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Abstract

A deep understanding of the gasification behavior of porous char particle is the premise of
the reactor-scale modeling, but there are few studies on the gasification characteristics in
supercritical water. Thus, a numerical model for porous char particle gasification in super-
critical water was developed in this work, and the effects of particle size, inflow tempera-
ture and inflow velocity were studied. Simulation results showed that gasification of the
small particle of 0.1 mm lay in zone I regime where the particle radius kept unchanged
due to uniform reactions inside the particle and the effectiveness factor increased rapidly
after the gasification began due to easy accessibility of supercritical water into the particle.
The gasification of the large particle of 1 mm showed typical characteristics in zone II
regime that the particle began to shrink at a certain conversion degree, and smaller effec-
tiveness factor was observed due to larger supercritical water concentration gradient inside
the particle. As the increase of temperature and particle size, ambient fluid became dif-
ficult to flow through the unreacted core, and the Stefan flow was observed to obviously
modify the hydrodynamic boundary layer at low Reynolds number. Besides, it is unreason-
able to assume isothermal particle for gasification with large particle and high temperature
because of the significantly overestimated particle consumption rate.

Article Highlights

1. Numerical simulation was conducted on a porous char particle in supercritical water
with structural evolution;

2. Gasification of 0.1 mm and 1 mm particles, respectively, lay in kinetics and pore diffu-
sion-controlled regimes;

3. Stefan flow modified the hydrodynamic boundary layer obviously at low Reynolds num-
ber.
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1 Introduction

Coal accounts for the most proportion in the energy consumption of China due to its good
availability and low cost, and this situation will not be changed in the near future (Jiang
et al. 2019). Unfortunately, the conventional coal utilization is one of the main sources
of environmental concern because of its high emission of greenhouse gas, nitrogen and
sulfur oxides and dust (Yuan et al. 2018). For these reasons, the development of clean coal
technologies is important and practical. Owing to the excellent properties of supercritical
water (SCW) such as high reactivity, high diffusivity and high solubility for organic mat-
ters, coal can be converted into hydrogen-rich syngas in SCW under milder temperature
conditions compared with traditional gasification processes and the pollutant emission can
be inhibited from the source (Guo and Jin 2013; Li et al. 2022; Zhao et al. 2021). Thus, the
technology of supercritical water gasification (SCWQG) is believed to be an efficient, clean
and promising way for coal utilization.

Char particle consumption is the key step in the coal gasification/combustion process
because of its significantly lower rate than pyrolysis and the mass production of gas prod-
ucts; thus, special attention is usually paid to this process to reveal the detailed conver-
sion characteristics. The porous structure of char particle evolves in the conversion process,
which directly affects the species transport along the pores and reactions on the pore sur-
face. Therefore, char particle gasification is a complex coupling process of species trans-
port, heat transfer, chemical reaction and structural evolution. Extensive research has been
carried out to study the porous char conversion at particle scale, and numerical simulation
is an effective and necessary method to reveal the conversion details that are difficult to
obtain experimentally. The porous char was treated as one-dimensional structure for sim-
plification in some studies. Sadhukhan et al. (2010b) developed a model in-house to study
the combustion characteristics of a single porous char particle with high ash content, and
the effects of temperature, pressure and particle size were discussed. For comprehensive
predication of the gasification/combustion process, the model by Singer and Ghoniem
(2013) accounted for annealing, particle size reduction and ash adherence simultaneously.
Particularly, the adaptive random pore model was adopted to allow different pore to grow
at different rates. Despite the low computational cost, the one-dimensional models cannot
consider the convective effects which might not be ignored at high Reynolds number (Fan
et al. 2020). Beckmann et al. (2017) simulated the gasification process of a 5.2-mm char
particle in CO, at a particle Reynolds number of 140, using a two-dimensional axis-sym-
metric model. The calculated results fitted the experimental data well, and detailed struc-
tural evolution, temperature and species distribution characteristics were revealed. Tufano
et al. (2019) also presented a two-dimensional model for a single particle, in which heating,
ignition, volatile combustion and char conversion were all considered in convective gas
environments. In addition, some three-dimensional models based on the true char porous
structure were developed (Fong et al. 2018; Numazawa et al. 2020). True pore structure
can be resolved in these models when compared with the porous media based on effec-
tive-continuum assumption. However, the pore-resolved direct numerical simulation on the
porous particle required significantly higher computing capability and the energy equation
was even neglected in Numazawa’s model to reduce the computational load. Based on the
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extensive particle-scale studies, essential and useful information can be obtained for devel-
oping accurate particle conversion sub-models in reactor-scale modeling and simulation
(Zhang et al. 2016).

However, the previous studies all served the traditional combustion and gasification
processes, and the SCWG process was particularly poorly studied. Although some general
laws for particle conversion can be concluded from the existing work, the unique physi-
cal properties of SCW must be reconsidered for in-depth understanding of char particle
gasification characteristics in SCWG process. For example, the reactant concentration at
high pressure above 22.1 MPa is one to two orders of magnitude higher than that in con-
ventional combustion/gasification environment, thus avoiding the restriction of mass trans-
port on particle gasification. Besides, the characteristics of radiation and diffusion are also
affected. Thus, this paper aims to develop a specialized model with the unique properties
(density, specific heat, thermal conductivity and viscosity) of SCW implanted. Relevant
parameters of radiation (Ren et al. 2018), species diffusion (Zhao and Jin 2020) and reac-
tion kinetics (Su et al. 2016), which were obtained in our group and specifically used for
SCW conditions, are adopted in the model. A CFD-based 2D transient numerical model
coupling flow, heat transfer, species diffusion and chemical reactions is developed to reveal
the gasification details of a single porous char particle in SCW, and the effects of inflow
temperature, velocity and particle size are studied.

2 Modeling
2.1 Model Description

In the developed model in this work, a single spherical porous char particle is placed at a
fixed position in the flow field, with SCW flowing around it. The char particle is assumed
to consist carbon only, and its initial porosity and specific surface area are, respectively, 0.3
and 10° m?>m~. The computational domain is selected to be large enough compared to the
char particle to avoid blockage effects, and its size is shown in Fig. 1. A two-dimensional
axisymmetric model is used to describe the three-dimensional process, and the effect of
gravity is therefore neglected.

The velocity-inlet and pressure-outlet boundary conditions are, respectively, specified
for the inlet and outlet, and the adiabatic and slip wall boundary condition is used for the
side wall to ensure the inflow velocity to be uniform over the inlet cross section. For all
studied cases, the inflow temperature T, varies from 873 to 1023 K and the inflow pressure

Side wall

Inlet Outlet

Char r
: o n
15d ! 40d

Fig. 1 Schematic diagram of the computational domain
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is held at 25 MPa. The inflow velocity u;, is determined by the particle Reynolds number
ranging from O to 100 and is defined as:

Re = Pin Uin d

Hin o

where p;, and y;, are, respectively, the density and molecular viscosity of inflow SCW and
d is the particle diameter with a value of 0.1 or 1 mm for different cases. Specially, the
physical properties (density, specific heat, thermal conductivity and viscosity) of SCW are
calculated by IAPWS-IF97 (Wagner et al. 1997) and implanted in the model using piece-
wise polynomial functions of temperature.

For the initial conditions, the porous char is filled with CO, rather than SCW to avoid
the unrealistic high initial reaction rate and to simulate the process of reactant diffusion
into the particle. The initial temperature in the whole computational domain is set to be
equal to the inflow temperature.

2.2 Governing Equations
2.2.1 Governing Equations in Fluid Region

The general transient mass, momentum and energy conservation equations and species
transport equation are solved in the fluid region surrounding the particle. Specifically, the
mass and momentum conservation equations take the form:

dp _

5+V-(pu)—0 2)

d(pu)
ot

+ V- (puu)=—-VP+V - (1) 3)

where p, t, u, P stand for the fluid density, time, flow velocity and static pressure, respec-
tively. The stress tensor 7 is given by

T=ﬂ[(w+(W)T) —%V-ul] @)

with y as the molecular viscosity and 7 as the unit tensor.
The energy conservation equation and species transport equation write as:

3(ph) _ i
—5 V(o) =V - (AVT —gq,) - Z i ©)
W00 4V - (u) = V- (oD, YY) + R, ©)

with £ as the enthalpy and A as the thermal conductivity. The P-1 radiation model is
adopted to describe the gas—gas radiation and g, is the gas-phase radiation source. The radi-
ation absorption coefficient in SCW environment is obtained from the reference (Ren et al.
2018). h?, M, and R; stand for the enthalpy of formation, molecular weight and net produc-
tion rate, respectively, of species i. In the species transport equation, Y; denotes the mass
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fraction of species i, and D;,, is the mass diffusion coefficient of species i in the mixture
which is derived from the reference (Zhao and Jin 2020).

2.2.2 Governing Equations in Porous Particle Region

In the porous particle, both the effects of porosity and chemical reactions should be consid-
ered. The continuity equation takes the following form:

d(ep)
ot

+ V- (epu) =Sm @)
with ¢ as the porosity, and S, is mass source caused by carbon consumption.

The momentum conservation equation is written as:

2
6(3’;“) +V - (epur) = —eVP + V - (67) — %u (8)

where the third term on the right-hand side is the viscous loss term accounting for the
fluid—solid interaction. K is the permeability given by the Blake—Kozeny equation (Ergun
1952):

d’e’
K=—" 9
150 - (1 —¢)? ®
where d, is the average pore diameter and can be calculated with (Szekely 2012):
4e
dy= ¢ (10)

v

where S, is the surface area per volume and correlates with the carbon conversion X,
through the random pore model (Bhatia and Perlmutter 1980):

S, =801 =X)V1-win(l -X) (11)

where S, is the initial SSA and y is the pore structural parameter with a value of 4 in this
work. The carbon conversion X, is defined as:
£—gg

X =
¢ 1-g

12)

with g as the initial porosity.
The energy conservation equation and species transport equation, respectively, are writ-
ten as:

d(eph + (1 — €)pshy) h?
- +V - (epuh) =V - (AgVT) — Z MR,. (13)
d(epY;)
o +V.(epu¥))=V- (pDi’m’effVY,-) +R; (14)

where the subscript s represents the solid char, and the carbon true density is assumed to be
2000 kg-m~ here. A is the effective thermal conductivity defined as:
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Aer = €A+ (1 — ) A4 (15)

In the porous particle, the diffusion is affected by the pore structure, and the effective
mass diffusion coefficient for species i can be calculated by (Szekely 2012):

€

Di,m,eff = ;Di,m (16)

where y is the tortuosity which is assumed to be the reciprocal of porosity as y=¢"". Knud-

sen diffusion inside the porous particle was ignored because the molecule movement was

restricted at such a high pressure and the molecule average free path was sufficiently small
compared to the pore size.

2.3 Reaction Kinetics

Heterogeneous reactions R;, R, in porous char and homogeneous reactions Rs3, R, in the
whole computational domain are considered in this model, as seen below:

R,: C+H,0-5CO+H, (17
R,: C+ 2H,0 - CO, + 2H, (18)
R;: CO+H20ﬁ>c02+H2 19)
R,: CO, +H2£CO+H20 (20)

The reaction rate constant k; is calculated using the Arrhenius equation:

-E,;
%=%ﬁp<R;> @1

where A; and E,; are, respectively, the pre-exponential factor and activation energy for
reaction R;, and R is the universal gas constant. Kinetic parameters are based on Su’s work
(Su et al. 2016) as listed in Table 1.

The source terms R, in the species transport equation and S, in continuity equation can
therefore be expressed as:

Table 1 Kinetic parameters and volumetric reaction rate

Reactions Rate constants InA . E,; K] -mol™}) Volumetric
reaction rate R}
(mol'm=3s71)

R, k, -8.1678 27.76 ki Cyy, oSy
R, k, 12.3465 176.64 ks Cit,0Sy
R, ks 72192 96.83 k;CeoCiio
R, k, 112 133.06 kyCeo, C,
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- 4
R; = Z 8, ;MiR; (22)
7

Z carbon (23)

where 9, ; 1s the stoichiometric coefficient for species i in reaction Rj, and M, is the molecu-
lar welght of species i.

2.4 Discretization and Numerical Consideration

The computational domain in Fig. 1 was discretized by the finite volume method, and the
commercial software ICEM CFD was used to generate structured grids as seen in Fig. 2.
According to the concept of representative elementary volume (REV), the grid size in the
porous zone should be large enough compared to the pore size. Given the values of initial
porosity and specific surface area of respective 0.3 and 10° m*> m~ in Sect. 2.1, the ini-
tial pore diameter can be calculated as 1.2 pm using Eq. 10. To satisfy the above require-
ment, sufficiently sparse grids must be adopted, especially for the small particle of 0.1 mm.
Even so, the pore size keeps increasing in the gasification process and will finally become
larger than the grid size inevitably. Moreover, some important gasification details might be
lost using too sparse grids. Thus, the above limitation was ignored in this work, and fine
grids were used to capture the detailed information of temperature and species distribu-
tion inside the porous char particle. The commercial software ANSYS FLUENT 18.2 was
used to solve the problem above. The coupled algorithm was used for pressure—velocity
coupling, and convective terms in all equations were discretized using the second-order
upwind scheme. An initial time step of 1 ms was chosen for each calculation, and the time
step was increased gradually as the calculation tended to be stable.

It should be emphasized that the model validation with experimental results was not
attempted in this work. Under the strictly sealed environment with high temperature and
pressure, the traditional thermogravimetric method is invalid, and it is difficult to design
experiments to obtain the real-time changes in temperature and mass of a single char parti-
cle in SCW. In the existing batch SCWG reactor in our lab (Jin et al. 2018), the slow heat-
ing and cooling make the data obtained inaccurate, and it is impractical to conduct experi-
ments with a single particle. Fortunately, the validity of the basic modeling method in this

I
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III\HHI\HII||\||||||||||||||||||||||||||
[IIII\W\IH\III|\IIlIIIIIIIIIIIIIIIIIIIIIII
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Fig.2 Grid of the computational domain
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study has been experimentally confirmed with conversion of millimeter-sized char parti-
cles under traditional conditions (Beckmann et al. 2017; Bhunia et al. 2017; Sadhukhan
et al. 2010a), and these studies also provided valuable references for this paper. Here, we
performed a particle-resolved simulation to further develop a sub-model of char particle
gasification for reactor-scale modeling. The accuracy of the proposed sub-model will be
verified by comparing simulation results and experimental results of the SCW fluidized
bed gasifier in our laboratory (Fan et al. 2019).

3 Results and Discussion

Above all, the evolution of carbon conversion X, with time is displayed in Fig. 3. The
reactivity under different conditions was evaluated using the index Ry s (0.5/%5, and 7,5
is the gasification time when X, reaches 0.5) (Senneca and Salatino 2002). As the tem-
perature increased from 873 to 1023 K, R, 5 increased from 0.165 to 1.294 s™! and 0.018
to 0.052 s~! for the small and large particles, respectively, because of enhanced gasifica-
tion. It is well known that the porous char gasification shifts from kinetics controlled to
diffusion-controlled regime with the increase of temperature and particle size. To inves-
tigate the effect of convection under different regimes, the inflow velocity was adjusted
to obtain different Re for the small particle at 873 K and for the large particle at 1023 K,
respectively. The kinetics-controlled regime usually represents a uniform distribution of
temperature and species concentration inside the particle, so the promotion of convection
on heat and mass transport was limited. As shown in Fig. 3a, R0.5 increased just from
0.165 to 0.196 s~! when Re increased from 0 to 100. By contrast, the effect of convec-
tion in diffusion-controlled regime was obvious. As shown in Fig. 3b, R0.5 increased from
0.052 to 0.101 s™! with the same increase of Re. The char gasification characteristics under
different regimes will be further discussed in the following sections.

3.1 Species Distribution

Figure 4 shows the species mole fraction distribution inside the porous particle at the X,
of 0.5, and CO was not considered because of its low proportion in the produced gases. As

1.0 1.0
0.8 0.8
064 —— 873K, Re=0 064 —— 873K, Re=0
& —— 873K, Re=10 & —— 923K, Re=0
—— 873K, Re=25 —— 973K, Re=0
0.4 —— 873K, Re=50 0.4 ——1023K, Re=0
—— 873K, Re=100 ——1023K, Re=10
—— 923K, Re=0 ——1023K, Re=25
0.2 —— 973K, Re=0 0.2 ——1023K, Re=50
——1023K, Re=0 —— 1023K, Re=100
0.0 0.0+ ) ) ) i
0 2 4 6 8 10 0 20 40 60 80
t(s) t(s)
(a) (b)

Fig.3 Carbon conversion with time for particles of 0.1 mm (a) and 1 mm (b)
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Fig.4 Species mole fraction distribution along the x-axis at the X, of 0.5 (x*=x/rp’0, x and 1, respectively,

represent the abscissa value and initial particle radius)

expected, the SCW concentration declined from the outside to the inside when it entered
the particle, while the produced gases diffused outside of the particle with the opposite
concentration gradients. For the case in Fig. 4a, the concentration of SCW inside the par-
ticle was much higher than that of the produced gases due to the slow gas production at a
low temperature and the easy species diffusion inside a small particle. The mole fraction
of CO, and H, was less than 0.015 even at the center of the particle. As the temperature
rose to 1023 K, more gases were produced, but their concentrations were still obviously
less than SCW concentration, as shown in Fig. 4b. With the particle size increasing, more
SCW was further consumed when it entered deep into the particle and it was more difficult
for the produced gases to diffuse to the outside of the particle, as shown in Fig. 4c. As a
result, the CO, and H, concentration significantly increased, and the CO, mole fraction of
0.48 was even higher than the SCW mole fraction of 0.27 at the particle center. The effect
of convection is shown in Fig. 4d. After the external flow was imposed, an obviously asym-
metrical species concentration distribution was observed. On the upwind side, the SCW
mole fraction at Re of 50 was higher than that at Re of 0 due to mass transfer enhancement
by convection. Meanwhile, the heat transfer was also promoted which led to a higher parti-
cle temperature and faster SCW consumption. Thus, as the position got deeper into the par-
ticle, the SCW mole fraction at Re of 50 decreased rapidly and became lower than that at
Re of 0, with a minimum value of 0.1 at the particle center. Besides, it was noticed that the
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mole fraction of CO, was almost always higher than that of H, inside the particle, though
more H, was produced than CO, according to reactions R, _,, and this can be explained by
higher molecular diffusion coefficient of H,.

3.2 Structural Evolution

Char particle radius and apparent density are usually important real-time variables to be
acquired in the reactor-scale simulation of gasification/combustion process, and the devel-
opment of char particle conversion sub-models depends closely on the particle conversion
mode (Haugen et al. 2015; Kaushal et al. 2010; Rabagal et al. 2018). In zone I conver-
sion regime, the particle reacts uniformly throughout its volume, where the particle size
keeps unchanged and the apparent density varies proportionally to the particle conversion
degree. In contrast, in zone III conversion regime, the reaction primarily occurs at particle
periphery, where the particle radius varies to the one-third power of the particle conversion
degree and the apparent density keeps constant. Between the two extreme situations is the
zone II regime where both radius and apparent density change in the conversion process,
and the existence of species and apparent density gradients inside the particle makes the
conversion mechanism complicated and difficult to describe.

Here, we assume the particle shrinks when the local carbon conversion in the outermost
layer exceeds 0.99 and the equivalent spherical radius (radius of a sphere of equivalent
volume) is adopted for irregular spheres under convective conditions. The final evolution
of particle radius and apparent density with X_ is displayed in Figs. 5 and 6, respectively.
For the char particle of 0.1 mm, the particle radius remained unchanged until it sharply
decreased to O at the end of the gasification, while the apparent density decreased linearly
with the carbon conversion. Based on the above discussion, the small char particle gasifica-
tion can be thought to lie in zone I regime. Therefore, the particle radius can be assumed to
be constant for simulation of SCWG process in a fluidized bed reactor where the particle
size usually does not exceed 0.1 mm. For gasification of large char particle of 1 mm in the
zone II regime, it was observed that the particle radius began to decrease at a certain X,
and the apparent density no longer evolved linearly with X... In addition, when the tempera-
ture and Re increased, the gasification was promoted and the SCW had no time to diffuse
deeper into the particle, causing the reactions to occur mainly in the outer region and the

104 1.0
0.8 0.8
— 873K, Re=0 —— 873K, Re=0
—— 873K, Re=10 =
0.6- - 064 ——923K, Re=0
—— 873K, Re=25 _
. « —— 973K, Re=0
—— 873K, Re=50 -
- ——1023K, Re=0
0.44 —— 873K, Re=100 044 ——1023K, Re=10
—— 923K, Re=0 "Re=
—1023K, Re=25
02 — %%kRSZ?o 02{ T |oas R
. ) = . — 1023K, Re=100
0.04 0.0
00 02 04 06 08 10 00 02 04 06 08 10
XC Xc
@ ®)

Fig.5 Particle radius evolution with X, for particles of 0.1 mm (a) and 1 mm (b) = ’p/"p,o)
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Fig.6 Particle apparent density evolution with X for particles of 0.1 mm (a) and 1 mm (b)

particle radius to reduce earlier. For such situations in zone II regime, the two stages of
structure evolution might be treated separately in the model for char particle conversion
(Haugen et al. 2014).

3.3 Effectiveness Factor

The effectiveness factor n was introduced to quantify the influence of internal diffusion.
It is defined as the ratio of actual particle consumption rate to the particle consumption
rate with infinitively fast diffusion by assuming the species concentration is uniform inside
the particle and equal to the value at the external surface. Actually, the concept of effec-
tiveness factor has been widely used in char particle conversion simulation in reactors to
avoid intensive computational efforts in spatially resolved gradient calculation (Vascellari
et al. 2015; Backreedy et al. 2006). Figure 7 shows the effectiveness factor evolution in
the particle gasification process. Given the assumption that the porous particle was filled
with CO, initially, the effectiveness factor was close to O at the beginning of the reaction.
Subsequently, the effectiveness factor gradually increased to 1 as SCW diffused into the

1.0
0.84
— 873K, Re=0 )
0.74 — 873K, Re=10 0.6 873K, Re=0
— 923K Re=0
- —— 873K Re=25 = -
— 973K Re=0
0.6- — 873K, Re=50 0
_ 0.4 —— 1023K, Re=0
— 873K, Re=100 =
= ——1023K, Re=10
0.5- —— 923K, Re=0
- —1023K, Re=25
—— 973K, Re=0 -
0.4 oo o 0.24 ——1023K, Re=50
: ——1023K, Re=100
031, . . , . . 0.0~ ; ; : . .
00 02 04 06 08 10 00 02 04 06 08 10
X, X,
(a) (b)

Fig.7 Effectiveness factor evolution with X, for particles of 0.1 mm (a) and 1 mm (b)
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porous particle and carbon consumption slowed down. For the small particle gasification
at 873 K, the effectiveness factor increased immediately to close to 1 after the particle was
placed in SCW, indicating that the SCW could rapidly diffuse into the particle to replace
the previous CO,. Therefore, from the time scale of the whole gasification process, the
initial selected species inside the particle had little effect on the overall conversion pro-
cess. With the increase of temperature, more SCW was consumed in the diffusion process
and the concentration gradient became larger, causing a smaller effectiveness factor at the
same X . Furthermore, the effectiveness factor for the large particle of 1 mm increased
significantly more slowly than that for the small particle of 0.1 mm, because SCW was
consumed faster and more difficult to diffuse into the large particle. It was also observed
that the effectiveness factor decreased with Re for the large particle gasification at 1023 K,
which indicated convection contributed more to heat transfer enhancement than to mass
transfer enhancement.

3.4 Stefan Flow

The heterogeneous reactions on the particle and pore surface will induce extra Stefan
flow which might modify the existing flow field and have impacts on the drag force and
particle conversion behavior (Dierich et al. 2018; Zhang et al. 2020; Chen et al. 2020;
Jin et al. 2021). The flow fields under typical conditions considering the effect of Stefan
flow are displayed in Fig. 8. For particle gasification in quiescent SCW under conditions
I and III, Stefan flow from inside and toward outside of the particle can be obviously

Tn=873 K
d=0.1 mm
Re=0

T,=873 K ) ’ e
d=0.1 mm e e
Re=5 SR MRS ]

m
T.=1023 K |
d=1 mm ; > . |
Re=0 |
|

v
Tn=1023 K
d=1 mm
Re=5

Tin=1023 K
d=1mm
Re=50

®

X:=0.1 X.=0.5 X:=0.9

Fig.8 Vector plots of velocity field at different X, and under different conditions
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observed. The gasification reactions occurred uniformly in the whole particle under the
condition I in zone I regime, while the velocity increased radially toward outside due to
the superposition of Stefan flow. As the carbon conversion increased, the carbon con-
sumption rate decreased and the Stefan flow weakened accordingly. It was also observed
that the main gasification area moved from periphery to center of the particle under
condition IIT in zone II regime. At the X_ of 0.1, strong Stefan flow can be seen near
the particle surface, while the flow velocity near the particle center was tiny. As the X
increased to 0.5 and 0.9, the Stefan flow in the particle outer layer significantly weak-
ened due to the slowing carbon consumption, and the flow became more obvious in the
main gasification area near the particle center.

Under convective conditions II, IV and V, the flow resistance inside the particle was
large due to the low porosity in the early stage, which inhibited the entrance of ambient
SCW. Additionally, the Stefan flow was much weaker than the external flow, so the flow
velocity inside the particles was small. For example, the flow velocity inside the parti-
cles was 4 orders of magnitude lower than the inflow velocity at the X, of 0.1 and 0.5
under condition II in zone I regime. As more carbon was consumed, the particle poros-
ity increased and more SCW can permeate into the particle. At the X, of 0.9, the par-
ticle porosity reached 0.93, and the ambient fluid can almost flow through the particle
freely. Under conditions IV and V in zone II regime, however, the central porosity was
still small even at a high X of 0.9, causing the fluid to flow around the irregular unre-
acted core instead of passing through the entire particle. Besides, the flow field distribu-
tion was different under conditions IV and V because of the smaller unreacted core at
larger Re. Then, the Stefan flow characteristics under convective conditions were further
investigated with the marked flow field areas in Fig. 8 enlarged as shown in Fig. 9. It can
be seen clearly in Fig. 9b that the Stefan flow inhibited the penetration of the ambient
fluid into the particle and had a significant modification to the hydrodynamic boundary
layer. As shown in Fig. 9a, although at the same Re, the Stefan flow was weaker due to
smaller particle and slower gasification at 873 K; thus, its influence was insignificant.
As shown in Fig. 9c, the Stefan flow intensity was comparable to that in Fig. 9b, but its
influence was weakened by strong external convection.

0.000 0.124 0.249 0.373 0.498 0.000 0.125 0.250 0.375 0.500 0.000 0.191 0.382 0.572 0.763
/5, 7 77 i

%

() (b) (c)

Fig.9 Local velocity field near the particle surface on the upwind side (the value in the legend represents
the ratio of local velocity to inflow velocity)
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Fig. 10 Carbon conversion plots with time for different cases
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Fig. 11 Temperature profiles at X, of 0.1 (a), 0.5 (b) and 0.9 (c) inside the particle of 1 mm at 1023 K (T, is
the volume-averaged particle temperature)

3.5 Particle Thermal Conductivity

For general reactor-scale models where each individual particle was tracked (Zhang et al.
2016; Adamczyk et al. 2014) and some highly spatial-resolved particle-scale models (Wit-
tig et al. 2017; Mitchell et al. 2007; Numazawa et al. 2020), the temperature gradient inside
the particle was ignored in consideration of the model complexity and computational cost.
In this section, the rationality of this assumption in simulation on char gasification in SCW
is discussed. The carbon thermal conductivity was assumed to be large enough to obtain
uniform temperature distribution inside the particle for comparison, and the effects of tem-
perature and particle size are shown in Fig. 10. The temperature gradient was negligible
for the small particle gasification at 873 K because of uniform and slow reactions inside
the particle, so the assumption was acceptable. As the temperature increased to 1023 K,
the simplification of isothermal particle will overestimate the particle consumption rate.
The complete carbon consumption time £, 9, defined as the time when X_ reached 0.99,
decreased from 1.16 to 1.09 s, by 6.0%. For the large particle gasification at 1023 K, 1,49
even decreased from 29.19 to 24.64 s, by 15.6%, because of larger temperature gradient
inside the particle. Therefore, the simplification should be used carefully, especially for
large particles and at high gasification temperatures.

Figure 11 shows the temperature distribution inside the large particle at 1023 K. The
volume-averaged temperature of the isothermal particle was higher than the actual value
at any X, because of higher heat transfer efficiency from ambient fluid to the particle.
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Fig. 12 Evolution of particle radius and effectiveness factor with X for different cases

However, the temperature near the particle edge was underestimated because heat trans-
fer to the low-temperature particle center was quick under high thermal conductivity.
Moreover, the reactions occurred uniformly inside the particle, delaying the begin-
ning of particle radius reduction, as seen in Fig. 12a. For the isothermal particle, the
heterogeneous reactions were more affected by SCW distribution. SCW consumption
was faster at the overestimated particle temperature, so smaller effectiveness factor is
observed in Fig. 12b.

4 Conclusion

In this work, a CFD-based 2D numerical model was developed for gasification of a single
char particle in SCW. The char particle was assumed to be a uniform porous sphere ini-
tially, and the particle porosity and specific surface area were allowed to change as char
consumption. The coupling processes of flow, heat transfer, species transport and both
homogeneous and heterogeneous reactions were considered. The effects of particle size,
inflow temperature and inflow velocity were studied based on the model.

For the small particle of 0.1 mm, SCW showed good permeability into the porous
char, resulting in a high effectiveness factor in the SCWG process. The structure evolu-
tion showed typical characteristic in zone I that the particle radius kept constant and the
apparent density changed linearly with carbon conversion, due to relatively uniform reac-
tion inside the particle. The ambient fluid can flow through the particle freely at the carbon
conversion of 0.9 at 873 K. For the large particle of 1 mm, the obvious species concentra-
tion gradients caused a relatively low effectiveness factor and the particle was consumed
non-uniformly. The gasification lay in zone II regime where the particle began to shrink at
a certain carbon conversion. The particle shrinkage phenomenon occurred earlier at larger
inflow temperature and velocity, so the fluid just flowed around the unreacted core even at a
high carbon conversion. When the temperature and particle size increased, the Stefan flow
showed more obvious effect on the hydrodynamic boundary layer near the particle surface,
especially at low Re, and meanwhile, larger deviation would be caused under the isother-
mal particle assumption.
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