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A two-dimensional axisymmetric computational fluid dynamics model of a transpiring wall reactor for supercritical
water oxidation was developed using the commercial software Fluent 6.3. Numerical model was validated by compari-
sons with experimental temperature profiles and product properties (total organic carbon and CO). Compared with the
transpiration intensity, the transpiring water temperature was found to have a more significant influence on the reaction
zone. An assumption that an ideal corrosion and salt deposition inhibitive water film can be formed when the tempera-
ture of the inner surface of the porous tube is less than 374°C was made. It was observed that lowering transpiring
water temperature is conducive to the formation of the water film at the expense of feed degradation. The appropriate
mass flux ratio between the total transpiring flow and the core flow was determined at 0.05 based on the formation of

the water film and feed degradation. © 2015 American Institute of Chemical Engineers AIChE J, 62: 195-206, 2016
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Introduction

The thermophysical properties of supercritical water
(P.=22.1 MPa, T, = 374°C) are quite different from those at
ambient conditions, and it is a good solvent for nonpolar organic
compounds and gases such as oxygen, nitrogen, and carbon
dioxide.!? Supercritical water oxidation (SCWO) has been pro-
ven to be a promising technology to treat organic waste and
recover energy.”* Mass-transfer resistances are absent in a
single-phase mixture of organic compounds and oxygen in
supercritical water. It has been demonstrated that SCWO can
destroy organic compounds with high efficiency (>99%), with a
residence time of only a few seconds or within 1 min.>”’

However, two technical problems limit the commercial
application of the SCWO technology over the past two deca-
des.® First, supercritical water is a poor solvent for inorganic
salts; thus, the plugging of the reactor, as well as the preheat-
ing and cooling section caused by the precipitation of sticky
salts and solids can lead to a system shutdown.’ Second, reac-
tive ions can combine with high pressure, high temperature,
excessive oxygen, leading to severe corrosion of the reactor,
and other equipments.'®"!

Additional Supporting Information may be found in the online version of this
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A transpiring wall reactor is a promising solution to solve
both problems by fluid dynamics methods.®'*!® The transpir-
ing wall reactor consists of a double shell reactor with an outer
nonporous wall bearing high pressure and an inner porous
wall."* Low-temperature (<400°C) transpiring water passes
through the porous pipe to form a protective water film or at
least a flushing effect on the surface.'>? Extensive experi-
ments with the transpiring wall reactor has been made to
reduce corrosion and avoid salt plugging.g’]2‘]3’23

Getting insight into the detailed information of the reactor is
very important for structural and operational optimization.
However, the experimental results are usually limited to a
small number of temperature measurements inside the reactor
and effluent characterization due to the harsh environments
inside the reactor.?* Thus, the development of a computational
fluid dynamics (CFD) technique is of great interest as it pro-
vides an alternative to obtain more information inside the reac-
tor that is difficult to be measured.

CFD techniques have been applied by several authors to
obtain detailed information in SCWO reactors. The CFD sim-
ulation of the SCWO process for a MODAR reactor was first
developed by Oh et al.>>?® Zhou et al. incorporated the
SUPERTRAPP code for thermophysical properties of hydro-
carbon mixtures.”” Moussiére et al. conducted a simulation
using two reaction kinetics models, and the results showed
that both models were in general agreement with the experi-
mental data; the Eddy Dissipation Concept approach predicts
more accurate temperature peak locations inside the reactor.”®

January 2016 Vol. 62, No. 1 195



Oxygen ! Q

21777 T

Nozzle i

[=NTs}

m O L

Porous wall
RIS

Retaining ring

s ©E

Pressure shell

S5

| AR

=125
S0
20

Temperature measuring points:
Tr1-Tr10,Tout

outlet

Figure 1. The schematic diagram of the transpiring
wall reactor in Shandong University.
Ows Qoxs Qiwts Qtw2s and Qy,3 represent the mass flows
of the feed, oxygen, the upper branch of transpiring
water (twl), the middle branch of transpiring water
(tw2), and the lower branch of transpiring water tw3,
respectively. T, Toxs Tiwis Ttwa, and Ty 3 are the reactor
inlet temperatures of the feed, oxygen, twl, tw2, and
tw3, respectively. Oxygen and tw3 are at room
temperature.

However, the sensitiveness to the inlet temperature especially
at subcritical temperature using Arrhenius law has been dem-
onstrated.”® It was observed that the reaction kinetics modeled
by an Arrhenius law is suitable for describing SCWO process
in transpiring wall reactor because the transpiring water was
injected into reactor at subcritical temperature.15 29.30

CFD have been applied to obtain the velocity and tempera-
ture profiles inside the transpiring wall reactor. Abeln et al.
carried out a steady-state calculation, and special attention
was paid to the detailed information around the transpiring
wall."> The effect of operating and structural parameters on
the reactor’s performance was investigated by Bermejo et al.>'
Hydrothermal flames are oxidation processes taking place in
dense aqueous environments characterized by high tempera-
tures and extremely fast reaction rates, and a transpiring wall
reactor using a hydrothermal flame to avoid plugging in the
preheating section was simulated by Lieball.*? Their simula-
tion results show that the velocity and temperature profiles are
greatly dependent on their reactor structure and operating
parameters. The formation of a corrosion and salt deposition
inhibitive water film at a subcritical temperature on the inner
surface of the porous wall is critical to the reactor’s perform-
ance. However, no publication has focused on it.

In this study, a transpiring wall reactor was modeled by
commercial CFD software (Fluent 6.3). A desalinated water-
methanol mixture was used as artificial wastewater. Experi-
mental data were provided to compare with simulation results.
Special attention was paid to the temperature profiles near the
inner surface of the porous tube that is hard to measure in the
experiment. The effect of the key operating parameters such

as transpiring water temperature and transpiration intensity on
the formation of the water film and feed degradation was dis-
cussed for operating parameter optimization.

Experiment
Experimental setup

A schematic diagram of the transpiring wall reactor is pre-
sented in Figure 1. The inner porous tube of the transpiring
wall reactor has a volume of approximately 1.8 L and a height
of 750 mm. Detailed characteristic parameters of the porous
tube can be seen in Table 1. A coaxial nozzle was used for the
mixing of the feed and oxygen. The oxygen and the feed were
injected into the reactor via the inner tube and the outer tube,
respectively. Two retaining rings were used to separate the
three transpiring zones. The reactor has been successfully
operated in a pilot plant (feed flow: 8—17 kg h™', feed concen-
tration: 2-8 wt %, transpiration intensity: 0.04—0.08, and tran-
spiring water temperature: 200-350°C), and more details
about the pilot plant and the transpiring wall reactor were
given in previous works.?>**

It is possible to measure 10 different longitudinal tempera-
tures with a 10-point K-type thermocouple (temperature range
from 0 to 1000°C, accuracy: =0.5%) installed at the center of
the reactor. The exact points of the temperature measurements
are shown in Figure 1.

Materials and analytical methods

Oxygen (purity > 99.9%) and deionized water (electric con-
ductivity < 10 uS) were used as oxidant and transpiring water,
respectively. Artificial wastewater was prepared with deion-
ized water and methanol (purity > 99.9%). The TOC analysis
of the aqueous effluent and the composition analysis of
the gaseous effluent were performed with a TOC analyzer
(Shimadzu, TOC 5000A) and a gas chromatograph (Agilent
6890 GC), respectively.

Model Description
Conservation equations and turbulence model

Considering that the multispecies flow, heat transfer, and
reaction occur inside the transpiring wall reactor, the govern-
ing equations include continuity, momentum, energy, turbu-
lence, and chemical species. Continuity equation is described
by

dp

L4V - (pid)=0 1

% (pif) (M
where p and « are the fluid density and the velocity vector,
respectively. Conservation of momentum is described by

gt(pﬁ)-i-V- (pilit)=—Vp+V - (T)+pg+F (2)
where p is the static pressure, T is the stress tensor, pg and F
are the gravitational body force and the external body forces,
respectively. F also contains other model-dependent source
terms such as porous-media (as it will be show in “porous
media”). The stress tensor 7 is given by

Table 1. Characteristic Parameters of the Porous Tube

Material Dimension (mm) Porosity Pore Size (um) Viscosity Coefficient (m?) Inertia Coefficient (m)
316L D60 X 2.5 42.7% 20.8 62X 107" 38 X108
196 DOI 10.1002/aic Published on behalf of the AIChE January 2016 Vol. 62, No. 1 AIChE Journal
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where p is the molecular viscosity, / is the unit tensor, and the
second term on the right-hand side of Eq. 3 is the effect of vol-
ume dilation.

We use an energy (E) balance to take into account the effect
of heat transfer on hydrodynamics

B .
5 PE)+V - [ii(pE+p)|=V
keff . VT_Z hj~fj+(?eff . ﬁ) +Sh (4)
J

where k. is the effective conductivity, T is temperature, J_; is
the diffusion flux of species j, and /; is the specific enthalpy of
species j. The first three terms on the right-hand side of Eq. 4
represent energy transfer due to conduction, species diffusion,
and viscous dissipation. Sources of energy S), due to chemical
reaction is given by

Sh=—2h—?n )

where h? is the enthalpy of formation of species i, M, is molar
mass of species i, and r; is the volumetric rate of creation of
species i. The species conservation is given by
opY;
L+v puY;=
ot
where Y; is the species mass fraction, D; is mass diffusivity of
species “i”, r; is the homogeneous species i production rate,
and N, is the number of species. r; is described by

r=Y ri @)
J

where r;; is the rate of production/consumption of species 7 in
reaction j.

Previous studies'>?*?” indicate that the RNG k-¢ turbu-
lence™ model is more accurate to describe the flow recircula-
tion and vortex shedding situations than the standard k-¢
turbulence model. The RNG k-¢ model was thus chosen as the
turbulence model in the present study. The steady-state trans-
port equations for k and ¢ in the RNG model are as follows

~V -D\VYitr, i=1,.Ny  (6)

d 8 9] Ok
(Pk) (Pk“) e (O‘kﬂeff 8_> TG+ Gp=pe=Yu+Si
Xj A

(3)
0 0 0 e 2
E(P@*‘a(ﬂsui):a—(%ﬂeffa )+C1k(Gk+C3Gb) Czl)%—Rn+Sn
)]
1—
- _Cur(1=n/no) & (10)
1+8n3 k
Sk
n=-— (11)

&

where k and ¢ is the turbulent kinetic energy and the turbulent
dissipation, respectively. G, represents the generation of tur-
bulence kinetic energy due to the mean velocity gradients, G,
is the generation of turbulence kinetic energy due to buoyancy,
Yy represents the contribution of the fluctuating dilatation in
compressible turbulence to the overall dissipation rate, S; and
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S, are user-defined source terms, S is the modulus of the rate
of strain tensor, «; and o, are the inverse effective Prandtl
numbers for k and &, respectively. C; =142, C,=1.68,
no=4.38, =0.012, C,, = 0.0845, o, = o1, = 1.39.

Kinetic model

For turbulence—chemistry interaction, the eddy dissipation
model is in common use.*® This model was developed for pre-
diction of gaseous combustion reactions in turbulent flows.
Considering that the transpiring water was injected into the
reactor at subcritical temperature, the eddy dissipation model
is not suitable for modeling the transpiring wall reactor, while
a reaction kinetics based on Arrhenius law is more appropri-
ate.'>?%3% CO is the major intermediate of SCWO of metha-
nol verified by previous experimental results®® and other

publications,3 739 thus a two-step mechanism was adopted
CH3;0H+0,=CO+2H,0 (12)
CO+0.50,=CO0;, (13)

The reaction rate is modeled by Arrhenius equation in Egs.
14 and 15, and the reaction constants were obtained from liter-
atures.””* Given that oxygen was in large excess, its reaction
order was assumed to be equal to zero

d[CH3;0H —326.6
reHo= — %:2.0 X 10%! X exp ( o7 )[CH30H]
(14)
1
reo= d[StO] =3.16 X 10° X exp < ) [CO]  (15)
Physical properties

The physical properties of water vary significantly near the
critical point." This severe spike can cause numerical instabil-
ities when the energy equation is integrated. Hence, a suitable
model for calculation of physical properties of the reaction
mixture needs to be selected. The densities of pure species
were calculated using the Peng—Robinson Equation*' as
shown in Egs. 16-19, which was implemented using a Fluent
User-Defined Function. Viscosities and thermal conductivities
of the pure species were obtained from the NIST database.*
The real heat capacity of water also peaks near the critical
point that can lead to numerical instabilities. As such, an
approximate curve was imported instead of the real heat
capacity of water.’*?® We assumed an ideal mixing for the
mixture, and the physical properties of the mixture were com-
puted based on mass fractions

RT aco

= - 16
—be) v+ bo)+be(v—be) (16)

R2T 2 RT,
a.=0.45724 ———; b.=0.077796 (17)

C PC
o=[1+x(1-VT})]? (18)
k=0.374644+1.542261—0.26992* (19)

where v is the molar volume, a. and b, are EOS parameters, T
is the critical temperature, P, is the critical pressure, R is the
universal gas constant, 7, = T/T, is the reduced temperature,
K is the constant characteristic of component, and o is the acen-
tric factor. More details about components physical properties
can be found in Supporting Information Figures S1 and S2.
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Porous media

Porous media were modeled by addition of a momentum
source term to the standard fluid flow equations, and the
source term consists of two parts: a viscous loss term and an
inertial loss term

1
S,-=—(ﬁu,-+—ﬁp|u|u,-> (20)
o 2

where S; is the source term for the ith momentum equation, |u|
is the magnitude of the velocity, « is the permeability. 1/o and
p correspond to viscous coefficient and inertial coefficient in
Table 1, respectively. The supercritical water flowing through
the porous wall follows Darcy’s law.'® Comparing with the
operating pressure of the reactor (>22.1 MPa), the pressure
drop across the porous wall can usually be neglected. Thus, no
influence of pressure on the physical properties needs to be
considered.

Fluent solves the standard energy transport equation in
porous media regions with modifications to the conduction
flux and the transient terms only. In the porous medium, the
conduction flux uses an effective conductivity, and the tran-
sient term includes the thermal inertia of the solid region on
the medium. The standard energy transport equation is given
by

B .
£y peEs+ (1= 1) poEs)+ V- (il (peEr+p))]

-v. [keffVT— (Z hi.1f> + (? ﬁ)} +h

where E is the total fluid energy, E; is the total solid medium
energy, x is the porosity of the medium, k. is the effective
thermal conductivity, and Sf’ is the fluid enthalpy source term.

The effective thermal conductivity in the porous medium,
kegr is computed as the volume average of the fluid conductiv-
ity (k¢) and the solid conductivity (k)

ke = ke + (1= y ) ks (22)

1)

As the transpiring water passes through the porous wall at
subcritical temperature, multiphase effects may exist in a
small area inside the reactor. Considering that our main objec-
tive is to obtain the temperature profiles near the porous wall,
the existence of a two-phase flow inside the reactor has been
neglected as a form of simplification.

Meshing and Numerical methodology

The two-dimensional axisymmetric geometry of the tran-
spiring wall reactor was first represented in accordance to its
actual size. The pressure-resistant vessel was not included in
the computational domain and an assumption that transpiring
water injecting form the inner surface of pressure shell was
made. The mesh generation was performed with Gambit
2.2.30. Mesh was refined on the inner surface of the porous
tube and the nozzle outlet, and a proper mesh size was deter-
mined by preliminary simulations (shown in Supporting Infor-
mation Figures S3 and S4).

The reactor simulations are carried out by considering the
following simplified boundary conditions: mass-flow-inlets
were used to define oxygen, feed, and three branches of tran-
spiring water. Pressure outlet boundary conditions are
assigned to define the reactor outlet by eliminating the reverse
flow problem. An axisymmetric boundary condition was used

198 DOI 10.1002/aic
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to define the reactor center. The porous tube was set as porous
media zone.

In the simulations, the governing equations have been
solved numerically with the code Fluent 6.3 using a finite vol-
ume numerical method. A segregated solver was selected.
Pressure velocity coupling was achieved using the SIMPLE
algorithm and second-order schemes were used. The steady-
state simulation starts from an initial guess and the conver-
gence criterion for velocity components, continuity and energy
are 107°, 107, and 10”5, respectively.

Results and Discussion
Model validation

Transpiration intensity,'” which is defined as the ratio
between the mass flux of transpiring flows and the bulk, is an
important parameter for reactor’s performance

— (Qlwl + Qtw2 + Qtw3 ) / (Atwl +Atw2 +Atw3)
(Qw+Qox)/Ab

where A, represents the inner circular area. A, Awo2, and
A3 represent the inner shell surfaces of the three transpiring
zones, respectively. The same transpiring intensity for the
three transpiring zones was set to in both the experiment and
the simulation.

TOC removal efficiency (TOC,.,) is defined as the mass of
total organic carbon eliminated divided by the total organic
carbon introduced into the reactor

TOCrem _ QwTOCin - (Qw + Qtwl + Q[W2 + Qlw3 )Tocoul (24)

0, TOCiy

(23)

where TOC;, and TOC,,, symbolize the inlet and outlet con-
centration of TOC, respectively.

A comparison between experimental and calculated temper-
ature profiles along the reactor axis at different feed concentra-
tions is presented in Figure 2. Operating conditions in the
simulation is Q,, = 10 kg h™', T,, = 420°C, ¢ = 0.06, Ty =
360°C, Tyw2=200°C, y=2, and the detailed experimental
operating conditions are listed in Table 2. The oxidation reac-
tion begins at the outlet of the nozzle, and the highest tempera-
tures appear after a short development length. The reaction
temperatures (50—100 mm below the nozzle outlet) are at 500—
800°C in the experiment, which shows that the reaction is
nearly conducted at the hydrothermal flame region.24 Faster
reaction rates in the upper section of the reaction are present in
the experiments. The CFD model underpredicts the reaction
temperatures, especially at high feed concentrations. In the mid-
dle part of the reactor, the error probably results from the sim-
plification of the heat capacity of water and the neglect of the
two-phase flow.?*?” Despite this, relative errors between the
experimental and calculated temperatures are less than 8%. At
the lower part of the reactor, the calculated temperatures agree
well with the measurements. Overall, the calculated tempera-
ture profiles were in agreement with the experimental data.

The outlet species concentrations in the simulation were
also compared with the experimental ones. The products of
incomplete oxidation of methanol can be characterized by
TOCy, TOC em, and CO in the gaseous effluent. The meas-
urements of TOC,,, and CO were usually conducted after a
gas-liquid separator in the experiment. However, the gas-
liquid separation process was neglected in the simulation. An
assumption that the gas-liquid mixture from the reactor outlet
has performed an ideal gas-liquid separation process in the

January 2016 Vol. 62, No. 1 AIChE Journal
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Figure 2. Comparisons of the experimental and the calculated temperature profiles along the reactor axis at differ-

ent feed concentrations.

simulation was thus made to compare with the experimental
data. Based on the simplification of the reaction kinetics of
methanol, the gas-liquid mixture from the reactor outlet consists
of CH40, O,, CO, CO,, and H,O. After the assumed ideal gas-
liquid separation process, the gaseous effluent in the simulation
consists of O,, CO, and CO,, and the aqueous effluent consisted
of CH4O and H20.43’44 TOC,,; was only derived from the car-
bon of methanol in the aqueous effluent. Figure 3 shows com-
parisons of experimental and calculated TOC,, TOC.p,, and
CO, respectively. The trend and magnitude of TOC,, TOC e,
and CO in the simulation are in general agreement with experi-
mental data, but a more significant trend is present in the simu-
lation. We should remind that the outlet concentrations of TOC
and CO are at trace level, and the quantities of TOC,,, and CO
is quite sensitive. The reaction is nearly conducted at the hydro-
thermal flame region at higher feed concentrations, and devia-
tions between experimental results and numerical data are more
significant at these conditions.

Similar conclusions can be obtained by comparisons of the
experimental and calculated temperature profiles and effluent
concentrations at different feed flows which are provided as
Supporting Information Table S1, Figures S5 and S6.

Table 2. Experimental Operation Con

Vector, temperature, and species concentration profiles

In this section, simulation results of the base case are dis-
cussed (Operating condition: Q,, = 10 kg h'!, C,=6 wt %,
T,,=420°C, ¢ =0.06, Ty, =300°C, Tiws=200°C, y=2).
Figures 4a, b show calculated path lines colored by residence
time. The residence time of fluid up to that point in the reactor
can be characterized by color of lines. Figures 4c, d show vec-
tor of the reactor. Notably, eddies appear in the upper part of
the reactor as shown in Figures 4b, d, which is mainly caused
by jet entrainment of the feed stream.'®* Figures 4e, f show
the temperature contour of the reactor. Higher temperature
profiles are present near the porous tube in the upper part of
the reactor. Although the eddy is favorable to enhancing reac-
tants mixing and prolonging residence time, which is useful
for the reaction and heat transfer, the reactive and hot fluid cir-
culates and destroys the “water film” near the transpiring wall
which is consistent with the previous studies.'®**2° Con-
versely, the hot reactive steams are cooled and diluted by tran-
spiring water, which is not conducive for the reaction. A
continuous stirred tank reactor is likely formed in the upper
part of the reactor because of the strong mixing effect. The
bulk flow and the transpiring water do not strongly mix in the

ditions at Different Feed Concentrations

C," (Wt %) 0, (kgh™ P ¢ T, O Tiw1 (°O) T2 (°C)
2 9.9 221 0.060 418 358 205
4 10.1 1.92 0.061 420 357 200
6 9.9 2.14 0.058 421 361 197
8 9.9 2.30 0.058 417 358 204

“Feed concentration.
Stoichiometric oxygen excess.
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middle and lower part of the reactor, with a more uniform
velocity forming. A plug flow reactor is formed in the middle
and lower part of the reactor.

Species concentration contours are presented in Figure 5.
The feed enters the reactor via the coaxial nozzle at supercriti-
cal conditions and reacts with oxygen. The methanol concen-
tration rapidly decreases from 0.06 to 107° at 0-200 mm
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below the nozzle outlet. Thus, a fast oxidation reaction is pres-
ent at the upper section of the reactor. Notably, mass concen-
trations of both methanol and CO in the porous tube and the
annulus are about 10~ °. Reactants diffusing to the subcritical
temperature area are not conducive to feed degradation for
slower reaction rates. The quick decline of methanol at the
nozzle outlet was also confirmed by the temperature contours
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Figure 4. Calculated path lines, vector, and temperature contours of the reactor, (a) path lines colored by resi-
dence time (s) of the whole reactor, (b) an enlargement path lines (s) of the upper section of the reactor
below the nozzle outlet, (c) vector (m s~ ') of the whole reactor, (d) an enlargement vector (m s~ ') of the
upper part of the reactor below the nozzle outlet, (e) temperature contour (°C) of the whole reactor, (f) an
enlargement temperature contour (°C) of the upper part of the reactor below the nozzle outlet.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Operating conditions in simulation: C,, =6 wt %, Q,, =10 kg h™!, T,, = 420°C, Ty1 = 360°C, Ty,» = 200°C, y = 2. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. Effect of transpiration intensity and transpiring water temperature on the reactor’s temperature profiles
and product properties: (a) temperature profiles of the inner wall of the porous tube at different transpi-
ration intensities, (b) product properties at different transpiration intensities, (c) temperature profiles of
the inner wall of the porous tube at different transpiring water temperatures, (d) product properties at

different transpiring water temperatures.

in Figures 4c, d. High temperature profiles at 0—100 mm below
the nozzle indicate a flame-like burning. A radial temperature
gradient was formed for the transpiring flow injection at sub-
critical temperature, and the bulk flow was cooled to subcriti-
cal temperature at the reactor outlet.

Transpiration intensity

The calculated temperature profiles at different transpiration
intensities are plotted in Figure 6. The three branches of tran-
spiring water were injected into the reactor at individual inlets
with the same transpiration intensity, but at different tempera-
tures (the temperature gradually declines from the top to the
bottom). Simulation results show that the effect of transpira-
tion intensity on the reaction zone is minimal. Lower tempera-
ture profiles are present in the middle and the lower section of
the reactor at higher transpiration intensities because more
transpiring water is injected at subcritical temperatures.

Higher transpiration intensities can provide higher radial
velocities toward the central bulk flow and enhance the flush-
ing effect on the inner surface of the porous tube. Figure 7a
shows that lower temperatures at the inner surface of the
porous tube are present at higher transpiration intensities.
However, the temperature of the inner surface of the porous
tube only decreases by 10°C when the transpiration intensity
increases by 0.02. The effect of transpiration intensity on the
temperature profiles of the inner surface of the porous tube is
thus not significant. The overall residence time at supercritical
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temperature decreases because of the increase of transpiring
flows.*® Figure 7b shows that a gradual increment trend of
both the TOC,,,, and CO is present with the increase of transpi-
ration intensity, which is consistent with our previous experi-
mental data.*®> TOC,y,, TOC,em, and CO are 1.4 ppm, 99.99%,
and 0.003% at a transpiration intensity of 0.02, respectively.
When the transpiration intensity is increased to 0.08, TOC,,
and CO increase to 74.9 ppm and 0.139%, respectively, and
TOC e, is depressed to 97.82%.

Transpiring water temperature

Considering that the reaction zone is mainly located in the
upper section of the reactor, the discussion of the effect of tran-
spiring water temperature only focuses on the temperature of
twl. Figure 8 shows that the temperature profiles in the reactor
are greatly dependent on the temperature of twl. Higher reac-
tion temperatures are present at higher transpiring water tem-
peratures. This condition indicates that the temperature of twl
has a direct impact on the reaction zone. The lower temperature
profiles are also present in the middle and the lower part of the
reactor at lower transpiring water temperatures.

Figure 7c shows the effect of twl on the temperature profiles
of the inner surface of the porous tube. The temperatures of the
inner surface of the porous tube significantly decrease when
Tw1 was decreased. However, Figure 7d shows that TOC,,, and
CO greatly increase when twl is decreased. TOC,,, increases
accordingly from 96.16 to 99.81% when the transpiring water
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Figure 8. Calculated temperature contours (°C) of the reactor at different transpiring water temperatures.

Operating conditions in simulation: C,,=6%, Q, =10 kg hl, ¢ =0.06, T, =420°C, Ty, =200°C, y=2. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

temperature is increased from 200 to 350°C. Hence, the tran- Moreover, the effect of feed flow on the temperature
spiring water temperature can be minimized on the premise of profiles and product properties was provided as Support-
high oxidation efficiency of the feed for energy saving. ing Information Figures S7 and S8, and the results show
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Figure 9. Characteristics of (a) water film formation temperature (Tiw1,cr), (b) TOCout, (€) TOCiem, (d) CO as func-
tions of transpiration intensity for different feed flow rates.
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that the effect of feed flow on water film formation is
not significant.

Optimization of the water film

The transpiring wall reactor’s anticorrosion performance
and avoidance of salt plugging is usually dependent on the
formation of a water film at a subcritical temperature on the
inner surface of the porous wall. However, it cannot be meas-
ured or displayed by experiment or simulation. When the
temperature of the inner surface of the porous tube exceeds
374°C, the transpiring water can only flush the inner wall sur-
face without dissolving inorganic salts. The formation of the
ideal water film is thus dependent on the temperatures of the
inner surface of the porous tube. In this article, an assumption
that the ideal water film can be formed when the temperature
of the inner surface of the porous tube is less than 374°C was
made. We define water film formation temperature (71 cr)
as the highest temperature of twl to keep the water film pres-
ent, and thus obtaining Ty ¢ 1S an interesting and attractive
point.

Figure 9a shows the Ty ¢ as functions of the transpiration
intensity for different feed flow rates (operating condition:
0,=8-12kgh™ ', C, =6 wt %, T,, = 420°C, ¢ = 0.02-0.10,
Tw> = 200°C, y =2). Higher values for T\, . are present at
higher transpiration intensities. The T increases from
219.2 to 284.1°C when the transpiration intensity is increased
from 0.02 to 0.10 at a feed flow rate of 10 kg h~'. Lower val-
ues of the T\, o, appear at higher feed flow rates. The Ty
decreases from 242.2 to 190.1°C when the feed flow rate
increases from 8 to 12 kg h™' at a transpiration intensity of
0.02.

The oxidation reaction of the feed is suppressed when the
temperatures of the inner surface of the porous tube are kept
at less than 374°C. Figures 9b—d show the aqueous and gase-
ous effluent as functions of transpiration intensity for differ-
ent feed flow rates. TOC,, and CO present a “V” as a
function of transpiration intensity. The minima of TOC,,,
and CO are seen to be present at a transpiration intensity of
0.05. TOC,.,, also presents a reverse “V” as a function of
transpiration intensity. It can be seen that the maxima of
TOC,., is also present at transpiration of 0.05. Although
TOC,, and CO will increase with the increase of the transpi-
ration intensity at the same T, the lower values of Ty cr
appear at lower transpiration intensities. This condition
greatly increases TOC,,, and CO. The increase of the feed
flow rate will also shorten the useful residence time, resulting
in lower oxidation efficiencies.

Lower transpiration intensities and lower Ty ., should be
adopted to keep the water film present on the inner surface of
the porous tube for energy saving. The proper transpiration
intensity for the reactor is determined at 0.05, taking into
account a higher oxidation efficiency of methanol.

Conclusion

A numerical model of a transpiring wall reactor for SCWO
was presented. Numerical model was validated by compari-
sons with experimental temperature profiles, aqueous, and gas-
eous products. It was found that the model presents some
inaccuracies in the temperature profiles of the transcritical
zone, which is attributed to the simplification in the heat
capacity of water and the neglect of the two-phase flow. The
effect of the key operating parameters on flow fields of the
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reactor especially the temperature near the porous tube was
analyzed.

The presence of the recirculation areas caused by jet
entrainment is an important feature of the flow field inside the
reactor. The transpiration intensity has small influence on the
reaction zone, while the transpiring water temperature has a
direct impact on both the reaction temperature and the reactor
effluent. It is observed that lower transpiring water tempera-
tures are conducive to the formation of the water film, at the
expense of feed degradation efficiency. The appropriate tran-
spiration intensity for the reactor was determined at 0.05 based
on the formation of the water film and feed degradation.
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Notation

Abbreviations
A = area, m?
A, = inner circular area, m?
coefficient in Peng—Robinson equation
coefficient in Peng—Robinson equation
= concentration, wt %
Cp = specific heat, J kg~ ' K™!
D = mass diffusivity, m* s~ !

E = energy, J
E¢ = total fluid energy, J
E, = total solid medium energy, J
F = external body forces, N
g = acceleration due to gravity, 9.8 kg s~ 2
G, = generation of turbulence kinetic energy due to buoyancy
G = generation of turbulence kinetic energy due to the mean veloc-
ity gradients
1Y = species i
h;= specific enthalpy of species j
I = unit tensor
k = turbulent kinetic ener§y
J = diffusion flux, kg m™ st
kegr = effel:ctive thermal conductivity in the porous medium, W m™!
k¢ = thermal conductivity for the fluid phase, W m k!
ks = thermal conductivity for the solid medium, W m k!
M = molar mass, kg mol !
Ny, = number of species
P = pressure, Pa
O = mass flow rate, kg h!
r = reaction rate
R = universal gas constant, 8.3145 kJ mol !
S = modulus of the rate of strain tensor
St=rm
S;, = sources of energy due to chemical reaction
S; = ith the source term for porous media momentum equation
St S; = user-defined source terms
t = time, S
T = temperature, °C
T, = reduced temperature
Tiwi.cr = water film formation temperature, °C

TOC = total organic carbon, ppm
u = velocity vector, m s !
v = molar volume, m> mol !
x = direction in space
Y = species mass fraction
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Y, = contribution of the fluctuating dilatation in compressible turbu-
lence to the overall dissipation rate

Greek letters
o = permeability, m?
oy = inverse effective Prandtl numbers for &, o, = 1.39
o, = inverse effective Prandtl numbers for ¢, o, = 1.39.
= inertial resistance factor, m
y = stoichiometric oxygen excess
K = constant characteristic of component
&= turbulent dissipation
1= molecular viscosity, Pa s
p = fluid density, kg m >
T = stress tensor, N
= transpiring intensity
7 = porosity of the medium
w = acentric factor

Subscripts
twl = upper branch of transpiring water
tw2 = middle branch of transpiring water
tw3 = lower branch of transpiring water tw3
oX = oxygen
w = feed
¢ = critical
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