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A B S T R A C T

Transpiring-wall reactors with hydrothermal flames are effective in preventing corrosion and salt deposition
in supercritical water oxidation systems. To uncover the not-well-understood evolution characteristics of the
hydrothermal flame surrounded by a transpiring water film, a 2-D unsteady simulation is firstly conducted in
this study. The transient results show that the variations of flow fields and flame shapes are attributed to the
competition between inertial forces and buoyant forces. And the quasi-steady results present that high feed
concentration may damage transpiring wall and delay the evolution of hydrothermal flames. In addition, a
low feed temperature or a big flow area of jet can lead to open hydrothermal flames, which adversely affect
the reactor. Furthermore, Froude Number, Fr, shows effectiveness in predicting quasi-steady flame shapes. For
large-Fr conditions, the inertial force outweighs the buoyant force and hence closed flames are developed;
while for low-Fr cases, open flames are developed.
1. Introduction

The supercritical water oxidation (SCWO) system is an efficient
approach to degrade organics in wastewater. SCWO denotes oxidations
that are carried out in supercritical water (SCW). At supercritical state
(𝑃 > 22.1 MPa, 𝑇 > 374.3 ◦C), the liquid–gas interface disappears [1];
water behaves as a non-polar solvent, which is completely miscible
with non-polar organic compounds and gases such as O2, CO2, and
N2 [2]. Thus, the SCWO system is a homogeneous reaction system
that only involves a single fluid phase without any interfacial mass
transport limitations among organic compounds, oxygen, and SCW [3].
The main problems that hinder the commercialization of SCWO are
corrosion and salt deposition [4]. The transpiring-wall reactor (TWR)
is a promising solution to these problems. In the TWR, an outer vessel
is used to resist pressure, and a coaxial inner porous tube is used to
resist high temperature and corrosive substances. Transpiring water
(TW) is injected from the outer vessel radially to form a water film
on the porous inner tube. The water film can dilute corrosive salts and
cool down nearby high-temperature stream [5]. However, unexpected
salt precipitating and coking will occur in the preheating section of the
TWR when high temperature (400 ◦C to 550 ◦C) is required to preheat
the feed [6]. The fouling generated in the preheating section is harmful
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to heat exchangers and electrical heaters, and may lead to logging and
shut-down of the system.

The introduction of a hydrothermal flame to the TWR is an effec-
tive solution to solve the preheating problems and enhance the feed
degradation [7,8]. The hydrothermal flame, which is defined as the
flame produced in the SCW [9], behaves as an internal heat source that
allows the feed to be preheated inside of the reactor, and hence avoids
the coking and plugging issues in the preheating section. In terms of
the feed degradation, the hydrothermal flames take place at a higher
temperature (650 ◦C to 1200 ◦C) in comparison to the mild reaction
temperature (400 ◦C to 600 ◦C) for the tradition SCWO and thus
require shorter residence time (10 ms to 100 ms) to achieve complete
degradation of organics matters [9]. Therefore, the TWR containing
the hydrothermal flame shows high industrial value in the organic
wastewater treatment, especially for wastewater with high salinity or
high solid content.

Ignition and extinction are critical to the safe and reliable operation
of the hydrothermal flame [11–13]. However, experimental measuring
and imaging of the hydrothermal flame are very difficult because
of the harsh reaction environment. Therefore, only a few relevant
experiments have been conducted in the literature. Wellig et al. [14]
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Nomenclature

Symbols

1∕𝛼 Viscous coefficient, 2.5 × 1011 in axial
direction, 2.5 × 1014 in radial direction,
[1∕m2]

𝛽 Inertial coefficient, 9 × 105 in axial
direction, 9 × 108 in radial direction, [1∕m]

𝜒 Porosity of the medium, 0.4
𝛿𝑖𝑗 Kronecker Delta
�̇� Enthalpy flow rate, [J/s]
�̇� Mass flow rate, [kg/s]
𝜆 Thermal conductivity, [W∕m K]
𝜇 Molecular viscosity, [kg∕m s]
𝜇t Turbulent viscosity, [kg∕m s]
𝜔 Mass fraction
𝜌 Density, [kg∕m3]
Prt Turbulent Prandtl number, 0.85
Sct Turbulent Schmidt number, 0.7
𝜎𝜀 Turbulent Prandtl numbers for 𝜀
𝜎𝑘 Turbulent Prandtl numbers for 𝑘
𝜀 Turbulent dissipation rate, [m2∕s3]
𝐶𝜇 A variable in Realizable 𝑘−𝜀 model, which

is computed based on the mean strain
and rotation rates, the angular velocity
of the system rotation, and the turbulent
dissipation rate

𝑐𝑃 Specific heat, [J∕kg K]
𝐷m Mass diffusivity, [m2∕s]
𝐷T Thermal diffusion coefficient, [m2∕s]
𝐸 Total energy, [J∕kg]
𝑔 Gravitational constant, [m∕s2]
𝐺𝑏 Generation term of 𝑘 due to buoyancy,

[W∕m3]
ℎ Specific sensible enthalpy, [J/kg]
ℎ0c heat of combustion of CH3OH, [J/kg]
𝐼 Unity tensor
𝑘 Turbulent kinetic energy, [J∕kg]
𝐿 Characteristic length, [m]
𝑝 Static pressure, [Pa]
𝑅 Radial distance, [m]
𝑆R Net rate of production due to chemical

reaction, [kg∕m3 s]
𝑇 Temperature, [K]
𝑡 Time, [s]
𝑢 Velocity, [m∕s]
𝑊AJI Width of the annular nozzle, [m]
𝑋 Axial distance, [m]
𝑦+ Non-dimensional wall distance
𝑌𝑀 Contribution of fluctuating dilatation in

compressible turbulence to overall dissipa-
tion rate, [W∕m3]

𝐺𝑘 Generation term of 𝑘 due to mean velocity
gradients, [W∕m3]

Fr Froude Number

investigated extinction characteristics of methanol solution in the TWR.
The results indicated that the extinction temperature sharply decreases
with increasing feed concentration. Bermejo et al. [15] and Zhang
2

Subscripts

 Reactants
𝑛 Species 𝑛
eff. Effective
f Fluid
noz Nozzle
s Solid
top Top region

Abbreviations

AJI Annular-jet inlet
CJI Central-jet inlet
CV Control volume
EWT Enhanced Wall Treatment
OER Oxygen excess ratio
SCW Supercritical water
SCWO Supercritical water oxidation
TW Transpiring water
TWR Transpiring-wall reactor
URANS Unsteady Reynolds-averaged Navier–Stokes

et al. [16] reported the effectiveness of nozzle structure optimization in
reducing the extinction temperature. Cabeza et al. [17] pointed out the
prerequisite for the hydrothermal flame formation in a tubular reactor,
which is the supercritical temperature of feed, and good stability of the
hydrothermal flame in a vessel reactor due to back mixing effect. In
comparison to measurement, the direct observation of the hydrother-
mal flame is more expensive, which generally requires a sapphire
window and a high-speed camera. Serikawa et al. [18] obtained images
of the isopropanol hydrothermal flame from ignition to extinction and
acquired concentration conditions for hydrothermal flame formation.
Sobhy et al. [19] used methanol and air to generate a laminar reverse
diffusion flame and studied the influence of hydrothermal flame on
the formation of nitrogen oxides (NO𝑥). Hicks et al. [20] found that
ignition generally occurred in downstream where ethanol and air were
fully mixed, and the flame gradually intensified after stabilizing from
the burner outlet.

Due to the limitations of experimental methods, numerical simu-
lation becomes an indispensable tool to study flames at supercritical
state [21–23]. To date, some studies analyzed the characteristics and
mechanisms of hydrothermal flames. Ren et al. [24,25] established a
detailed chemical kinetic model of methanol and investigated effects
of turbulence on structures of the hydrothermal flame. Song et al. [26]
conducted a direct numerical simulation on the auto-ignition process
in the non-premixed hydrothermal flames and reported the lack of
rich premixed branches in the hydrothermal flame. The same authors
in another study [27] found that the hydrothermal flame is mainly
stabilized by spontaneous combustions. The authors also claimed that
the contribution of flame propagation to flame stability increases with
time and oxidant temperature. Reddy et al. [28] indicated that the
inertia force and the buoyant force under high velocity can reduce
ignition delay of the hydrothermal flame.

Whereas, studies on the hydrothermal flame in the TWR are rarely
found in the literature. Via experiments, Zhang et al. [29] indicated
that interactions between the hydrothermal flame and TW greatly affect
the feed degradation and stability of the hydrothermal flame in the
TWR system. Two numerical studies [30,31] revealed the complex heat
and mass transfer phenomena induced by the interactions between
radial TW and axial reactive fluids. However, the previous numerical
studies only focused on steady state conditions and neglected gravity.
Thus, there is a lack of numerical investigations on the transient
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Fig. 1. Experimental rig of TWR [10].
Fig. 2. Illustration of model geometry and real-size meshes. Colored regions include annular jet ( ), central jet ( ), transpiring-water region ( ), reaction region ( ), porous media
( ), outlet channel ( ), and solid ( ). Marked boundaries include five inlets — annular jet inlet (AJI), central jet inlet (CJI), transpiring water inlet 1 (TW1), TW2, and TW3, one
outlet, and central (symmetrical) axis. Unmarked boundaries are reactor walls.
formation and evolution characteristics of the hydrothermal flames in
the TWR. To fill the research gap, a transient numerical simulation is
firstly conducted on the hydrothermal flames inside an TWR in this
work. Details and limitations of the numerical model are presented in
Section 2; formation and evolution characteristics of the hydrothermal
flame are investigated in Section 3.1; effects of nozzle structure, feed
temperature, and feed concentration on the flame shape are evaluated
in Sections 3.2 and 3.3. Conclusions are summarized in Section 4.
3

2. Numerical method

2.1. Model geometry

The experimental set-up and the structure diagram of the inves-
tigated TWR are shown in Fig. 1. The reactor mainly consists of
a concentric nozzle, a porous tube, two retaining rings, a pressure
shell, and three TW inlets. Oxygen and the feed are injected into the
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Table 1
Summary of governing equations [32].

Governing equations of fluids

Continuity 𝜕𝜌
𝜕𝑡

+ 𝜕
𝜕𝑥𝑖

(

𝜌𝑢𝑖
)

= 0

Momentum
𝜕
𝜕𝑡

(

𝜌𝑢𝑖
)

+ 𝜕
𝜕𝑥𝑗

(

𝜌𝑢𝑖𝑢𝑗
)

=

− 𝜕𝑝
𝜕𝑥𝑖

+ 𝜕
𝜕𝑥𝑗

[

𝜇
(

𝜕𝑢𝑖
𝜕𝑥𝑗

+ 𝜕𝑢𝑗
𝜕𝑥𝑖

− 2
3
𝛿𝑖𝑗

𝜕𝑢𝑙
𝜕𝑥𝑙

)]

+ 𝜕
𝜕𝑥𝑗

(

−𝜌𝑢′𝑖𝑢
′
𝑗

)

+ 𝜌𝑔𝑖 + 𝑓𝑖

−𝜌𝑢′𝑖𝑢
′
𝑗 = 𝜇t

(

𝜕𝑢𝑖
𝜕𝑥𝑗

+ 𝜕𝑢𝑗
𝜕𝑥𝑖

)

− 2
3

(

𝜌𝑘 + 𝜇t
𝜕𝑢𝑘
𝜕𝑥𝑘

)

𝛿𝑖𝑗 , 𝑓𝑖 = 0

Energy
𝜕
𝜕𝑡
(𝜌𝐸)+ 𝜕

𝜕𝑥𝑖

[

𝑢𝑖(𝜌𝐸 + 𝑝)
]

= 𝜕
𝜕𝑥𝑗

[(

𝜆 + 𝑐𝑃 𝜇t

Pr𝑡

)

𝜕𝑇
𝜕𝑥𝑗

−
(
∑

𝑛 ℎ𝑛𝐽𝑗𝑛
)

+ 𝑢𝑖
(

𝜏𝑖𝑗
)

eff .

]

𝐸 = ℎ − 𝑝
𝜌
+ |𝑢|2

2
, ℎ = ∫ 𝑇

298.15K 𝑐𝑃 𝑑𝑇 ,
(

𝜏𝑖𝑗
)

eff . = 𝜇eff .

(

𝜕𝑢𝑗
𝜕𝑥𝑖

+ 𝜕𝑢𝑖
𝜕𝑥𝑗

)

− 2
3
𝜇eff .

𝜕𝑢𝑘
𝜕𝑥𝑘

𝛿𝑖𝑗
Mass transfer 𝜕

𝜕𝑡

(

𝜌𝜔𝑛
)

+ 𝜕
𝜕𝑥𝑖

(

𝜌𝑢𝑖𝜔𝑛
)

= 𝜕𝐽𝑗𝑛
𝜕𝑥𝑗

+ 𝑆R

Species model
(Fick’s law)

𝐽𝑗𝑛 =
(

𝜌𝐷m,𝑛 +
𝜇t

Sc𝑡

)

𝜕𝜔𝑛

𝜕𝑥𝑗
+ 𝐷T,𝑛

𝑇
𝜕𝑇
𝜕𝑥𝑗

Turbulence
model
(Realizable
𝑘 − 𝜀)

𝜇t = 𝜌𝐶𝜇
𝑘2

𝜀
𝜕
𝜕𝑡
(𝜌𝑘) + 𝜕

𝜕𝑥𝑗

(

𝜌𝑘𝑢𝑗
)

= 𝜕
𝜕𝑥𝑗

[(

𝜇 + 𝜇t

𝜎𝑘

)

𝜕𝑘
𝜕𝑥𝑗

]

+ 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀
𝜕
𝜕𝑡
(𝜌𝜀)+ 𝜕

𝜕𝑥𝑗

(

𝜌𝜀𝑢𝑗
)

= 𝜕
𝜕𝑥𝑗

[(

𝜇 + 𝜇t

𝜎𝜀

)

𝜕𝜀
𝜕𝑥𝑗

]

+𝜌𝐶1𝑆𝜀−𝜌𝐶2
𝜀2

𝑘+
√

𝑣𝜀
+𝐶1𝜀

𝜀
𝑘
𝐶3𝜀𝐺𝑏

𝐶1𝜀 = 1.44, 𝐶2 = 1.9, 𝐶1 = max
[

0.43, 𝜂
𝜂+5

]

, 𝜂 = 𝑆 𝑘
𝜀
, 𝑆 =

√

2𝑆𝑖𝑗𝑆𝑖𝑗 , 𝛿𝑘 =
1.0, 𝛿𝜀 = 1.2

Momentum source
(for porous media)

𝑓𝑖 = −
(

𝜇
𝛼
𝑢𝑖 +

1
2
𝛽𝜌|𝑢|𝑢𝑖

)

Energy equations
(for porous media)

𝜕
𝜕𝑡

[

𝜒𝜌f𝐸f + (1 − 𝜒)𝜌s𝐸s
]

+ 𝜕
𝜕𝑥𝑗

[

𝑢𝑖
(

𝜌f𝐸f + 𝑝
)]

=
𝜕
𝜕𝑥𝑗

[

𝜆eff .
𝜕𝑇
𝜕𝑥𝑗

−
(
∑

𝑛 ℎ𝑛𝐽𝑗𝑛
)

+ 𝑢𝑖
(

𝜏𝑖𝑗
)

eff .

]

w
r

reactor via the central nozzle and annular nozzle, respectively. Low-
temperature water flows into the reactor via the TW inlets to protect
the shell from high-temperature mainstream. The porous tube separates
the TW region and reaction region. The pressure shell withstands
the high pressure inside the reactor. The retaining rings support the
structures. The detailed specifications of the reactor are presented in
Table A.1 [10].

To numerically investigate the heat and mass transfer inside the
TWR, a 2-D axisymmetric model (Fig. 2) was developed considering
negligible variations in circumference. In Fig. 2, different flow regions
are colored differently and interior boundaries are marked by thick-
ened lines. All the outer walls were set with the thermally adiabatic
boundary conditions (BC) since the reactor was covered by thermal
insulation material during experiments. The reasons for highlighting
the ‘top region’ and the ‘below-nozzle region’ will be discussed in
Section 3. Additionally, all the five fluid inlets were modeled with
prolonged channels to smooth out temperature gradients adjacent to
the inlets. With this approach, unrealistic conductive heat loss from the
computational domain could be avoided at the inlet boundaries (when
compare with the open-inlet boundary conditions).

2.2. Numerical mesh

The numerical mesh structure is illustrated in Fig. 2. Triangle
meshes are used for the TW region, the reaction region, and the solid
region. Orthogonal meshes are used for the near-wall regions, the fluid
channels (central jet, annular jet, and the outlet channel), and the
porous media. It is noteworthy that the mesh of the porous media
should be carefully designed to avoid divergence of the simulation in
this case. As shown in Fig. 2(c), finer meshes (edge size at around
0.5 mm) are used in the upstream (𝑥 < 0.375 m) of the reaction
region to capture sufficient flow details. In addition, the meshes near
the nozzle are further refined (Fig. 2(a)). While for the TW region and
downstream (𝑥 > 0.375 m) of the reaction region where velocities are
small, coarser meshes with an edge size of around 2 mm are used. To
improve the mesh quality at corners, some sharp corners are blunted
(Fig. 2(b)).

To consider the turbulent effects in boundary layers, the wall func-
tion ‘Enhanced Wall Treatment ’(EWT) [32] was selected to model
near-wall regions because it adapts to cases with small (𝑦+ < 3) or
large (𝑦+ > 30) thickness of the first near-wall mesh. Here, 𝑦+ is
4

the dimensionless distance to the wall according to the logarithmic
law of the wall. As for the mesh, quadrilateral inflation layers were
adopted for the near-wall regions. For the near-wall regions near the
nozzle (Fig. 2(a)), the wall-adjacent meshes were placed at 𝑦+ < 3 to
resolve viscous sub-layers. For the near-wall regions far from the nozzle
(Fig. 2(d)), the wall-adjacent meshes were placed at fully-turbulent
outer region (𝑦+ > 30) to save computational cost. During transient
simulations, the 𝑦+ values of the wall-adjacent meshes are changing
before steady state. When the 𝑦+ values of some wall-adjacent meshes
sometimes fall in 3 < 𝑦+ < 10 (the buffer layer), other wall functions
will perform ineffectively while the EWT will give a reasonable near-
wall velocity profile [32]. Furthermore, the overall meshes are refined
to pass the grid independence test, which are presented in Table A.2
and Fig. A.1.

2.3. Governing equations

Continuity and conservation equations were solved for momentum
transport, heat transfer and mass transfer in the reactor. Fick’s law
was used to model the species transport and ‘realizable 𝑘 − 𝜀 model’

as adopted to model turbulence since it shows superior accuracy in
ound-jet simulations when compared with ‘Standard 𝑘−𝜀 model [32]’.

For the porous media, the pressure loss and heat and mass transfer
within the porous media were considered. All governing equations are
summarized in Table 1. Details on modeling of chemical reaction and
thermal properties are presented below.

2.3.1. Chemical reaction model
The oxidation of methanol was modeled as a one-step reaction:

CH3OH + 1.5O2 → CO2 + 2H2O. (1)

Eddy Dissipation Model [33] (EDM) was adopted to simulate the
interaction between the turbulence and chemical reactions in the re-
actor, which contributes to the source term 𝑆R in the mass transfer
equation. The EDM assumes that the reactions are very fast while the
turbulence mixing is relatively slow. Thus, the reaction rate is limited
by the turbulence mixing rate. With the EDM, Arrhenius reaction rates
are not calculated while the reaction rates are estimated based on the

turbulence field (𝑘 and 𝜀).
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2.3.2. Thermal properties
For each considered thermal property 𝛷, it is dependent on local

temperature and pressure,

𝛷 = 𝛷 (𝑇 , 𝑃 ) . (2)

In this study, the operating pressure of the reactor fluctuates between
22.5 MPa and 23.5 MPa, while the temperature is in the range between
300 K and 900 K. Therefore, the thermal properties of species vary more
with the temperature variation than the pressure variation. Thus, we
adopted the Low Mach Number Assumption [34,35], which assumes
the thermal properties of species are functions of temperature at con-
stant pressure (𝑃0 = 23 MPa) with negligible effects of pressure change.
Hence, the thermal properties are determined as

𝛷 = 𝛷
(

𝑇 , 𝑃0
)

. (3)

In this study, thermal properties (𝜌, 𝑐𝑃 , 𝜆, and 𝜇) of H2O, CO2, O2,
and CH3OH was linearly interpolated based on NIST database [36], as
shown in Fig. A.2. The interpolated thermal properties of H2O, CO2,
and O2 are in the range from 273 K to 1773 K, and those of CH3OH
are in the range from 273 K to 930 K. Such temperature ranges are
sufficient to cover the temperature variations in the reactor.

2.4. Simulation settings

A commercial CFD software, Ansys Fluent, was used for the nu-
merical simulations. The pressure-based solver with double precision
was adopted. PISO scheme was applied for the pressure-velocity cou-
pling. PRESTO! scheme, which suits problems with gravity effects, was
adopted for the spatial discretization of the pressure term. Second Order
Upwind scheme was selected for the discretization of momentum,
energy, and species transport equations. First Order Implicit scheme
was used for transient formulations. To alleviate numerical fluctuations
due to buoyancy, a non-reactive case was simulated until steady-state
and then the steady-state result was used as the initial condition of
the consecutive transient reactive simulations. The boundary condition
(BC) differences between the non-reactive case and the reactive case
are only reflected by the species concentrations at the inlets. In the
non-reactive case, pure water is injected into the reactor, while in the
transient reactive case, the injections are methanol and oxygen. When
the residuals of continuity and momentum equations are lower than
10−5, the residual of energy equation is at the order of 10−9, and
the monitored velocity is stable, the simulation at present time step
is considered to be converged. With this criteria, a time-step size of
0.01 s was adopted for the transient simulation to balance accuracy and
computational cost. For the simulation time, a computer with a 6-core
3.2 GHz CPU takes around 2 weeks to finish a 70-second simulation
case.

2.5. Validation

Experimental data was acquired from the pilot-scale reactor pre-
sented in our previous work [10]. In this study, temperature was
measured along the central axis of the reactor by a ten-point thermal
couple every 10 s. The ten-point thermal couple was inserted into the
center of reactor and protected by a thin steel tube. The temperature
of the outlet stream was measured by a separate thermal couple.
To validate the numerical model with the experimental data, flow
conditions (Table 2) of the validation case are consistent with those
of the experiment. The comparison between the simulation results and
the experimental data is shown in Fig. 3. In this comparison, the ‘0 s’ is
defined as the moment when the temperature at the central axis starts
to rise due to the reaction. The curves from the simulation and the
experiment have a qualitatively similar downward trend. In the flow
direction, experimental data shows that significant temperature drops
occur near two positions, i.e. 𝑋 = 0.4 m and 𝑋 = 0.72 m. Accordingly,
for the simulation results, there are also two significant temperature
5

Fig. 3. Validation of numerical model with experiment by comparison of central-axis
temperature. Lines represent simulation data at 0 s ( ), 10 s ( ), 20 s ( ),
30 s ( ), 70 s ( ), and 200 s ( ); symbols represent experimental data at
0 s ( ), 50 s ( ), 100 s ( ), 150 s ( ), 200 s ( ), and 250 s ( ).

drops at 𝑋 = 0.2 m and 𝑋 = 0.6 m, respectively. When analyzing
with respect to time, for the experimental data, the peak temperature
measured at the upstream of reactor rises from 623 K and stabilizes
at around 860 K in 250 s. While for the simulation results, the peak
temperature rises from 650 K and stabilizes at around 840 K in 70
s and the temperature varies at a very slow rate from 70 s to 200 s
(temperature variations after 200 s are negligible).

Although the simulation and experiment results are qualitatively
similar, the quantitative deviations do exist. The errors of simulation
may be attributed to the two sub-models for supercritical conditions,
i.e. the chemical reaction model and the turbulence model. For the for-
mer, we adopted a one-step reaction mechanism between CH3OH and
O2 because a multi-step reaction mechanism would be too computa-
tionally expensive and involve many uncertainties. Neglecting detailed
reaction mechanism may lead to inaccurate predictions of the ignition
time and the temperature of reaction products [37]. As for the turbu-
lence model, the inaccuracy of current RANS models for supercritical
cases has been reported in literature [38,39]. The inaccuracy of tur-
bulence model may lead to the inaccurate flow fields and turbulence
mixing rate. However, instead of pursuing a quantitative accurate sim-
ulation with high computational cost, this study aims at a qualitative
analysis of the hydrothermal flame in supercritical conditions. Based
on such a scope, the developed numerical model is sufficient to support
this study.

3. Results and discussions

To investigate the hydrothermal flame formation, a simulation with
intermediate operating conditions was conducted as a base case and
the corresponding flow conditions are listed in Table 2. Using the base
case as a reference, three series of simulations were designed to further
investigate the formation of hydrothermal flame. As shown in Table 3,
different simulation series have different feed temperatures (𝑇AJI, tem-
perature at annular jet inlet), mass concentrations of CH3OH in the
feed jet (𝜔CH3OH), and widths of the annular jet inlet (𝑊AJI), while
other variables (e.g. mass flow rates at inlets, 𝜔O2

, 𝑇CJI, 𝑇TW1, 𝑇TW2, and
𝑇TW3) were held consistent with the base case. Since conditions of the
validation case (Table 2) are similar to the base case, the validation case
is added into the following comparisons. In this section, we will analyze
the base case first and then analyze the effects of different variables.

3.1. Analysis of base case

Video S1 (contained in the supplementary material) and Fig. 4 show
the time-evolving development of the hydrothermal flame. From 3 s to
18 s, the reactor is at open-flame stage where the annular jet bends
outwards from the central axis after leaving the nozzle. At this stage, a
local hot spot appears at the corner of the annular jet and then becomes
a small open flame. The heated fluid flows upwards along the outer
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Table 2
Boundary conditions of inlets for validation case and base case (operating pressure is 23 MPa).

AJI CJI TW1 TW2 TW3 Wall Axis Outlet

Base Case

𝜔
CH3OH 0.06 0 0 0 0

Adiabatic
Non-slip Zero-flux 𝑃gauge = 0

H2O 0.94 0 1 1 1
O2 0 1 0 0 0

𝑇 [K] 660 298.15 630 515 298.15
�̇� [kg/s] 0.00292 0.00066 0.00455 0.00259 0.00469

Re 2188 3691 10636 3576 841

Validation Case

𝜔
CH3OH 0.04 0 0 0 0
H2O 0.96 0 1 1 1
O2 0 1 0 0 0

𝑇 [K]∗ 680 298.15 630 530 298.15
RSD𝑇

∗∗ 0.1% 0.1% 0.8%
�̇� [kg/s]∗ 0.00317 0.00057 0.00373 0.00237 0.00352
RSD�̇�

∗∗ 8.0% 18.8% 1.8% 2.7% 3.3%
Re 2445 3168 8707 3474 631

∗ Temperature and mass flow rate fluctuate during experiment, values adopted for boundary conditions are averaged over 250 s (interval of measurement is 10 s).
∗∗ RSD is relative standard deviation of measured values.
Table 3
Characteristic parameters of different simulation cases..

𝑇AJI [K] 𝜔CH3OH 𝑊AJI [mm] Re∗AJI OER∗∗

Base case 660 6% 1 2188 2.5

Series 1
Case 1 635 6% 1 950 2.5
Case 2 680 6% 1 2252 2.5
Case 3 700 6% 1 2223 2.5

Series 2
Case A 660 4% 1 2188 3.8
Case B 660 8% 1 2188 1.9
Case C 660 10% 1 2188 1.5

Series 3 Case i 660 6% 2 2051 2.5
Case ii 660 6% 3 1903 2.5

Validation case 680 4% 1 2445 3.0
∗ Reynold numbers are estimated by assuming 𝜔CH3OH = 0 and 𝜔H2O = 1.
∗ Oxygen excess ratio.

all of the nozzle and leads to a significant temperature rise at the
op region. From 18 s to 50 s, the reactor is at the transitional stage,
here the outwards bending annular jet gradually stretches inwards
nd slightly merges with the central oxygen jet. In addition, the volume
f flame increases and the temperature of the top region continues
o increase while the upward heated flow becomes slower. The 50
to 70 s is the closed-flame stage where the double concentric jets

re combining and gradually stretching downwards. In addition, as
he flame size, temperature, and velocity of the merged jet increase,
he hot fluid no longer flows upwards into the top region. To further
nderstand the phenomenon happening inside the TWR, the following
iscussions will specifically focus on the top region and below-nozzle
egion (defined in Fig. 2).

.1.1. Top region
Fig. 5(a) shows the velocity profile near the nozzle wall at the top

egion. The profiles before 50 s and after 50 s are quite different. Before
0 s, X-velocity is negative which means the fluid flows upwards along
he nozzle wall to the roof of the reactor. The reason for the upward
low is illustrated in Fig. 5(b), which shows the fluid temperature near
he nozzle is much higher than those at the nozzle wall (𝑅 = 0.125

m) and other positions at the same cross-section. The high-temperature
fluid has a lower density and hence flows upwards due to buoyancy.
However, as the average temperature of the top region (𝑇top) grows
and the average density (𝜌top) drops, at around 50 s, the hot fluid
below the nozzle no longer flows upwards to the top region. At this
stage, the 𝑇top is far higher than the temperature at the nozzle wall
(Fig. 5(b)). Hence, driven by buoyancy, the near-nozzle-wall fluid with
a high density turns around and flow downwards along the cold nozzle
wall. Thus, a positive X-velocity is observed after 50 s in Fig. 5(a).
6

3.1.2. Below-nozzle region
Three stages of the hydrothermal flame formation – the open-flame

stage, transitional stage, and closed-flame stage – show interesting
characteristics at the below-nozzle region. Fig. 6(a), 6(b) and 6(c)
present typical distributions of the O2 concentration, fluid density,
reaction heat, and velocity fields at the three stages, respectively. We
found that buoyancy plays an important role in the development of
hydrothermal flame.

At the open-flame stage, the oxygen concentration difference be-
tween the two sides of the annular jet is noticeable. Here, the side closer
to the central jet is defined as the inward side while the side further
away from the central jet is defined as the outward side. The oxygen
concentration at the inward side is over 60% while almost no oxygen
is at the outward side (Fig. 6(a) left panel). Hence, as shown in the left
panel of Fig. 6(c), strong reactions between CH3OH and O2 happen at
the inward side of the annular jet, while almost no reaction happens
at the outward side of the annular jet. The released reaction heat leads
to a high temperature between the annular jet and central jet, which
contributes to the formation of the hydrothermal flame. Thus, low
density at the inward side of the annular jet is observed in Fig. 6(b) left
panel. Due to the buoyancy, the low-density fluid tends to flow upwards
and impedes the downward development of the annular jet. Overall, the
strong buoyancy induced by the heated fluid and the comparably weak
inertial force of the annular jet lead to the open flame.

At the transitional stage, the bending annular jet entrains oxygen
from the inward side to the outward side (Fig. 6(a) middle panel).
The entrainment enhances the reaction intensity at the outward side
of the annular jet (Fig. 6(c) middle panel). The released reaction heat
increases the temperature and fluid expansion at the outward side. It is
the expanded low-density fluid gathering at the outward side (Fig. 6(b)
middle panel) that helps the annular jet to stretch downwards. The
hydrothermal flame gradually develops from an open flame into a
closed flame in this stage.

At the closed-flame stage, the oxygen concentration at the outward
side is still lower than that at the inward side(Fig. 6(a) right panel). The
reactive area (Fig. 6(c) right panel) increases because of better mixing
of the annular and central jets. However, the density (Fig. 6(b) right
panel) on the both sides of the annular jet is comparable, indicating
that the buoyancy acting on the annular jet is weakened. Overall, the
weakened buoyancy acting on the annular jet and the comparably
strong inertial force of the annular jet lead to the closed flame.

The average temperature over the radial direction from 𝑅 = 0 m
to 𝑅 = 0.125 m (width of the below-nozzle region) are calculated
to quantify the hydrothermal flame at the below-nozzle region. The
radially averaged temperature distribution along the 𝑋 axis is shown
in Fig. 7(a). If the hydrothermal flame core is defined as the position
where the max radial averaged temperature occurs, it is obvious that

the temperature and X-coordinate of the hydrothermal flame core
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Fig. 4. Numerical results of base case: temperature and velocity fields at different time steps.
grow with time. And steep temperature gradients exist near the nozzle
during the development of the hydrothermal flame. Furthermore, the
hydrothermal flame imposes a great effect on the porous wall which
is designed to protect the reactor. As shown in Fig. 7(b), after 30 s,
a high local temperature occurs in the porous wall. As time goes on,
the max temperature and temperature gradient continue to increase.
Even though the temperature in the porous wall is much lower than
that of the hydrothermal flame core, the resulted temperature gradient
7

is a noticeable problem that will lead to thermal stresses and shorten
the lifetime of the porous wall [8].

To reveal how the mixing of jets affect the temperature of the flame,
the radially averaged temperature of the below-nozzle region at 70 s is
shown in Fig. 8(a). Interestingly, there are two peaks of the radially
averaged temperature along the axial direction. One is close to the
nozzle (𝑋 = 0.1 m) while the other one is the global maximum (the
hydrothermal flame core) located at 𝑋 = 0.13 m. The velocity profiles at
different positions (Figs. 8(b)–8(e)) show the development of concentric
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Fig. 5. Numerical results of base case: (a) velocity and (b) temperature profiles at top region. Symbols represent simulation data at 10 s ( ), 20 s ( ), 30 s ( ), 40 s ( ), 50 s
( ), 60 s ( ), and 70 s ( ).
Fig. 6. Numerical results of base case: flow fields near nozzle at open-flame stage at 10 s (left panel), transitional stage at 21 s (middle panel), and closed-flame stage at 70 s
(right panel).
jets. For 𝑋 < 0.13 m, the concentric jets are separated while for 𝑋 ≥
0.13 m, the concentric jets merge into a combined jet due to the radial
momentum diffusion. The combination or separation of two concentric
jets has been illustrated by Chigier et al. [40]. Profiles at 𝑋 = 0.1005
m (Fig. 8(b)) display the ‘dead zones’ where the velocity is low. Hot
8

fluid accumulates in the ‘dead zones’ and leads to local hot spots at
𝑋 = 0.1005 m due to weak convection and buoyancy. Additionally, max
temperature occurs at 𝑋 = 0.13 m (Fig. 8(d)) where the two concentric
jets merge because of the good mixing of CH3OH and O2. As the
velocity and concentrations of reactants decrease, the fluid temperature
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Fig. 7. Numerical results of base case: temperature distribution in below-jet region and porous wall at 10 s ( ), 20 s ( ), 30 s ( ), 40 s ( ), 50 s ( ), 60 s ( ), and 70 s ( ).
Fig. 8. Numerical results of base case: temperature profiles ( ) and velocity profiles ( ) at 70 s. R-coordinate of the annual nozzle ( ) and central nozzle ( ) are
marked.
decreases in the downstream. Our simulation shows that the core of
hydrothermal flame occurs at the point where the fuel and oxygen are
fully mixed when fluids are injected in the gravity direction. Hicks
et al. [20]’s experiment also emphasized the importance of mixing by
showing that the ignition of supercritical hydrothermal flame happens
at the well-mixed point of fuel and oxygen when fluids are injected in
the opposite direction of gravity.

3.2. Effects of different flow conditions

In addition to the base case, three series of simulations (Table 3)
were conducted to analyze the effects of different flow conditions.
Fig. 9 shows the quasi-steady flame shapes under various conditions.
In this study, the quasi-steady state means when the radially average
temperature at 𝑋 = 0.13 m changes less then 0.1 K/s. After the quasi-
steady state, increasing simulation time makes little difference to the
flame structure. At the quasi-steady states of the base case, Case A, Case
B, Case C, Case 2, Case 3 and the validation case, the flame develops
to the closed-flame stage (see discussions in Section 3.1). However, the
other cases cannot develop into closed flames and eventually stay at the
open-flame stage. The flame shapes and flow conditions in Fig. 9 show
9

that either low 𝑇AJI or high 𝑊AJI can lead to open flames at quasi-steady
state.

When compared to closed flames, open flames may increase oper-
ational risks of the TWR. When holding 𝜔CH3OH and 𝑇AJI constant but
increase the flow area of the annular nozzle, the closed flame (base
case) will change to open flame (Case i and Case ii). The open flame
conditions tend to result in higher local temperature and temperature
gradient in the porous wall (Fig. 10(b)). The high temperature gradient
may induce thermal stress that would potentially impair the porous
wall. In addition, as shown in Fig. 10(c), the Case i and Case ii with
open flames tend to take longer time (i.e. 250 s) to reach quasi-steady
states in comparison to the base case which only takes 50 s. Thus, under
the same flow conditions, the start-up of the open-flame cases would be
slower than that of the closed-flame cases.

Apart from the 𝑊AJI, Figs. 10(a), 10(b), and 10(c) also show the
effects of 𝜔CH3OH and 𝑇AJI. By comparing the base case, Case A, Case
B, and Case C, it can be noticed that the increase of 𝜔CH3OH leads
to the higher overall temperature and steeper temperature gradient
in the reactor (Fig. 10(a)) and the porous wall (Fig. 10(b)). Since
the temperature is highly sensitive to the 𝜔CH3OH, the feed with high
𝜔 may be unsafe for the TWR. Fig. 10(c) indicates that increasing
CH3OH
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Fig. 9. Quasi-steady temperature and velocity fields of different cases.
𝜔CH3OH from 4% to 6% would accelerate the start-up process, while
the further increase of 𝜔CH3OH from 6% to 8% would significantly slow
down the start-up process. Moreover, the spikes of Case A and Case B in
Fig. 10(c) are caused by the transition from the open-flame stage to the
closed-flame stage. For the base case with 𝜔CH3OH = 6%, the transition
occurs at around 30 s, while for Case B with 𝜔 = 8% and Case
10

CH3OH
C with 𝜔CH3OH = 10%, the transition is delayed to 100 s and 120 s,
respectively.

As for the effects of 𝑇AJI, comparisons among the base case, Case
2, and Case 3 show that increasing feed temperature leads to an
overall temperature increase and shorter time to reach quasi-steady
state. While for the Case 1, the low 𝑇 leads to open hydrothermal
AJI
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Fig. 10. Comparisons among cases at quasi-steady state. Symbols represent different cases: base case ( ), Case A ( ), Case B ( ), Case C ( ), Case 1 ( ), Case 2 ( ), Case 3 ( ),
Case i ( ), Case ii ( ), and validation case ( ).
Fig. 11. Values of Fr for different cases with characteristic parameters
(𝑇AJI , 𝜔CH3OH ,𝑊AJI).

flames. The 𝑇AJI of Case 1 is 635 K which is lower than the critical
temperature (650 K), which contributes to a relatively low temperature
of the entire flow field. Although Case 1 imposes minimum threats on
the reactor and the porous wall, the low temperature implies a weak
reaction intensity, which compromises the oxidation efficiency.

The competition between the buoyant force and the inertial force,
which plays an important role in the ignition [28] and evolution (Sec-
tion 3.1.2) of hydrothermal flames, may explain the effects of 𝜔CH3OH,
𝑇AJI, and 𝑊AJI on the shapes of hydrothermal flames. Firstly, increasing
𝜔CH3OH increases the buoyant force since the higher 𝜔CH3OH will release
more reaction heat and result in a lower fluid density near the nozzle.
And the increased buoyancy may delay the open-to-closed transition
of the flame. Secondly, decreasing the feed temperature (𝑇AJI) reduces
the inertial force of the jet and hence leads to the open flame. This is
because the jet velocity is relative to the jet density when holding the
11
mass flow rates constant at the inlets, and the density is highly sensitive
to the temperature for trans-critical cases. For Case 1, the annular jet
with sub-critical 𝑇AJI has a high fluid density, a low velocity, and a low
inertial force. Thirdly, increasing 𝑊AJI is equivalent to increasing the
flow area of nozzle that reduces the inertial force of the annular jet and
hence leads to open flames.

3.3. Dimensionless analysis

Froude Number, Fr, is an effective dimensionless number to quantify
‘negative buoyant jet’ problems [41]. Reddy et al. [28] used the Fr
to describe the effects of the inertial force and the buoyant force on
the ignition delay of supercritical hydrothermal flames. In this section,
the Froude Number is developed to be a criterion for predicting the
shapes of hydrothermal flames. Such a dimensionless analysis will
quantitatively guide the design of the operating conditions to avoid
open flames inside the TWR.

As expressed in Eq. (4), Fr represents the ratio of the inertial force
of the annular jet to the buoyant force of the low-density reacted fluid
(the fluid heated by oxidation reactions),

Fr = 𝑢AJI

√

𝜌AJI
2𝐿

(

𝜌AJI − 𝜌
)

𝑔
, (4)

where the subscript AJI denotes parameters of the feed at the annular
jet inlet, 𝐿 denotes the characteristic length, which is the radius of the
porous tube in this case, and 𝜌 is the density of the reacted fluid.

Fr of each case is calculated based on the boundary conditions
(Tables 2 and 3) with the following assumptions.

• A constant pressure of 23 MPa is assumed in the reactor when
calculating the thermal properties of fluids.

• Since the mass faction of H2O is consistently over 80% before and
after reactions for all cases, the mass fraction of H2O is assumed
to be 100% for simplified calculations.
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Fig. A.1. Grid independence test. Solid lines represent velocities and the dotted lines represent temperatures; symbols represent different meshes: Mesh 1 ( ), Mesh 2 ({ ), Mesh
3 ( ), and Mesh 4 ( ). .
Fig. A.2. Piecewise linear interpolation of thermal properties of considered species. Lines represent properties from NIST dataset; symbols represent selected data points of CO2
( ), O2 ( ), CH3OH ( ), and H2O ( ).
• Since the temperature rise due to reaction only occurs at a narrow
region near the nozzles, only the mass flow rates of the annular
nozzle and the central nozzle are considered (mass flow rates of
TW are excluded) when calculating Fr.

With the assumptions mentioned above and the two-property rule, the
𝜌AJI in Eq. (4) can be determined by a given 𝑇AJI and the constant
pressure (23 MPa). Similarly, the 𝜌 can be determined by the pressure
and the enthalpy of the hot reacted fluid, ℎ , which can be calculated
12



as,

ℎ =
�̇�AJI

(

ℎAJI + 𝜔CH3OH ⋅ �̇�AJI ⋅ 𝛥ℎ0c
)

�̇�noz
, (5)

where 𝛥ℎ0c is the heat of combustion of CH3OH, �̇�noz is the net mass
flow rate of the annular and central nozzles, and ℎAJI is the enthalpy of
the feed determined by the given temperature, pressure, and species
compositions at the annular nozzle inlet. The 𝑢 in Eq. (4) can be
AJI
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Table A.1
Specifications of TWR [10].

Parameter Value

Reactor geometry
Material steel 321
Diameter and thickness of reactor vessel [mm] 𝜙114 × 17
Effective length of reactor [mm] 760
Diameter and thickness of reactor outlet [mm] 𝜙25 × 4.5

The porous tube geometry
Material steel 316 L
Diameter and thickness of porous tube [mm] 𝜙60 × 2.5
Length [mm] 750
Porosity [%] 42.7
Viscosity coefficient [m2] 6.2 × 10−12

Inertia coefficient [m] 3.2 × 10−8

Nozzle geometry
Diameter and thickness of inner tube [mm] 𝜙14 × 3
Length of inner tube [mm] 100
Diameter and thickness of outer tube [mm] 𝜙25 × 4.5
Length of outer tube [mm] 100

Injection tube for transpiring water
Diameter and thickness of injection tubes [mm] 𝜙14 × 3
Position for TW1 𝐻 = 0.170 m,angle= 0◦

Position for TW2 𝐻 = 0.435 m,angle= 120◦

Position for TW3 𝐻 = 0.625 m,angle= 240◦

∗ In this table, 𝐻 is the distance to the top of the reactor.

Table A.2
Mesh size for grid independence test (Mesh 3 is adopted for this study).

Edge size of grid [mm] Number of
elements

Upstream
(𝑋 < 375 mm)

Downstream
(𝑋 > 375 mm)

Mesh 1 2 2 45000
Mesh 2 1 1 77000
Mesh 3 0.5 2 139000
Mesh 4 0.2 0.5 454000

calculated as,

𝑢AJI =
�̇�AJI

𝜌AJI𝐴AJI
, (6)

here, 𝐴AJI is the flow area of the annular jet.
The Fr of each case is listed in Fig. 11. For cases with Fr lower than

.5, the buoyant force of the hot fluid outweighs the inertia force of the
nnular jet, so the hydrothermal flame is open. For cases with Fr larger
han 0.9, the inertia force of annular jet outweighs the buoyant force
f hot fluid, so the hydrothermal flame is closed. It should be noted
hat the threshold values of Fr given in this study is not general for
eal situations but specific to the current numerical model. Although
e cannot give an exact threshold value of Fr as a universal criterion

o predict the flame shape, the effectiveness of the Fr-based criterion
as been demonstrated.

. Conclusions

To provide insights of the fundamentals of the evolution and char-
cteristics of hydrothermal flame, a 2-D transient numerical analysis
n a supercritical water oxidation reactor with a transpiring wall was
erformed. The key conclusions are summarized as follow.

• At the beginning of reactions, upward flow occurs at the nozzle
wall since the hot fluid out of the nozzle is driven to the top region
by buoyancy. As time goes by, the temperature of the top region
becomes much higher than the nozzle wall, then downward flow
occurs at the nozzle wall due to gravity.

• In the below-nozzle region, the evolution of the hydrothermal
13

flame is divided into three stages: open-flame stage, transitional
stage, and closed-flame stage. The competition between the in-
ertial force of the jet flow and the buoyant force of the hot
fluids after absorbing reaction heat plays a critical role during the
evolution of the hydrothermal flame.

• The core of the hydrothermal flame appears at the place where
the two concentric jets are fully combined and mixed.

• By adjusting the feed temperature (𝑇AJI), the feed concentration
(𝜔CH3OH), and the flow area of the annular jet inlet (𝑊AJI), two
shapes of quasi-steady flame – the closed flame and the open
flame – are found. Compared to the closed flame, the open flame
may slow down the start-up process and increase operational risk
due to hot spots in the porous wall. Thus, open flames should be
avoided in real-life applications.

• The fluid temperature inside the reactor is highly sensitive to the
feed concentration (𝜔CH3OH). A high concentration of feed may
put the reactor at risk due to the high local temperature and steep
temperature gradient. A high concentration of feed may also delay
the transition from open-flame stage to closed-flame stage.

• The subcritical feed temperature (𝑇AJI) may result in an open
flame at quasi-steady state. When the feed temperature is above
the supercritical point, increasing the feed temperature leads to a
higher overall temperature and faster start-up of the reactor.

• The Froude Number, Fr (Eq. (4)), which compares the importance
of the inertial force and the buoyant force, is used to explain the
causes of the different shapes of quasi-steady flame at different
flow conditions. Dimensionless analysis shows that the open flame
occurs when Fr is low (the buoyant force outweighs the inertial
force). On the contrary, the closed flame occurs when Fr is
high (the inertial force outweighs the buoyant force). Moreover,
increasing feed concentration delays the open-to-closed transition
of flame because the increased reaction heat augments the buoy-
ant force of hot fluid. Similarly, decreasing feed temperature or
increasing flow area of the annular jet inlet leads to open flames
due to the decreased inertial force of the jet.

Looking forward, we have identified a couple of improvements
of the current work that shall be explored in future studies. Firstly,
a more advanced turbulence model could be explored to improve
the accuracy of modeling supercritical fluids. Secondly, computational
effective multi-step chemical mechanisms could be adopted to give
more accurate reaction rates. Thirdly, the effects of TW, which is not
considered in the dimensionless analysis of this study, could be further
investigated. Actually, according to [4,30], the mass flow rate and
temperature of the TW affect the thickness of the cold water film near
the porous wall, which may slightly change the characteristic radius
(the 𝐿 in Eq. (4)) of the porous tube. Such an effect could be considered
in a more generic dimensionless number in future works.
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Appendix A

Four cases with different upstream and downstream mesh sizes
(Table A.2) were designed for the grid independence test. The grid
independence test was conducted without gravity effects for fast con-
vergence to save computational cost. Fig. A.1 shows the result of
the grid independence test with temperature and velocity variations
along the central axis of the four cases. To balance accuracy and
computational cost, Mesh 3 (0.5 mm & 2 mm) was adopted for this
study.

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.supflu.2022.105692.
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