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Abstract

X-ray Computed Tomography (XCT) measurements are performed to characterize the internal volumetric
flame structure within a Porous Media Burner (PMB). X-ray attenuation measurements are obtained using
a multi-zone silicon carbide PMB combusting a radiodense Kr/O,/N,/CH, mixture designed to enhance X-
ray contrast. Time-averaged tomographic reconstructions of the X-ray attenuation field are used to assess
internal PMB flame structure. Several key internal physical phenomena are observed, including heat recircu-
lation within the combustion region, spatial inhomogeneity within the reaction zone, and preheating of gas
in the upstream porous section. Further, the theory of XCT measurements applied to combustion systems
is developed and implemented to arrive at 3D implied temperature field measurements at high spatial reso-
lution. Implied temperature results are shown to exhibit quantitative agreement with those of a known 1D
volume-averaged model for porous media combustion as well as with standard thermocouple measurements.
These results shed light on internal thermophysical processes within PMBs while demonstrating the signif-
icant potential of XCT in obtaining quantitative, spatially resolved field data within optically inaccessible
combustion environments.

© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

Keywords: Porous media combustion; X-ray Computed Tomography; Heterogeneous combustion; Combustion
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1. Introduction

Porous Media Burners (PMBs) facilitate com-
bustion of a gas mixture within the voids of a solid
matrix, which results in chemical and physical char-
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acteristics different than those observed in conven-
tional, purely gas-phase combustion systems. The
flame is stabilized inside the porous material, where
the superior thermal conductivity and radiation
properties of the solid compared to those of the gas
mixture alone result in higher consumption rates
and enhanced heat transfer, leading to lower nitro-
gen oxide (NO,) emissions. Furthermore, the large
interfacial surface area of the porous matrix and its
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high heat capacity provide enhanced combustion
stability [1]. Due to these favorable properties,
interest in porous media combustion technology
has continued to advance. PMBs can serve as
a more efficient, robust, and environmentally
friendly alternative for a wide variety of current
combustion systems. Such applications include
surface heaters, domestic heating units, reformers,
and afterburners in solid oxide fuel cells [2].

In this work, we utilize an extension of the two-
zone PMB design first proposed by Trimis and
Durst [1], in which stability is achieved via pore-
scale quenching as governed by a critical Peclet
number [3]. Using this two-zone porous burner de-
sign, Khanna et al. [4] successfully demonstrated
that PMBs are characterized by particularly low
CO and NO, emissions when compared to free-
flame systems. Barra et al. [5] complemented this
work by performing a numerical investigation of
the optimal conditions for flame stabilization in the
two-zone burner design, in which it was found that
the heat conductivity and volumetric heat trans-
fer coefficient of the solid structure are critical in
determining heat re-circulation levels and stability
boundaries. Using a 1D time-dependent formula-
tion with detailed reaction chemistry, Barra and El-
Izey later showed that the heat re-circulation effi-
ciency decreases with increasing equivalence ratio,
and that the heat transfer properties were primarily
independent of the burner length [6].

While understanding of porous media com-
bustion has clearly improved over recent decades
to the point that several designs have been sug-
gested for highly stable PMBs, we still lack an
adequate fundamental understanding of detailed
physical processes and internal flame structure in-
side the porous media. Current experimental meth-
ods applicable to PMBs generally encounter sev-
eral limitations, but are primarily hindered by the
opaque solid structure obscuring the flame region.
Common methods include pointwise temperature
measurements from thermocouples and analysis
of exhaust gas composition [7]. Difficulties in op-
tical access inhibit the use of several experimen-
tal tools such as Coherent Anti-Stokes Raman
Spectroscopy (CARS), Particle Image Velocime-
try (PIV), and Planar Laser-Induced Fluorescence
(PLIF). Engineered access for optical techniques
such as CARS [8] and PLIF [9] have been success-
ful in obtaining useful data inside operating PMBs,
but these techniques do not yield high-resolution
volumetric visualization of flame structure or 3D
field data. To address these challenges, we pursue
the use of X-ray Computed Tomography (XCT)
technology as an alternative experimental diagnos-
tic that enables interrogation of the heterogeneous
combustion processes within PMBs.

We proceed by first giving a brief overview of
the theory behind application of XCT to com-
bustion systems in Section 2 before describing
the set of experiments used to test these ideas in

Section 3. Key details of data analysis are discussed
in Section 4 while important results are presented
and analyzed to draw useful conclusions about this
PMB system in Section 5.

2. Theory of XCT as a combustion diagnostic

XCT methods are being applied to fluid me-
chanics problems with increasing frequency, partic-
ularly in the context of multiphase flows and fuel
sprays [10,11]. While applications to multiphase
flows are a natural extension of traditional XCT
uses in separating solids, liquids, and gases based
on density differences, recent work has extended
these methods to quantitatively describe gas-phase
scalar transport. Specifically, it has been shown that
XCT can be used to create quantitative 3D datasets
describing the mole fraction of krypton, a radio-
dense tracer gas, at energies characteristic of clini-
cal and research scanners [12]. The interaction be-
tween X-ray photons and an object scanned with
a monochromatic (single-energy) X-ray beam fol-
lows the Beer—Lambert law,

In (%’;) = —/M(s)ds, 1

where N, is the incident X-ray photon count, N,
is the detected X-ray photon count, s is the path
length through the object, and u is the linear at-
tenuation coefficient of the object. XCT measure-
ments allow for reconstruction of the attenuation
field in three spatial dimensions from a set of pro-
jections taken over a large number of angles [13].
The linear attenuation coefficient may be expressed
in terms of the mass attenuation coefficient & and
the density p of the material,

n=E&p, (@)

where & is a nonlinear function of the photon
energy that varies with material composition. Note
that & is most fundamentally an atomic quantity
that increases with electron density, and can be
determined via measurements of both u and p at
reference conditions [13,14]. Values of the mass
attenuation coefficient depend on X-ray photon
energies, and most X-ray sources emit a polyener-
getic photon spectrum. Thus, one needs to supply
an effective spectrally averaged mass attenuation
coefficient £ in order to use Eq. (1). We will refer
to spectrally averaged quantities throughout this
manuscript with an overbar.

Writing Eq. (2) for a mixture of gases and intro-
ducing the partial density p; gives,

N P N
=Y Ep;= R Y EX W ®)
Jj=1 v =l

taking P as pressure, W; as the molar mass of
species j, R, as the universal gas constant, and X;
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as the mole fraction. In the case of a radiodense
tracer gas such as krypton combined with low-&
gases, one may treat Eq. (3) as the combination of
attenuation from the tracer and from the balance of
the system. In this case, one may extend Eq. (3) to
yield the following simple expression for gas tem-
perature in terms of known and measured quanti-
ties,

_ PWKrXKr%TKr
RuAl'_L
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where Al = jiy — fip, fip is the attenuation mea-
sured in a background scan (with only non-
attenuating species in the burner), and fi,, is the
attenuation of the burner containing a krypton-
augmented gas mixture. Because atomically light
gases such as combustion products and ambient air
effectively do not attenuate, the iz value is a good
measurement of the appropriate signal to be sub-
tracted to isolate the attenuation resultant from the
radiodense tracer [12].

A final aspect of XCT theory that is crucial to
the application of the technique to combustion sys-
tems relates to how Signal-to-Noise Ratio (SNR) is
affected by various physical parameters. The analy-
sis of Macovski [13] yields the following relation for
SNR of XCT data obtained in a non-attenuating
background medium such as air,

AfR .
SNR = 22 « ApVNM & Afi/MIwie,  (5)
Opu

where o, is the standard deviation of the attenua-
tion measurements, NV is the average photon count
per detector pixel measurement, M is the number
of projections contributing to the reconstruction,
I7 is the tube current, w is the detector pixel width,
and 7 is the projection exposure time [15].

Combining Eqs. (4) and (5) and assuming that
one averages over n different reconstructions to im-
prove SNR yields the following expression relating
expected noise levels to both scan parameters and
physical state variables,

PW, Xxrékr
SNR x %\/erwzrn. 6)

This equation shows that any physical change that
increases the number density of krypton atoms in
the flow will increase SNR - this includes pressure
increases, temperature decreases and krypton mole
fraction increases. In addition, increasing tube cur-
rent, effective pixel size, exposure time, number of
reconstructions averaged over, and number of pro-
jections per reconstruction further increase SNR.
Considering the effects of each of these variables
on overall measurement quality will be critical in
designing effective combustion experiments utiliz-
ing XCT diagnostics.

3. Experimental setup and procedure
3.1. Burner setup

Figure 1 shows the porous burner and the ex-
perimental setup of the XCT that was utilized in
this study. A three-stage porous burner emplace-
ment (Fig. 1(a)) was constructed such that the flame
stabilization point would be directly in the field of
view of the X-ray detector, as shown in Fig. 1(b).
The burner consisted of a quartz tube (Western In-
dustrial Ceramics) of 0.41 cm thickness, 5.59 cm
inner diameter, and 17.78 c¢cm length surrounding
three adjacently placed Silicon Carbide (SiC) disks
(Ultramet) of 2.54 cm in height and 5.08 cm in di-
ameter. A fine-pore 100 Pores-Per-Inch (PPI) disk
was placed furthest upstream for use as a flash-
back arrestor and flow homogenizer, followed by
a 65 PPI disk for flame quenching and a 3 PPI
disk that functioned as the combustion zone. SiC
disks were held in place via a compression fit us-
ing a ceramic fiber insulation lining (Western In-
dustrial Ceramics). Note that the lowest disk was
placed 2.5 cm above the quartz tube inlet in order
to leave a substantial region wherein the unburned
gas could be imaged for calibration purposes. Gases
were supplied from compressed gas cylinders out-
fitted with dual-stage regulators (Prostar) to en-
sure a constant pressure supply. A radiodense four-
component Kr/N,/O,/CH4 mixture was combusted
at lean conditions within the PMB. Component
gases in the premixed stream were combined us-
ing a set of tee junctions, and each gas line was
instrumented with a check valve to further protect
against potential flashback. Flow rates were con-
trolled and measured using a set of rotameters for
each constituent gas. Rotameter accuracy was +5%
for methane and +3% for all other gases.

Mixing occurred in a tube of 40 cm in length
directly preceding the vertical burner emplace-
ment, which consisted of a rotary union (DSTI),
flashback arrestor (Superflash), burner mount, and
burner body. The burner was secured to a preci-
sion rotary motor (Parker) by bolting the bottom
lip of the quartz tube between two aluminum disks
padded with ceramic fiber insulation. This assem-
bly was supported on the motor via an aluminum
plate augmented with a pipe connection at its cen-
ter. This plate was preceded by the flashback ar-
restor and rotary union that respectively ensured no
flame propagation back into the mixing system and
allowed for well-controlled rotation of the burner
by the XCT motor without gas leakage. Such a
setup is necessary to perform tabletop XCT of com-
bustion systems because obtaining projections at
very precise angles is critical for faithful XCT re-
construction.

3.2. XCT-scanner and scan parameters

All experiments were performed on the tabletop
X-ray radiography system shown in Fig. 1(b) using
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Fig. 1. Experimental setup, showing (a) burner setup and (b) XCT-system.

a fluoroscopic X-ray source and a flat panel detec-
tor with pixel spacing of 0.338 mm. A CPI Indico
100 fluoroscopic X-ray source was utilized along
with a Huestis Model 150A collimator. X-ray sig-
nals were collected using a Varian Model 4030B de-
tector with a cesium-iodide scintillator and amor-
phous silicon type n-i-p photodiodes. As shown in
Fig. 1(b), the burner is placed between the source-
collimator assembly (left) and detector (right) on
a precision rotating table (Parker) to acquire 1200
projections over 360°. In this experiment the high-
est allowable projection number was used to maxi-
mize SNR.

Source-to-isocenter distance was 944.8 mm
and source-to-detector distance was measured at
1255.5 mm. Scans were conducted with a 60 kVp
and 50 mA X-ray beam to maximize SNR. As im-
plied by Eq. (6), the tube current was set as high
as possible without saturating the detector, and the
energy level was chosen to be as low as possible
while maintaining viably high photon counts. The
3D reconstruction volume is 384 x 384 x 700 vox-
els in size with 200 pm isotropic spacing. Poly-
nomial beam hardening correction for the outer
quartz material was performed in the projection
domain [16]. The 3D images were reconstructed
using the Feldkamp-Davis-Kress (FDK) method
with a Hamming windowed ramp kernel to elimi-
nate high-frequency noise [15].

3.3. Experimental procedure

Before proceeding to obtain tomographic data
describing the operational burner, calibration scans
were performed at ten different Xx, values inside
the quartz tube in order to confirm that measured
absorbance, defined by Eq. (1), was indeed linear
in krypton number density (as measured by mole
fraction at ambient conditions). Importantly, the
relation between absorbance and krypton number
density is independent of whether number density
changes via temperature (with constant pressure

and krypton mole fraction) or Xk, (with constant
pressure and temperature).

Following the success of this initial calibra-
tion, a steady flow of premixed gas was established
through the burner with a mixture of Xy, = 0.375,
XNZ = 0368, XOZ = 0192, and XCH4 =0.065 at a
linear bulk velocity of 3.8 cm/s, overall flow rate
of 4.6 SLPM, and nominal equivalence ratio of
® = 0.69. This flow was created by mixing three gas
streams: an 80% Kr — 20% O, mixture, methane,
and air. Given these conditions, we compute a pore-
scale Reynolds number on the order of Rep =5,
which is well within the laminar regime. We there-
fore expect this flame to behave in laminar fashion
throughout the course of the experiment. Finally,
the flame was ignited at the outlet using a small
torch, at which point the flame would travel up-
stream within the quartz tube and eventually settle
at the 3 PPI — 65 PPI interface.

The gas composition utilized here was chosen
in order to obtain reasonable X-ray contrast while
mitigating the effect of the krypton tracer on com-
bustion chemistry and heat transfer. Further, as im-
plied by Eq. (6), one could conceivably achieve sim-
ilar SNR with the same spatial resolution and sam-
ple size using a mixture with even smaller Xk, by
utilizing an XCT system that allows for higher tube
currents, a larger number of projections, or longer
exposure times. Each of these improvements is cer-
tainly achievable in general, but all were beyond
the capability of the specific system utilized in this
study. To demonstrate the applicability of these rec-
ommendations, we performed a simple experiment
wherein a single reconstruction of the burner phan-
tom filled entirely with krypton gas was performed
using data acquired at both Ir =20 mA and
Ir = 50 mA. Based on Eq. (6), one would expect
an SNR ratio of SNRso/SNRy) = /50/20 = 1.58.
The actual value calculated from the experiment
in a region above the 3 PPI porous media was
SNRsy/SN Ry = 1.59. This result supports the va-
lidity of the scaling analysis contained in Eq. (6),



J. Dunnmon et al. | Proceedings of the Combustion Institute 36 (2017) 4399-4408 4403

and implies that even lower krypton concentrations
could be used. For instance, simply utilizing a com-
mon clinical X-ray source with characteristic tube
current of at least 200 mA would allow for a 50%
SNR increase over the system used here at the same
photon energy—this would enable results similar to
those shown here to be obtained with an Xk, value
half of that used in the current experiment.

Once a flame was established, a set of detailed
temperature measurements were conducted within
the burner using a set of five type-K thermocouples
mounted radially above the burner exit with 5 mm
spacing in the radial direction. The thermocouple
assembly was mounted on a vertical track to allow
for axial temperature traverses — these temperature
data taken from the burned gas will be used to pro-
vide validation for the implied temperature field ex-
tracted from XCT measurements.

Our goal in the tomographic data acquisition
is to obtain subtracted measurements of Aj =
iy — iig. Thus, after preheating the X-ray tube to
ensure flux stability, we first perform twenty to-
mographic acquisitions of the burner combusting
the Kr/N,/O,/CH, mixture at steady-state to ob-
tain measurements of ji,,. Flame stability was con-
firmed over the duration of the experiment both
visually (as in Fig. 1(a), flame radiation is visi-
ble through the burner insulation) and indirectly
with thermocouples situated above the outlet of
the quartz tube (so as not to cause X-ray scatter-
ing in the burner tube). Each tomographic acqui-
sition involved a 360° rotation of the burner oc-
curring over a period of one minute, and each full
scan cycle required eight minutes to perform tomo-
graphic acquisition, execute detector offset calibra-
tion for the next scan, and ensure that the X-ray
tube was at a consistent thermal state at the start
of each scan. After these twenty scans of the burn-
ing radiodense mixture were recorded, the krypton-
containing gases were removed from the gas stream
and replaced with an air flow such that the same
amount of fuel continued to combust at the in-
terface, but with no radiodense tracer in the pre-
mixed gas. Twenty scans of the burner running at
this X, = 0 condition were then obtained to mea-
sure fip. It is critical that these scans be taken with
a hot burner if Eq. (4) is to be faithfully applied
via background subtraction; specifically, the SiC
porous disks undergo thermal expansion with tem-
perature, and attempting to perform background
subtraction between a hot burner scan and cold air
scan was shown to result in poor image registration.
Multiple scans are taken at each condition to en-
sure that noise levels of both fi,, and iz could be
equally reduced via averaging over several trials. Fi-
nally, note that subtraction is purposely performed
in reconstruction (attenuation) space rather than
in projection (absorbance) space—while more com-
putationally intensive, this procedure ensures faith-
ful reconstruction of each acquisition and allows
registration between reconstructed datasets (mostly

based on solid body rotation) to be performed in
physical space.

4. Data analysis methods

XCT reconstructions fundamentally give point
measurements of & at each voxel. Attenuation mea-
surements in voxels in the gas-phase sections at the
top and bottom of the burner tube will reflect the
difference between the burned and unburned gas
mixture, while those in the porous media sections
require more careful consideration. Specifically,
pores in the 100 PPI and 65 PPI sections are
typically smaller than the 200 wm reconstruction
resolution, meaning that voxels in these domains
effectively represent a volume-average of the solid
and the gas. In fact, the volume fraction of each
porous section can be extracted by computing the
ratio Afipy/Afig, over a large number of voxels
(with Afipy indicating the value obtained in the
porous media and A ik, that for pure krypton gas),
as the ratio of these two attenuation differences
will simply reflect the relative amount of krypton
gas contained in each segment of the burner tube
(i.e. the solid will subtract out, as its attenuation
remains constant). This method gives gas volume
fractions of 0.80 for the 100 PPI section, 0.85 for
the 65 PPI section, and 0.93 for the 3 PPI section.
Image processing is performed inside the 3 PPI
section of the background measurement to isolate
voxels containing the solid via thresholding and to
subsequently extract all gas phase voxels to be used
for evaluation of internal flame structure. Note
that typical attenuation values are 0.5 cm™' for
solid-phase SiC, 0.05 cm™! for air reconstructed
inside the 3 PPI SiC pores, and 0.06 cm™! for
ambient-temperature CH,4/Kr/N,/O, gas mixture
inside the 3 PPI SiC pores, meaning that this
thresholding procedure is quite robust. The air at-
tenuation value can be considered a constant offset
that is eliminated via background subtraction, as
air attenuation is physically negligible at these pho-
ton energies. Because we are interested in gas-phase
attenuation changes that imply information about
the thermodynamic state, attenuation differences in
the 65 PPI and 100 PPI porous sections are scaled
by the appropriate volume fraction to ensure accu-
rate reflection of the gas-phase state. We will refer
to data in which this adjustment has been made
by using the superscript g to indicate that we are
working with the attenuation only of the gas phase.

In the following analysis, an average over twenty
air scans is subtracted from an average over twenty
burning scans to compute Aif at each point in
space after volume fraction adjustment. In addition
to averaging in time, a 3 x 3 x 3 median filter is ap-
plied in order to remove remaining white noise only
when results are visualized. Note that such a box
physically represents a volume of size 0.6 x 0.6 x
0.6 mm?, a value that is substantially smaller than
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the size of the pores in the 3 PPI section, which typ-
ically have diameters on the order of 5 mm. Addi-
tionally, after locating solid voxels via thresholding
based on iz magnitude, the solid voxel regions are
dilated by two pixels in all directions to minimize
the effect of partial volume artifacts and any scan-
to-scan misregistration on the gas phase measure-
ments.

Computations of an implied temperature field
can be accomplished at both the pixel and mean
levels using Eq. (4) in combination with known up-
stream temperature values. Specifically, by Eq. (4),
the quantity A$7T must remain constant at any
point in the gas phase under the assumption of
constant P and Xk,, which appear reasonable given
that the gas is homogeneously mixed, that no en-
trainment occurs, and that the flame is statistically
planar. Thus, utilizing spatially resolved attenua-
tion measurements at each voxel, we can compute
a “self-calibrated” temperature at each voxel as,

AfiE
A

=T (M

where the inlet temperature is measured to be 7y =
302 K and inlet attenuation wu is taken to be
the average value in the bottom domain of the
burner (the transparent portion upstream of the in-
sulation in Fig. 1(a)) where the gas is at ambient
temperature.

5. Results and discussion
5.1. Flame structure analysis

At this point, it is useful to examine the internal
PMB flame structure using the 3D XCT dataset,
where we refer to the horizontal directions as x and
vy while taking z to be the vertical (axial) direction.
In Fig. 2, we present cross-sectional planes of the
subtracted attenuation field along the vertical axis
of the burner for both the present experiment
with Xk, = 0.375 and a previous version of the
same experiment run with Xk, = 0.820 along with
the same equivalence ratio and data processing
procedures. As shown in Fig. 2, the Xk, = 0.820
case clearly gives results with less noise, as im-
plied by Eq. (6)—however, given our emphasis on
performing measurements at practically relevant
conditions that are most analogous to fuel-air
combustion, we analyze the Xk, = 0.375 results in
the remainder of this paper.

Given that Ag$ ~ 1/T from Eq. (4), these re-
sults show that areas of lower temperature will be
indicated by regions of higher attenuation (assum-
ing constant pressure and Xk, ). One phenomenon
that is immediately apparent is that a substantial
preheating of the incoming gas occurs in the 65 PPI
and 100 PPI porous sections, within which there ex-
ists a noticeable axial variation in the attenuation

field. This is, in effect, an observation of excess en-
thalpy combustion in three dimensions. The 65 PPI
and 100 PPI SiC sections, which are composed of
a highly conductive solid material, are transport-
ing heat upstream to the incoming gas, which then
expands and exhibits lowered attenuation. This ef-
fect is likely augmented by the low flow rate char-
acteristic of this experiment, which results in rela-
tively small convective heat transport away from the
highly conductive upstream SiC pieces.

Further, one can observe that burning within the
porous matrix is not axially homogeneous. As ex-
pected, the regions of highest temperature occur
nearest to the 3 PPI - 65 PPI interface on the 3 PPI
side of the burner in Fig. 2, but the degree of ho-
mogeneity in the radial and azimuthal directions is
better visualized with the in-plane attenuation data
shown in Fig. 3. As the axial coordinate z increases,
we see that the gas in the bottom of the 100 PPI
section shown in panel (A) is noticeably cooler than
that in the more substantially preheated 65 PPI sec-
tion shown in panel (B) throughout the radial and
azimuthal domains. The temperature in the exhaust
gas, in panel (C), is also well visualized, and is sig-
nificantly cooler than the burning zone of panel
(D). Comparison of panels (D)—(F) demonstrates
variation in combustion behavior through the 3 PPI
combustion zone. Specifically, near the interface,
we observe distinct homogeneity in the attenuation
field, indicative of relatively consistent combustion
conditions within this slice of the burner. Addition-
ally, an average temperature decrease (attenuation
increase) is observed as we move to the downstream
sections of the burner, where the attenuation field
appears to become slightly less homogeneous. Fi-
nally, the development of noticeable spatial inho-
mogeneity observed in the downstream sections of
the burner (such as in panels (E) and (F) ) hints at
the existence of interesting pore-scale heat transfer
physics which may well have an effect on the funda-
mental operation of PMB:s.

5.2. Comparison of implied temperature to 1D
model and traditional measurements

Additional insight into the fundamental physics
of this burner can be attained by comparing the
implied temperature field from the self-calibration
procedure described above to that obtained from a
1D volume-averaged computational model. To en-
able this study, the system at hand was modeled
using the 1D reacting flow solver in the CANTERA
software package [17]. The solver was modified to
account for the solid matrix environment, incor-
porating volume-averaged governing equations and
the corresponding effective transport parameters.
The computational model is adapted from that re-
ported in Barra et al. [5] for a two-section porous
media burner. Conservation equations for mass,
gas species, gas energy, and solid energy are solved,
using a version of the detailed GRI 2.11 chemical
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Fig. 2. Cross-sectional view of linear attenuation field, Az¢[cm~!], for (a) Xx, = 0.375 and (b) Xk, = 0.820 (solid matrix
in black); Black lines delineate the porous sections; Legends in panels (a) and (b) are scaled with krypton mole fraction.
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Fig. 3. Linear attenuation field Ajz¢ [cm~! ] at different sections through the burner (solid matrix in black); Heights are
as follows with respect to the axis of Fig. 2—(A): 2.4 cm , (B): 4.4 cm, (C): 10.6 cm, (D): 6.5 cm, (E): 7.8 cm, (F): 9.1 cm;
Locations are indicated on the vertical cross section. (color online)

mechanism for CH4 combustion that has been aug-
mented with krypton. Thermal non-equilibrium
between the gas and the solid matrix is assumed
and their interaction is modeled using a volumet-
ric heat transfer coefficient appropriate for high-
porosity ceramic foams [18]. We assume that the
solid is inert and does not react with the gas mix-
ture. Thermal conductivity and radiative heat ex-
tinction coefficient are estimated using an empiri-
cal model proposed by Hsu and Howell [19], while
radiation coefficients are based on the experimental
data of Henricks and Howell [20].

When using this 1D model to assess the per-
formance of the XCT diagnostic, we average over
all gas-phase voxels at each axial slice of the XCT
dataset to reproduce the type of assumptions
incorporated into the 1D model. We first obtain
1D attenuation curves by averaging Ajif at each
position in the axial direction for each reconstruc-
tion to give 1D cross-sectionally averaged Ajif
curves. Importantly, averaging over twenty scans
ensures a reasonable level of statistical conver-
gence in the results. This mean Aj#(z) curve can
be observed over the relevant axial domain in
Fig. 4(a).
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mocouple (TC) measurements; (c) Visualization of solid structure; (d) Vertical cross section of 3D implied temperature
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As shown in Fig. 4(b), 1D implied tempera-
ture calculated from the self-calibration procedure
agrees well with both measured temperature in the
unburned gas section and steady-state thermocou-
ple data obtained in the burned gas section. Note
that the thermocouple data has not undergone ex-
plicit correction for radiation loss; as discussed by
Bradley and Matthews [21], radiation losses can re-
sult in thermocouple readings that are on the order
of 10-50 K smaller than the actual gas temperature
that would be recorded by XCT. Error bars on the
thermocouple measurements reflect a 30 K radia-
tion loss estimated as in [22]. Additionally, the X-
ray measurements themselves are subject to some
uncertainty—in the 1D comparison, we show error
bars reflecting 95% confidence intervals that take
into account both the expected standard error of
the sample mean and detector drift [12] while incor-
porating a conservative 5% contribution to the co-
efficient of variation resultant both from minor Xk,
variation in the combustion zone and from small,
spatially localized areas in the 65 PPI porous me-
dia where Afi# attains unphysical values.

Overall, reasonable qualitative agreement with
the model is observed in terms of flame position at
the interface between the 3 PPI and 65 PPI burner
sections, the overall temperature level within the
burner, and the temperature pattern observed in the
downstream portion of the burner. As discussed
above, while the model predicts a flame exactly at
the interface with minimal upstream conduction,
the experiments explicitly suggest evidence of an
extended preheat zone throughout the 65 PPI SiC

section, which is indicative of the level of internal
heat exchange within the porous burner. This dis-
crepancy is likely the result of a combination of
insufficiencies in the interface transport processes
in the 1D volume-averaged model, uncertainties in
material properties, the steady-state nature of the
1D model, and spatial variations in the experimen-
tal porosity field. It is also possible that the discrete
nature of the combustion wave in different seg-
ments of the porous media contributes to these dif-
ferences. Further, note that there exist several sharp
changes in the mean attenuation curve in Fig. 4(a)
and the temperature curves in Fig. 4(b). Each of
these appears to occur directly at the interface be-
tween two different burner segments, and likely re-
sults from imperfect registration and axial align-
ment of the porous sections at the interface com-
bined with particularly low signal in the hottest
portion of the burner. Thus, these sections of the
plots have been grayed out to indicate areas where
results are not necessarily reliable.

Several aspects of Fig. 4(c) and (d) bear further
discussion. First, the vertical slice of the 3D im-
plied temperature field yields better visualization
of temperature variation than the attenuation map
in Fig. 2 because we are plotting a quantity that
is directly proportional to temperature. The axial
extent of the flame zone is substantially more ap-
parent from this data, which indicates that most
of the combustion occurs within the bottom third
of the 3 PPI burner section. This is consistent with
the observed extent of the radiant flame zone vis-
ible through the ceramic fiber insulation between
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the burner and quartz tube. It is important to note
that while these 3D results are encouraging, fur-
ther work on calibrating temperature to krypton
tracer concentration would be helpful in lowering
the level of uncertainty surrounding quantitative
voxel-to-voxel subtracted measurements, which can
be on the order of the measurement at the tail ends
of the voxelwise Aji# distribution. Thus, Fig. 4(d)
is meant to give a first glance at the 3D tempera-
ture field, but should be viewed in light of exper-
imental uncertainty at the individual voxel level,
which is to a degree mitigated in visualization by
the 3 x 3 x 3 median filter described above. As a
final comment, the solid visualization of Fig. 4(c)
(a scan of the burner containing only air in the gas
phase) shows that cracking has occurred in the up-
stream SiC porous foams over the course of these
experiments. While such crack-detection represents
a more traditional use of XCT, it is nonetheless use-
ful in working with PMBs due to the fact that ques-
tions about potential inhomogeneities in internal
flow patterns can be answered without destructive
procedures.

6. Conclusions

This study has demonstrated the potential of
XCT to provide relatively unique insight into in-
ternal processes characteristic of PMBs. In ad-
dition to allowing for qualitative assessment of
internal flame structure, non-intrusive extraction
of implied temperature fields from a multi-zone
SiC PMB yields results that agree well with both
1D volume-averaged computational models and re-
sults from traditional thermocouple measurements.
Further, the XCT method was able to distinguish
the substantial, mostly homogeneous internal pre-
heat zone in the 65 PPI SiC upstream section that
was not captured by the 1D model and which would
have been very difficult to diagnose using tradi-
tional methods.

The fact that PMB systems have relatively high
thermal mass and tend to operate near a steady
state condition appears to make them particu-
larly amenable to XCT measurements. However,
while XCT has a major strength in its ability
to non-intrusively yield 3D field data, its tem-
poral resolution is also hindered by the require-
ment of inter-scan averaging to achieve reliable
measurements at contrast levels characteristic of
radiodense gas-phase flows. Developing methods
to improve signal-to-noise ratio and scan acqui-
sition rate using a combination of hardware and
software improvements (optimized reconstruction
techniques, advanced detectors, brighter sources,
etc.) would further enhance the attractiveness of
this diagnostic tool. In addition, improving tem-
poral resolution with a multiple-detector, multiple-
source system that would allow XCT measurements
to capture transient effects could be quite help-

ful in developing discrete models of porous media
and filtration combustion. In the end, the experi-
ment described here has demonstrated the viabil-
ity of performing useful gas-phase combustion ex-
periments within the limitations of XCT hardware,
and suggests that this experimental method holds
substantial promise in providing high-resolution
3D datasets describing implied gas-phase tempera-
ture and density fields within optically inaccessible
environments.
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