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We have visualized the distributions of temperature and water density in a tubular flow reactor for supercritical hydro-
thermal synthesis of nanoparticles by neutron radiography, and investigated the effect of reactor configuration on the
mixing behavior in the reactor. Here, three types of reactors were used, and the mixing behaviors of supercritical water
and room-temperature water at a T-junction in the reactors were observed. As a result, it was revealed that the distribu-
tions of temperature and water density in the tubular flow reactors strongly depend on their configurations by neutron
radiography. In addition, numerical simulations have been carried out to investigate the flow patterns and temperature
distributions in the reactor in detail using the commercial software FLUENT, and it was demonstrated that the numeri-
cal results can explain the experimental results obtained by neutron radiography well. © 2013 American Institute of
Chemical Engineers AIChE J, 60: 1168-1175, 2014

Keywords: neutron radiography, numerical simulation, temperature distributions, tubular flow reactor, supercritical
hydrothermal synthesis

Introduction under supercritical conditions, are commonly used.' Rapid
and uniform mixing of the streams is indispensable to pro-
duce metal oxide nanoparticles, and the size and distributions
of these nanoparticles are strongly affected by how the reac-
tants and supercritical water streams are mixed in the reac-
tor.*® Therefore, various experimental and computational
studies have been performed to visualize and understand the
mixing of streams in the reactor under supercritical condi-
tions. In experimental studies, model fluids for mimicking
the properties of water under supercritical conditions’® or
transparent sapphire cells that allow optical observation
under high-temperature and high-pressure conditions’ have
been used to understand the mixing behavior in a reactor for
supercritical hydrothermal synthesis. Recently, tomographic
x-ray methods have been applied to image the formation of

Hydrothermal synthesis under supercritical conditions,
namely, supercritical hydrothermal synthesis, is a useful
method of producing metal oxide nanoparticles from metal
salt aqueous solutions."” The high reaction temperature and
the properties of supercritical water as a reaction medium
make the reaction rate quite high and the solubility of dehy-
drated products extremely low. Consequently, a rapid
increase in the degree of supersaturation, very high nuclea-
tion rates, and the mass production of nanoparticles can be
achieved. In such a supercritical hydrothermal synthesis pro-
cess, continuous flow reactors, in which two streams of
metal salt aqueous solution and heated water are mixed

tgﬂg:g{:éf’;gec‘;:tgﬁgﬁﬁfgg}ﬁ this article should be addressed to T. Tsukada at CeO, nanoparticles in the interior of a hydrothermal synthe-
o - sis reactor.'’ Numerical simulations have also been carried
© 2013 American Institute of Chemical Engineers out to study the flow dynamics of supercritical water in flow
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reactors, and the relationship between the mixing behavior
determined from numerical simulations and the size and
shape of the nanoparticles determined from experiments was
investigated under various conditions including reactor con-
figuration.''™** Although such previous experimental and
numerical works provided various types of valuable informa-
tion, there remain several problems, including difficulties in
experimentally reproducing the real reactor configuration
used for the actual production of nanoparticles and in verify-
ing the numerical results of the complicated flow behavior
near the critical point of water.

The scattering of neutrons has been utilized in various
fields to visualize the internal structures of objects.”**
Although x-rays have higher permeability toward lighter ele-
ments, neutrons can penetrate materials with heavier ele-
ments and are mostly scattered by hydrogen atoms.
Therefore, neutron radiography, that is, the imaging of the
internal structure of an object by measuring the intensity of
scattered neutrons, is suitable for visualizing the density of
water inside a tubular flow reactor used for supercritical
hydrothermal synthesis and made of stainless steel. Using
neutron radiography, Peterson et al.»?" have studied salt
precipitation in supercritical water and the flow pattern in a
reverse-flow vessel for salt precipitation, whereas Balaskd
et al.*® have revealed the behavior of supercritical water in a
container. However, no study entailing the in situ observa-
tion of the mixing behavior in a tubular flow reactor for the
supercritical hydrothermal synthesis of nanoparticles has yet
been carried out. Recently, for the first time, we have
performed neutron radiography on a tubular flow reactor of
1/4-in. diameter for supercritical hydrothermal synthesis, and
visualized the mixing behavior of supercritical water and
room-temperature water at a T—junction.zg The results showed
that the difference in density between supercritical water and
room-temperature water, as well as how the density changed
during mixing, was clearly visualized by neutron radiography.
The density-stratified flow in the side tube feeding room-
temperature water was also visualized.

In this work, we performed both neutron radiography
experiments and numerical simulations on the mixing behav-
ior in a 1/8-in. diameter flow reactor. In our experiments, the
effects of reactor configuration and the flow rates of room-
temperature water and supercritical water on the mixing
behavior were discussed. The measurement of the neutron
mass attenuation coefficient in water at various temperatures
enabled quantitative evaluation of the temperature distribu-
tions in the reactor. In the numerical simulations, we
observed the flow patterns and temperature distributions in
the reactor in detail using the commercial software FLUENT
and compared the numerical results with the experimental
results obtained by neutron radiography.

Experimental
Supercritical hydrothermal reactor

For the in situ observation of the mixing behavior in super-
critical hydrothermal synthesis, a tubular flow reactor with a
T-junction was used to mix a stream of heated water with
another stream of room-temperature water. Figure la shows a
schematic diagram of the experimental apparatus, where the
two streams in the T-junction were set to the three directions
shown in Figure 1b. The T-junction was comprised of a Swa-
gelok union tee and SUS316 tubes whose outer diameter and
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Figure 1. (@) Schematic diagram of experimental appa-
ratus and (b) reactor configurations used in
this study.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

wall thickness were 1/8 in. and 0.71 mm, respectively, and
covered by a thermal insulator. The inner diameter of the
union tee piece was 2.3 mm. The reactor configuration in
Case 1 is the same as that in our previous work® except for
the size of the tubular reactor, that is, 1/4-in. diameter in our
previous work. A high-pressure pump (Nihon Seimitsu
Kagaku, NP-KX-540) supplied deionized water at rates Qsc
of 8.0 and 12.0 g/min; this water was then heated using a fur-
nace up to approximately 390°C just before mixing. The other
pump supplied deionized water at room temperature at rates
Ort of 1.0-6.0 g/min. As, in this work, room-temperature
water without metal ion precursors was used, hydrothermal
reactions did not occur. The two streams were mixed at the
T-junction, after which the mixed stream was quenched using
a jacket cooler and released from a back-pressure regulator
(TESCOM, 26-1700 Series) that maintained the pressure at
approximately 25 MPa. The above setup was almost identical
to those we used to synthesize metal oxide nanoparticles,
except for the supplied fluid, that is, water instead of metal
ion solutions. The Reynolds numbers of the streams before
and after mixing are summarized in Table 1.

Neutron radiography

Neutron radiography is an imaging technique in which a
neutron beam is used to visualize the internal structure of
objects. In this work, we used a thermal neutron beam emit-
ted from the B4 port of the Kyoto University Reactor (KUR)
at the Research Reactor Institute, Kyoto University. KUR
was operated at either 1 or 5 MW with a neutron flux of
about 1 or 5 X 107 n/cm?> s, respectively, at the beam exit of
the B4 neutron guide tube. Hydrogen has high mass attenua-
tion coefficients, and thus is opaque against neutrons. In con-
trast, heavier elements including iron, nickel, and chromium
are more transparent. Therefore, we can visualize the density
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Table 1. Reynolds Numbers of the Streams Before and After

Mixing

Osc Ort Re Re Re
(g/min)  (g/min) (SCW) (RTW) (mixed)
Case 1 8.0 1.0 24 %X 10° 12 1.6 X 10°
8.0 2.0 2.4 % 10° 25 13 % 10°
8.0 4.0 2.6 X 10° 49 1.9 X 10°
12.0 15 4.8 X 10° 19 2.8 X 10°
12.0 3.0 4.8 X 10° 37 3.2 %X 10°
12.0 6.0 4.8 x 10° 74 3.2 % 10°
Case 2 8.0 2.0 2.8 X 10° 25 1.6 X 10°
8.0 4.0 2.8 X 10° 49 1.6 X 10°
12.0 3.0 42 X 10° 29 2.5 X 10°
Case 3 8.0 2.0 2.8 X 10° 25 1.7 X 10°
8.0 4.0 2.8 X 10° 49 1.7 X 10°

of water inside the stainless-steel container using a neutron
beam. The neutron beam passing through the mixing part
was converted by a °LiF/Zn$S scintillator screen (Fuji Elec-
tric Co.) into luminescent light, which in turn was monitored
by a charge-coupled device (CCD) camera (PIXIS-1024B,
Princeton Instruments Co.) equipped with a telephotographic
lens that was deliberately located off the neutron beam axis
to avoid direct exposure to neutron irradiation, as shown in
Figure 1. A square area of 3.3 X 3.3 cm” around the mixing
part was monitored by the CCD camera and converted into a
16-bit gray-scale image with a resolution of 1024 X 1024
pixels. The typical periods used to obtain a single image
were 30 s at 1| MW and 6 s at 5 MW. The obtained image
was processed as described below.

Data analysis

We obtained six images, that is, I; (j, k): 1<i<6, 1<,
k <1024, by neutron radiography under each set of experi-
mental conditions, where j and k indicate the location of a
pixel in the horizontal and vertical directions, respectively,
in the ith image. Because the attenuation length of neutrons
possibly changes with temperature, we applied the following
analysis method for images that was different from that used
in the previous work.?

1. The bright spots that randomly appear as noise in the
images were removed as follows. Here, an image (I’;) was
produced by selecting the smaller value from the ith (/;) and
(i + Dth (I; + ) images, that is

I:(j, k)=min {L;(j, k), L+1(j,k)} forl <j k<1024 (1)

and then a single image, / (j, k), without the bright spots was
obtained by summing the five images produced.

2. Using both a dark current image (/,,) without irradiating
the neutron beam taken to remove background noise and an
image without the objective of visualization (Iy) to identify
the original intensity distribution of the neutron beam on the
imaging area, the Beer—Lambert law gives the following
equation for the total absorbance of the neutron beam, Ay

-1
Avotal (S ppt+A)=—1In b
Io—1,

()]

Here, pn,, p, t, and A, respectively, represent the mass
attenuation coefficient of water (cmz/g), the density of water
(g/cm3), the thickness of the water layer along the direction
of the neutron beam (cm), and the absorbance by the reactor,
that is, the solid section of the objective.
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3. As the absorbance by the reactor, A, in Eq. 2 is
obtained from a neutron radiographic image of the reactor
filled with air, /cacior aS

Lreactor —Ip

A= oo b
T, ®

the distribution of p,,pt (j, k) in the image is given as

-1
U pt=—1n b 4In

Ireactor _Il; (4)
ly—1,

Io—1I,

Because of the thermal expansion of the reactor, the position
might change depending on temperature. In such a case, the
image of the empty reactor, lacors Shrank, rotated, and
moved to fit with the image of the reactor under experimen-
tal conditions.

4. Using a neutron radiographic image of the reactor filled
with water at room temperature, Irt, a similar equation for
water density at room temperature pgt is obtained

Irt —1I) Leactor =1

t=—1 +1 5
Hm RT PRT n To—1, n Io—1, Q)

Here, p,rr represents the mass attenuation coefficient of
water at room temperature.

5. As the ratio of Eq. 4-5 gives the distributions of
(,ump / tm RT pRT) in the reactor, the temperature distributions
of water in the reactor can be obtained using the relationship
between T and pu,p described below. If the distribution of
water density is necessary, the relationship between 7 and
p30 should be used.

Calibration curve of temperature-attenuation coefficient

To obtain the relationship between T and the ratio of attenu-
ation coefficient (py,p/ gy Prr) described in the previous
section, the apparatus, which consists of a thermally insu-
lated SUS304 tube with a 1/4-in. diameter and a 10-cm
height and two thermocouples inserted from the inlet and
outlet of the tube, was replaced with a tubular flow reactor
with a T-junction in Figure 1. Then, neutron radiographic
images of water flowing inside the tube were taken while
varying the temperature of water from 25 to 420°C at 25
MPa and analyzed by the same procedure as that described
in the previous section. T is the average temperature of the
two thermocouples facing each other set at a distance of 40
mm inside the tube. Figure 2 shows the measured relation-
ship between T and p,p, where the error bars represent the
uncertainty of attenuation coefficient measurement, that is,
the standard deviation of attenuation coefficient measured. In
this work, the uncertainty was large because of small neutron
flux, and consequently, the temperatures determined from
Figure 2 were dispersed as the isotherms in the following
figures (Figures 4-8) show.

Numerical simulations

Numerical simulations of the three-dimensional (3-D)
unsteady flow and temperature fields in a tubular flow reac-
tor shown in Figure 1 were carried out using the commercial
software FLUENT 12.1. Figure 3 shows the physical model
of the tubular flow reactor. Here, the room-temperature water
meets the supercritical water at the T-junction, and then the
resulting fluid mixture is cooled down to approximately
room temperature using a heat exchanger.

The temperature and pressure dependences of the thermo-
physical properties of water, that is, density, viscosity,
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Figure 2. Attenuation coefficient u,p of water at 25
MPa as a function of temperature.

thermal conductivity, and specific heat, were obtained from
the National Institute of Standards and Technology (NIST)
database,® and the properties were introduced into FLUENT
as a piecewise-polynomial function of temperature.

The boundary conditions for the velocity field are given as
follows: fully developed parabolic velocity profiles were
given at two inlets for the supercritical water and room-
temperature water, a nonslip boundary condition was set at
the solid wall, and a traction-free boundary condition was
set at the outlet.

In addition, the following boundary conditions were
given for a temperature field. The temperatures at the two
inlets were fixed, a zero normal gradient condition was
applied at the outlet, and an adiabatic condition was given
at the solid wall except for the heat exchanger wall where
the heat-transfer coefficient and ambient fluid temperature
were considered to be 400 W/m> K and 280 K,
respectively.

The tetrahedral meshes, whose total numbers were
2,102,246, were used. The time increment was 107" s.
— Inlet
| Thermally
adiabatic wall
Mesh generation
Heat
m exchanger wall

Outlet
Figure 3. Flow reactor and meshes adopted in numeri-
cal simulation.
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Results and Discussion
Experimental results

Figure 4a shows an image of the total absorbance of the
neutron beam, A, around the T-junction in the tubular reac-
tor (Case 1 in Figure 1), when the flow rates of supercritical
water and room-temperature water, QOsc and Qgrt, were 8.0
and 2.0 g/min, respectively, and the temperature of supercriti-
cal water at Thermocouple 1 in Figure 1 was 385°C. In this
image, the darker area indicates the greater scattering of neu-
trons, that is, the region where high-density, low-temperature
water was flowing. Figures 4b, ¢ show the distributions of the
attenuation coefficient ratio (i, o/ gr Prr) and the temper-
ature T obtained from the image analysis described in the pre-
vious section, respectively.

Figure 5 shows the effect of the flow rate of room-
temperature water, Qrr, on the distributions of (a) temperature
and (b) water density around the T-junction in the reactor
whose configuration corresponds to Case 1 in Figure 1, when
the flow rate of supercritical water, Qsc, was 8.0 g/min. Here,
the distributions of water density were evaluated using the
relationship between temperature and water density in the
NIST database.®® The figures reveal that low-temperature,
high-density water is flowing from right to left in the horizon-
tal tube and then downward near the wall of the vertical tube.
The supercritical water with a lower density flows from the
top toward the bottom of the vertical tube, coming into contact
with the lower-temperature water at the T-junction. In addi-
tion, it is confirmed that a density-stratified layer was gener-
ated by the inflow of supercritical water into the top of the
side tube owing to buoyancy. Comparing the results for three
different flow rates, Qgrr, the layer thickness of low-
temperature water flowing along the wall of the vertical tube
increases, and thus the average temperature in the downstream
region decreases as Qg increases. The degree of density strat-
ification in the horizontal tube also becomes weaker with Qgrr.

Similarly to that shown in Figure 5, the effect of Qg on the
distributions of temperature and water density in the tubular
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

reactor in Case 1 is shown in Figure 6, where the flow rate of
supercritical water, Qsc, was 12.0 g/min, but the ratios of Qrr
to Osc were the same as those in Figure 5. The temperature of
the supercritical water was 393°C, which is higher than 385°C
in Figure 5. According to the NIST database,*® the densities
of water at 385 and 393°C are 313 and 194 kg/m® at 25 MPa,
respectively. By comparing the results in Figures 5 and 6 for
the same flow rate ratio, the degree of density stratification in
the horizontal tube in Figure 6 is lower than that in Figure 5,
in spite of the higher temperature and lower density of super-
critical water in Figure 6. This is due to a larger amount of
room-temperature water flowing through the horizontal tube.
In particular, the whole region inside the horizontal tube for
QOrt = 6 g/min is occupied by subcritical water.

a ...
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¢ Room- il w
¢ . temperature gy i ’
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Figure 6. (a) Temperature and (b) water density profiles

4.0 g/min

around the T-junction in Case 1 when
Qsc =12 g/min.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 7 shows the effect of the flow rate of room-
temperature water Qrt on the distributions of (a) tempera-
ture and (b) water density around the T-junction in the reac-
tor in Case 2 shown in Figure 1. Here, the room-temperature
water flows downward at Qrr=2 and 4 g/min, and the
supercritical water whose temperature is 386-387°C is
injected into the T-junction from the side of the tube at
Osc = 8 g/min. The directions of these streams are opposite
to those in Figures 5 or 6. From Figure 7a, it can be seen
that the temperature in the region above the T-junction at
QOrt =2 g/min is higher than that at Qrr =4 g/min through-
out the cross-sectional area of the tube; consequently, the
water density in the tube at Qg =2 g/min is lower than that
at OQrt =4 g/min, as shown in Figure 7b. Also, the tempera-
ture in the downstream region for Qrt =4 g/min becomes
lower. In the case where the room-temperature water flows
downward at a lower rate and the supercritical water flows
into the T-junction from the side at a higher rate, it can be
inferred that the buoyancy convection can be easily gener-
ated at the T-junction owing to the density difference
between the two fluid streams. Such convective mixing of
room-temperature water and supercritical water might make
the temperature above the T-junction higher and uniform
throughout the cross-sectional area of the tube. This will be
demonstrated numerically in the next section. Moreover,
from Figure 7b, it is found that a density-stratified layer is
generated in the horizontal tube, although the degree of strat-
ification is lower than that in Figure 5. In Figure 7, the dis-
tributions of temperature and water density at Qrt = 3 g/min
and Osc = 12 g/min, respectively, are also shown. Although
the ratios of Qg to Osc are the same, the mixing effect due
to the buoyancy convection above the T-junction for
Osc = 12 g/min becomes weaker because of the increase in
the flow rate of the room-temperature water compared with
the results for Qsc = 8 g/min.

Figure 8 shows the distributions of (a) temperature and (b)
water density in the reactor in Case 3 shown in Figure 1,
where the room-temperature water and supercritical water are
fed horizontally from the left and right sides to the T-
junction, and then the resulting fluid mixture flows downward

March 2014 Vol. 60, No. 3 AIChE Journal
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in the vertical tube. The flow rates of the room-temperature
water, QOrt, are 2 and 4 g/min, respectively, and that of the
supercritical water, Qsc, whose temperature is 387-388°C is 8
g/min. From the figures, the supercritical water with a lower
density intrudes above the room-temperature water in the left
horizontal tube, and then a density-stratified layer is generated
in the tube. The degree of stratification becomes higher as the
flow rate of the room-temperature water decreases. Moreover,
in the right horizontal tube, the density-stratified layer is gen-
erated, although the degree of stratification is much weaker
than that on the left side.

Blood et al.” have carried out flow visualization with
model fluids in tubular flow reactors whose configurations
were the same as those in this work, that is, Cases 1-3 in
Figure 1, where methanol and 40% w/w aqueous sucrose
solution were used as pseudosupercritical water and pseudo-
metal salt solution, respectively, at room temperature. The
present results obtained by neutron radiography for all three
reactor configurations shown in Figures 5-8 qualitatively
coincide with the visualization images by Blood et al.’

Numerical results

In the previous section, it was demonstrated that we can
visualize the mixing behavior of room-temperature water and
supercritical water, as well as the distributions of tempera-
ture and water density in a tubular flow reactor used for the
supercritical hydrothermal synthesis of nanoparticles by
using neutron radiography. However, it is not easy to under-
stand the details of flow patterns and temperature distribu-
tions in the reactor by this method. Therefore, 3-D numerical
simulations of flow and thermal fields in the reactor have
been carried out using the commercial software FLUENT in
this work.

Figure 9 shows the numerical results of the (a) temperature
distributions and (b) stream lines in the tubular reactor for
two different flow rates of the room-temperature water, that
is, Ort =2 and 4 g/min, when Qgsc =8 g/min and the inlet
temperature of the supercritical water Tgc = 387°C. These
conditions are the same as those used to obtain the experi-
mental results shown in Figure 5. The numerical results for
both Qg are in the steady state. Although the calculated tem-
perature distributions in Figure 9a are those in the cross sec-
tion including the central axes of both the vertical and
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horizontal tubes, the measured distributions in Figure 5 are
the average temperatures in the thickness direction of the
water layer along the neutron beam because the temperatures
were obtained from the relationship between temperature and
the attenuation coefficient of neutrons passing through the
water inside the tube, as mentioned in the previous section.
Although the comparison between Figures 5 and 9a might not
be strict, it is found that the numerical results at both Qrt val-
ues can explain the temperature distributions in the experi-
ments well. It can also be recognized that a density-stratified
layer is generated in the horizontal tube from the numerical
results of the temperature distributions in the radial direction
of the horizontal tube. From Figure 9b, the supercritical water
with a higher temperature and a lower density, which flows
downward through the vertical tube, intrudes above the room-
temperature water in the horizontal tube and returns to the T-
junction owing to the flow of the room-temperature water.
Such a vortex flow at the upper position of the horizontal
tube might cause the formation of a density-stratified layer. In
addition, the downward stream lines below the T-junction
gently drift to the side of the wall to which the horizontal
tube is connected, and a stagnation region of the flow exists
on the opposite side of the wall where a vertical temperature
gradient is generated, as shown in Figure 9a.

Figure 10a shows the numerical results of the temperature
distributions in the tubular reactor for Qrt =2 g/min,
Osc=8 g/min, and Tsc=387°C, where the room-
temperature water flows downward in the vertical tube, while
the supercritical water is injected into the T-junction through
the horizontal tube similarly to that shown in Figure 7. The
thermal field in the reactor, particularly just above the
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Figure 9. (a) Calculated temperature profiles and (b)
stream lines around the T-junction in Case 1,
when Qsc =8 g/min.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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T-junction, is time-dependent, as the four snapshots after the
reference time ¢, represent. The lower-temperature water
meanders downward through the vertical tube above the
T-junction, and simultaneously, the higher-temperature water
ascends and descends, that is, the vortex flow appears along
the downward stream, as shown in Figure 10b. This is an
unsteady-state flow caused by the coexistence of forced con-
vection and buoyancy convection due to the density differ-
ence between the room-temperature water and the
supercritical water. Also, it is found from Figure 10b that
the stagnation region of the flow exists along the side of the
wall as well as at the lower part of the horizontal tube where
a density-stratified layer is generated as the experimental
results in Figure 7b show. In addition, comparing the numer-
ical distributions of average temperatures for 60 s in Figure
10c with Figure 7a, it can be seen that the thermal field
above the T-junction in Figure 7a, that is, the higher temper-
ature and its uniform distributions throughout the cross-
sectional area of the tube, is caused by buoyancy convection
as shown in Figure 10b.
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Figure 10. (@) Calculated time variations of tempera-
ture profiles, (b) stream lines, and (c) aver-
age temperature for 60 s around the
T-junction in Case 2, when Qrr=2 g/min
and Qsc =8 g/min.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 11. (@) Calculated temperature profiles and (b)
stream lines around the T-junction in Case
3, when Qgrt =2 g/min and Qgc =8 g/min.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

Figure 11 shows the numerical results of the (a) tempera-
ture distributions and (b) stream lines in the tubular reactor in
Case 3, where the room-temperature water and supercritical
water are fed horizontally from the left and right sides to the
T-junction. The numerical results here are in a steady state.
The flow rate of the room-temperature water, Qgrr, iS 2 g/min,
the rate of the supercritical water, Qsc, is 8 g/min, and the
inlet temperature of the supercritical water, Tsc, is 387°C.
The high-temperature supercritical water intrudes above the
room-temperature water in the left horizontal tube as shown
in Figure 11b, and then a density-stratified layer is generated
in the tube. By comparing the two isotherms in Figure 1la
with those in Figure 8a, it is found that the numerical results
can explain the temperature field in the tubular reactor well.

Conclusions

In this work, we have visualized the distributions of tem-
perature and water density in a tubular flow reactor with a
T-junction of 1/8-in. outer diameter used for supercritical
hydrothermal synthesis by neutron radiography, and investi-
gated the effect of the reactor configuration on the mixing
behavior in the reactor. The configurations investigated here
are as follows: in Case 1, the higher-temperature supercriti-
cal water flows from the top toward the bottom of the verti-
cal tube, coming in contact with the lower-temperature water
injected through the horizontal tube at the T-junction. In
Case 2, the directions of the two fluid streams are opposite
to those in Case 1. In Case 3, both streams are fed through
the horizontal tubes to the T-junction. From the visualization
using neutron radiography, it is found that density-stratified
layers are generated in the horizontal tubes around the T-
junction in Cases 1 and 3 in the flow rate ranges of the
supercritical water and room-temperature water in this work.
In contrast, buoyancy convection due to the density
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difference between the two fluid streams is generated at the
T-junction in Case 2; consequently, the convective mixing of
the supercritical water and room-temperature water makes
the temperature above the T-junction higher and uniform
throughout the cross-sectional area of the tube. In addition,
numerical simulations have been carried out to investigate
the flow patterns and temperature distributions in the reactor
in detail using the commercial software FLUENT, and it
was demonstrated that the numerical results can explain the
experimental results obtained by neutron radiography well.
However, the quality of data obtained in this work was not
sufficient to suggest the design strategies of the mixing
piece. We believe that combining the results of neutron radi-
ography, numerical simulation, and experimental studies
where metal oxide nanoparticles were synthesized at the
same conditions as those in neutron radiography, we can dis-
cuss how the mixing affects the produced nanoparticles and
the design rule of mixing piece.
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