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ABSTRACT

In order to reduce environmental pollution by plastic wastes, supercritical water gasification (SCWG) appears as a promising technology.
The present study investigates the SCWG process of polypropylene (PP) plastic waste using particle-resolved direct numerical simulations
(PR-DNS). A directional ghost-cell immersed boundary method has been used to solve the reacting boundary condition, including detailed
molecular diffusion models. To validate the procedure, SCWG of a coal particle has been first investigated as a benchmark, analyzing in detail
interphase momentum and heat and mass transfer, and chemical reactions are analyzed. Surface reactions and the resulting Stefan flow
expand the boundary layer around the particle, impacting the efficiency of heat and mass transfer. Adding then a suitable reaction mecha-
nism, SCWG of PP plastic wastes leading to combustible gases is analyzed by PR-DNS and found to be very efficient. The gasification tem-
perature is an important parameter to control SCWG efficiency. To the authors’ knowledge, this is the first PR-DNS study investigating the
SCWG process for plastic wastes, and it provides interesting information regarding transfer processes and their limitations.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0155831

I. INTRODUCTION

With the rapidly growing usage of plastic products in our daily
life, the management of waste plastics is becoming more and more
important for the environment. Due to the degradation resistance of
plastics, a direct abandon of them in the natural environment is
extremely harmful.1 Therefore, a smart and efficient way to recycle
those waste plastics is in high demand.

Supercritical water gasification (SCWG) appears as one promis-
ing technique to recycle the waste plastics and convert them into com-
bustible gases.2–7 SCWG was first used to convert coal/biomass into
combustible gases with high content of H2 and CO2.

8–12 The resulting
CO2 can be further converted into hydrocarbon fuel using renewable
energy in the process.8,13 In that case, the whole process leads to zero
CO2 emission.

SCWG is usually operated at 400–650 �C and 250–350 bar.14 The
thermochemical process involves surface reactions and interface heat

and mass transfer. A comprehensive understanding of this process is
crucial for a practical application of SCWG in large-scale systems.
Though experimental measurements could shed some light on this
transient process, detailed investigations are impossible due to the very
high operation pressure and high temperature. It is currently impossi-
ble to measure under operation details regarding flow field, surface
reactions, and conversion of solid particles. As a complementary
source of information, detailed numerical simulations could fully
reveal every details of this complex process, provided suitable models
are available. Among all numerical techniques, particle-resolved
direct numerical simulation (PR-DNS) is emerging as the most accu-
rate approach to investigate in detail particle/fluid interaction
processes15—but leads, of course, to very high numerical costs.

PR-DNS with SCWG has been intensively developed in the last
few years. Supercritical water flow around an inert particle was first
investigated, studying the convective heat transfer characteristics.16
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Later, the effect of inert particle sphericity on drag force and heat
transfer in supercritical water was considered.17 In a further step, the
effect of Stefan flow on drag force and heat transfer around an inert
particle was considered and investigated for an incompressible flow18

or a variable-density flow.19 All these studies were considering inert
particles, without surface reactions, therefore neglecting the Stefan
flow taking place under real conditions. This aspect was the focus of
our previous studies,20,21 taking into account more realistic conditions
induced by the reactions, noticeably impacting all transfer processes
around the particle.

In realistic applications, the temperature and species fields near
the particle change due to the surface reactions, resulting in consider-
able modifications of the corresponding fluid properties. Recent
works22–24 have demonstrated the influence of temperature-induced
fluid property variation. In particular, the properties of SCW are found
to be very sensitive to temperature. The influence of variable physical
properties under supercritical condition for a flow over a spherical par-
ticle has been investigated in detail in Ref. 25. In addition, the Stefan
flow due to the generation of gases at the reacting particle surface
would impact the surrounding flow field.18,26,27 In reality, Stefan veloc-
ities are not uniformly distributed around the particle; assuming a uni-
form Stefan flow around the particle would not be realistic.17 For all
these reasons, it appears necessary to consider with more accurate
models a reacting particle using PR-DNS for a study of the SCWG
process.

While supercritical water gasification of coal has been investi-
gated in many numerical studies during the last few years,20,21,28–30

SCWG of waste plastics has, to the best of the authors’ knowledge,
never been investigated numerically. However, it shows a significant
potential regarding both natural environment protection and clean
energy production. Therefore, understanding the detailed hydrother-
mal process of SCWG for waste plastics is very important. The present
study tries to fill the gap, thanks for a detailed investigation on SCWG
for polypropylene (PP) particles using PR-DNS. Among all waste plas-
tic components, polypropylene constitutes the largest amount31 and is,
thus, considered in the present work. As far as we know, this is the
first-ever PR-DNS study regarding SCWG of waste plastics. In what
follows, Sec. II will introduce the numerical methods used for PR-
DNS, the chemical kinetics, and the numerical configuration consid-
ered in the present study. The simulation results and the associated
discussion are presented in Sec. III, discussing the interphase momen-
tum, heat and mass transfer, and the impact of chemical reactions.
Finally, conclusions are drawn in Sec. IV.

II. NUMERICAL METHODS

All employed numerical methods and models are introduced in
this section. The SCWG process is considered in low-Mach number
flows in the current study, which corresponds to the conditions found
in reality regarding SCWG of coal.

A. Particle-resolved DNS

As in our previous studies for coal particle gasification,20,21 the
DNS is carried out using our in-house low-Mach DNS solver
DINO.32–35 The governing equations solved in DINO can be summa-
rized as

@q
@t

þ @ðqujÞ
@xj

¼ 0; (1)

@ðquiÞ
@t

þ @ðquiujÞ
@xj

¼ � @p
@xi

þ @

@xj
l

@ui
@xj

þ @uj
@xi

� 2
3
@uk
@xk

di;j

 !" #
;

(2)

@T
@t

þuj
@T
@xj

¼� 1
qCp

XNs

k¼1

hk _xk� @

@xj
k
@T
@xj

 !
þ@T
@xj

XNs

k¼1

qCp;kYkVk;j

2
4

3
5;
(3)

@Yk

@t
þ uj

@Yk

@xj
¼ � _xk

q
� 1
q

@ðqYkVk;jÞ
@xj

; (4)

q ¼ f ðP0;T;W;YkÞ; (5)

where q is the density, ui is the velocity component in the ith direction,
p is the fluctuation pressure, l is the dynamic viscosity, di;j is the
Kronecker delta, T is the temperature, Cp is the specific heat capacity at
constant pressure, hk is the specific enthalpy of species k, Ns is the total
number of species, _xk is the mass production rate of species k, k is the
heat diffusion coefficient, Yk is the mass fraction of species k, Vk;j is
the jth component of the molecular diffusion velocity for species k, P0 is
the thermodynamic pressure, andW is the mean molecular weight.

To solve the aforementioned equations, a sixth-order finite-dif-
ference scheme has been used for spatial discretization, while an
explicit fourth-order Runge–Kutta scheme is implemented for tempo-
ral integration. The solver is pressure-based. The Poisson equation for
pressure is implicitly solved with a fast spectral approach.32 The
molecular diffusion in the gas phase is solved with a multi-component
diffusion model based on the open-source library Cantera,36 while the
molecular diffusion for the surface gases is modeled using constant
Lewis numbers (with values of Le set to 0.29 for H2, 1.09 for CO, 1.39
for CO2, and 0.98 for CH4, all those values having been estimated
using Cantera). All other thermodynamic and transport properties (e.
g., density qk, specific enthalpy hk, specific heat capacity at constant
pressure Cp;k and at constant volume Cv;k, heat diffusion coefficient
kk, and dynamic viscosity lk of each species k) are interpolated from
the NIST database37 through lookup tables implemented in DINO.
The thermophysical properties (U) of the mixture are calculated as

U ¼
X
k

XkUk; (6)

where Xk and Uk are the mole fraction and thermophysical properties
of species k, respectively.

To resolve the particle surface, a directional ghost-cell immersed
boundary method (IBM)38,39 has been employed. In this IBM, the deter-
mination of the physical quantities (velocity, temperature, species con-
centrations, etc.) on the boundary is crucial for the overall accuracy of
the boundary representation. In the SCWG process, the solid particle
surface reacts with the incoming supercritical water and generates gases
from the interface. The gases are then released, resulting in an outgoing
flow from the particle to the main stream, known as Stefan flow. The
Stefan velocity uS satisfies the mass conservation law on the interface as

uS � n ¼ 1
q

XNg

k¼1

_xk; (7)
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where Ng is the total number of gaseous species on the particle surface
and n is the wall normal direction on the surface. Due to the surface
reactions and consumption of the solid particle, the particle shrinks
with velocity,

un � n ¼

þ
surf

_xsolid ds

prsqsolid
; (8)

where _xsolid is the mass consumption rate of the solid particle, rs is the
radius of the solid particle, and qsolid is the solid density. Due to
the reaction, the radius of the solid particle changes by an amount
Drs ¼ un � nDt during time step Dt. This moving boundary condition
is captured and modeled using the implemented, directional ghost-cell
IBM.38,39 Finally, the velocity at the solid particle surface is given as

ub ¼ uS þ un: (9)

The particle surface temperature is balanced by the heat release from
the surface reactions and heat conduction from the surrounding gases.
Since heat conduction within the solid is outside of scope of the pre-
sent study, we assume that the particle has a low Biot number, follow-
ing previous studies.22 This leads to a uniform temperature within the
solid and is appropriate for sufficiently small particles and/or materials
with high heat conductivity. Since the present study only considers
particles much smaller than 1mm, this assumption should be valid.
Finally, the following equation is solved for surface temperature Tb,

dTb

dt
¼ 1

qsolidVcsolid

þ
surf

XNs

k¼1

hk _xk þ n � kDTjsurf
 !

ds; (10)

where V ¼ 4
3 pr

3
s is the volume of the spherical particle and csolid is the

specific heat capacity of the solid particle. The balance equation for the
mass fraction of the gaseous species Yk on the particle surface is

ub � Yk ¼ _xk

q
� n � DkDYkjsurf ; (11)

where Dk is the diffusion coefficient of species k. After incorporating
these balance equations in the IBM, the particle surface is fully
resolved in the numerical model. A detailed validation of this PR-DNS
procedure has already been documented in our previous studies.20,21,39

B. Chemical kinetics of PP

It is first necessary to check the validity of chemical kinetics to
describe surface and gaseous reactions in the PR-DNS. The focus of

the present study is set on SCWG of PP particles. The chemical kinet-
ics measured by Bai et al.6 in a recent experimental study has been
slightly adapted in this work, as shown in Table I. The PP plastic waste
is first simplified as a collection of C3H6 monomers. Reactions 1–5 in
Table I belong to surface reactions, while reaction 6 takes place in the
gas phase. It is further assumed that all surface reactions are first-order
reactions. For these surface reactions, the amount of water involved is
unknown. Since the amount of water available in the system is
extremely large compared to the consumption, the water concentra-
tion is assumed to be constant. Additionally, the solid particle is con-
sidered homogeneous, without any gradient of temperature or
composition. After including all those assumptions in the model, the
resulting kinetics for SCWG of PP listed in Table I has been validated,
as documented in Fig. 1. It can be seen that the resulting PP plastic
consumption and gas production rates obtained with our kinetic
model match very well with the experimental measurements in Bai
et al.6 In the original kinetic mechanism of Bai et al.,6 C2H2 is an
important intermediate species, produced by the fast pyrolysis reaction
[PP(C3H6) () CH4 þ C2H2]. However, due to the short lifetime of
C2H2 in the experiments, there is no accurate thermodynamic descrip-
tion for this intermediate species under SCWG conditions. Therefore,

TABLE I. Kinetic parameters describing the gasification mechanism of PP plastic waste in supercritical water. A [for surface reaction: in s�1; for gaseous reaction: in cm3/
(mol s)] is the pre-exponential factor, and Ea (in J/mol) is the activation energy.

n Reactions A Ea

1 PP(C3H6) þ H2O () 2CH4 þ CO 3.418 477�104 1.400 873�105

2 PP(C3H6)þ 6H2O () 3CO2 þ 9H2 3.312 707�10�2 4.366 236�104

3 PP(C3H6)þ 3H2O () 3COþ 6H2 2.453 34�103 1.533 64�105

4 PP(C3H6)þ 3H2 () 3CH4 1.131 994�10�1 2.136 867�104

5 PP(C3H6)þ 4H2O () CH4 þ 2CO2 þ 5H2 4.252 702�1010 2.883 95�105

6 CO þ H2O () CO2 þ H2 3.157 576�1013 2.405 24�105

FIG. 1. Validation of the kinetic mechanism listed in Table I for PP plastic waste
gasification in supercritical water. Solid lines: predicted data; symbols: experimental
results from Bai et al.6 Conditions: temperature: 650 K and pressure: 23MPa.
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it is currently not possible to include this fast pyrolysis reaction as a
standalone reaction in the model. In the adapted mechanism (shown
in Table I), we have combined the fast pyrolysis reaction with the fol-
lowing slow reaction (C2H2 þ H2O () CH4 þ CO) into reaction 1
[PP(C3H6) þ H2O () 2CH4 þ CO]. This treatment results in
underestimation of CH4 in some extents (around 40%) by this
updated mechanism. Since CH4 is not involved in any reaction rate of
the other (surface or gaseous) reactions, differences regarding CH4

concentration will not lead to any error propagation. As observed in
Fig. 1, the prediction of all other species using the adapted kinetic of
Table I is excellent.

To understand better the SCWG process of the PP plastic, the
SCWG of coal particle is considered for comparison, since the latter is
a configuration considered in many recent studies. The chemical
kinetics of coal particle gasification in supercritical water from Ref. 14
has been used in the present study, as listed in Table II. Reactions 1–2
are surface reactions, while reaction 3 is a gaseous reaction. Note that
the gaseous reactions for PP plastic and coal in Tables I and II are the
same, but with different reaction rate parameters, as obtained from the
corresponding references.

C. Numerical configuration

The numerical configuration of the PR-DNS is sketched in Fig. 2.
The computational domain is 18D� 12D—sufficiently large to pre-
vent any influence from the boundary conditions, where D¼ 500lm
is the initial diameter of the spherical solid particle, typical for particles

in practical SCWG processes involving coal. The domain is uniformly
discretized by 600� 400 grid points, ensuring a sufficient accuracy.

Three kinds of particles are considered in supercritical water: (1)
inert particle, (2) coal particle, reacting according to Table II, and (3) PP
particle, reacting according to Table I. The flow is simulated at a particle
Reynolds number (Re¼ qU1D=l, where U1 is the inflow velocity) of
5, 10, 20, 30, and 40. The operational range of practical SCWG for coal
is up until now limited to a maximum Reynolds number around 40
(Ref. 40). The particles are fixed in the domain (no change in position)
but are allowed to shrink. The flow is set at a temperature T¼ 900K,
which is the same as the initial particle temperature. The pressure is set
at 25MPa, corresponding to supercritical condition for water. This tem-
perature and pressure correspond to the practical condition for SCWG
application.41–43 All the reactive cases have been run for 1 s of physical
time and the non-reactive cases for 0.5 s. This is sufficient to reach
quasi-steady state for the flow. The simulation time step is simulta-
neously controlled by the Courant–Friedrichs–Lewy (CFL) number (set
at a maximum of 0.1) and the Fourier number (again, limited to 0.1),
resulting in a typical time step Dt of about 10 ls.

Similar to the study published in Ou et al.,20 the impact of resolu-
tion has been investigated using the velocity distributions along the
radial direction at h ¼ 60� as a function of non-dimensional distance
L/D, as plotted in Fig. 3. Simulations are compared for an inert particle
using 600� 400 grids and for a reacting PP particle using either
600� 400, 300� 200, or 150� 100 grid points, for a flow at particle
Reynolds number equal to 40. As is seen, the orange (300� 200) and
blue curves (600� 400) show convergence, while the results obtained
on a 150� 100 grid strongly deviate from the finer solutions. This
confirms that the finally retained resolution (600� 400 grids) is fully
sufficient for the present study. The deviation observed in Fig. 3
between inert particle and reacting PP particle is mainly due to the
Stefan flow, as already explained in Ou et al.20

TABLE II. Kinetic parameters14 for the gasification mechanism of coal particle in
supercritical water. A [for surface reaction: in s�1; for gaseous reaction: in cm3/
(mol s)] is the pre-exponential factor, and Ea (in J/mol) is the activation energy.

N Reactions A Ea

1 C þ H2O () CO þ H2 4.727 33�10�6 2.776�104

2 Cþ 2H2O () CO2 þ 2H2 3.835 883�103 1.7664�105

3 CO þ H2O () CO2 þ H2 2.275 67�104 9.683�104

FIG. 2. Numerical configuration considered for PR-DNS.

FIG. 3. Radial velocity Uþ away from the particle surface at h ¼ 60�, showing the
simulations with an inert particle using 600� 400 grids, compared to a reacting PP
particle using either 600� 400, 300� 200 grids, or 150� 100 grids; the blue and
orange curves overlap, demonstrating that the two finest resolutions deliver identi-
cal results.
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III. RESULTS AND DISCUSSION

In this section, the results of the PR-DNS are analyzed in detail.
Note that the results are always analyzed after reaching quasi-steady
state. The changes in temperature are also very small due to the slow
reactions. Therefore, the effect of changing fluid properties is negligible
in this case. First, the interphase momentum transfer is considered,
revealing the main flow characteristics for the SCWG process. Then,
interphase heat and mass transfer are investigated, in order to check
the dominating thermochemical process on the particle surface.
Finally, the impact of chemical reactions is investigated, which is
important to understand SCWG of PP plastic particles in real
conditions.

A. Interphase momentum transfer

The flow over a 2D inert particle has already been extensively
investigated in the last few decades. The flow starts to separate and
form two symmetrical vortices in the wake at around Re¼ 7; these
vortices become unsteady, generating periodic K�arm�an vortex streets
at around Re¼ 47 (Ref. 44) (beyond the highest Reynolds number
considered in the present study). Figure 4 shows the streamlines of the
flow field around an inert particle, a coal particle (with reactions fol-
lowing Table II), and a PP plastic particle (with reactions following
Table I), at Re¼ 5 (left) and 40 (right). The flow field for the inert par-
ticle is as expected, with no separation of the flow at Re¼ 5, and two
stable symmetrical vortices found in the wake at Re¼ 40.

FIG. 4. Streamlines of the flow field together with a color plot showing the velocity magnitude (in m/s) for PR-DNS of the flow of supercritical water: around an inert particle (a)
and (d); around a coal particle [with reactions following Table II] (b) and (e); around a PP plastic particle [with reactions following Table I] (c) and (f). Results are compared for
a particle Reynolds number of Re¼ 5 (left) and 40 (right).
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The recirculation length at Re¼ 40 is 2.28D, matching well results
from the literature.45,46 The flow fields around the coal particle and PP
plastic particle appear to be only slightly different from that of the inert
particle. Looking now more closely around the particle, streamlines
emerging from the particle surface are seen for coal and PP (this is bet-
ter visible at Re¼ 40), revealing the existence of a Stefan flow. This
Stefan flow pushes the incoming flow away from the particle, extend-
ing the boundary layer. Due to this, the vortical structures downstream
of the particles are slightly modified, and the recirculation lengths are
extended a bit, to 2.30D for coal and 2.32D for PP particle. The
changes are relatively small, since the surface reactions are slow for
both the coal and PP plastic particles. The Reynolds number of the
Stefan flow is computed as ReStefan¼ qUStefanD=l. In the present simu-
lation, the Stefan flow for the coal particle corresponds to
ReStefan¼ 1.12� 10–6, and for the PP particle, it corresponds to
ReStefan¼ 6.48� 10–3. Note that the Stefan flow only depends on the
surface reactions, as described in Eq. (7). Therefore, ReStefan is indepen-
dent from the incoming flow Reynolds number.

A very important quantity to quantify interphase momentum
transfer is the drag coefficient. The overall drag coefficient Cd can be
decomposed into pressure coefficient Cdp and friction coefficient Cdf,
defined as,

Cdp ¼

þ
pnxds

0:5qU21D
; (12)

Cdf ¼
�
þ
l ruþ ðruÞT
h i

nxds

0:5qU21D
(13)

using the upstream velocity U1 for normalization. Figure 5 shows the
pressure coefficient and friction coefficient for the inert particle, react-
ing coal particle, and reacting PP particle as a function of Reynolds
number. The reference solution from Ref. 44 for an inert particle is
also plotted for comparison. The present study for the inert particle
matches perfectly with the reference, confirming the high accuracy
obtained in this work. Overall, both the pressure coefficient and fric-
tion coefficient decrease rapidly as the Reynolds number increases.
Compared with the inert particle, the reacting coal particle shows a
slightly larger Cdp and smaller Cdf. This is due to the outgoing Stefan
flow, as also found in Refs. 18 and 19. The difference is more obvious
at smaller Reynolds numbers, since the relative influence of the Stefan
flow increases when the incoming flow is weaker (lower U1, hence
lower Re). The reacting PP plastic particle shows even larger Cdp and
smaller Cdf, compared to the coal particle. This is because the surface
reactions for PP are slightly more intensive than for coal, thus generat-
ing larger Stefan flow velocity (with larger ReStefan), as already visible
in Fig. 4 from the somewhat longer recirculation zone.

B. Interphase heat transfer

After checking interphase momentum transfer, it is now interest-
ing to analyze interphase heat transfer. The heat transfer efficiency can
be best quantified by the Nusselt number,

Nu ¼

þ
rT � nds

Tsolid � T1
; (14)

where Tsolid is the solid temperature and T1 is the inflow temperature.
Since in the current study the same temperature has been initially
imposed to the particle and the surrounding flow, there is no heat
transfer for the inert particle. Therefore, a reference solution based on
the well-known Churchill–Bernstein correlation47 has been used to
calculate the Nusselt number for an inert particle,

Nu ¼ 0:3þ 0:62Re1=2Pr1=3

1þ ð0:4=PrÞ2=3
h i1=4 1þ Re

28 200

� �5=8
" #4=5

; (15)

where Pr¼ lCp=k is the Prandtl number (equal to 0.985 for supercrit-
ical water in the present conditions).

FIG. 5. Drag coefficient (top: pressure coefficient; bottom: friction coefficient) vs
Reynolds number for the inert particle (black), reacting coal particle (blue), and PP
plastic particle (orange). The reference solution from Ref. 44 for an inert particle is
also plotted with red triangles.
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Figure 6 shows the Nusselt number for the inert particle (from
the correlation) and for the reacting coal particle and PP particle
(from the PR-DNS simulations) at different Reynolds numbers.
Overall, the Nusselt number is increasing as the Reynolds number
increases, as expected. This is because the thermal boundary layer
becomes thinner as the Reynolds number increases. Compared to the
inert particle, the Nusselt number for the coal particle is always larger.
Due to the chemical reactions, there are two factors influencing heat

transfer in two different directions: (1) heat release due to the gaseous
reactions increases the temperature near the particle surface, thus
affecting the temperature gradient there and increasing Nusselt num-
ber; (2) the Stefan flow expands the thermal boundary layer, resulting
in a smaller Nusselt number. In fact, the situation is slightly more
complex, since the surface reactions are endothermic reactions, while
only the gaseous reactions are exothermic; this is typical for most
SCWG processes. Overall, the heat release due to the gaseous reactions
dominates, finally increasing the temperature gradient near the particle
surface and resulting in a larger Nusselt number, as stated previously.
The competition between these two factors leads to a complex trade-
off regarding heat transfer. For the coal particle, at Re¼ 5, the heat
transfer enhancement by the gaseous reaction is only slightly more
intensive than the contrary effect induced by the Stefan flow, so that
Nu is only very slightly larger than for the inert particle. At Re¼ 40,
the relative effect of the Stefan flow weakens, so that the relative
increase in Nusselt number is much clearer, by 3%. For PP at Re¼ 5,
the Stefan flow is dominating, leading to a slightly lower Nu compared
to the inert particle. Again, at higher Reynolds numbers, the influence
of the Stefan flow becomes weaker, and heat release induced by the
gaseous reaction dominates, so that the Nusselt number for PP particle
exceeds that of the inert particle for Re � 20. The different behavior
between coal and PP particle is mainly due to the somewhat faster
(endothermic) surface reactions for PP.

The difference between the Nusselt numbers of coal particle and
PP plastic particle can be also derived from Fig. 7, in which the tem-
perature field and contours around the particle are plotted. The tem-
perature is normalized as

Tþ ¼ T � Tsolid

T1 � Tsolid
: (16)

FIG. 6. Nusselt number vs Reynolds number for an inert particle
(Churchill–Bernstein correlation, in black), reacting coal particle (blue), and reacting
PP plastic particle (orange).

FIG. 7. Temperature (color plot) around the reacting coal particle (top) at Re¼ 5 (a) and Re¼ 40 (c); the PP plastic particle (bottom) at Re¼ 5 (b) and Re¼ 40 (d). The addi-
tional isocontour lines in black indicate Tþ¼ 0.1–0.9, going away from particle surface. The particle boundary is shown with a red line.
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As is seen, the isocontour line Tþ¼ 0.1 (as well as all other ones) is
closer to the particle surface for coal at Re¼ 5 on the downstream
side. The difference is perhaps even more visible looking at the yellow
color, which extends much farther downstream of the PP particle [Fig.
7(b)]. On the other hand, the temperature fields are very similar for
coal and PP at Re¼ 40. This is consistent with the results in Fig. 6
(almost identical Nusselt numbers there).

C. Interphase mass transfer

Finally, it is also crucial to analyze interphase mass transfer. The
mass transfer intensity of any species k can be characterized by the
Sherwood number:

Sh ¼

þ
rYk � nds

Yk;surf � Yk;1
; (17)

where Yk;surf is the averaged mass fraction of species k on the particle
surface,

Yk;surf ¼

þ
Ykds

pD
(18)

and Yk;1 is the mass fraction of species k in the inlet flow. Obviously,
the inert particle is not associated with any reaction, and the corre-
sponding simulation cannot be used to derive Sherwood numbers.
Again, a reference solution based on the well-known
Churchill–Bernstein correlation48 has been used as an alternative to
calculate the Sherwood number for an inert particle,

Sh ¼ 0:3þ 0:62Re1=2Sc1=3

1þ ð0:4=ScÞ2=3
h i1=4 1þ Re

28 200

� �5=8
" #4=5

; (19)

where Sc¼ l=ðqDkÞ is the Schmidt number for species k [replacing
the Prandtl number appearing in Eq. (15)]. Note that Sc¼ LekPr,
where Lek is the effective Lewis number of species k. For the present
conditions, Lek is calculated using Cantera to be 0.29 for H2, 1.09 for
CO, 1.39 for CO2, and 0.98 for CH4. Since Pr is always equal to 0.985,
the finally calculated Sherwood number is also different for different
species, even in the non-reacting case.

Figure 8 shows the Sherwood number of H2, CO, CO2, and CH4

for the inert particle (from the correlation), reacting coal and PP par-
ticles (from the PR-DNS simulations) as a function of particle
Reynolds number. Overall, the Sherwood number is increasing as the
Reynolds number increases, due to the thinning species boundary
layer at higher Reynolds number, similar to the evolution of the
Nusselt number. Looking first at the inert particle, it is visible that the
Sherwood number is much smaller for H2 and larger for CO2. This is
because H2 has a much smaller Lewis number, resulting in a faster
molecular diffusion—the hydrogen molecule is small and very mobile.
This leads to a smaller species gradient near the surface, reducing the
Sherwood number. Even for the reacting particles, this effect is visible,
and the Sherwood number of H2 is always the smallest one. However,
compared to the inert case, the reactive cases are far more complicated
due to the competing effects of reactions and Stefan flow. The Stefan
flow expands the species boundary layer, leading to a smaller

Sherwood number. The gaseous reaction consumes CO and produces
CO2 and H2, resulting in a larger Sherwood number for CO and
smaller Sherwood numbers for CO2 and H2.

Looking first at the reacting coal particle, the Sherwood numbers
for all gaseous species are smaller than for the inert case. This indicates
that the effect of the Stefan flow dominates over chemical reactions for
the range of Reynolds numbers considered here. Still, the relative
importance of the reactions increases with Reynolds number, explain-
ing why the Sherwood number of CO exceeds that of CO2 for Re
� 30. Regarding now PP plastic particle, the Sherwood numbers are
even smaller than for the coal particle, due to the faster surface reac-
tions. Here also, the relative importance of the Stefan flow diminished
with the Reynolds number, so that reaction effects increasingly domi-
nate. For this reason, the Sherwood number of CO starts exceeding
that of CO2 soon after Re¼ 20. While all Sherwood numbers lie close
to each other at particle Reynolds number of 5, there is almost a factor
of two between the largest one (for CO2) and the smallest one (for H2)
at Re¼ 40.

The change in the Sherwood number for different species at dif-
ferent Reynolds numbers can also be understood by looking at Fig. 9
for the coal particle and at Fig. 10 for the PP plastic particle. These two
figures show one selected species isocontour for different species at
four different Reynolds numbers. Here, the mass fraction of species k
has been normalized using

Yþ
k ¼ Yk � Yk;surf

Yk;1 � Yk;surf
(20)

using the averaged species mass fraction at the particle surface (index
surf) and in the inflow (index 1). As is seen in Figs. 9 and 10 (note
the different scales of the two color bars), the thinning of the species
boundary layer when increasing Reynolds number as a consequence
of stronger convection is obvious. The minimum species gradient
around the particle is always located in the wake region. As the
Reynolds number increases, the difference between the isocontours of

FIG. 8. Sherwood number of H2, CO, CO2, CH4 vs Reynolds number for the inert
particle (black), reacting coal particle (blue), and reacting PP particle (orange).
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H2 and CO/CO2 becomes larger, confirming the larger difference
between the corresponding Sherwood numbers at higher Reynolds
numbers in Fig. 8. Compared to the coal particle, the species bound-
ary layer is thinner for the PP plastic particle, especially at higher
Reynolds number. The gaseous reaction (releasing heat) is limited to
the immediate vicinity of the particle at Re¼ 40 and is far more

intensive in this wake region; the reaction heat release around the PP
plastic particle is about 4 orders of magnitude larger than around
the coal particle. Compared to coal, the released gases are more con-
centrated in the wake region for PP at Re¼ 40. This might be advan-
tageous for subsequent gases collection in a SCWG process
involving PP.

FIG. 9. Species isocontours Yþ
k ¼ 0.2 at (a) Re¼ 5, (b) Re¼ 10, (c) Re¼ 20, and (d) Re¼ 40 for the reacting coal particle. The color plot shows the heat release in the gas

phase, and the surface heat release is not shown here.

FIG. 10. Species isocontours Yþ
k ¼ 0.2 at (a) Re¼ 5, (b) Re¼ 10, (c) Re¼ 20, and (d) Re¼ 40 for the reacting PP particle. The color plot shows the heat release in the gas

phase, and the surface heat release is not shown here.
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D. Chemical reactions

Since the interphase heat and mass transfer are highly related
to the chemical reactions, it is finally necessary to get a deeper
understanding of the surface and gaseous reactions. The surface
reactions generate gaseous products around the particle. Figure 11
shows the surface-averaged mass fraction of these gaseous species
on the coal particle and PP plastic particle as a function of
Reynolds number. For both cases, CO2 is the most important prod-
uct on the surface. The mass fractions of all gaseous species
decrease as the Reynolds number increases, due to the enhanced
mass transfer discussed in Sec. III C. Since the surface reactions are
much faster for the PP plastic particle, the mass fractions of all gas-
eous species are larger, compared to coal. The total gas production
speed of the PP plastic particle is roughly three orders of magni-
tude larger than for the coal particle, demonstrating the very effi-
cient gasification performance for PP plastic particles.

Now, the surface reaction rates are directly evaluated for the coal
and PP particle, as shown in Fig. 12, revealing the variation of the indi-
vidual reaction rates with the initial surface temperature (same as the
initial flow temperature). For PP, the reaction rates of reactions 1 and
2 are much faster than the other surface reactions. The reaction rates
of all surface reactions increase as the temperature increases, with reac-
tions 1, 3, and 5 being most sensitive to a change in temperature
change. At lower temperatures, reaction 2 [PP(C3H6)þ 6H2O
() 3CO2 þ 9H2] is dominating, producing most of CO2 and H2.
Above about 850K, reaction 1 [PP(C3H6) þ H2O () 2CH4 þ CO]
becomes dominating and controls the production of CH4 and CO.

Regarding now the coal particle, reaction 1 is dominating at lower
temperatures, while reaction 2 takes over shortly before 900K, becom-
ing the dominant pathway at higher temperatures. As already dis-
cussed previously, the surface reaction rates for PP are much higher
than those for a coal particle.

Concerning finally the gaseous reaction, the characteristic time-
scale of the gaseous reaction sreact is evaluated and compared with the

convection timescale sconv and diffusion timescale sdiff. Similar to the
studies in Ref. 20, the reaction and diffusion time-scales are based on
CO, which is mostly considered as an undesired by-product in SCWG
processes. Therefore, the time-scales are calculated as

sconv ¼ D
U1

; (21)

sdiff ¼ D2

DCO
; (22)

sreact ¼ YCO

_xCO
; (23)

where DCO and _xCO are the diffusion coefficient and mass production
rate of CO, respectively. The convective Damk€ohler number is used to
compare the convection timescale and reaction timescale,

Daconv ¼ sconv
sreact

; (24)

and the diffusive Damk€ohler number is used to compare the diffusion
timescale and reaction timescale,

Dadiff ¼ sdiff
sreact

: (25)

Figure 13 shows these convective and diffusive Damk€ohler numbers
for the coal particle and PP plastic particle at Re¼ 40 at different initial
temperatures (same for the flow and particle surface). As is seen, both
Daconv and Dadiff are considerably smaller than 1, especially at low
temperatures. This means that the gaseous reaction is limited by its
slow reaction rate, while convection and diffusion processes are very
efficient in comparison. By increasing the temperature, both
Damk€ohler numbers are rapidly increasing, due to the faster reaction
rate. This effect is even more obvious for the PP plastic particle. This
indicates that increasing temperature would be an efficient way to
remove CO from the residual gases and would improve the balance
between reaction, convection, and diffusion processes.

FIG. 11. Surface-averaged mass fraction of the gaseous species on the coal and
PP particle surface at different Reynolds numbers.

FIG. 12. Surface reaction rates for the coal particle and PP plastic particle at differ-
ent temperatures.
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The effect of species transport on the surface reactions is negligi-
ble in this case, since the reactions are first-order reactions, and YH2O

is much larger than the mass fractions of the other species. However,
the impact of species transport on the gaseous reaction is obvious.
Compared with a coal particle, the PP particle corresponds to a much
faster transport of the gaseous species away from the solid surface,
resulting in a higher gaseous reaction rate.

Finally, due to the surface reactions, the solid particle is shrinking
with time. The particle shrinkage is quantified as

a ¼ jr � rinit j
rinit

; (26)

where rinit¼ 250lm is the initial radius of the particle considered in
this study. Figure 14 shows the time evolution of particle shrinkage for
the coal particle and PP plastic particle at different initial surface tem-
peratures. Since the surface reactions are basically independent from
the incoming flow velocity, due to the small amount of gases generated
by comparison to the amount of SCW, the shrinkage speed does not
depend on the flow Reynolds number; for Fig. 14, Re¼ 40 has been
selected.

As is seen, initial surface temperature very significantly affects the
shrinkage speed of PP plastic particles. By comparison, the shrinkage
speed of the coal particle is small; even at a temperature of 900K, it
remains much smaller than the shrinkage of a PP particle at a lower
temperature of T¼ 700K.

Coming back to PP, the overall particle shrinkage amounts to
almost 3% of the initial particle radius during 1 s (duration of the PR-
DNS simulation in physical time). Therefore, the quasi-steady state
assumption is valid for this condition. Increasing the temperature to
T¼ 1000K, the shrinkage level exceeds 10% after 1 s. Going to even
higher temperature would increasingly lead to strong transient pro-
cesses and unsteady flow properties, impacting interphase momentum
and heat and mass exchange. Being intrinsically an unsteady solver,
DINO is perfectly suitable to investigate such conditions. This will be
the subject of future work.

IV. CONCLUSIONS

The present study investigates the supercritical water gasification
of coal and polypropylene plastic particles in a flow at different
Reynolds numbers using particle-resolved direct numerical simula-
tions. In this first step, two-dimensional simulations are considered to
reduce the numerical costs. The employed chemical kinetics for coal
and PP gasification in supercritical water has been adapted from the
literature. Detailed thermodynamic and transport models are used.
After analyzing in detail interphase momentum, heat and mass trans-
fer as well as the impact of surface and gaseous chemical reactions, fol-
lowing conclusions are obtained for SCWG of PP:

• Compared to a coal particle, the SCWG of PP plastic particles
generates a more intensive Stefan flow, resulting in a somewhat
larger pressure coefficient and smaller friction coefficient.

• Heat transfer efficiency is affected by both Stefan flow and gas-
eous reaction. Compared to a coal particle, the Stefan flow effect
is more pronounced for PP, especially at low Reynolds numbers,
resulting in a smaller Nusselt number.

• Differential diffusion results in different mass transfer efficiency
for each species. The gaseous reaction leads to larger Sherwood
number for CO and smaller Sherwood number for CO2 and H2.
The Sherwood numbers are always smaller for PP particles com-
pared to coal during SCWG.

• Again compared to a coal particle, the produced gases are more
concentrated in the wake region of the PP particle at higher
Reynolds number, facilitating residual gases collection in a prac-
tical SCWG process.

• Due to faster surface reactions, SCWG of PP plastic particles pro-
duces more than 1000 times as much combustible gas, compared
to a coal particle.

• The surface reactions of PP are very sensitive to temperature. At
lower temperatures, more CO2 and H2 are produced, while at
higher temperatures, more CH4 and CO are produced. At the

FIG. 13. Convective and diffusive Damk€ohler numbers for the coal and PP plastic
particles at different temperatures. FIG. 14. Time evolution of particle shrinkage level for coal and PP plastic particle

at different initial surface temperatures.
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same time, when increasing the temperature, CO will be increas-
ingly converted by the gaseous reaction.

• Increasing temperature leads to a rapid increase of convective
and diffusive Damk€ohler numbers, though they remain far below
one even at T¼1000K. Controlling process temperature appears
to be important and promising.

In summary, this study provides a first detailed understanding of
SCWG for a PP plastic particle. In practical applications, many particles
in fluidized bed reactors with particle volume fractions up to 0.6 and
Stokes numbers ranging typically from 1 to 100 will be involved. The
effect of neighboring particles on flow field and heat and mass transfer
efficiency is expected to be very significant under such conditions. This
highlights the need for further PR-DNS studies involving many particles
in future studies. Combined with additional findings from the literature,
this will hopefully guide the development of practical, large-scale plastic
waste recycling systems relying on the SCWG technology.
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