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Introduction

Supercritical fluids technology is now going to be applied in
a number of fields (Savage, 1999; Tester et al., 1993). Flow
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The flow pattern around a carbon particle (~ 3.5 mm in diameter) during the supercritical
water oxidation (SCWO) process (25 MPa, 723 K, 3.6 wt % O, concentration) was visualized
for the first time by the use of Schlieren optics and a SCWO reactor equipped with transparent
sapphire windows. To link Schlieren images with flow fields, computational fluid dynamics
(CFD) simulations were executed, assuming temperature-dependent density of supercritical
water and heat of a surface reaction, and then the obtained density fields around the particle
were numerically converted to Schlieren images. Numerically obtained Schlieren images
agreed well with observed images, confirming that the CFD simulation was able to predict the
flow field in SCWO processes. Such a combined approach of CFD and flow visualization
revealed that, in SCWO of solid substances with a fast reaction rate, the heat of surface
reaction increased the temperature of the fluid and induced an upward flow from the particle
with higher fluid temperature than that of the surroundings. Such flow can increase reaction
rates by enhancing the mass transfer of O, to solids. Therefore, a flow field in SCWO is an
important factor controlling the progress of reaction and it can be reasonably predicted by
CFD simulations. © 2004 American Institute of Chemical Engineers AIChE J, 50: 2082-2089, 2004
Keywords: supercritical water oxidation (SCWO), carbon particle, flow pattern,
Schlieren image, computational fluid dynamics (CFD)

dynamics of a supercritical fluid is of crucial importance with
respect to its practical applications using reactions and mass
transport. The flow dynamics affects concentration gradients in
a reactor and thus influences the uniformity of the reaction rate.
In the case of a heterogeneous system consisting of a super-
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mass transfer, a local velocity field around the solid substan-

© 2004 American Institute of Chemical Engineers tially affects the rate of mass transfer and thus the reaction rate
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is dependent on the flow pattern. As an example, we observed
that the reaction rate of the supercritical water oxidation
(SCWO) of an activated carbon particle increased with the flow
rate of supplied water (Sugiyama et al., 2002).

Because of their large kinematic viscosity (viscosity/density)
and the sensitivity of their density on temperature, supercritical
fluids tend to be accompanied by buoyancy-driven flow, which
makes it more difficult to predict a flow pattern of a supercriti-
cal fluid compared to that of ordinary gases and liquids. Com-
putational fluid dynamics (CFD) simulations have now become
a potential tool for analyzing and predicting flow patterns of
supercritical fluids (Oh et al., 1995; Zhou et al., 2000). How-
ever, its applicability has not been validated sufficiently
through comparison with experimental results.

Visualization of flow patterns can provide the most direct
evidence for validating the flow fields predicted by CFD sim-
ulations. The Schlieren method is one of the most convenient
and frequently applied optical visualization systems (Merz-
kirch, 1987). A parallel light passing through a test object is
focused by a lens (Schlieren head) in the plane of a knife edge.
The light passing through the knife edge is observed by a
camera. The gradient of a refractive index, which usually
corresponds to the density gradient, in the test object bends the
light, and the focal point slightly shifts to the direction that is
determined by the direction of the gradient. Accordingly, the
observed light intensity increases if the focal point is shifted
away from the knife edge, or vice versa. In this way, the
refractive index gradient in a test object is visualized as the
distribution of light intensity in the observed image.

When the progress of the SCWO of a carbon particle was
analyzed by a CFD simulation, taking into account the surface
reaction of the particle and its enthalpy change, it was sug-
gested that the temperature of the particle was increased by the
heat of surface reaction and its relatively high temperature
induced an upward flow of supercritical water from the parti-
cle, that is, buoyancy-driven flow. A shadowgraph observation
of the reaction progress, using a high-pressure cell equipped
with transparent windows, sometimes provided images that
suggested the existence of such buoyancy-driven flow. When
we observe a flame in ambient atmosphere using the Schlieren
method, the density gradient around the flame can be clearly
visualized. The density gradient around a particle during
SCWO is calculated to be much larger than that around a flame
in ambient atmosphere. Therefore, by observing the progress of
SCWO of a carbon particle using the Schlieren method, it will
be possible to visualize the density gradient around the particle,
and thus to validate the results of a CFD simulation.

In this work, we observed the progress of SCWO of a carbon
particle (~ 3.5 mm in diameter) using the Schlieren method.
Converting Schlieren images to the flow field around the par-
ticle was not straightforward because the brightness distribu-
tion of the image depended on the “gradient” of the density
field and, furthermore, the three-dimensional (3-D) gradient
around the particle resulted in two-dimensional (2-D) images
that we observed. Therefore, we analyzed the problem the other
way around. We simulated the flow field around the particle by
CFD simulations. Then, the density field around the particle
obtained by the simulation was numerically converted to
Schlieren images. By comparing observed and simulated
Schlieren images, we were able to confirm that a buoyancy-
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Figure 1. Experimental setup for observing Schlieren
image of the supercritical water around a car-
bon particle.

A carbon particle was attached to the transfer rod with the
spiral platinum wire. It was initially held in the cylinder under
the cooling fins and then transferred to the center of the cell
after an experimental condition was stabilized. Dotted lines
indicate the optical path for observing Schlieren images. The
origin of the Cartesian coordinate is the center of the particle.
The flow diagram is shown in the panel.

driven upward flow around a particle actually existed in the
SCWO of a carbon particle.

Experimental and Numerical Methods
Experimental setup

The experimental setup is shown in Figure 1, which consists
of the reaction cell, the flow systems, and the optical setup for
observing Schlieren images. The cell consisted of a Hastelloy
block with a sample-transfer mechanism. Inside of the cell was
the vertical cylinder (8§ mm in diameter), with the cross
equipped with four sapphire windows at the position where the
particle was observed. The cell was controlled to be at super-
critical temperatures using four rod heaters and a thermocouple
embedded in the Hastelloy block. The cell was connected to the
other cylinder through a ceramic insulator and the cooling fins,
because of which the temperature of the lower cylinder is kept
below 373 K. The particle was clamped to a Hastelloy rod (1.6
mm in diameter) using a platinum wire. The other end of the
rod was attached to a magnet. The magnet was coupled with
the other magnet outside of the cell for moving the rod. The
distance between the fluid inlet and the center of the cell, where
the particle was observed, was 40 mm. The flow exited upward.

Two syringe pumps (Isco 100DM) supplied water and an

Vol. 50, No. 9 2083



aqueous solution of H,0,, respectively. H,O, was completely
decomposed to O, and H,O and stoichiometrically in the
preheater (Croiset, 1997), the temperature of which was the
same as that of the hot zone of the cell. Therefore, the O,
fraction in the supercritical fluid can be calculated from the
H,0, concentration in the syringe pump, assuming its complete
and stoichiometric decomposition. The outlet of the preheater
discharged into the cell through the Hastelloy tube (1.6 mm in
diameter and about 200 mm in length) surrounded by glass
wool, and the temperature of the fluid at the inlet of the cell
should be somewhat lower than that of the cell. The fluid was
introduced to the cylinder through the narrow inlet (1 mm in
diameter). The pressure inside of the cell was controlled by the
backpressure regulator (Jasco SCF-Bpg).

The optical setup consisted of the tungsten lamp, the aper-
ture (1 mm in diameter), the green filter to avoid chromatic
aberration, two convex lenses, and the knife edge (Mizojiri
Optical Co., Ltd.). The focal length of the lenses was 50 mm.
A parallel light passing through the cell was focused on the
knife edge, as shown in Figure 1. Schlieren images were then
formed on a CCD camera, which was continuously recorded on
a video tape. Frames of Schlieren images were recorded every
1/30 s.

Two kinds of carbon particles were used: activated carbon
and synthetic graphite. Both particles were nearly spherical
with a diameter of about 3.5 mm. The density of the activated
carbon was 0.75 g cm 3, and the Brunauer—Emmett—Teller
(BET) specific surface area was 1.0 X 10° m* g~ '. The char-
acteristic size of the pore diameter was approximately 5A. The
density of the synthetic graphite was 1.8 g cm >, and the BET
specific surface area was 0.78 m* g~ '

The experimental procedure was as follows. While stabiliz-
ing a reaction condition in the cell, the particle was kept in the
lower cylinder. Then, the particle was transferred into the cell.
It took several seconds to transfer the particle and to fix it to the
center of the cell. The experimental conditions were as follows:
the total pressure was 25 MPa, the temperature of the Hastelloy
block was 723 K, the total flow rate at normal temperature and
pressure was 0.5 cm® min~ ', and the O, concentration was 3.6
wt %, if added.

CFD simulation

To simulate the flow field and the transfer of heat and mass,
we executed CFD calculations with FLUENT version 6 (Fluent
Inc.). The simulation corresponds to the SCWO of an activated
carbon particle. In the grid imitating the reactor geometry, the
particle was modeled as a sphere of 3 mm in diameter, and the
rod (1.6 mm in diameter) was directly connected to the particle
without modeling the platinum wire surrounding the particle.
The grid consisted of 49,361 hexagonal and tetragonal meshes.
For simulating the mass transport around the particle, the
meshes were densely divided in the vicinity of the particle
surface.

Because the Reynolds number near the fluid inlet exceeded
10,000 because of its small diameter (1 mm), a k—e model for
turbulent flow was used. Because the Grashof number was
approximately 10, the effect of buoyancy was also taken into
account in the simulation. This was done by assuming temper-
ature-dependent density of the fluid and gravitational force.

The values of density, specific heat, viscosity, and thermal
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conductivity were input as piecewise functions of temperature.
The properties of the mixture fluid, which consisted mainly of
H,0, O,, and CO,, were approximated by the values of pure
water (Lemmon et al., 2003; Sengers, 1986). The pressure
dependency of fluid properties was neglected because the vari-
ation of pressure appears negligible compared to the tempera-
ture distribution, especially when the heat of surface reaction at
the particle was significant. The temperature at the inner wall
of the cell was fixed to be the temperature of the Hastelloy
block, and the heat flux from the particle surface to the center
of the particle was set to be zero, providing that the particle was
thermally in a steady state. The temperature of the fluid at the
inlet was not measured but was tentatively set to be 573 K. This
value had little effect on the simulated flow field around the
particle so long as the value was lower than the wall temperature.

The overall surface reaction of carbon oxidation was mod-
eled as C + O, — CO, (AH = —383 kJ mol ' at 723 K). The
reaction rate was assumed to be first order with respect to O,
concentration, and the reaction probability of O, at the surface
was set to be unity. This assumption led to mass transfer—
limited kinetics, corresponding to the experiments of the acti-
vated carbon particles (Sugiyama et al., 2002). The binary
diffusion coefficient of O, in supercritical water was approxi-
mated by the self-diffusion coefficient of supercritical water
(Lamb et al., 1981) because reliable data for the binary diffu-
sion coefficient were not available at this stage.

Numerical method for simulating Schlieren images

Let us consider the Cartesian coordinate in which the z-axis
is oriented to the direction of light propagation, and the x- and
y-axes are horizontal and vertical direction in a Schlieren
image, respectively, as shown at the bottom of Figure 1. The
light propagating through a fluid is bent as a result of the
gradient of its refractive index. At a given point (x, y, z) in the
fluid, the light is bent by the angle d0, from the z coordinate to
the direction of x-axis, while it propagates the distance dz
attributed to the gradient of refractive index » in the x direction
(Merzkirch, 1987)

_18n

do, = - dz (1)

This infinitesimal angle d6, accumulates to the angle 0.(x, y)
while the light passes through the fluid

21 dn
0.(x,y) = L 2

where z; and z, correspond to the boundary of the region in
which the gradient of refractive index is formed. In the present
work, the region is inside of the cell. When the knife edge is
inserted perpendicular to the x-axis to the center of the focal
spot that is formed by the second convex lens, half of the beam
is screened by the knife edge when 6, = 0. If the beam is bent
because of the gradient of refractive index, the focal spot is
shifted to the x direction by

Ah(x,y) = 0(x,y) X f 3
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where f'is the focal length of the second convex lens (50 mm).
Given that Ah(x, y) is sufficiently smaller than f, the light
passing through the focal point reaches the point (x’, y') at the
surface of the CCD, regardless of the value of Ak (x, y). The
point (x’, ¥") in the observed image corresponds to the position
(x, y) in the fluid, and the information on the density gradient
of the fluid in the z direction is integrated at each (x, y) position,
as expressed in Eq. 2.

In the present calculation, the focal spot is assumed to be
spherical with the diameter R (0.5 mm, the same value as the
aperture), and the light intensity /(x, y) is obtained by the extent
to which the focal spot is screened by the knife edge, which is
determined by Ah(x, y)

2 R
I(x, y) _T‘_RﬂJ’

Ah(x.y)

VR* — a’ da 4)

where we assumed that the knife edge is inserted from the +x
direction. / = 1 corresponds to the intensity when no knife
edge is inserted.

A Schlieren image is simulated by calculating /(x, y), which
necessitates the value of n(x, y, z). The value of n was related
to the density p using a linear relation based on the formula
suggested by Harvey et al. (1998). The value of p(x, y, z) was
obtained by the CFD simulation as described above. Calculated
values of I(x, y) were converted to a bitmap image and were
compared with the Schlieren image obtained by experiments.

This method was validated by observing the Schlieren im-
ages of a simple one-dimensional (1-D) linear temperature
gradient, which was formed in water at atmospheric pressure
between two heated plates. The detail of this validation is
described in the Appendix.

Results and Discussion
Schlieren images

Schlieren images obtained for three different conditions are
shown in Figure 2. Figure 2a is an activated carbon particle in
supercritical water without oxygen, Figure 2b is an activated
carbon particle in supercritical water containing oxygen, and
Figure 2c is a synthetic graphite particle in supercritical water
containing oxygen. For the particles in the Figures 2a and 2c,
no decrease in size was observed. On the other hand, the
particle in Figure 2b gradually decreased in size and finally
vanished within about 900 s. These trends are consistent with
the following observations: (1) the rate of size decrease of the
activated carbon was almost proportional to the oxygen con-
centration and no size decrease was observed without oxygen;
(2) the rate of size decrease for the activated carbon was about
two orders of magnitude larger than that for the synthetic
graphite at 723 K. Therefore, it is concluded that substantial
oxidation of the particle proceeded only in the condition of
Figure 2b.

Correspondingly, a significant contrast was observed
above and around the particle only in Figure 2b. This
contrast was observed as soon as the particle came into
view. It disappeared when the particle vanished. This trend
suggests that an upward flow existed during oxidation of the
particle. This is consistent with the fact that no contrast was
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Figure 2. Schlieren images of carbon particles in super-
critical water.

(a) An activated carbon in supercritical water without oxygen;
(b) an activated carbon in supercritical water containing ox-
ygen; (c) a synthetic graphite in supercritical water containing
oxygen. No decrease in the size of the synthetic graphite was
observed while the activated carbon vanished by oxidation
within about 900 s. Outer circles represent the edge of the
windows, which appear to be distorted because of insulating
jackets around the cell. The inner shadow is the particle.
Spiral support of a platinum wire is seen around the particle.
Only for condition (b), the contrast corresponding to the
density gradient is seen around and above the particle.

observed in Figures 2a and c, in which no oxidation of
particle appeared to proceed. The oxidation of the activated
carbon particle appears to have started during the sample
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transfer, and thus the temperature of the particle appears to
have followed the temperature of the surrounding fluid
within an order of seconds.

Although the image is a snapshot of continuously recorded
images, the contrast shown in Figure 2b was steady. No ap-
parent difference was observed between successive frames
taken every 1/30 s, nor did we admit any change in a time scale
of several seconds. When the particle was moved to adjust its
position at the initial stage of the experiment, the contrast was
distorted according to the change in the flow field, but it
stabilized within a second. The width of the contrast above the
particle decreased in width as the particle size decreased with
oxidation time in a time scale of minutes. It is probable that the
contrast was caused by oxidation of the particle and did not
reflect inherent fluctuation of the density of supercritical water.

CFD simulation

To obtain a hint as to what is occurring in the cell, CFD
simulations were executed. Figure 3 shows (a) path lines that
are the tracks of the virtual particles having no weight, (b)
temperature distribution, and (c) density distribution on the z =
0 plane inside the cell. The origin of the coordinate is the center
of the particle. The surface temperature of the particle was
higher than that of the surroundings because of the heat of
surface reaction (C + O, — CO,, AH = —383 kJ mol ' at 723
K). The heat cannot conduct inside the particle because of the
adiabatic boundary condition, which corresponds to a steady
state. The heat was dissipated to the surrounding fluid, which
flowed out of the cell with the fluid. As a result, the temperature
profile as shown in Figure 3b was formed. Accordingly, the
distribution of fluid density was formed as shown in Figure 3c.
In this simulation, the density distribution was caused solely by
the temperature-dependent density of water, and no effect of
coexisting O, and CO, was taken into account. Such effect of
composition on fluid density appears negligible compared to
the effect of temperature. According to the equation of state by
Heilig and Frank (CSOF/SWPA EOS) (Heilig et al., 1989) and
using the parameters for the water—N, mixtures (because of the
lack of those for water—O, mixtures), the existence of 3.6 wt %
O, in water reduces the fluid density by 3.2%, which is smaller
than the density variation by approximately 100% shown in
Figure 3c.

This density gradient caused two characteristic flow patterns,
as shown in Figure 3a. Around the lower part of the particle,
the fluid flows to the particle surface. Around the upper part of
the particle and above the particle, there was a strong upward
flow, caused by buoyancy. The velocity magnitude below the
particle was much smaller than that around the particle and the
flow direction appeared random.

The simulation assumed a steady state. The flow pattern
around and above the particle was stable regardless of the
method of convergence. On the other hand, the flow pattern
below the particle obtained by the simulation was dependent on
the method of convergence, although the trend of randomly
oriented flow vector with relatively small velocity magnitude
was invariant. This is because the flow below the particle was
unstable because of the lack of its driving force.

The only driving force for flow in the cell appears to be the
higher temperature of the particle. The large inlet velocity
resulting from the narrow inlet can be another driving force for
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Figure 3. Results of CFD simulations of supercritical
water containing oxygen around a particle of
activated carbon and its supporting shaft.

(a) Path lines colored by velocity magnitude, (b) temperature
contour, and (c) density contour. The surface reaction of
oxygen with the particle and its enthalpy change were taken
into account.

flow, but the lower temperature of the inlet prevented the fluid
from moving upward because of buoyancy effect. Considering
that the reaction rate of the activated carbon particle was
limited by external mass transfer of O,, such flow around the
particle, caused by the heat of surface reaction, should have
enhanced mass transfer and thus have accelerated the reaction,
leading to a kind of positive feedback. Therefore, simulating
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flow patterns caused by the heat of surface reaction is essential
for accurate prediction of the rate of SCWO of solid sub-
stances.

Simulated Schlieren image

To validate the flow patterns obtained by the CFD simula-
tions using Schlieren images obtained by experiments, it is
necessary to convert a 3-D distribution of density around the
particle to a 2-D Schlieren image. The method is described in
the previous section.

The Schlieren image thus obtained is shown in Figure 4.
Qualitatively, the simulated image agreed well with the ob-
served image in Figure 2b. Therefore, it is certain that the
upward flow caused by the heat of surface reaction actually
existed, and this flow pattern was able to be predicted by CFD
simulations.

To compare the experimental and numerical Schlieren im-
ages quantitatively, the variation of the brightness on the hor-
izontal line in the x direction at 2 mm above the center of the
particle was observed, as shown by the solid line in Figure 5.
The maximum brightness of unity corresponds to the value
when no knife edge was inserted into the optical path. With
respect to the bright part of the image (left side), agreement
between the experimental result and simulation was good.
However, for the dark part (right side), simulation appears to
overestimate both darkness and width of the dark region. It is
possible that the density gradient was overestimated in the CFD
simulation with the surface reaction of C + O, — CO,.

A possible cause of this overestimation is that the surface
reaction assumed in the simulation was wrong. Therefore,
another simulation was executed assuming an alternative sur-
face reaction: 2C + O, — 2CO (AH = —201 kJ mol ' at 723
K). For this reaction, heat released by one mole of O, was

Figure 4. Schlieren image predicted from a 3-D density
distribution obtained by CFD simulation.

The circle at the center is the image of an activated carbon
particle. The rectangle below the circle is the image of the
supporting rod.
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Figure 5. Variation of the brightness along the horizontal
line at 2 mm above the center of the particle.

The position x = 0 corresponds to the center of the particle.
The solid line is the experimental result and the dashed line is
for the result of the simulation, assuming the surface reaction
of C + 0, — CO, (AH = —383 kJ mol ' at 723 K). The
dotted line is the simulated contrast, assuming the surface
reaction of 2C + 0, — 2CO (AH = —201 kJ mol " at 723
K).

smaller than that of the original reaction. We compared the heat
by one mole of O, because the reaction rate was limited by
external mass transfer of O, to the particle. A smaller amount
of heat released by the surface reaction led to the lower tem-
perature of the particle: the simulated temperature averaged on
the particle surface was 777 K with this alternative reaction,
whereas it was 885 K with the original reaction. As a result,
simulated brightness in Figure 5 is closer to the experimental
result. This alone cannot lead to the conclusion that the surface
reaction occurring in the course of the SCWO of an activated
carbon particle is 2C + O, — 2CO, but the present result
suggested its possibility.

Conclusions

The flow field in the SCWO of carbon particles was analyzed
by a combined approach of flow visualization and CFD simu-
lation. By the use of Schlieren optics, the density distribution
around the particle was successfully visualized. The Schlieren
image of the flow around the activated carbon particle was in
good qualitative agreement with a simulated Schieren image.
Moreover, in a comparison of the light intensity along a hori-
zontal line, there was good quantitative agreement, at least for
the bright side of the image. It was confirmed that a CFD
simulation with appropriate assumptions can predict flow pat-
terns in SCWO of solid substances.

It was also revealed that the heat of reaction increases the
temperature of solid substances and thus induces a buoyancy-
driven flow around them, leading to positive feedback of their
reaction rate when the external mass transfer of oxygen is the
limiting step. Therefore, predicting flow fields in SCWO reac-
tors is of crucial importance and is possible by CFD simula-
tions.
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Appendix: Validation of the Method for
Estimating Schlieren Images

To validate the numerical method for obtaining Schlieren
images, it is effective to observe the Schlieren images
formed by the uniform 1-D gradient of a refractive index. In
this case, Eq. 2 is calculated analytically and we can avoid
errors stemming from numerical processing. The 1-D gra-
dient of the refractive index can be formed by the temper-
ature gradient between two parallel plates with different
temperatures, as shown in Figure Ala. In this setup, water is
used to fill the glass vessel (height 26 mm, width 70 mm in
the direction of light propagation). The density gradient of
water was formed in the y direction by the temperature
difference, which formed a Schlieren image. The size of
heated plates was larger than the width of the glass vessel,
to avoid a fluctuation of temperature gradient near the edges
of the plates. The temperature of the upper plate was greater
than that of the bottom plate to avoid buoyancy-driven
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Figure A1. (a) Experimental setup for observing

Schlieren images of a 1-D linear temperature
gradient formed in water between two paral-
lel plates.

The temperature of the upper plate was higher than that
of the lower plate. The knife edge was inserted from the
upper side. (b) Observed Schlieren images for the upper
plate temperatures of 35, 45, and 55°C while the temper-
ature of the bottom plate was fixed to 35°C. (c) Bright-
ness of the Schlieren images (circles) as a function of
temperature of the upper plate while temperature of the
bottom plate was fixed to 35°C. The solid line indicates
the estimated brightness based on the method used in this
work.

flows. The temperature of the bottom plate was fixed to 35°C
and the temperature of the upper heater was varied from 35
to 80°C. For each temperature, a Schlieren image was ob-
served after the stabilization of the temperature gradient.
The knife edge was inserted from the +y direction to the
center of the optical path.

The observed Schlieren image had uniform light intensity
in the whole plane, as shown in Figure Alb, indicating that
the temperature gradient in the glass vessel was indeed
uniform. As the temperature of the upper plate increased,
the brightness of the image increased. This change in bright-
ness was digitized using Scion Image software (Scion
Corp.). The brightness was plotted as shown in Figure Alc.
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The maximum brightness of unity corresponds to the
value when no knife edge was inserted into the optical
path. Qualitatively, this is because the higher temperature of
the upper part of the water column decreased its refractive
index and thus bent light to the —y direction, opposite to
that of the knife edge. For quantitative analysis, the bright-

ness of Schlieren images was calculated using Eqs. 2—4, as
plotted by the solid line in Figure Alc. Agreement with the
experimental data is excellent, indicating that the method for
estimating Schlieren images is valid.
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