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We previously succeeded in directly observing the reaction
progress of carbon particles under supercritical water oxidation
(SCWO) conditions using shadowgraph!-> and/or the Schlieren
photographic method,> where a reaction cell equipped with
sapphire windows for light transmission was used. However, it
is a formidable challenge to use sapphire windows for moni-
toring SCWO progress more generally at high temperature and
high pressure. At the same time, the previous visualization
methods do not allow one to observe the reaction progress
inside of the particles, although such latent reactions were
suspected in the case of a graphite particle.? Thus we have tried
to adopt X-ray radiography to follow the reaction progress in a
reaction apparatus without any optical windows and also in the
particle itself. In the present work, we will show the SCWO
progress of a graphite particle to demonstrate the usefulness of
X-ray radiography. The complete time evolution has been
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successfully followed, thus demonstrating the future potential
of X-ray radiography.

Experimental
Reaction system and procedure

The reaction proceeded in a vertical tubular reactor of In-
conel® 625 (ID: 11.0 mm; OD: 19.0 mm; height: ~1.5 m),
which was covered by heating tapes. The pressurized water or
aqueous H,0, with a syringe pump (ISCO Model 100DM) was
introduced through the preheater section to the bottom of the
tube reactor, flew upward, and exited through the heat ex-
changer and the back pressure regulator to control the reactor
pressure. The concentration of aqueous H,O, was chosen to
produce the desired concentration of O,—water mixture, con-
firming that H,O, was stoichiometrically decomposed in the
preheater to produce O,.* From a height of 15 to 45 cm from
the inlet of the water flow, the outer diameter of the Inconel®
tube was 14.2 mm, from which the heating tape was stripped,
and the tube was covered by a thin aluminum film, where the
X-ray was introduced perpendicular to the reactor tube. The
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Figure 1. Setup for X-ray radiography monitoring SCWO
of a carbon particle.

temperature inside of the reactor tube was monitored with
sealed thermocouples at 8 and 70 cm height from the inlet of
the water flow. The temperatures at the two monitoring ther-
mocouples were controlled within =1°C of the desired tem-
perature. The transmitted X-ray was detected by a color-image
intensifier.

The arrangement of the sample and the X-ray system is
illustrated in Figure 1. The sample for the present work was a
commercially obtained synthetic graphite particle (diameter: 4
mm; density: 1.72 g cm™>; ash content: 200 ppm). The sample
was positioned on a spiral of Pt wire, supported between two
thin supporting rods inside of the tube reactor. In the experi-
mental procedure, after the sample was located at the appro-
priate position, water was introduced. After the total system
was stabilized at the desired conditions (typically S00°C and 30
MPa), water was replaced by aqueous H,0,, if necessary.

The adopted X-ray radiographic system is a newly devised
system with a multicolor scintillator-based, highly sensitive,
wide-dynamic-range, and long-life X-ray image intensifier.
Details of the X-ray imaging system were described previously.>-¢
Briefly, an X-ray tube, of 150 kV and 3 mA, was adopted. The
effective energy used was 60 keV at the tube reactor, and the
observation range by the X-ray beams spanned about 6 X 8 cm.
The signals were usually integrated for 8 s.

To check the sensitivity and the linearity between the ob-
tained signal intensity and the density of the sample in advance,
X-ray images were obtained under ambient conditions for a
cylindrical step-gauge made of a series of graphite particles of
different diameters, which was placed under a location similar
to that adopted for the carbon SCWO measurements.

Results

Linearity of the experimental brightness against the
density or diameter of the sample

The X-ray intensity through the sample in the present system
is explained as follows. The X-ray transmits through the fol-
lowing three different regions: carbon, water, and the surround-
ing wall (which consisted primarily of Inconel® 625). The
individual materials are characterized by the following param-
eters: linear absorption coefficient w, density p, and depth d.
The individual materials are identified by the suffixes ¢, w, and
m for carbon, water, and the wall material, respectively. Even-
tually, however, d,, is taken as the inner tube diameter.

When the carbon sample is on the X-ray transmission line,
the detected transmitted X-ray intensity is

Iobs = IoeXp[_Mumdm - waw(dw - dc) - I*chcdc] (l)
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where I, is the intensity of the X-ray at the outer surface of the
tube reactor. On the other hand, when the sample is absent, the
observed intensity should be

It’:bs = IOeXp(_IJ'mpmdm - “‘wpwdw) (2)
Thus the difference signal intensity, obtained as the difference
between the presence and absence of the sample, is

Difference signal intensity = Iy, — Iy = IoeXp(— tmPmm
- wawdw) - ]Oexp{_u‘mpmdm - I‘-prw(dw - du) - I*chcdc}
= Loexp(— WP — uPud)[1 — exp{—(uepe — Hupy)dc}]
(3)

The difference signal intensity was measured as the brightness
on a cathode-ray tube by a signal-processing procedure. When
the value (w.p. — MwpPyw)d. is small, the exponential term can
be expanded to the first order, and the following relationship is
obtained

Brightnessedifference signal intensity

= {1oexp(— Pl = upud ) P = mupi)derde (4)
Thus, the brightness is proportional to the value of d, when the
diameter of the carbon particle changes without any change of
the carbon particle density p.. Here it is assumed that the value
of [1oeXp(— MmPmdm — MaPuwdW)(Hepe = Mypy) is kept con-
stant, as usually experimentally realized. Otherwise, when d is
kept constant and the density of the carbon particle p, is
changed, the difference signal intensity should be linearly
dependent on the change of p_, particularly when the brightness
is visualized as the difference from the background water

Brightnesso<(..p.)d.%p, 5)

Taking into account that u for elemental carbon and water is
0.175 and 0.206 cm” g~ ',7 respectively, and that the density of
the graphite particle and the water at the critical point is 1.72
and 0.32 g cm>,8 respectively, the value of (u.p. — Py )d.
is small enough to allow for the first-order approximation of the
exponential term expansion. For example, when d, is 0.4 cm,
the value is <0.1.

Figure 2 shows: the shape of the cylindrical step-gauge used for
the calibration (top panel), the brightness image of the gauge
(middle panel), and the relationship of the brightness at the central
axis and the corresponding diameter of the gauge (bottom panel).
The integration time for the imaging was 8 s. It is demonstrated
that the diameter of the gauge can be measured from the bright-
ness image (middle panel) itself, and also as the brightness at the
axis according to Eq. 4. The change of the diameter d. by <0.02
cm can be detected from the brightness change. Under the adopted
conditions of room temperature and 1 atm, the density of water is
greater than that under the supercritical conditions. Thus, the
difference between the carbon and water for the X-ray absorption
is smaller in Figure 2 than that for the critical conditions, which
implies a higher sensitivity under the SCWO experimental con-
ditions than the present ambient conditions.
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Figure 2. Calibration of the brightness of X-ray image
using a tapered carbon step-gauge in ambient
water in the Inconel® reactor.

The shape of the cylindrical gauge, the brightness image of
the gauge, and the relationship of the brightness at the central
axis and the corresponding diameters of the gauge are shown
from top to bottom.

Analysis of the time evolution and phenomenological
rate constants

Figure 3 shows the brightness images of a graphite particle

158 min

221 min 337 min

Figure 3. Image of a graphite particle during the SCWO
progress at 773 K and 30 MPa, with 3.6 wt %
O, containing water.

The flow rate of the fluid was 2 mL min~
measured at room temperature and 1 atm.
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Figure 4. Time dependency of the horizontal and vertical
diameter during the SCWO progress of the
graphite particle.

Reaction conditions are the same for those described in the

caption of Figure 3. Circle keys: horizontal diameter; square
keys: vertical diameter.

along with the reaction time at the temperature of 773 K and 30
MPa in the presence of 3.6 wt % O,. The images schematically
show that the particle size remains almost constant until very
close to the end. Figure 4 plots the observed diameter for the
vertical and horizontal directions; and Figure 5, the brightness
at the sample center. The fact that the brightness decreases
together with relatively small change of diameter means that
the inside density of the particle changes almost uniformly.
From the linear density change along the time, the reaction rate
of carbon consumption for a unit initial outer surface area S, is
estimated to be 5.8 X 107> kg m 2 s~ '. The reaction appar-
ently obeys a zero-order kinetics on the carbon density. This
reaction rate implies only a small temperature increase in the
carbon particle (a rough estimation from the balance between
the heat evolution arising from the reaction and the heat loss to
the bulk flow indicates the temperature rise of around 10°C),
and also that the overall reaction is not limited by the O, mass
transfer from the bulk flow to the particle surface according to
the previously developed argument.? Our previous study using
shadowgraph technology on another graphite particle, at 773 K
and 30 MPa with 10 wt % O,, showed the rate of 7.2 X 1073
kg m~?s ' after a long induction time. The apparent phenom-
ena and the rate constants are slightly different between the
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Figure 5. Time dependency of the brightness at the cen-

tral region of the carbon particle.

Reaction conditions are the same for those described in the
caption of Figure 3.
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previous and the present experiments, probably because of the
different properties of the graphite used.

Because the properties of the present graphite, such as po-
rosity and pore size distribution, have not as yet been thor-
oughly investigated, any reliable estimation of the Thiele mod-
ulus is difficult. However, based on the general structure of the
synthetic graphite and the present experimental reaction rate,
our tentative estimation suggests that the Thiele modulus is
smaller than unity, and thus the effectiveness factor is >0.7.
This relatively large effectiveness factor implies that the oxi-
dation reaction proceeds almost uniformly inside of the parti-
cle, and thus the apparent decrease of the density without
noticeable change of the particle size may be understandable.

The present technology clearly demonstrated two important
points: (1) the progress of the reaction can be observed even in
a closed vessel without any optical windows; (2) even when
any shape change is not observed by visualization, sometimes
the reaction is proceeding inside of the graphite particle.

Relevance of X-ray radiography and its future
applications

Important facts to be noted are: first, we have succeeded in
observing the complete progress of SCWO of a graphite par-
ticle without using any optical windows. Second, the shape was
maintained for a long time while the reaction was proceeding
inside of the particle to decrease the density.

Apart from analysis of the carbon SCWO process, important
phenomena such as salt deposition on the reactor wall and
surface corrosion may also become tractable by means of the
present technology in the future.

Conclusion

A visualization system using X-ray radiography was suc-
cessfully applied to the observation of SCWO progress of a
graphite particle in an Inconel® 625 tube reactor. It was found

that the graphite particle reacted inside of the particle with only
a negligible change in outer shape. This finding is novel and
also demonstrates the very high potential of the present highly
sensitive X-ray radiography system for observing the latent
reaction progress from outside.
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