shock wave as well as the magnitude of

the pressure drop across the ceramic foam.

These incident pressure tests were performed as the location of the pressure transducers
fore (70 mm before) and aft of the test region were such that the peak incident pressure
values could not be reached before the appropriate pressure transducers detected the
reflected pressure from the porous region. Figure 523 and Figure 5.24 show the
pressure transducer readings for the incident pressure tests from the experimental shock
tube, and the CFD shock tube. Figure 5.10 shows the pressure transducers in situ for an

experimental incident pressure test.

All the experiments were conducted to determine the following pressures: -

» incident,
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» reflected, and

» transmitted.

These pressure values would show the performance characteristics of the various

ceramic foam and the orifice plates that were tested.

6.4 Oirifice plate results

6.4.1 General

Initial CFD simulations with the single hole plates revealed that the sensor reading the
transmitted pressure values in its current position - which was 70 mm downstream of the
test section of the shock tube - would be reading lower than expected pressures. Such
lower readings were due to the recirculation of the flow just downstream of the orifice
plates. However, tests with the CFD model revealed that placing a sensor further
downstream where the flow was fully developed, would eliminate the low reading
problem. This was particularly useful as the tests were primarily concerned with the total
pressure drop across the test specimen and not the pressure history of the flow field
within the test section. The sensor on the experimental shock tube was moved to a new
location, 210 mm downstream of the test section. Thus all transmitted pressure values

are taken from a sensor placed at this location.

The experimental and CFD results for the orifice plates are discussed based on several

assumptions, namely: -

» the incident pressure value is constant throughout the experimental tests. This is

shown in the plots by normalising the pressure values where applicable.
» the diaphragm pressure ratio was consistently 8.38:1 for the experimental tests,

Based on these assumptions the following points can now be discussed in detail. These

assumptions do not apply to the ceramic foam experiments.
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6.4.2 Consistency of experimental results

For each configuration, a maximum of six tests were carried out and the average values
taken. However, these tests were then repeated at different times when the temperature
and atmospheric pressure might have changed slightly. This was done to check the
degree of repeatability of the results taken by the pressure transducers in their respective
locations. Figure 6.1 shows the incident pressure tests carried for during the tests with
all three sensors located on the same radius but at 90° angles from each other. These

tests were always carried out before testing with the ceramic foams or an orifice plate

was in situ.
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Figure 6.1 — Repeatability of experimental results.

Figure 6.1 shows the average pressure readings for the various tests performed on the
orifice plates and the ceramic foam. The incident pressure values were taken before each
test and also on different days. The average incident pressure was approximately 2.3 bar

with a maximum of 2.438 bar and a minimum incident pressure magnitude of 2.042 bar.

However, in all tests, the incident pressure used was that obtained in the incident

pressure tests conducted prior to testing on the test specimen.
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6.4.3 Experimental orifice plate results

One of main areas of this research was to determine the pressure drop across various
ceramic foam and correlate this with that across various orifice plates. The aim of such
an exercise would be a significant contribution to the body of knowledge. This is borne
out by the fact that the ceramic foam is used in the castings industry where the pressure

drop is not of interest. In fact most research in the castings industry seems to

concentrate on flow rates and the pore sizes as shown by Sutton et al®?.

However, in the design of the explosion door such comparison data would be a useful

aid to determine the characteristics of the ceramic foam when a shock wave impinges

upon it.

Using the internal diameter of the experimental shock tube as 55 mm, all the blockage
areas (BA) for the orifice plates were calculated based on the total area of the 2 mm
thick plate. The nominal area of the 55 mm diameter plate is 2375.83 mm’. As an
example, to calculate an 80% BA orifice plate would entail determining the required
single hole diameter, which in this instance is 24 mm. Thus the 80% BA orifice plate

would have a single 24 mm diameter hole. (See Figure 5.22).

However, various multiple hole configurations of orifice plates with the same blockage
area were also tested and the holes sizes for these were all calculated by calculating the
diameter of each hole based on the total area for an 80% BA. These multiple hole
configuration tests were conducted to check the influence of such a configuration on the

pressure drop across an orifice.

Table 6.1 shows the configurations of the orifice plates tested.

The blockage areas are such that as the BA value gets closer to zero more of the orifice
plate is open thereby allowing more of the flow to pass through. Also the areas are such
that as the BA value decreases, the number of different hole configurations per orifice

plate BA also decreases as shown by the 40% and 30% BAs.
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Table 6.1 Orifice plate configurations.

Blocka(ge Area, Configuration (number of holes) and hole diameters (mm)

(
. 1 2 4 9
30 45 / / /
40 42 / / /
50 38 / 14 /
60 34 / 17 11
70 30 / 15 10
80 24 17 12 8

The tests were conducted with the transmitted pressure sensor moved to a location that
was 210 mm from the porous region/orifice plate. The reasons for such a move have

been discussed earlier in section 6.4.1.

All the results shown are average tests for six consecutive tests. Where there were two
pressure transducers (as in the incident and reflected pressure values) an average value

was used.

6.4.4 CFD simulations of the orifice plates

The advantages from a CFD simulation are the ability to change parameters such as
boundary conditions, pressures, temperatures, and density. Also the real life problem can
be simplified (where the geometry is complex) by certain assumptions such as a two-
dimensional representation of the problem. Finally, the graphical results obtained from a
CFD simulation give an insight into the behaviour of the fluid in the domain of interest,
where experimental results only give the behaviour of the fluid at a series of points where

pressure transducers are located.
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As such, the CFD simulations were also to give an insight into the nature of the flow

through the orifice plates and the ceramic foam as well as checking against the

experimental results.

The nature of shock tube flow is that it is always modelled as a one-dimensional problem.
This is due to the flow being heavily dominated by convection in the x-direction
However, the Rampant CFD code can model problems as either two-dimensional, three-
dimensional or axisymmetric. Thus all the CFD tests were solved as axisymmetric flow
problems. This allowed the investigation of the changes in the fluid properties (pressure,

temperature, and density) along the radial and axial directions of the shock tube.

Assuming axisymmetric flow meant that only single orifice plates could be investigated

and not the multiple orifice variety for the purposes of symmetry.

In the CFD simulations, two ‘sensor’ points were positioned on the wall of the shock
tube to represent the location of the sensors on the experimental shock tube. The data
from these points were saved at every iteration and analysed using Microsoft Excel. One
iteration is one time step, At. The time step is related to the Courant number and the
mesh size. As the peak values of the data is of most interest, the real time for the
simulations were not used in plotting the results especially as one could not define this
time step easily. However, information regarding the time can be obtained at every
iteration. The data files from the CFD simulation results were also analysed such that the
behaviour of the shock could be readily viewed especially as it passed through the

orifice.

6.4.5 CFD grid sensitivity tests

Prior to the CFD simulations, grid sensitivity tests were conducted. The purpose of such
tests is to determine what mesh size will eventually lead to a grid-independent solution.
Grid sensitivity tests are conducted by changing the node distribution along the edges of
the geometry. Thus a fine mesh will have a much denser node distribution than a coarse
mesh. As it is essential to capture the nature of the problem in detail and ensure accurate

results, the grid must strike a balance between being too fine and too coarse. Especially
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as too fine a mesh can cause numerical errors and too coarse a mesh will also fail to

accurately represent the shock tube flow.

In grid sensitivity tests, there are several parameters of fluid flow that could be used to
determine the effectiveness of the final grid. In a problem dealing with gas dynamics, the
accurate representation of the contact surface is important as there is a temperature
change across it. In this research, as pressure is the parameter of importance, its
accurate resolution is paramount. Thus in these tests, the main criteria was the incident

pressure value as this could be determined analytically as shown in chapter 4.

In the grid sensitivity tests, the shock wave was resolved over a few grid cells when the

correct inctdent pressure was obtained.

The results revealed that the chosen mesh for the orifice plates test gave an incident
pressure value, which was within 1% of the analytically derived value for an 8.38:1
diaphragm pressure ratio. Though a finer mesh would have reduced the incident
pressure to the analytical value as well as resolve the shock wave within a few cells, the
gains would be outweighed by the computational effort required to solve the problem.

The same mesh size was used in all subsequent tests for the orifice plates.

6.4.6 Pressure attenuation results — orifice plates

The following results are the average values for a series of simulations conducted on
each specimen. The CFD results were for one test only as there is no need to check for a
repeatable set of results — not until the boundary conditions changed or the geometry is
modified. In this case, neither of the two scenarios was encountered as the grid and
conditions were common to all tests. As the contribution to the body of knowledge is an
insight into the performance characteristics of the ceramic foam with the explosion door,
all the results give an indication of the incident pressure, the reflected pressure, and the

transmitted pressure magnitudes.

The experimental incident pressure values are taken from the average of the three

sensors that are mounted on the same circumference, but at 90° angles from each other.
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Analytically

the incident pressure for a diaphragm pressure of 8.37:1 is approximately

2.65 bar. However, the difference between this value and the CFD results are such that

the same CFD grid was used throughout the orifice plate tests.

6.4.6.1 30% BA experimental and CFD resuits

The experimental 30% BA tests were conducted on a single hole orifice plate, as there

were no other configurations that would give the required blockage area.

Table 6.2 — Results for a 30% BA orifice plate.

Configuration

Incident Pressure, Reflected Pressure, Transmitted

bar bar Pressure, bar
CFD 2.662 4.862 2.358
1 hole 2.355 3.964 2.094

6.4.6.2 40% BA experimental and CFD results

The experimental 40% BA tests were conducted on a single hole orifice plate, as there

were no other configurations that would give the required blockage area.

Table 6.3 — Results for a 40% BA orifice plate.

Configuration Incident Pressure, Reflected Pressure, Transmitted
bar bar Pressure, bar

CFD 2.660 5312 2.276

1 hole 2.278 4.540 2.036

6.4.6.3 50% BA experimental and CFD results

With a 50% BA, the hole sizes were such that two configurations — a single hole, and a

four hole orifice plate were tested.
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Table 6.4 - Results for a 50% BA orifice plate.

Configuration Incident Pressure, | Reflected Pressure, Transmitted
bar bar Pressure, bar

CFD 2.663 5.832 2217

1 hole 2278 5.170 1.964

4 holes 2.205 5.163 2.029

6.4.6.4 60% BA experimental and CFD results

Three configurations representing a 60% BA were tested — a single hole, four hole, and a

nine hole orifice plate. The tests were conducted on different days thus the different

incident pressure values.

Table 6.5 - Results for a 60% BA orifice plate.

Configuration Incident Pressure, Reflected Pressure, Transmitted
bar bar Pressure, bar

CFD 2.661 6.281 2.030

1 hole 2.278 5.793 1.756

4 holes 2.205 5.722 1.745

9 holes 2.205 5.665 1.762

6.4.6.5 70% BA experimental and CFD results

As with the 60% BA test, the same types of orifice plate configuration were tested for
the 70% BA orifice plate tests.
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Table 6.6 - Results for a 70% BA orifice plate.

Configuration Incident Pressure, | Reflected Pressure, Transmitted
bar bar Pressure, bar

CFD 2.661 6.714 1.884

1 hole 2.265 6.553 1.582

4 holes 2.205 6.585 1.474

9 holes 2.259 6.423 1.593

6.4.6.6 80% BA experimental and CFD results

Four configurations of the 80% BA orifice plate were tested. This was made possible by

the fact that the diameters of the holes were small enough. Thus a single hole, a twin

hole, a four hole, and a nine hole configuration were all tested.

Table 6.7 - Results for a 80% BA orifice plate.

Configuration Incident Pressure, Reflected Pressure, Transmitted
bar bar Pressure, bar

CFD 2.659 7.197 1.645

1 hole 2.265 7.487 1.314

2 holes 2.328 7347 1.293

4 holes 2.259 7.377 1.301

9 holes 2.328 7.327 1.336

6.5 Discussion of experimental results and CFD simulations — Orifice

plates

Figure 6.2 shows a reading from an experimental result using a 50% BA four hole orifice

plate. The data acquisition software filters the original and electronically noisy signals

and the pressure values used in the analysis are from the filtered signals. The two higher
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values signals are from the pressure transducers reading the incident/reflected pressures.
These transducers were positioned 70 mm upstream of the test section of the shock tube

and on the same radial axis. The third signal from the transmitted pressure sensor was

located 210 mm from the test section of the shock tube.

6.5.1 Increasing the blockage area (BA)

The effect of a higher value BA as discussed section 6.4.3 simulates a more restricted
orifice for the shock wave to pass through. As such, the reflected pressure is expected
to increase and the transmitted pressure to decrease as the BA value increases. This can
be seen in Figure 6.3. The pressure values are normalised to take into account the slight

variation in the incident pressures used during the tests.

Incident pressure

j“ Filtered signals are:-

| Maroon, (Ch0
1' Rea;(za g ) ) Transmitted pressure, Ch 2

Purple (Ch 2)

Figure 6.2 — Typical orifice plate reading from the Data acquisition system —

LabView.

The results show that not only does the reflected pressure increase as the BA value
increases but there is a fairly good agreement between the experimental and CFD
simulations., However, as the blockage area increases there is a deviation between the

CFD simulations and experimental results for the reflected pressures. It was noted in the
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experimental results that increasing the BA value for the orifice plates caused severe
oscillations and that this could be the reason for the discrepancy between the CFD
simulations and experimental reflected values. Also the reflected pressure sensors were
located 70 mm from the orifice plates and that could be subjected to severe vibrations as
the shock tube dissipated the energy in the shock wave when the BA values were large.

Note that the transmitted pressure sensor was placed 210 mm downstream of the test

section of the experimental shock tube.

Normalised Experimental and Numerical Pressures
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Figure 6.3 — Normalised CFD and experimental pressures for single orifice plates.

In Figure 6.3, the normalised values are calculated by dividing the reflected and
transmitted pressure values by the incident pressure values. These data used in this

figure are for the single hole configuration orifice plates.

In order to mitigate the effects of the higher incident pressure values from the CFD
simulations, the results from the CFD simulation and the experimental tests are

normalised.

Analysing the normalised results show that there is a close agreement between the CFD
simulations and the experimental tests for the transmitted pressure values for the various

blockage area orifice plates. However, the reflected pressure values are not is such close
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agreement. In the experimental tests, the reflected pressures have rather high values and
these induce severe oscillations (discussed in section 6.5.3) within the shock tube. Thus

there 1s more energy to be dissipated to the shock tube walls, which distort the true

reflected pressure values.

In this research, the transmitted pressure is of most interest. The pressure drop across

the ceramic foam, and the orifice plates will give a useful insight into the ability of the
ceramic foam to attenuate shock waves. The discrepancies in the reflected pressure

results are not deemed that important.

6.5.2 Multiple hole configurations - orifice plates

The ceramic foam i1s made up of a series of icosahedral structures across its surface area.
A regular icosahedron has twenty equal faces, with each face representing an equilateral
triangle. (See Figure 6.4). As such, it can be thought of as representing a multiple hole
configuration orifice plate. Testing multiple hole configurations of each single hole
orifice plate was deemed necessary to investigate the performance of the thin orifice
plates compared with the ceramic foam, and the behaviour of the shock wave in the
vicinity of the various configurations. Also, the multiple hole orifice plates were tested
to determine to determine the effect of the hole configuration on the pressure attenuation

characteristics of each plate.

Figure 6.4 — An icosahedral structure.
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Figure 6.5 shows the bar chart comparison between the multiple and single hole
configurations. The higher values represent the reflected pressure values and the lower
values are for the transmitted pressure through the orifice plates. As stated earlier, the
configurations were single hole, twin hole, four hole, and nine hole orifice plates
depending on the BA value of the orifice plate. Normalised pressure values less than 1.5
refer to the transmitted pressure for the various orifice plates. Those normalised values
greater than 1.5 refer to the reflected pressures. Figure 6.5 shows that there is minimal

difference between the configuration and the performance of an orifice plate.

Table 6.8 shows one standard deviation for the results as well as the normalised mean
values for the experimental results. This shows that there is a consistency in the
reproduction of the orifice plate test results. The low standard deviation values also
show that given the same blockage area, the differences are rather small to make any
significant impact on their interpretation. Thus it is assumed that the pressure change as
the shock wave impinges upon the various plates is not dependent on the hole
configuration of the orifice plate. This could be borne out by the fact that the area of the
orifice plate open to allow for the passage of the shock wave is always similar in all

configurations.

Configuration Comprarison for various Blockage Areas (BA)

Normalised Pressure

1 2 4 2

Configuration (number of holes)

080% BA - reflected B70% BA - reflected O060% BA - reflected B 50% BA - reflected
080% BA - transmitted B70% BA - transmitted 060% BA transmitted #50% BA - transmitted

Figure 6.5 — Multiple/single hole configuration tests results.
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As in Figure 6.3, the normalised values are obtained by dividing the incident and

reflected pressure values by the respective incident pressure values.

Table 6.8 — Consistency of the orifice plate experimental results.

Configuration Standard Deviation - Mean -Reflected/Transmitted
Reflected/Transmitted (Normalised)
50% 0.051/0.041 2.306/0.891
60% 0.026/0.015 2.569/0.787
70% 0.073/0.019 2.908/0.685
80% 0.079/0.011 3.219/0.571

For the lower value blockage areas, the number of configurations is two per orifice plate,
increasing to three for the higher value configurations. The reason for this was explained

earlier and is primarily due to space restrictions on the area of the orifice plate.

6.5.3 Pressure drop across the orifice plates

The following discussions on the pressure drop across the orifice plates are based on the
results of the single hole orifice tests. As reiterated earlier, the experimental results show
that the pressure change across the orifice plate is not dependent upon the hole

configuration.

At smaller blockage areas, the proportion of the incident pressure wave transmitted
through the orifice plates are relatively high when compared with the incident pressure
values; the pressure drop across the orifice plates are relatively small. This is due to the
fact that a large area of the orifice plate is still open to the flow with a rather small area
representing an obstruction. Also the energy of the shock wave does not have a large
obstruction over which to dissipate, thereby allowing the shock wave to pass through the

thin orifice plate almost unhindered. This observation is borne out by Figure 6.6.

130



Pressure drop across single hole orifice plates
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Figure 6.6 — Experimental and CFD pressure drop across the orifice plates.

Here the plot shows that as the orifice plate gets more restrictive — decreasing hole
diameter and increasing BA value, the pressure drop increases as the transmitted
pressure gradually decreases. However, this is to be expected as the more of the incident
pressure 1s reflected and very little of it is transmitted. This behaviour would continue
until the thin orifice plates had a BA value close to 100, representing a totally blocked
shock tube. An experimental observation made during the tests was the severe
oscillations that were caused by the shock wave impinging upon the orifice plates,
especially pronounced as the blockage area increased. The severity of these oscillations

was directly related to the blockage area of the orifice plates. (See Figure 6.7).

The CFD simulation results also exhibit a similar pattern of behaviour to that of the
experimental results. The differences in the values could be due to the assumptions made

earlier, and possibly experimental errors.

Figure 6.8 shows a CFD pressure contour plot of an orifice plate with a 50% blockage
area. This plot shows a similar profile to the orifice plate simulations. The shock wave
has impinged upon the orifice plate and the region upstream of the orifice plate shows
the magnitude of the reflected pressure. The transmitted pressure region is just

downstream of the orifice plate and the normal incident shock wave is distorted. The
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presence of the orifice plates turns the normal shock wave into something akin to a bow
wave in the area just downstream of the orifice plate. However, further downstream. the

shock wave becomes a normal wave with a reduced pressure magnitude travelling behind

it.
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Figure 6.7 — Orifice plate signal showing severe oscillations.

Figure 6.9 shows the CFD simulation plot of a 60% BA orifice plate. This plot shows a
similar profile to the orifice plate simulations. The CFD sensor records the arrival of the
incident pressure wave and its magnitude almost instantaneously — there is a change in
the pressure from atmospheric to the pressure behind the shock. Once the shock has
impinged upon the orifice plate and has been reflected, the sensor (reading the incident
and reflected pressure values) detects the arrival of the reflected shock wave with
another increase in its pressure value. The sharp rise in pressure is followed by an
asymptotic rise to a peak value. The transmitted pressure sensor detects the passage of
the transmitted pressure with a sudden increase in pressure above atmospheric. Here the

rise after the arrival of the shock, there is less of an asymptotic rise to a peak value. This
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is due to the reduction in the strength of the transmitted shock wave. Though the CFD
sensor plots give a very small section of the nature of the flow within the shock tube.

there is a correlation between these plots and that from the experimental shock tube, see

Figure 6.2.

Figure 6.8 — Sample CFD orifice plate pressure contour plot — 50% BA.
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Pressures for a 60% BA
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Figure 6.9 — Pressure history of a 60% BA orifice plate CFD simulation.

6.6 Ceramic foam test results

The performance of the ceramic foam under loading from a moving shock wave is of
prime importance to this research. Such a loading will determine the suitability of the
ceramic foam as a porous material for the explosion door and, what useful information
can be obtained about its ability to attenuate shock waves. The incident shock wave in
these experiments were around Mach 1.5. The ceramic foam used in these tests was
manufactured from Zirconia (Zirconium Oxide — ZrO,) and has been described in detail
in section 5.4 of previous chapter five. In this section, characteristics such as the
pressure drop, velocity attenuation, the effect of varying the thickness of the ceramic
foam on pressure attenuation, pore size and its effect on pressure drop, as well as a CFD

equivalent of the ceramic foam will be reported and discussed.

6.6.1 General

As with the thin orifice plate tests, the pressure transducers were located in the same

position on the shock tube for consistency. This was not particularly necessary as the
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CFD simulations of the ceramic foam revealed that the flow attachment problems

associated with the orifice plates were not evident in this test case.

The following results are the average values for a series of simulations conducted of the
ceramic foam samples. CFD simulations were performed using the sample 1 and sample
4 equivalent of the CFD foam. Sample 1 had a diameter that was less than the internal
diameter of the shock tube whilst the other samples all had diameters greater than the

internal diameter of the shock tube. Thus, modelling sample 4 was representative of

modelling the other larger diameter ceramic foams.

There are reasons for modelling samples 1 and 4. The porous media model in Rampant,
the software code for simulating the flow through the ceramic foam could not accurately
describe the flow, thus a different approach to modelling the flow was devised as
discussed in section 5.4.1. This approach relied on the number of points on each face of
the ceramic foam, equivalent to the number of points representing the solid portions of
the ceramic foam. The points increased as the ppi value increased making it more
difficult to count the number of points on the face of the 15 ppi and 20 pp1 ceramic
foams. Thus in order to simulate the effects of changing the ppi value, the sample 1
ceramic foam was modelled with various air porosities. The decreasing air porosity
value representing an increasing ppi value ceramic foam. See section 6.7.4 for a
discussion on the effects of changing the air porosity of the CFD models of the sample 1

ceramic foam.

The air porosity of the CFD model for sample 1 was changed in order to determine its
effect on the pressure reflected and transmitted pressure. Changing the air porosity value
entailed a change in the size of the obstructions representing the ceramic foam in the
ceramic foam simulations. Increasing the size of the obstructions was akin to a ceramic

foam with a higher air porosity value.

In performing the CFD simulations and experimental tests on the various ceramic foam,
several assumptions had to be made and the following discussions are based on these

assumptions: -
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\ t4

the diaphragm pressure ratio was consistently 8.38-1 thus the incident pressure value

is constant in all the experimental tests,

N7

the CFD model is a fairly accurate representation of the experimental tests, and

\ 4

the strength of the shock means that there is no dissipation of the shock wave along

the radius of the ceramic foam in the experimental tests.

These assumptions formed the basis for a discussion of the results from the ceramic foam

CFD simulations and the experimental tests. These assumptions do not apply to the

orifice plate experiments.

6.6.2 Experimental

Experimental data from the ceramic foam tests would not only help with the design of
the explosion door, it would also serve to illustrate the advantages or otherwise of
Zirconia as the porous material. Zirconia is currently used as a filtering medium in the
castings industry where flow rates and pore size are the prime parameters of importance.
In arresting explosions in an underground mining environment, the ability of the ceramic
to attenuate the shock wave without being destroyed and thus subsequently stopping the

flame front behind the shock wave is the principal requirement.

Thus, as in the orifice plate tests, samples of the ceramic foam were placed in special
fixtures. These were designed such that they were held securely with only the internal
area of the shock tube exposed and positioned in the shock tube such that it was
impinged upon by an assumed planar shock wave once the diaphragm separating the

driver from the driven section was punctured.

Several tests were conducted on each ceramic foam sample to check for reproducible
and consistent results. Each sample was tested a maximum of six times during each test
session, and the average reflected and transmitted pressure values recorded using the

data acquisition software, LabView.
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6.6.3 CFD simulations of the ceramic foam

The complex nature of the ceramic foam coupled with the fact that the porous media
model in Rampant (the CFD software used for the CFD simulations) could not
accurately represent the flow through the porous media meant that the porous media
model was not used. The porous media model does not represent the physical volume
obstructions created by the presence of the ceramic foam The porous media model
instead represents the ceramic foam by a momentum sink which means that the transient
flow within the porous media is not possible. Such a representation could not be used as
the object of the experimental tests and the CFD simulations was to investigate the
pressure characteristics across the ceramic foam and the orifice plates. However, a
suitably modified approach to modelling the ceramic foam had to be adopted. This
approach took into account the thickness of the samples, the air porosity, and the
number of points on each face. These were then used to create a series of obstructions
that presented a physical reduction in volume within the shock tube. (See section 5.4.1

for a more detailed discussion on the CFD model of the ceramic foam).

6.6.4 Results — ceramic foam

The experimental incident pressure values are taken from the average of the three
sensors that are mounted on the same circumferential axis but at 90° angles from each
other.  Analytically the incident pressure for a diaphragm pressure of 8.38:1 is
approximately 2.65 bar. CFD simulations showed the incident pressure to have a
magnitude of approximately 2.64 bar. The difference between the experimental value
and that from the CFD simulation is very small. As such the same CFD grid was used
throughout the porosity change simulations for the sample 1 ceramic foam. As with the
experimental shock tube, ‘sensors’ were located 70 mm upstream and 210 mm
downstream of the test section to record the incident and reflected pressure, and the
transmitted pressure respectively. Data from these points were saved at every iteration

during the solution simulation process and analysed using Microsoft’s Excel software.
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Table 6.9 shows the CFD simulation and experimental results for the various ceramic

foams tested. Two CFD simulations of the ceramic foam were based on the dimensions

of the sample 1 and sample 4 ceramic foam. The CFD model of the sample 4 ceramic

foam would be similar in geometry to the ceramic foams bar sample 1, thus it was not

necessary to model them. The CFD results are shown in brackets.

Table 6.9 - Results for ceramic foam — experimental and CFD simulations.

Sample 1 | Sample 2 | Sample 3 | Sample 4 Sample 5 | Sample 6
Incident 2.350 2.259 2.259 2.309 2.309 2309
Pressure,
bar (2.640) (2.650)
(CFD)
Reflected 7.930 6.250 6.125 5.599 5.893 6.097
Pressure,
bar (5.678) (6.435)
(CFD)
Transmitted | 1.422 1.584 1.551 1.655 1.527 1.432
Pressure,
bar (1.894) (1.925)
(CFD)

Table 6.10 — Properties of the ceramic foams used in the experimental tests.

Diameter, mm Thickness, mm Porosity, ppi
Sample 1 50 20 10
Sample 2 75 25 15
Sample 3 100 20 20
Sample 4 125 25 10
Sample 5 125 25 15
5 Sample 6 125 25 20
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Samples 1, 2, and 3 are all conical in section, whereas the remaining samples were
conical in section with the smaller diameter being 100 mm and the larger diameter. 125
mm. As reiterated earlier, special fixtures were designed to secure the ceramic foams
within the test section of the shock tube and ensure minimal loss in pressure. Table 6.10

shows the geometrical and some physical properties of the ceramic foam.

The assumption that the flow can be modelled as a one-dimensional problem is true as
long as there are no changes in the radial direction of the flow domain. Figure 6.10
shows the velocity distribution in the radial axis of the shock tube. The variations in the
velocity in the porous region show that the flow cannot be described as one-dimensional
due to the presence of the obstructions. The blocks representing the obstructions are
closer to the centre line surface from which the data for the plots are taken. This means

that the flow has to traverse a very narrow region, hence the increase in velocity.

In fact as will be discussed later, (see Figure 6.14), it can be seen that the obstructions
within the test section are very close to the fixture walls and the symmetry line. It is in
this narrow gap that the flow velocity in the radial direction increases dramatically,
making the problem two-dimensional. Downstream of the porous region, there is very

little flow in the radial direction.

Velocity distribution along fixed radial lines
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Figure 6.10 — Velocity distribution along a radial axis in the CFD shock tube.
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6.7 Discussion of experimental results and CFD simulations — Ceramic

foam

The sample 1 ceramic foam had a diameter of 50 mm making it smaller than the internal
diameter of the shock tube — 55 mm. To securely hold the ceramic foam in place, a
smaller fixture was designed and manufactured. This further restricted the area of the
sample open to the incident shock wave. Thus, the results obtained for the sample 1
tests are different to that from the other five samples, especially when comparing those
with a similar porosity value. (See Figure 5.13). This figure shows the remains of
ceramic foam that has disintegrated, usually after the fifth/sixth consecutive shock wave
has impinged upon it. This phenomenon was not experienced with the remainder of the
ceramic foam samples, meaning that the sample 1 ceramic foam was not as strong. The
other samples, having bigger diameters than the internal diameter of the shock tube did
not suffer from failure and were securely held in place by their respective fixtures. Figure
6.11 shows the incident, reflected, and transmitted pressures from the CFD simulation of

sample 1.

Incident, reflected, transmitted pressures for sample 1 CFD simulation
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Figure 6.11 — CFD simulations results from sample 1.
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6.7.1 Ceramic foam thickness and pressure drop (experimental)

The shock wave travelling through the ceramic foam has to travel a greater distance as
the thickness of the ceramic foam increases. Thus, the thicker the ceramic foam, the
greater the pressure attenuation. In terms of the thickness value, there were two samples
of ceramic foams tested, 20 mm, and 25 mm. Sample 1 and sample 4 had the same ppi
value but different thickness, thus care must be taken in the analysis of the effect of

thickness on the pressure drop. However, samples 3 and 6 had different thickness and

the same porosity.

Assuming that the dissipation of the shock along the radial axis of the ceramic foam was
insignificant, then the pressure drop is proportional to the thickness of the foam. Sample
3 being the thinner of the two samples transmits more of the incident shock wave.
However, the reflected pressure magnitude is similar in both samples. Thus, it can be
assumed that the ppi value of the ceramic foam and the area exposed to the incident
shock wave dictates how much of the incident shock wave is reflected. [The effect of
ppi value on the pressure change across the ceramic foam is discussed in the following
section, 6.7.2]. Also, as the thickness increases from 20 mm to 25 mm, so the pressure

drop increases but not in proportion to the increase in thickness which is 25%.

It can also be assumed that with increasing thickness, the passage of the shock wave
through the ceramic foam degenerates and could eventually become a sound wave, as
highlighted by Levy et al®'!. They also observed that as the length of the ceramic foam

increased the reflected pressure also increased.

6.7.2 The effects of porosity (ppi) on pressure drop - experimental

The pore size is directly related to the air porosity of the individual ceramic foam. As the
ppi value increases the web structure of the ceramic foam that is solid also increases,
effectively increasing the resistance of the ceramic foam to the passage of a shock wave.
This means that more of the incident shock wave will be reflected and less will be

transmitted.
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The experimental results for samples 2 and 3 show the reflected pressure to be similar in
both cases. Based on the earlier assumption that the speed of the shock is such that very
little of the incident shock wave is dissipated along the radial direction of the ceramic

foam, such closeness in their pressure characteristics can be attributed to the following

factor: -

» though having a lower ppi value (15 against 20), sample 2 has a greater thickness (25

mm against 20 mm) and thus this extra thickness provides more resistance to the

flow of the shock wave.

Figure 6.12 shows a typical signal obtained from the pressure transducers fore and aft of
the ceramic foam. This figure shows the reflected and transmitted pressures for a 10 ppi
ceramic foam. The incident pressure is detected by the channel 2 and channel 0 pressure
transducers briefly before the arrival of the reflected pressure. The channel 1 pressure
transducer detects the transmitted pressure. From these results, as the ppi value
increases more, the ceramic foam becomes more restrictive and the area open to the
incident shock wave increases in density. Thus more of the incident wave will be

reflected regardless of the thickness of the ceramic foam.

With sample 3 and sample 6 having the same ppi value but different thicknesses, the
effect of the ceramic foam thickness on the pressure drop can be ascertained. The
reflected pressure is similar in both cases. (See Table 6.9). The ppi value (when the
diameters are the same) determines the magnitude of the reflected pressure. The
transmitted pressure has a lower magnitude from the sample 6 experimental tests. Figure
6.13 shows the change in pressure across the ceramic foam for the experimental tests and

the CFD simulations.

Having the same thickness but different porosity give a useful comparison between the
experimental results for samples 4, 5, and 6. The experimental results show that as the
porosity of the ceramic foam increases the pressure drop decreases and the reflected
pressure increases. As the porosity value increases from 10 to 20, the transmitted

pressure is of the order of 8%, and 6% between the 20 ppi sample 5 ceramic foam and
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the 30 ppi sample 6 ceramic foam. With the porosity acting as resistance to flow, this

behaviour is to be expected.
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Figure 6.12 — Signal from the data acquisition software for a ceramic foam.
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143



6.7.3 The CFD model of the ceramic foam

The discussions in this section are based on the CFD simulation tests conducted on the
CFD model of the samples 1 and 4 ceramic foam. The differences between these two

samples were in their exposure to the incident shock wave, and their thickness within the

test section of the shock tube. Both models had a porosity of 10 ppi.

In each case, the ceramic foam was represented by a series of rings (when modelling the
problem as axisymmetric) within the shock tube. This methodology was arrived at by a
method described earlier in section 5.4.1. Figure 5.20 shows the layout of the
obstructions with the shock tube for sample 1, Figure 5.21 shows that the fixture holding
sample 4 in place did not intrude the shock tube — allowing the whole of the incident

shock wave to impinge upon the sample.

As expected there is a difference in the incident pressure values between the experimental
and CFD tests. This is due to the fact that certain assumptions made earlier for the CFD

simulations may not be valid for the experimental tests.
Primarily,

> that the diaphragm is punctured instantaneously leading to the formation of a planar

wave.

However, if the difference between the incident pressures are neglected and the pressure
drop across the porous region taken into account, then the CFD representation of the

ceramic foams produce results that are in agreement with the experimental results.

With sample 1, the CFD simulation results show that the pressure drop is 0.74 bar
compared with 0.928 bar from the experimental results. The sample 4 results reveal that
there is a pressure drop of 0.67 bar for the CFD simulation, and 0.654 from the
experiments. An advantage of the CFD models is the ability to visualise the nature of the

flow within the shock tube in the test region.

Figure 6.14 and Figure 6.15 show the velocity vectors for the flow around the

obstructions within the shock tube.
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The random nature of the flow through the porous region is shown in Figure 6.14 This
shows the flow within the test section for the sample 1 CFD simulation. As the flow
impinges upon the structure of the fixture securing the ceramic foam in place, the sudden
reduction in area causes an increase in velocity and leads to a subsequent recirculation

just upstream of the porous region. The shock wave eventually exits with a high velocity

region just downstream of the porous region.

For the sample 4 CFD model simulations, the lack of any protrusions from the fixture
securing the ceramic foam means that the whole of the incident shock wave impinges
upon the ceramic foam. As such there is no recirculation of the flow as witnessed with
the sample 1 CFD simulations. Also, the obstructions are not close to the outer wall and

the symmetry axis, thus there is high velocity magnitudes in the radial direction of the
shock tube.

fixture

Symmetry axis

Figure 6.14 — Velocity vectors around the porous region — 68.3% porosity.
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Flow direction wall
— —»

Figure 6.15 - Velocity vectors around the porous region for a Sample 4 ceramic

foam CFD model.

Table 6.11 shows the results for the experimental tests and the CFD simulations of the

sample 1 and sample 4 ceramic foams.

Table 6.11 — Pressure drop across the experimental and CFD ceramic foams.

Sample 1 Sample 4
Experimental, | CFD, bar Experimental, | CFD, bar
bar bar
Pressure 0.928 0.74 0.654 0.670
drop

6.7.4 The effect of changing the ceramic foam porosity — CFD simulation

One of the many advantages of CFD is the ability to make changes to geometry or
boundary conditions easily and investigate the effects of such changes. Thus the effects
of introduction a more restrictive CFD model of the ceramic foam was investigated by

decreasing the porosity of the ceramic foam. This was done by increasing the size of the
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obstructions within the test section of the shock tube in terms of their height (normal to
the incident shock wave), and width (in line with the incident shock wave) The porosity

values were randomly chosen and all the calculations were based on the sample 1

ceramic foam (and not sample 4).

The results discussed in this section are based on CFD simulations with no experimental
tests for correlation. However, as the aim is to investigate the effect of restricting the
flow through the test section of the CFD shock tube, the analysis are based on a

comparison with the other air porosities.

Table 6.12 shows the results for the CFD model of the ceramic foam of sample 1 and the
different configuration air porosity values that were simulated. For comparison

purposes, the experimental result for the sample 1 ceramic foam (with 78.8% air

porosity) 1s included.

The pressure drop from the experimental tests is 0.928 bar and that from the CFD

simulations 1s 0.793 bar for the model that had a similar porosity for the test specimen.

As the air porosity was decreased, so the reflected pressure increased, and the
transmitted decreased. Though for a 10% change in porosity, the reflected pressure
increases by 4%, and the transmitted pressure decreases by almost 7%. The thickness of
the CFD models were not altered for these series of simulations. The large transmitted
pressure change between the 78.8% air porosity model and the 76.4% air porosity model
could be attributed to the change in the obstructions within the porous region of the CFD
model. The height of the obstructions (i.e. the side of the obstructions that is impinged
by the incident shock wave) increases causing more of the incident to be reflected and

less to be transmitted.
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Table 6.12 — CFD and experimental ceramic foam results — Sample 1.

Configuration Incident Pressure, Reflected Transmitted Pressure
bar Pressure, bar bar

Experimental 2.350 7.930 1.422

CFD 78.8% Air 2.650 6.600 1.857
porosity

CFD 76.4% Air 2.650 6.763 1.788
porosity

CFD 74.5% Air 2.650 6.823 1.758
porosity

CFD 68.3% Air 2.650 6.856 1.730
porosity

Figure 6.16 shows the reflected and transmitted pressure for the CFD models of the
sample 1 ceramic foam at various air porosity values (c.f. Figure 6.3 which shows the
reflected and transmitted pressures for the thin orifice plates). As the air porosity
decreases (signifies an increasingly solid structure), the reflected pressures increases
reaching an asymptotic value. Likewise, there is a similar behaviour for the transmitted
pressure which decreases as the ceramic foam is made more solid by decreasing the air

porosity value.

Figure 6.17 shows the contours of pressure for the CFD model of the ceramic foam with
an air porosity of 78.8% - same value as sample 1. The figure shows that the shock
wave has already impinged upon the porous region and that it has been both reflected
and transmitted. Just downstream of the porous region is a region of very low pressure
that gradually increases in magnitude. The low pressure region is due to the high
velocity jets that exit the porous region. For this model the obstructions all have the

same size, the reflected pressure is approximately double that of the incident pressure

and the transmitted pressure around 1.9 bar.
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Figure 6.16 — Incident pressure and transmitted pressure at various air porosities

Figure 6.18 shows plot of the pressure distribution with the CFD shock tube some time
after the diaphragm was punctured. The pressure distribution was taken along three
sections of the shock tube to show any differences between the flow within the shock
tube. This figure shows the position of the reflected and transmitted pressure at a point
in time. The reflected shock wave in time decreases in magnitude as does the transmitted

pressure. The plot also reveals that the flow within the shock tube changes very little
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Figure 6.17 — Pressure contours around the porous region — 78.8% air porosity.
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Figure 6.18 — Pressure history for a 78.8% air porosity CFD simulation.

Figure 6.19 shows the velocity distribution along the shock tube for the 78.8% air

porosity CFD ceramic foam. Here, the distribution within the shock tube varies from the
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centre of the tube to the walls. There are several reasons as to why the velocity within

the test section varies widely.

» The first is due to the flow reversal (where there is negative velocity) as the flow

impinges upon an obstruction (see Figure 6.14) within the porous region and the

flow is brought to rest at that point,

\

secondly the narrowing of the test section causes the velocity to increase in order to

maintain continuity, and

‘/

thirdly the fixture protruding into the shock tube causes recirculation of the flow

along the walls.

However, as the flow exits the porous region, there is a uniform reattachment and the

velocity behind the shock reduces to 162 m/s from an incident velocity of 261 m/s.

Figure 6.20 shows the contours of velocity for the 78.8% air porosity CFD ceramic
foam. The high velocity areas shown in Figure 6.19 appear as the red regions just
downstream of the last obstructions in the test section of the CFD shock tube. As the
shock wave travels through the velocity increases until it reaches a peak value just
downstream of the last obstructions. There is some recirculation along the walls of the

shock tube shown by the blue regions upstream and downstream.
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Figure 6.19 — Velocity history for a 78.8% air porosity CFD simulation.

Figure 6.20 — Velocity contours around the porous region —78.8% air porosity.
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Figure 6.21 - Pressure contours around the porous region — 76.4% air porosity.

The pressure magnitudes are slightly different when the air porosity reduces to 76.4%
(Figure 6.21). The low pressure region just downstream of the porous region is akin to
that for the 78.8% air porosity tests (see Figure 6.17). The rings representing the porous
region are different and are not uniform in size. The second, fourth, and sixth columns
have the same width as the other obstructions but different height. By making the
second column series of obstructions slightly bigger than the first series, the reflected
shock wave increases slightly compared with the ceramic foam with a 78.8% porosity.
The reflected pressure increases by 2.5% and the transmitted pressure decreases by 4%

for an increase in porosity of 2.4%.

As the porous region is made more restrictive, the transmitted pressure decreases and the
reflected pressure increases. (See Figure 6.23 and Figure 6.25). Figure 6.27 shows the
transmitted and reflected pressures as plotted for the 68.3% CFD model.

The contours of velocity for the 76.4% air porosity CFD model (Figure 6.22) exhibit the
same characteristics as that for the 78.8% air porosity model. The changes in peak

values are slight. There is recirculation just upstream and downstream of the test section
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and the high velocity region is situated at the end of the last obstructions. The same

characteristics apply to the velocity contours for the 74 5% air porosity CFD model

(Figure 6.24) and the 68.3% air porosity CFD model (Figure 6.26).

Figure 6.23 - Pressure contours around the porous region — 74.5% air porosity.
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The pressure decrease through the test section is clearly visible. The high pressure

region upstream of the test section is the pressure magnitude behind the reflected shock

wave, whereas the transmitted wave magnitude is shown as the region just downstream

of the test section.

Figure 6.24 - Velocity contours around the porous region — 74.5% air porosity.
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Figure 6.25 - Pressure contours around the porous region — 68.3% air porosity.

Figure 6.26 - Velocity contours around the porous region — 68.3% air porosity.
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Figure 6.28 — Velocity history - 68.3% porosity CFD simulation.

Figure 6.28 shows the velocity distribution with the CFD shock tube with a 68.3% air
porosity model. Within the porous region, there is a large variation in velocity as the

shock wave negotiates the obstructions within the region as well as the volume decrease.
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This causes the flow behind the shock to increase in velocity. Also, the obstructions
bring part of the shock wave to a halt, as well as reverse the flow of the shock wave.

However, downstream of the porous region there is reattachment and the flow behind

the shock reduces to a magnitude of 160 m/s from an incident velocity of 261 m/s,

6.7.5 Comparison between the orifice plate tests and the ceramic foam

The object of the single and multiple orifice plate tests was to provide a useful means of
correlating the results from the ceramic foam experiments with equivalent or similar
orifice plate test results. It is hoped that as different configurations of the ceramic foam
are tested, a database of comparison tables would help designers to understand the

characteristics of ceramic foam as there are numerous published data on orifice plates.

The ceramic foam test results showing the pressure drop (taking into account the various
incident pressures) are shown in the Table 6.13. The table shows that between 30% and

40% of the incident shock wave is dissipated through the ceramic foam.

Table 6.13 — Pressure drop across the ceramic foams.

Ceramic Foam Pressure drop across the | Pressure drop as a percentage of
ceramic foam, bar the incident pressure
Sample 1, 10 ppi 0.928 39
Sample 2, 15 ppi 0.678 30
Sample 3, 20 ppi 0.708 31
Sample 4, 10 ppi 0.654 28
Sample 5, 15ppi 0.782 34
Sample 6, 20ppi 0.877 38

The high pressure drop (from the experimental tests) across the sample 1 ceramic foam
can be attributed to the small diameter of the sample and the fixture securing the ceramic
foam to the shock tube. Due to the small diameter of the ceramic foam, the fixture

protruded the shock tube, thereby acting as a solid obstruction from which the incident
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shock wave could reflect. Comparison with the experimental data from Figure 6.6 show

that for samples 2 and 3, the pressure drop across the ceramic foam is equivalent to that

from an orifice plate that has a blockage area (BA) of close to 70%

The air porosity of the ceramic foam is in the region of 80% meaning that 20% of the
ceramic foam is solid and the rest is filled with air. This would mean that the ceramic
foam should have characteristics similar to that from an orifice plate that was 20%
blocked. However such a hypothesis fails to recognise that unlike the thin orifice plate
which has a hole that allows the passage of some of the shock wave, the ceramic foam
has a uniform distribution along its entire diameter as well as a greater thickness. Thus
the whole of the shock wave impinges upon it and has to negotiate its passage through a
greater distance and a series of small obstructions that form the structure of the ceramic
foam, before exiting into the downstream section of the shock tube. The orifice plate

had a thickness of 2 mm.

Table 6.14 — Normalised reflected and transmitted pressures for all test specimen.

Blockage Area/Ceramic Normalised Reflected Normalised Transmitted
foam Pressure Pressure
Orifice plate 50% 2.270 0.862
Orifice plate 60% 2.543 0.771
Orifice plate 70% 2.893 0.698
Orifice plate 80% 3.306 0.580
Sample 1, 10 ppi 2.425 0.717
Sample 2, 15 ppi 2.552 0.661
Sample 3, 20 ppi 2614 0.620
Sample 4, 10 ppi 3.374 0.605
Sample 5, 15 ppi 2.767 0.701
Sample 6, 20 ppi 2.711 0.687
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Figure 6.29 shows the results for the ceramic foam and the orifice plates tested. Itis a

graphical representation of the data in Table 6.14 The experimental test results are

shown here for comparison purposes. Also, the data is normalised using the incident

pressure in each test. Thus, the reflected pressure values are greater than unity and the

transmitted pressure values are less than unity.
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Figure 6.29 — Ceramic foam and orifice plate results — reflected and transmitted

pressures.

The transmitted pressure is the property of interest — as it is the shock attenuation that
will determine the usefulness of the ceramic foams to be used in the explosion door
described earlier. The following observations were made from the experimental tests for

the orifice plates and the ceramic foams.

» the pressure transmitted across the 70% BA orifice plate and the sample 3 ceramic

foam are similar,

» the reflected pressure characteristics, though not particular important are presented

for comparison purposes.
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> the pressure reflected by the 60% BA orifice plate and the sample

similar, and

5 ceramic foam are

» a 50% BA orifice plate and a sample 4 ceramic foam reflected the incident shock

wave with similar magnitudes.

6.8 Conclusion

This chapter has used CFD techniques and physical experimentation to show the
performance of the various type of ceramic foam that could be used as the explosion
door porous media material. The CFD simulations show results that are not totally
agreeable with the experimental results. These arise as a consequence of the need to
modify the CFD model of the ceramic foam as well as adopt certain assumptions. These
assumptions and simplifications invariably introduce differences or in some instances
oversimplify the model. However, the difference between the CFD simulations and the
experimental results are acceptable especially as the contour plots from these simulations

give a very useful insight into the flow within the porous region of the shock tube.
The main points from this chapter are that:-

» there is a correlation between the pressure drop and the thickness of the ceramic

foam for a given ppi value,

the ceramic foams are strong enough to withstand high Mach number shock waves

A 74

without sustaining any significant damage,

> the performance of the ceramics in terms of their pressure drop is similar, with a 14%

change in transmitted pressure as the ppi value increases from 10 to 20 [these are

samples 4, 5, and 6],

the thin orifice plate performance characteristics are similar to the ceramic foam tests

‘/

when the BA values are in the region of 60% and 70%,
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» orifice plates with high BA values induce severe oscillations resulting in high

reflected pressures, and subsequently low transmitted pressures, and

» the CFD model of the ceramic foam shows the behaviour of the flow around the

obstructions in the shock tube, especially the high velocity region just downstream of

the obstructions.

162



CHAPTER 7 Summary of main findings

7.1 Introduction

All experimental and computational simulation results were reported and discussed in
chapter six. The performance of the porous media, the ceramic foam, and that of the
orifice plates were shown through their pressure attenuation characteristics. This
performance data was obtained by impinging upon the ceramic foam and thin orifice
plate a shock wave with incident Mach numbers of 1.5. With the initial boundary
condition of an 8.38:1 diaphragm pressure ratio, an incident pressure of 2.65 bar was
obtained for the computational simulations and an average of 2.3 bar for the
experimental tests. The difference in the incident pressure values for the same diaphragm
pressure ratio was due to experimental losses. Further ‘what if’ simulations were
conducted on the CFD model of the ceramic foam to determine the effects of increasing

porosity on the smaller of the ceramic foam tested.

The intention of this chapter is to collate the data from the previous chapter and relate
these results to the explosion door, especially the performance of the ceramic foam in
minimising the pressure drop across it as a shock wave passes through. The following
findings are meant to satisfy the objective of evaluating the performance of the ceramic
foam as an explosion attenuation porous media. The ceramic foam will be part of an
explosion door to be used in underground mining environments. Its primary function is
to minimise the pressure drop across the explosion door as the shock wave passes
through. By so doing, there is the likelihood of the explosion door (and the ceramic
foam) remaining intact after the passage of the shock wave. This will increase the

chances of the explosion door being able to arrest the flames that will be travelling

behind the shock.

Thus, the contribution to knowledge is the performance charactenstics of these ceramic

foams along with the ‘equivalency’ chart for the thin orifice plates and the ceramic

o ’ . : -
foams. The ‘equivalency’ chart is meant to define a property of the ceramic foam 1

terms of a blockage area. The pores per inch (ppi) value and their air porosity currently
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describe the ceramic foams. The air porosity is based on the bulk density and the

material density of the ceramic foam - showing a percentage air of the ceramic foam.

7.2 The performance of the thin orifice piates — experimental tests and
CFD simulations

Tests were conducted on single and multiple hole orifice plates to determine the effect of
the hole configuration on the performance of the orifice plates. However, as will be
discussed later, all correlation data were obtained from the single hole orifice plates. The
orifice plates tested were thin at 2 mm with a diameter of 55 mm. CFD simulations were
also carrted out for the orifice plates. These simulations were done in two dimensions
and were intended to help with the validation of the experimental results as well as

providing detailed graphic illustrations of the interaction of the shock wave with the thin

orifice plates.

All the pressure values were normalised. The orifice plate experimental and CFD

simulation results can be summarised as (see Figure 6.3, repeated here as Figure 7.1):-

> at all blockage areas, there is good agreement between the CFD simulations and the
experimental test results for the transmitted pressure magnitudes. The margin

between the highest and lowest transmitted pressure magnitudes is 6%,

between 30% BA and 60% BA, the reflected pressure magnitudes from the CFD

Y

simulations and experimental results are within a margin of 8%,

» the margin between the reflected pressure magnitudes from the CFD simulations and

the experimental results increases to 13% once the BA value is 70% and more,

at low BA values (30%, 40%, and 50%), the rate of transmitted pressure drop is

\4

small This shows that at low BA values the orifice plate does not adversely affect

the transmitted pressure.

, e .
as will be discussed in section 7.5, the performance of the ceramic foam 1s equivalent

A4

to orifice plates with BA values between 60% and 70%.
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Normalised Experimental and Numerical Pressures
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Figure 7.1 — Orifice plate results — experimental and CFD simulations.
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Figure 7.2 — Multiple hole configuration orifice plate results — experimental and

CFD simulations
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7.3 The performance of the thin orifice plates — multiple hole
configuration

The effect of the hole diameter and the number of holes based on the same blockage area

were investigated to determine their influence on the performance of the orifice plates.

(See Figure 6.5 repeated here as Figure 7.2).

» the experimental results showed that the pressure drop across the orifice plate is

independent of the number of holes and the hole configuration,

7.4 The performance of the ceramic foam — experimental and CFD

simulations

The performance of the ceramic foam is the raison d’étre of this research. In attenuating
the shock wave preceding an explosion, the ceramic foam is meant to minimise the
pressure drop across it. The pressure drop will be such that it will not sustain any
damage and stand a good chance of arresting the flame front travelling behind the shock
wave. The ceramic foam tested is used in the castings industry to filter molten metals

and thus its application in this research is novel.

What the test results reveal is that these ceramic foams are strong enough to withstand
the impact from a shock wave with a Mach number in the region of 1.5. These ceramic
foams were subjected to more than ten tests each [note that not all tests were carried out

at the same time] without sustaining any damage.

All the ceramic foams were similar in size in that they were fully exposed to the incident
shock wave apart from sample 1. This had a smaller diameter than the shock tube, thus
the pressure magnitudes are slightly different from the other ceramic foams. (See Figure

7.3). The results (experimental) are summarised based on the findings from the samples

2,3,4,5, and 6.

> as the ppi value increases, the transmitted pressure decreases and the reflected

pressure increases,

166



it is suggested that the ceramic foams are strong enough to be used as the porous
media in the explosion door,

the ppi values affect the reflected pressure magnitude more than the transmitted
pressure,

N/

the thickness of the ceramic foam affects the pressure transmitted for a given ppi

value,

» the transmitted pressure magnitudes are within a margin of 14% for the 10 ppi

sample 4 ceramic foam and the 20 ppi sample 6 ceramic foam, and

» based on the ceramic foam results, they can be classified as having the same pressure
attenuation characteristics as thin orifice plates with BA values between 60% and
70%.

Ceramic foam experimental and CFD simulation results
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Figure 7.3 — Ceramic foam results — experimental and CFD simulations.
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7.5 Comparison of the ceramic foam and orifice plates results —

experimental and CFD simulations

One of the objectives of testing the orifice plates was to draw up an equivalency chart
(see Figure 7.4) between the results obtained from such tests and that obtained from the
ceramic foams. Such data would allow correlation between the orifice plates and the

ceramic foams and give the ceramic foams a property based on the BA value of the
orifice plates.

Figure 7.4 shows the equivalency chart for the ceramic foams and the orifice plates. The

points on the chart are divided into the two pressure regions - reflected and transmitted.

For the reflected pressures, the shaded area represents the boundaries of the reflected
pressure magnitudes for the 60% BA orifice plate and the 70% BA orifice plate. The
two 20 ppi ceramic foams (samples 3 and 6) tested lie within the shaded region, one of
the 15 ppi ceramic foams (sample 2) also lie within the shaded region. The 10 pp1
ceramic foam (sample 4) and the 15 ppi ceramic foam (sample 5) are outside the shaded

region. However, the 15 ppi ceramic foam is only just outside the shaded region.

Ceramic foam/Orifice plate equivalency chart

g 70 TH AL s
: | ¢ - 15 3
S f Transmitted pressure -
5 60 1k
5 Reflected
50 ﬁ—k : —7 10
0.5 1 15 2 25 3 35
Pressure (normalised)
A Orifice plates (reflected) A Orifice plates (transmitted)
#® Ceramic foams (reflected) # Ceramic foams (transmitted)

Figure 7.4 - Ceramic foam/Orifice plate equivalency chart.
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The smaller shaded region in Figure 7.4 shows the transmitted pressure boundaries for
the 60% BA orifice plate and the 70% BA orifice plate. Here, the 10 ppi ceramic foam
(sample 4), one of the 15 ppi ceramic foams (sample 2), and the sample 3 ceramic foam
(20 pp1) all lie within the 60% BA and 70% BA bounded region. The sample 5 ceramic

foam (15 ppi) lies just outside the shaded region as does the 20 ppi (sample 6) ceramic

foam.

These results show that the ceramic foams tested do have the characteristics of orifice

plates with blockage areas within 60% and 70%.

The following points can be noted based on the experimental results of the ceramic

foams and the orifice plates. (See Figure 6.29, repeated here as Figure 7.5).

» at high blockage areas, the orifice plates have a small area open to the incident shock

wave. Thus, the reflected pressure magnitudes are much higher than that for onfice

plates with lower blockage areas,

> the orifice plates are very thin (2 mm) compared to the ceramic foams (20 mm and

25 mm),

» by taking the transmitted pressures in isolation, the correlation between the results of
the ceramic foams and the orifice plates show that they are similar in their transmitted

pressure characteristics,

> likewise, if the reflected pressures are taken in isolation, then there is good agreement

between most of the orifice plate and ceramic foam results,

> most of the ceramic foams tested have pressure attenuation characteristics that are
equivalent to orifice plates with blockage areas between 60% and 70%. Thus the

ceramic foams tested can be thought of as having the BA values between 60% and

70%.
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Ceramic foam/Orifice plate comparison chart
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Figure 7.5 - Ceramic foam and orifice plate experimental results.

7.6 Conclusion

The main summary from the ceramic foam and orifice plate experimental tests and CFD
simulations has been reported. In this chapter, the aim was to draw upon the results in
chapter six and relate them to the explosion door. How the performance of the ceramic

foam could be related to that of thin orifice plates was also discussed in this chapter.

Being able to describe the ceramic foam in terms of a blockage area characteristic of the
thin orifice plates is particularly useful as there is no such designation for the ceramic
foams. As reported earlier, their ppi value and their air porosity designate the ceramic

foams. What this chapter has shown is that the ceramic foams tested have an equivalent

blockage area of 60% to 70%.

The next chapter (eight) summarise the research work carried out and puts forward some

ideas for future study.
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CHAPTER 8 Conclusions and recommendations for further
work

8.1 Summary of the research

An experimental and numerical (CFD) investigation has been carried out into the
performance characteristics of ceramic foams that could be used as the porous media to
minimise the pressure drop across an explosion door and subsequently arrest flame fronts
emanating from an underground explosion.  To determine the performance
characteristics of the ceramic foam, the pressure drop across ceramic foam with various
ppi values were investigated using a purpose built shock tube. An equivalent CFD model
of the ceramic foam was simulated to give an insight into the behaviour of the shock
wave around the vicinity of the ceramic foam, within the test section of the shock tube,

and provide useful data for comparison purposes.

Thin orifice plates were also tested to provide data that could used in correlation with
the results from the ceramic foam and an equivalency chart was produced. CFD
simulations were also conducted on the thin orifice plates. All CFD simulations were

done in two dimensions.

Chapter two gave an overview of coal and dust explosions, particularly the mechanisms
which cause the initiation of methane explosions and subsequent coal dust explosions.
Once these explosions are initiated, the current methods for arresting these underground
explosions was discussed in chapter three. The current barriers, active and passive,

together with the new explosion door were introduced.

In chapter four, an introduction to computational fluid dynamics provided the basis on
which all the simulations conducted in this research were done. The tool used in the
simulations was introduced. The role of CFD is to augment the experimental tests
wherever possible and in other cases provide a useful insight into the flow domain,
especially when no amount of experimentation can provide such detail. The intention of

chapter four was to provide the reader with a basic understanding of CFD and how it

171



could be applied to the modelling of the shock tube and in particular, the ceramic foam

and the orifice plates. However, certain assumptions have to be made when simulating

the ‘real’ problem using CFD. Thus the assumptions adopted in using CFD to simulate
the experimental tests were described in chapter five along with the experimental set-up
and the porous media — the ceramic foam. A brief overview on shock tube flow was
given as well as the specification of the experimental shock tube. This shock tube was
built and subsequently modified at Brunel University. Initial validations tests were
reported in chapter five. These tests consisted of simulating the flow in a two-
dimensional model of the shock tube with no obstructions and conducting a simulation of

the experimental problem. Also, as the shock tube flow can be solved analytically,

results were obtained from all three tests and compared.

All CFD simulations and experimental results for the ceramic foam and the orifice plates
were presented in chapter six. Here the aim was to present the raw results as taken
from the various tests and determine the trends, characteristics, and suitability of the
results for ‘normal’ use. Discussions on all the tests were done to show the performance
characteristics of the ceramic foam and the possibility of correlating this performance
with that from thin orifice plates. The CFD simulations in particular provided a useful
insight into the behaviour of the shock wave around the region of the orifice plate or the
CFD model of the ceramic foam, and in some instances revealed potential problems that
the experimental tests could not reveal. In chapter seven, special attention was paid to
the usefulness of the data from the various tests conducted to the explosion door. The
ability of the ceramic foam to minimise the pressure drop across itself as the shock wave
passes through the explosion door and arrest flame fronts were discussed. Here, the data
that would be particularly useful in the design of the explosion door was presented,
namely the performance of the various ceramic foams with their respective ppi values.

The pressure drop across these ceramic foams, the reflected pressure, and in particular,

the transmitted pressure were also reported.
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8.2 Main Conclusions

The overriding aim of this research was to investigate the performance of ceramic foams
in their application as the porous media in an explosion door. By minimising the
magnitude of the pressure drop across itself as a shock wave passes through the
explosion door, the ceramic foam would stand a good chance of not being destroyed. If
the ceramic foam (and the explosion door) are not destroyed, then further research can

investigate the likelihood of the flame front behind the shock wave being arrested.

This intended application of the ceramic foam is novel to the world of underground
mining and its successful application will improve the level of safety already prevalent in
the industry. Thus, the main conclusion that can be drawn from this research is that
ceramic foams have the ability to reduce the strength of strong shock waves travelling at

Mach 1.5. The magnitude of the pressure drop is dependent on the ppi value of the

ceramic foam as well as its thickness.

The following points can be drawn from the experiments and simulations carried out as

part of this project:-

1) This importance of being able to minimise the pressure drop across the ceramic foam

without sustaining any damage is critical to the use of ceramic foams.

2) It was found that the ceramic foam could fail after several tests. With safety being

critical, these ceramic foams should certainly be changed after an incident.

3) The differences between the ceramic foams in terms of their ppi values does reflect
on their performance though not to a great extent. Simply put, the pressure drop

across a ceramic foam having a 10 ppi structure is only 14% less than the pressure

drop across a 20 ppi ceramic foam.

4) The ceramic foams tested can be thought of as having blockage areas between 60%

and 70%. This is a useful characteristic as the ceramic foams in general do not have

such a designation.

173



5) CFD simulations greatly enhance the experimental tests and if certain assumptions
are made, they can produce results that are close to that from the experiments. The

porous media model in Rampant was unable to correctly predict the transient flow

through the ceramic foam.

6) Shock tubes are a useful aid to simulating the effects of explosion pressures without

incurring the high costs of creating explosions outside of the laboratory.

7) The ceramic foams have been shown to be capable of minimising the pressure drop

across itself without sustaining any damage. It is therefore possible that they could in

a state to arrest the flame front travelling behind the shock.

These conclusions point the way forward to the possibility of making underground mines
a safer environment through the provision of data on the ceramic foam that would form

part of the explosion door discussed earlier.

This contributes to the body of knowledge in the field of safety not just in underground

mines but to any industry that suffers from the risk of explosions.

The need to the minimise pressure drop across the ceramic foam and arrest the flames
would thus realise the full potential of the ceramic foam not just as a filter material but as

a multi-purpose material that could potentially save lives.

8.3 Recommendations for further research

The work reported in this research was carried out within constraints laid down by the

materials being used:-
> the shock tube material could not operate safely in pressures greater than 10 bar,

> the CFD porous media model could not accurately model the transient flow in any

porous media, and

> the ceramic foams were between 20 mm and 25 mm thick.
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Whilst these are not faults, in fact, this being the first series of tests done on ceramic

foams to produce such performance data, the equipment, materials, and all other tools

can only be improved upon.

1)

2)

3)

4)

3)

6)

7)

Thus, further research at high Mach numbers and incident pressures could further

investigate the ability of the ceramic foams to successfully perform in underground

mining environments without failure.

Increasing the thickness of the ceramic foams or better still, using two ceramic foams

in tandem could provide more data on shock wave attenuation.

A more robust representation of porous media in the software code, Rampant, would
greatly improve the ability to draw more detailed comparisons from the CFD

simulations and the experimental tests. In short, a more realistic model of porous

media 1s needed.

All CFD simulations were done in two dimensions. Further simulations in three

dimensions, though time consuming could validate the two-dimensional simulations.

More tests on ceramic foams with different ppi values to further determine their

performance and correlate these to that from thin orifice plates.

Investigate the ability of the ceramic foams to arrest flames with the knowledge that

they can withstand the impact from shock waves without sustaining any damage.

Investigate the feasibility of incorporating the ceramic foam into long thin pipes

carrying flammable/explosive materials as in the oil industry.
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