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ABSTRACT

A computational fluid dynamic model was developed for an inner preheating transpiring-wall reactor
for supercritical water oxidation, and the model was validated by analyzing the experimental data.
The anticorrosion performance and salt plugging avoidance of the transpiring-wall reactor depended
mainly on the water film formation at subcritical temperature on the inner surface of the porous wall.
This formation is generally characterized by the porous tube’s inner surface temperature, which was
determined mainly by the transpiring water temperature (T, ,). Thus, the temperature of the water
film formation (T, ) was qualitatively defined as the highest T, that can maintain the porous tube’s
inner surface temperature below 374°C. Furthermore, the interactions between the water film forma-
tion and the reaction inside the reactor were investigated. Results indicated that increased values of
feed concentration, feed flow rate, mass flow ratio of the feed, and the auxiliary heat source (F/F, )
were favorable to feed degradation at the same T, . However, TOC_, and CO significantly increased
with increased feed concentration, feed flow rate, and F/F,  at the corresponding T,

twl,er®
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fluid dynamics; Product properties

1. Introduction

Supercritical water (P > 22.1 MPa and T > 374°C) exhib-
its unique thermophysical properties that are absent in
water under ambient conditions [1]. Non-polar organic com-
pounds and gases easily dissolve in supercritical water, and
a single-phase organic compound—oxygen mixture forms in
supercritical water [2,3]. In this unique property, supercriti-
cal water is an excellent medium for disposing organic waste.
Organic compounds can be fully destroyed at a fast reaction
rate with a residence time of a few seconds to 1 min, and
no SO, and NO_ by-products are formed because of the low
reaction temperature (400°C-650°C) [4—6]. Thus, supercritical
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water oxidation (SCWO) has become a promising technology
for disposing organic waste.

Several SCWO-based devices have been designed for
industrial applications over the past two decades [7,8].
However, the commercialization of these devices is hindered
by technical problems such as corrosion and salt plugging
[9]. The plugging problem in the reactor and other pipelines
is caused by the precipitation of sticky salts and solids, which
occurs because of the poor solubility of inorganic salts in
supercritical water, ultimately leading to a system shutdown
[10]. Meanwhile, the severe corrosion problems in the entire
system, particularly the reactor, result from the combined
effects of reactive ions (e.g., CI, F~, and H,0O"), high tempera-
ture, high pressure, and excessive oxygen [11].

Transpiring-wall reactors have been proven effective in
solving both corrosion and salt plugging problems through
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fluid dynamic methods [12]. This design contains dual shells,
consisting of an outer pressure-resistant vessel and an inner
porous tube. A protective water film or at least a flushing
effect is formed when low-temperature (<400°C) transpiring
water passes through the porous pipe. This transpiring effect
prevents solids or precipitated salts from sticking onto the
inner surface of the porous tube, thereby improving corro-
sion resistance. The anticorrosion and salt plugging avoid-
ance performance of the transpiring-wall reactor have been
verified and tested by extensive experiments [13].

The feed must be preheated to high temperatures
(870°C-500°C) before an SCWO reaction can proceed.
However, a coking problem can arise because of the decom-
position of organic compounds during the preheating step,
resulting in a deteriorated heat transfer or even equipment
blockage. Moreover, salt plugging can easily occur if the salt
precipitates in the feed [14,15]. This problem can be solved
by injecting the reagents at room temperature over a hydro-
thermal flame and transferring the feed preheating from the
exterior to the interior of the reactor [16]. The Swiss Federal
Institute of Technology was the first to demonstrate that the
feed can be injected into a reactor at room temperature and
preheated by a diffusion hydrothermal flame generated by
the auxiliary fuel inside a transpiring-wall SCWO reactor
[17]. The characteristics of the hydrothermal flame inside
the transpiring-wall SCWO reactor have been assessed by
Bermejo et al. [18] and Zhang et al. [19].

In our previous work, an inner preheating transpir-
ing-wall reactor was designed based on our previous reac-
tor; the feed was injected into the transpiring-wall reactor at
room temperature and preheated by hot water at 550°C with
a coaxial nozzle [20]. Although the inner preheating transpir-
ing-wall reactor was successfully operated, an extremely high
temperature zone was present below the nozzle because of
the formation of the hydrothermal flame; consequently, over-
heating of the pressure shell and the porous tube was prone
to occur [20]. Thus, the reactor performance can be improved
by gaining deeper insight into the complex fluid flow, reac-
tions, and heat transfer inside the reactor. However, existing
experimental methods can obtain only limited temperature
measurements and effluent characterizations because of the
extreme reaction conditions inside the reactor.

Computational fluid dynamic (CFD) technique provides
an alternative strategy for obtaining comprehensive informa-
tion that is difficult to measure inside the transpiring-wall
reactor. Abeln et al. [21], Bermejo et al. [22], and Zhang and
Ma [23] simulated SCWO with a traditional transpiring-wall
reactor to elucidate the temperature and species distribu-
tions. Lieball [24] performed a CFD simulation of the SCWO
of methanol in a transpiring-wall reactor with a hydrother-
mal flame as an internal heat source. These reports indicated
that the reactor structures and the operating parameters sig-
nificantly influenced the velocity and temperature profiles.
Moreover, water film formation was critical to the reactor’s
anticorrosion and salt plugging avoidance. To date, a proper
criterion has yet to be established for water film formation,
except for our previous assumption on water film formation
that the ideal water film is formed when the inner surface
temperature of the porous tube was below 374°C [23]. Xu
et al. [25] theoretically analyzed the heat and mass trans-
fer between the water film and the bulk fluid. Nonetheless,

the interactions between the water film formation and the
reaction inside the reactor remain unclear.

In the present study, an inner preheating transpiring-wall
reactor was modeled by commercial CFD software (Fluent
6.3.26) based on our previous experimental data [20]. A
desalinated water-methanol mixture was utilized as the arti-
ficial wastewater, and hot water was used as the auxiliary
heat source for preheating the feed to the reaction tempera-
ture. The study presented detailed velocity, temperature, and
species profiles for different operating parameters. The data
near the inner surface of the porous tube and the outlet of the
nozzle were given particular focus. The interactions between
the water film formation and the reaction for different oper-
ating parameters (such as feed concentration, mass flow ratio
of the feed and the auxiliary heat source F/F_, and feed flow)
were assessed with respect to our previous assumption on
water film formation.

2. Experimental setup

Fig. 1 shows the diagram of the inner preheating
transpiring-wall reactor, which consisted of five streams
leading toward the transpiring-wall reactor. A coaxial nozzle
was used for mixing and preheating the reactants inside the
reactor to avoid coke formation and salt plugging during the
preheating procedure [19,20]. Hot water (400°C-600°C) was
utilized as the auxiliary heat source. The auxiliary heat source,
the oxygen, and the feed were injected via the inner, annulus,
and outer tubes of the coaxial nozzle on the top of the reactor,
respectively. The transpiring water (tw) was divided into the
upper (twl) and lower (tw2) branches of transpiring water
(tw2) before being injected into the side of the reactor. The
auxiliary heat source and tw1 were preheated with electric
heaters. The feed, the oxygen, and tw2 were passed through
the reactor at room temperature. Detailed information on
the transpiring-wall reactor can be found in Table 1 and our
previous works [19,20].
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Fig. 1. The schematic diagram of the inner preheating trans-
piring-wall reactor for supercritical water oxidation (a) and an
enlargement of the coaxial nozzle (b).
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Table 1
Detailed information of the inner preheating transpiring-wall
reactor

Parameter Value
Reactor geometry

Material Steel 321
Diameter of reactor vessel/mm D114 x 17
Length of the reactor/mm 750
Characteristic parameters of the porous tube

Material Steel 316L
Diameter of the porous tube/mm D60 x 2.5
Porosity/% 42

Pore size/um 20.8
Viscosity coefficient/m? 6.2 x 10712
Inertia coefficient/m 3.8x10°®
Nozzle geometry

Diameter of the inner tube/mm D14 x4
Length of the inner tube/mm 100
Diameter of the intermediate tube/mm D25 x 4.5
Length of the intermediate tube/mm 150
Diameter of the outer tube/mm D42 x 6
Length of the outer tube/mm 150
Position of the temperature measuring point

Trl H*=02m
Tr2 H=0.25m
Tr3 H=03m
Tr4 H=04m
Tr5 H=05m
Tr6 H=0.65m
T, H=075m

?H is the distance between the top of the reactor and the temperature
measurement point, Tr1-Tr6 are the temperatures of the six measur-
ing points inside the reactor.

T is the reactor outlet temperature.

out

The axial temperature distribution was measured by a
type K six-point thermocouple (its measuring positions are
listed in Table 1) installed inside the reactor. The reactor
effluent was cooled and depressurized prior to being intro-
duced into a gas-liquid separator. Then, the gas and liquid
phase products were collected and analyzed. The gas efflu-
ent was monitored by an online gas analyzer (GASMET FTIR
Dx4000), and the liquid samples were collected and analyzed
by a total organic carbon analyzer (Shimadzu, TOC 5000A).

3. Model description
3.1. Meshing

The 2D axisymmetric geometry of the reactor was sim-
plified and represented based on its actual size. The pressure
shell was not included in the model, because the transpiring
water was assumed to be injected uniformly from the inner
surface of the pressure shell. Mesh generation was performed
with Gambit 2.2.30, and the built mesh contained approxi-
mately 115,000 cells. Fig. 2 shows the mesh distribution of
the reactor, and the mesh was refined at the nozzle outlet,
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Fig. 2. The mesh of the transpiring-wall reactor for SCWO: (a) the
whole reactor, (b) the enlargement of the nozzle outlet, and (c)
the enlargement of the inner surface of the porous tube.

at which the reaction starts, and on the porous tube’s inner
surface, where the water film forms.

3.2. Conservation equations

Governing equations, such as continuity equation,
momentum equation, energy equation, turbulence equa-
tion, and chemical species equations, were used to describe
the complex heat and mass transfer, as well as the reaction
process inside the transpiring-wall reactor. All derived quan-
tities were time-averaged quantities obtained by Reynolds
averaging of the instantaneous equations in the following
governing equations.

The continuity equation for fluid is:

%+V-(pﬁ):0 (1)

where p is the fluid density, and i is the velocity vector.
The momentum equation is described by:

%(pwv(pﬁﬁ) —Vp+V-(0)+pEf @)

where p and T represent the static pressure and the stress
tensor, respectively. pg is the gravitational body force; and

f is the external body force. The stress tensor 7 is described
by:

‘r=p{Vﬁ+VﬁT —i(V-ﬁ)I} 3)

where i is the molecular viscosity, I is the unit tensor, and

Vii" is the effect of volume dilation.
The effect of heat transfer on hydrodynamics can be cal-
culated by the following energy (E) equation:

g(pE) +V-[i(pE+p)]= v[keﬁ VT =Y h ]+ (Tt ~ﬁ)j|+5h “)

wherek  and T are the effective conductivity and temperature,

respectively. 7]. and h; represent the diffusion flux and specific
enthalpy of species j, respectively. The first three terms on the
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right-hand side of Eq. (4) denote the energy transfer due to
conduction, species diffusion, and viscous dissipation. The
source of energy S, due to chemical reaction is described by:

h(]
S, =-2 o (5)

where h? , M, and r, are the enthalpy of formation, molar
mass, and volumetric creation rate for species i, respectively.
The species conservation equation is described by:

opY,
L+V.

piiY,=-V-DVY, +r, z':l,...NSp (6)
where Y, D, and 7, are the species mass fraction, mass diffu-
sivity, and production rate of species ‘7', respectively. N__ is

the number of species. r, is given by:

n=Xrn @)

j

where " represents the production/consumption rate of
species i in reaction j.

3.3. Turbulence model

The renormalization group (RNG) k—¢ turbulence model
is widely used for depicting flow recirculation and vortex
shedding scenarios [23,26]. The turbulence kinetic energy
k and its specific dissipation rate ¢ in the RNG model can be
obtained by using the following equations:

0 6 ok

Py —(pk) +—(pku )= (OLk;,teff —)+G, +G, —pe—Y,,+5, (8)
] f

0 0 0

5(p8)+§(psui) =g(a Ko 5 )+C (Gk +C,G,)

" ! ©)

2

€
~Cp=-—R 45,

3(1-"M
Ca-")
R=—— st E (10)
¢ 1+Bn k

==k (11)

An RNG k-e model with default values and standard
wall functions was used in these equations. G, represents the
turbulence kinetic energy generation due to the mean veloc-
ity gradients. G, represents the turbulence kinetic energy
generation due to buoyancy. Y|, represents the change in the
overall dissipation rate due to the fluctuating dilatation in
the compressible turbulence. S, and S_ are the source terms
defined by the user. S is the modulus of the strain tensor
rate. o, and « are the inverse effective Prandtl numbers for
k and ¢, respectively. C, =1.42, C,=1.68, n, = 4.38, 3 = 0.012,
CH =0.0845, and o, = a_=1.39.

3.4. Kinetic model

The transpiring water is typically injected into the reactor
at low temperatures (<400°C). In addition, an Arrhenius-type
reaction kinetic equation is generally used for simulation
[22,27] to accurately adapt the temperature gradient in the
axial and radial temperature profiles of the reactor. Our pre-
vious experimental results [19,20] have proven that CO is a
major intermediate during the SCWO of methanol inside the
transpiring-wall reactor. Thus, a two-step mechanism was
designed and implemented in our present model.

CH,OH +0,=CO +2H,0 (12)

CO+0.50,=CO, (13)

The kinetic data used in the present study was based on
the literature [28-31], and the reaction order of oxygen was
assumed equal to zero because the oxygen is in large excess.

d[ CH,OH | 326.6

CH,0™ dt

=2.0x10"" exp[ ][CH OH] (14)

d[CO]

Teo= g =3.16x10° x exp[ j[CO]

(15)

3.5. Physical properties

Significant changes were observed in the thermophysical
properties of the water near the critical point [1] (Fig. S1 in
supplementary material). The sharp curve at the critical point
typically results in computational instability, indicating the
urgent need for a simplified and suitable model for calcu-
lating the physical properties. The Peng-Robinson equation
[22,32] implemented by a fluent user defined function was
used to approximately calculate the densities of pure species.

RT a.o

- - (16)
(v=b,) v(v+b)+b (v-b,)
R’T?
4, =045724=—<; (17)
P
2
:[1+K(1—\/f):| (18)
K = 0.37464 + 154226y — 0.26992y> (19)

where v represents the molar volume of the species; P_and
T represent the critical pressure and the critical temperature,
respectively; R represents the universal gas constant; and T,
is calculated by dividing the temperature by the critical tem-
perature. x and 1\ represent the constant characteristic of the
component and the acentric factor, respectively.

An approximate heat capacity curve of the water (Fig. S2)
was imported to avoid numerical instabilities [33]. Other
thermophysical properties (such as viscosity and thermal
conductivity) were obtained from the NIST database [34].
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The mixture was assumed to be an ideal mixing, such that the
mixture properties can be calculated by mass averaging method.

3.6. Porous media

The porous media can be modeled by adding of a
momentum source to the standard fluid flow equations. The
momentum source can be described by:

S = [“ui +1Bp|u|uij (20)
a 2

where S, which consists of a viscous loss term and an iner-
tial loss term, is the source term for the ith momentum equa-
tion; |u| is the velocity magnitude; 1/a is viscous coefficient;
and { is the inertial coefficient. Darcy’s law can be used to
describe the flow of the supercritical water in the porous tube
[17,35]. Compared with the operating pressure (>22.1 MPa),
the decreased pressure across the porous wall was negligi-
ble, and the pressure-induced changes in physical properties
were generally minimal.

Only modifications of the conduction flux and the tran-
sient terms were considered in solving the energy transport
equation in the porous tube. The energy transport equation
can be expressed as:

%[prEf +(1=7)p.E, |+ V-[a(p,E, + )]

—V-{keﬁVT—[Zhi ]I.J+(1:~ﬁ)} +SF

20

where E, and E_represent the total fluid energy and the total
solid medium energy, respectively. x and k denote the
porosity of the medium and the effective thermal conduc-
tivity, respectively. S is the source term for fluid enthalpy.
k.. is the effective thermal conductivity, which can be com-
puted as:

ke =1k + (1= )k, 22)

where k, and k_ refer to the fluid conductivity and the solid
conductivity, respectively.

3.7. Numerical methodology

In the reactor simulation, mass-flow-inlet boundary con-
ditions were applied for oxygen, feed, twl, and tw2; outlet
pressure boundary condition was used for the reactor outlet;
axisymmetric boundary condition was implemented for the
reactor axis; and porous zone condition was utilized for the
porous tube.

The conversation equations were numerically solved
by the commercial software Fluent 6.3.26 through a finite
volume method. Pressure velocity coupling was achieved
by using the SIMPLE algorithm. The simulation was
started from an initial value, and the solution converged
when the residuals became less than certain thresholds.
Detailed information of the numerical model is provided
in Table 2.

Table 2
Parameter settings and operating conditions in the simulation

Parameter Value

Boundary condition

Feed Mass flow inlet
Oxygen Mass flow inlet
Auxiliary heat source Mass flow inlet

twl Mass flow inlet
tw2 Mass flow inlet
Outlet Pressure outlet
Axis Axisymmetric
Solution

Algorithm SIMPLE

Scheme First-order schemes

Convergence criterion

Continuity 10+
Velocity components 10+
Energy 107
k 10-°
E 10°
Component 10+

4. Results and discussion
4.1. Parameter definition

The transpiring water flow was determined by the trans-
piring flow relation R, which is defined in Eq. (23). The
transpiring flow relations for twl and tw2 were assigned
with the same values.

F.
R,=—t =12 (23)
Fau +F0X +1:f

whereF,_, F, ., F. , F_,and F,denote the mass flow rates of the
twl, the tw2, the auxiliary heat source, oxygen, and the feed,
respectively. Feed degradation occurred mainly in the super-
critical temperature zone, because the reaction rate was con-
siderably faster at the supercritical than at the subcritical tem-
perature zone [20]. The useful length (L, ) was defined as the
length of the reactor under supercritical temperatures (>374°C)
and was calculated based on the temperature profiles inside the
reactor. Similarly, the useful reaction time (t) was defined as
the residence time of the reactants under supercritical tempera-
tures and was calculated based on the piecewise average flow
rates and densities of the reactants, and the calculation method
is the same as the previous work using experimental data [20].

4.2. Model validation

Fig. 3 shows a comparison of the experimental and
simulated temperature profiles at different F/F . The CFD
model underestimated the reaction zone temperatures in the
upper part of the reactor (H =0.15-0.3 m) by 20°C-120°C. For
example, Trl and Tr2 were 639°C and 553°C, respectively,
when F/F = 0.3, whereas the corresponding simulated
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Fig. 3. The experimental and simulated temperature profiles comparisons at different F/F_, simulation conditions (integral values of
the experimental conditions): F_ =9.5 kg/h, w,=35wt%, y=1.5,F_ =F_,=18kg/h, T  =550°C, and T, , = 350°C.

temperatures were 576°C and 503°C, respectively. These
findings indicated that the reaction occurred at or near the
hydrothermal flame region at high reaction temperatures in
the range of 500°C-800°C [16,18]. The experimental reaction
rate was faster than that simulated by the finite rate model
[16,23]. A greater reaction heat was released in the experiment
than in the simulation, resulting in the higher temperature
distributions in this zone. The CFD model overestimated
the temperature in the middle part of the reactor (H = 0.30—
0.50 m) by 10°C-15°C; the higher predicted temperatures
may be due to the simplified water heat capacity and two-
phase flow [36] in this zone. For the lower part of the reactor
(H=0.50-0.75 m), the simulation results agreed well with the
experimental data.

The calculated and experimental species concentrations
at the reactor outlet were compared with further verify the
numerical model, and the data are presented in Fig. 4. The
reactor effluent consisted of CH,O, O,, CO, CO,, and H,O.
An ideal gas-liquid separation was assumed for the reactor
effluent (Fig. S3). Thus, O,, CO, and CO, existed in the gas-
eous effluent, whereas CH,0 and H,O existed in the aqueous
effluent in the simulation [37]. The incompletely degraded
products (TOC_, and CO) were compared with the exper-
imental data for model validation. TOC_, in the aqueous
effluent and CO in the gaseous effluent can be calculated by
Egs. (24) and (25), respectively.

TOC,, =10°xo X ® (24)

CH,O c

Peo = © - o (25)
coc% N C% . %
Mo MCOZ MOZ
where . o, 0q, 0,0, denote the mass fractions of

CH,O, CO, 4COZ, and é)z in the effluent, respectively, and w,
is the mass fraction of carbon in methanol. Although both
TOC,, and CO markedly changed when F/F  was increased
in the simulation, the trend and magnitude of TOC_ and CO
generally agreed with the experimental data for trace values
of TOC and CO in the effluent.

Similar conclusions were drawn when the experimental
and simulated results were compared at different auxiliary
heat source flows, as demonstrated in the supplementary
material (Figs. S4 and S5).

4.3. Flow field distribution

F =15yFo,

ox (26)

Figs. 5 and 6 show the flow field distributions of the
reactor under typical operating conditions (F/F = 0.4,
F  =10kg/h, T  =550°C, w,=30 wt%, y =15, T, =300°C,
and R, =1.2). F/F , which is a critical parameter for hydro-
thermal flame ignition, is defined as the ratio of F, to F_ at
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constant F, [20]. F, can be calculated from the stoichiometric
oxygen excess (y) in Eq. (26). The velocity contours (Fig. 5(a))
revealed that the higher velocities were mainly located at the
outlet of the nozzle. The entire negative axial velocity contour
and the enlarged negative axial velocity contour of the upper
part of the reactor are presented in Fig. 5(b, left). The negative
axial velocities (countercurrent up) suggested that the eddy
phenomenon was caused by jet entrainment. The eddy in the
nozzle mixing zone indicated that the hot water mixed with
oxygen, whereas the eddy at the nozzle outlet implied that
the hot water mixed with the feed. The path line of the entire
reactor and the upper part of the reactor (characteristics are
highlighted by color) are shown in Fig. 5(b, right); the data
also indicates the presence of an eddy phenomenon. A strong
mixing occurred in the upper part of the reactor, as proven
by the velocity contours (Fig. 5(a)) and path line (Fig. 5(b)).
However, a uniform velocity was observed in the middle and
lower parts of the reactor.

Fig. 5(d) presents the species contours inside the reactor,
and Fig. 6(b) shows the species profiles along the axial direc-
tion. The feed entered the reactor and then reacted with the
oxygen in the axial nozzle. The methanol and O, concentra-
tions rapidly decreased from 0.3 to 107 and from 1 to 0.01,
respectively, at 0-0.2 m below the nozzle outlet, implying that
methanol reacted at a fast rate. By contrast, the concentrations
of the intermediate product CO and the terminal product CO,
located below the nozzle outlet rapidly increased. The meth-
anol and CO concentrations in the porous tube reached 10~
and 107, respectively; such conditions are not conducive for
the complete degradation of the feed at low temperatures.

In addition, the temperature contours (Fig. 5(c)) revealed
that methanol had a fast reaction rate at the nozzle outlet;
this finding agreed with the species contours. The high-
temperature profiles were concentrated at the nozzle outlet
(0-100 mm). The hot water (550°C under this condition) at
the center of the axial nozzle formed a jet entrainment, which
preheated the feed and oxygen at room temperature. As
shown in Fig. 6(a), the central temperature initially declined
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distance from the axis): (a) temperature profiles and (b) species

because the heat was transferring from the hot water to the
feed and oxygen. The temperature then increased as heat was
released during methanol oxidation. The axial temperature
gradually declined when the transpiring water was injected
at low temperatures. Finally, the bulk flow was cooled
to a subcritical temperature before it left the reactor. The
temperature difference between the reactor center and the
inner surface of the porous tube (r = 0.0275 m) was only 60°C
in the upper part of the reactor; the small difference was due
to the jet entrainment effect of the reactive fluid, suggesting
a continuously stirred tank reactor was probably formed in
that part [38]. By contrast, the radial temperature difference
was significant and maintained at nearly 200°C in the lower
parts of the reactor, implying a plug flow reactor probably
existed in those parts.

4.4. Water film formation

When the pressure of the reactor was maintained at
23 MPa, water polarity depended mainly on the tem-
perature [1], and the solubility of the inorganic salt sig-
nificantly increased when the water temperature became
lower than 374°C. Given that water film formation was
determined mainly by the temperature on the inner sur-
face of the porous tube inside the transpiring-wall reactor,
the ideal water film was assumed to form when the tem-
perature was below 374°C. Such an assumption provided
a qualitative method for characterizing the water film.
This section focuses on the key parameters of water film
formation.

4.4.1. Transpiring flow relation

Figs. 7(a) and (b) show that the temperatures of the reac-
tor center temperature and the inner surface of the porous
tube slightly decreased as the transpiring flow relation
increased. Higher transpiring flow relations correspond to
higher transpiring flow rates, which in turn provide higher
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Fig. 7. The effect of transpiring flow relation on temperature profiles and product properties, operating conditions: F/F = 0.4,
F  =10kg/h, w,=30 wt%, y=1.5,T,  =300°C, and T,=550°C. (a) The axial temperature profiles along the reactor center, (b) the axial
temperature profiles along the inner surface of the porous tube, (c) Lsup and t, and (d) TOC_, and CO.

flushing velocities and more cold energy for cooling the
reactive fluid. Nonetheless, the transpiring flow relation
exerted an insignificant effect on the temperature contours
(Fig. S6). The temperature of the inner surface of the porous
tube decreased by only 60°C when the transpiring flow rela-
tion increased from 0.8 to 1.6 (as the total transpiring flow
increased from 26.72 to 53.44 kg/h). The probable reason
is that the heat transfer between the transpiring water and
the reactive hot fluid was enhanced at higher transpiring
intensities.

Higher transpiring flow relations lead to lower use-
ful residence times (Fig. 7(c)). Both TOC & and CO gradu-
ally increased as the transpiration intensity was increased
(Fig. 7(d)). TOC_, and CO were 0.4 ppm and 0.0002% at a
transpiring flow relation of 0.8. TOC_, and CO increased to
68.9 ppm and 0.0951% when the transpiration intensity was
increased to 1.6.

4.4.2. Transpiring water temperature

The analysis of the transpiring water temperature was
focused only on the temperature of twl (T, ), because tw2
was at room temperature. The temperatures of both the reac-
tion zone and the inner surface of the porous tube decreased
significantly when T, , was decreased from 300°C to 50°C,
indicating that an intense heat transfer occurred between
the transpiring water and the reactive fluid (Figs. 8(a) and
(b)). Detailed information on the temperature contours are
provided in Fig. S7. The highest temperature of the porous
wall decreased from 468°C to 295°C when T, , was decreased
from 300°C to 50°C.

T, is critical to the inner surface temperature of the
porous tube. Thus, the temperature of the water film for-
mation (T, ) was designated as the highest T, that can
maintain the porous tube’s inner surface temperature below
374°C. T, was obtained by decreasing T, , step by step
until all inner surface temperatures of the porous wall were
below 374°C.

Both Ls‘lp and t decreased significantly when the cool-
ing effect was enhanced at low T, . As shown in Fig. 8(c),
LSu1D rapidly decreased from 0.424 to 0.129 m when T, , was
decreased from 300°C to 50°C, and ¢, decreased from 10.41
to 4.84 s. These findings indicated that low T, , were not
conducive for feed degradation, as confirmed by the prod-
uct properties. Fig. 8(d) shows that the concentrations of
both TOC, , and CO demonstrated a significant upward
trend when the T, , was decreased. The TOC , concentra-
tion of less than 20 ppm at T, , of 300°C rapidly increased to
212.0 ppm when T, , was decreased to 50°C. In addition, the
concentration of CO increased at an exponential rate as the
T, was decreased. The CO concentration of less than 0.01%

at above 250°C increased to 0.942% and 2.10% at T, , of 100°C
and 50°C, respectively.

4.5. The effect of the operating parameters

The effects of the key operating parameters (such as feed
concentration, feed flow, and F f/Fau) on the temperature con-
tours and the product properties are discussed in this section.
In addition, the interaction between the water film forma-
tion and the reaction for different operating parameters was
highlighted.
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Table 3

Critical parameters for water film formation at different conditions
No. F . (kg/h) F, (kg/h) FJF w, (Wt%) Y R T (°C) T, .0 L, (m) t.(s)
Al 9.0 4.0 0.44 25 1.5 1.2 550 198.1 0.364 8.43
A2 9.0 4.0 0.44 30 1.5 1.2 550 173.0 0.346 7.84
A3 9.0 4.0 0.44 35 1.5 1.2 550 148.6 0.331 7.01
A4 9.0 4.0 0.44 40 1.5 1.2 550 125.9 0.319 6.18
B1 10.0 2 0.2 30 15 12 550 182.5 0.361 6.88
B2 10.0 3 0.3 30 1.5 1.2 550 148.5 0.358 6.46
B3 10.0 4 0.4 30 15 12 550 118.3 0.351 6.18
B4 10.0 5 0.5 30 1.5 12 550 90.0 0.347 5.97
Cc1 6.0 2.4 0.4 35 1.5 1.2 550 184.0 0.387 14.31
C2 8.0 32 0.4 35 1.5 1.2 550 148.9 0.372 10.07
C3 10.0 4.0 0.4 35 1.5 1.2 550 117.2 0.368 7.46
C4 12.0 4.8 0.4 35 1.5 1.2 550 85.1 0.358 5.94
C5 14.0 5.6 0.4 35 1.5 1.2 550 54.0 0.350 4.61

4.5.1. Feed concentration

Figs. 9(a) and (b) show the temperature profiles of the
reactor center and the inner surface of the porous tube under
the operating conditions listed in Table 3 (A1-A4). The reac-
tion temperature rapidly increased as the feed concentration
was increased. The reaction temperatures were 594°C, 621°C,
659°C, and 689°C at feed concentrations of 25, 30, 35, and
40 wt%, respectively. In addition, the inner surface tempera-
ture of the porous tube increased correspondingly, and the
highest temperature increase was from 456°C to 512°C when
the feed concentration was increased from 25 to 40 wt%.

To investigate the interactions between the water film for-
mation and the reaction, we first obtained the values of T,
and the other parameters for the ideal water film formation
at different feed concentrations (Table 3, A1-A4). When the
feed concentration was 25 wt%, T wler WS 198.1°C, which then
decreased to 125.9°C when the feed concentration was 40 wt%.
The decrease in the T, decreased not only the inner surface
temperature of the porous wall for water film formation but
also the temperature of the reactor, thus reducing L _and £.

Figs. 9(c) and (d) show comparisons of TOC and CO as
functions of feed concentration at the same T, , of 300°C and
the corresponding T, . respectively. The concentrations of
TOC,, and CO decreased from 51.4 to 1.3 ppm and from
0.17% to 0.0003%, respectively, when the feed concentration
was increased from 25 to 40 wt% at the same T, . By contrast,
in the presence of a water film at the correspondmg T, . the
concentrations of TOC_  and CO were 77.6 ppm and 0.295%,
respectively, at a feed concentration of 25 wt%, and these
values rapidly increased to 299.8 ppm and 2.912%, respec-
tively, when the feed concentration was increased to 40 wt%
(Figs. 9(c) and (d)). These findings indicated that feed deg-
radation was further retarded at higher feed concentrations
when a water film was formed. A feed concentration of less
than 30% was determined for this reactor.

452.FJF,

Although a higher F/F  corresponded to a lower noz-
zle outlet temperature, the concentration of methanol at the

nozzle outlet increased as F/F, was increased at a constant
flow rate of auxiliary heat source [19]. Thus, the temperatures
of the reactor center and the inner surface of the porous tube
increased significantly when F/F, was increased (Figs. 10(a)
and (b)). The reaction temperature increased linearly when
F f/Fau was increased. The reaction temperatures were 557°C,
588°C, 615°C, and 639°C at F/F  of 0.2, 0.3, 0.4, and 0.5,
respectively, and the corresponding highest temperatures
of the inner surface of the porous wall were 448°C, 468°C,
487°C, and 504°C.

We first obtained the values of T, , . and the other param-
eters for the ideal water film formation at different FJF
(Table 3, B1-B4). T, . was 182.5°C at F/F,  of 0.2, which
decreased to 90°C when F/F  was mcreased to 0.5. The
decrease in the T, also decreased the temperature of the
reactor, thus reducing L_ ap and t_(Table 3, B1-B4).

Figs. 10(c) and (d) show comparisons of TOC_ and CO
as functions of F/F_ at the same T,  of 300°C and the corre-
sponding T, , ., respectlvely TOC,, and CO decreased from
123.6 to 3.9 ppm and from 0. 2656% to 0.0004%, respectively,
when F/F  was increased from 0.2 to 0.5 at the same T, .
The decrease in T, retarded the feed degradation, par-
ticularly at high F/F, . At the corresponding T, , . for water
film formation, when F/F , was 0.2, TOC_, and CO were
158.3 ppm and 0.567%, respectively, which rapidly increased
to 346.9 ppm and 2.569% when F/F  was 0.5. Thus, an F/F_

of less than 0.3 was considered appropriate for this reactor.

4.5.3. Feed flow

Higher feed flows resulted in higher temperature profiles
of the reactor center and the inner surface of the porous wall,
as shown in Figs. 11(a) and (b). T, , was 184.0°C at a feed
flow of 2.4 kg/h, which decreased to 54.0°C when the feed
flow was increased to 5.6 kg/h. The decrease in the transpir-
ing water temperature also decreased the temperature of the
reactor, thereby reducing L and ¢ _(Table 3, C1-C5).

Figs. 11(c) and (d) show comparisons of TOC_, and CO
as functions of feed flow at the same T, , of 300°C and the
corresponding T, respectively. TOC  and CO slightly

twl,cr/ ut
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increased from 8.5 to 82.9 ppm and from 0.005% to 0.28%,
respectively, when the feed flow was increased from 2.4 to
5.6 kg/h at the same T, ,. However, feed degradation was
further retarded at higher feed flows for lower T, , . At the
corresponding T, , . for water film formation, TOC_, and
CO were 13.9 ppm and 0.01%, respectively, when the feed
flow was 1.6 kg/h. TOC , and CO significantly increased
to 249.4 ppm and 3.489%, respectively, when the feed flow
was increased to 5.6 kg/h. Thus, the feed flow should be
less than 4 kg/h to facilitate water film formation and feed
degradation.

5. Conclusion

This study presented a CFD model of an inner preheat-
ing transpiring-wall reactor for SCWO oxidation. The reactor
has been successfully operated in previous experiments. The
numerical model was validated by comparing the experi-
mental data and simulated results (such as temperature pro-
files, aqueous and gaseous products, etc.).

The eddy in the nozzle mixing zone and at the nozzle
outlet indicated that the auxiliary heat source mixed with
oxygen and the feed, respectively. Therefore, a continuously
stirred tank reactor was probably formed in the upper part
of the reactor for the intense mixing and the heat transfer.
Meanwhile, a plug flow reactor was created in the lower
parts of the reactor for the uniform velocity contours.

The transpiring flow relation exerted an insignificant
effect on the temperature profiles, although T, signifi-
cantly influenced the temperature profiles inside the reac-
tor. The inner surface temperature of the porous tube was
critical to water film formation, and this temperature mainly
depended on T, ;. We defined T,  as the highest T, that
can maintain the porous tube’s inner surface temperature
below 374°C.

Increased feed concentration, feed flow rate, and
F/F  were found to be favorable for feed degradation at the
same T, . The T ,  for the ideal water film formation was
obtained by decreasing the temperature of twl step by step
until the inner surface temperature of the porous wall was
below 374°C. However, feed degradation was retarded at
low T, .. TOC , and CO increased significantly when the
feed concentration, feed flow rate, and F f/Fau were increased
at the corresponding T, . for water film formation.

The simulation results provided insight into the water
film formation and product properties of the present inner
preheating transpiring-wall reactor. Water film formation
and feed degradation were mutually exclusive for the present
reactor structural parameters. Thus, only a small processing
capacity (lower feed flow, feed concentration, or F f/Fau) can be
allowed in this reactor. Nonetheless, the findings of this work
can serve as guide for parallel works that will evaluate the
effects of structural parameters on the reactor performance.
Optimized structural parameters and operating parameters
can be obtained by combining the findings of these works to
establish the appropriate reactor design criteria.
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Symbols

a — Coefficient in Peng-Robinson equation

b, — Coefficient in Peng-Robinson equation

C, — Specific heat, J/kg K

CFD — Computational fluid dynamic

D — Mass diffusivity, m?%/s

E — Energy, |

E, — Total fluid energy, |

E, — Total solid medium energy, ]

f — External body forces, N

F — Mass flow rate, kg/h

g — Acceleration due to gravity, 9.8 kg/s?

G, — Generation of turbulence kinetic energy due
to buoyancy

G, — Generation of turbulence kinetic energy due
to the mean velocity gradients

H — Height, m

h? — Enthalpy of formation of species i

h, — Spepﬁc enthalpy of species j

I — Unit tensor

k — Turbulent kinetic energy

] — Diffusion flux, kg/m?*s

k. — Effective thermal conductivity in the porous
medium, W/m K

k, — Thermal conductivity for the fluid phase,
W/m K

k, — Thermal conductivity for the solid medium,
W/m K

L — Length, m

M — Molar mass, kg/mol

N, — Number of species

P — Pressure, Pa

r — Reaction rate; radius, m

R — Universal gas constant, 8.3145 kJ/mol

R, — Transpiring flow relation

S — Modulus of the rate of strain tensor

Sk — Fluid enthalpy source term

S, — Sources of energy due to chemical reaction

S, — ith the source term for porous media
momentum equation

5,8, — User-defined source terms

SCWO — Supercritical water oxidation

t — Time, s

T — Temperature, °C

T — Reduced temperature

Ttwl,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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— Contribution of the fluctuating dilatation in
compressible turbulence to the overall dissi-
pation rate

— Permeability, m?

— Inverse effective Prandtl numbers for k, o, =1.39

— Inverse effective Prandtl numbers for ¢,
a =139

— Inertial resistance factor, m

— Stoichiometric oxygen excess

— Constant characteristic of component

— Turbulent dissipation

— Molecular viscosity, Pa s

— Fluid density, kg/m

— Stress tensor, N

— Transpiring intensity

— Porosity of the medium

— Feed concentration, mass fraction, wt%

— Acentric factor

Subscripts

au
C
cr

f

ox
r
sup
twl
tw2

— Auxiliary heat source

— Carbon

— Critical

— Feed

— Oxygen

— Reaction

— Supercritical

— Upper branch of transpiring water
— Middle branch of transpiring water
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