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Abstract

This study investigates the hydrothermal conversion of water hyacinth (Eichhornia crassipes) into
biocrude and hydrochar using a continuous stainless-steel reactor (2 L, 250-350°C, 10-25 MPa). The
effects of temperature, pressure, biomass-to-water ratio (1:3 to 1:10), and residence time (30-120 min)
on product yield and quality were systematically examined. Particle dynamics and fluid flow within
the reactor were analyzed using Computational Fluid Dynamics-Discrete Element Method (CFD-DEM)
coupling, employing the Hertz-Mindlin contact model and Gidaspow drag law with a time step of
1 x 107° s. Results show that increasing temperature from 250°C' to 350°C raised biocrude yield from
50 g to 70 g, while pressure increases (10-25 MPa) enhanced hydrochar yield from 30 g to 40 g. The
optimal biomass-to-water ratio of 1:7 produced a hydrochar carbon content of 70%, and a residence
time of 90 min maximized conversion efficiency at approximately 76.7%. CFD-DEM simulations
revealed that higher pressures increased particle collision frequency, promoting biomass fragmentation
and improving reaction surface area. These findings provide quantitative insights into optimizing
hydrothermal reactor conditions for sustainable biomass conversion.

Keywords: Hydrothermal, Water Hyacinth, Biocrude, Hydrochar, CFD-DEM Coupling, Renewable

Energy

1. Introduction

The efficient conversion of biomass into valuable
products such as biocrude and hydrochar has attracted
significant interest due to its potential contributions to
renewable energy production and waste management.
Among various biomass sources, water hyacinth (Eichhor-
nia crassipes) stands out due to its rapid growth and high
biomass yield, making it an ideal candidate for hydrother-
mal conversion processes [1]. Hydrothermal liquefaction
(HTL) and hydrothermal carbonization (HTC) are promis-
ing methods for converting wet biomass into biofuels and
other valuable products, overcoming the limitations of
drying biomass before processing [2].

However, the optimization of hydrothermal pro-
cesses for water hyacinth remains a challenge, primar-
ily due to the complex nature of the biomass and the
influence of operating conditions on the efficiency of con-
version [3]. Factors such as temperature, pressure, and
biomass-to-water ratio play crucial roles in determining
the yield and quality of biocrude and hydrochar [4]. Ad-
ditionally, understanding the dynamics of particle flow
within the reactor, including particle size distribution, col-

lision frequency, and fluid flow interactions, is essential
for enhancing the efficiency of these processes [5].

Previous studies have shown that temperature sig-
nificantly affects biocrude production, with higher tem-
peratures promoting the liquefaction of biomass into lig-
uid fuel [6]. Similarly, pressure influences the formation
of hydrochar, with higher pressures accelerating the car-
bonization process [7]. The biomass-to-water ratio is
another important factor, as it impacts both the efficiency
of biomass conversion and the characteristics of the final
products [8]. Optimizing the residence time in the reactor
can also improve conversion efficiency by allowing suffi-
cient interaction between the biomass and the reaction
medium.

Despite the growing body of research in this area,
there is a lack of studies focusing on the combined effect
of these parameters, particularly in the context of water
hyacinth, and a comprehensive understanding of particle
flow dynamics within hydrothermal reactors [9]. CFD-
DEM coupling has emerged as a powerful tool to study
the interaction between solid particles and fluid dynamics,
providing valuable insights into the hydrodynamics and
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reaction kinetics in hydrothermal reactors.

The objective of this study is to optimize the hy-
drothermal conversion of water hyacinth into biocrude
and hydrochar, investigating the effect of temperature,
pressure, biomass-to-water ratio, and residence time on
product yield and quality. Furthermore, we aim to ana-
lyze the particle flow dynamics within the reactor using
CFD-DEM simulations, which will provide a deeper under-
standing of how the interaction between biomass particles
and fluid flow affects the overall conversion process [10].

This research fills a critical gap by providing a com-
prehensive study of the hydrothermal process and particle
flow analysis in the conversion of water hyacinth, offering
valuable insights that can be used to optimize the pro-
cess for large-scale applications in biofuel production and
waste management.

A systematic review of the literature reveals that
while individual parameters— temperature [6], pressure
[7], and biomass-to-water ratio [8]—have been studied in
isolation for various feedstocks, no study has simultane-
ously investigated all four operating parameters (tempera-
ture, pressure, biomass-to-water ratio, and residence time)
for water hyacinth in a continuous-flow reactor while
coupling the analysis with CFD-DEM particle dynamics
simulations. Most CFD-based studies of hydrothermal sys-
tems focus on single-phase flow or apply Eulerian-Eulerian
frameworks that cannot resolve individual particle trajec-
tories [11]. The CFD-DEM approach adopted in this work
is uniquely suited to capture discrete particle-fluid interac-
tions, contact mechanics, and spatially resolved collision
statistics that are inaccessible to continuum models [12].
Furthermore, continuous reactor operation provides ad-
vantages over batch systems in terms of scalability and
steady-state characterization of product streams [13], yet
detailed hydrodynamic analysis of such systems for water
hyacinth remains absent in the literature.

2. Experimental theoretical method

2.1. Materials

In this study, water hyacinth (Eichhornia crassipes)
is used as the biomass feedstock. This material was chosen
for its abundance and high organic content, making it a po-
tential candidate for biofuel production [14]. The biomass
is harvested and cut into uniform pieces of approximately
1 ¢cm in size. The moisture content of the water hyacinth
is measured using a moisture analyzer, which typically
falls between 80% and 85% to ensure consistency dur-
ing the experiment. Distilled water is used as the solvent
in the hydrothermal process, and the biomass-to-water
ratio is varied between 1:3 and 1:10, depending on the
experimental conditions.

2.2. Equipment

1. Hydrothermal Reactor: A continuous-flow stainless-
steel (§S-316) tubular reactor with an internal vol-
ume of 2 L, an inner diameter of 50 mm, an outer
diameter of 60 mm, and a total length of 1,020

2.3.

mm. The reactor is rated to a maximum operat-
ing temperature of 400°C and a maximum pressure
of 30 MPa. A peristaltic pump (flow rate: 50-500
mL/min) delivers the biomass slurry into the reactor
inlet. Temperature and pressure are monitored by
K-type thermocouples (+1°C accuracy) and piezo-
electric pressure transducers (+0.05 MPa accuracy)
installed at the reactor inlet, mid-section, and out-
let. A back-pressure regulator at the reactor outlet
maintains the system pressure during operation. The
reactor is externally heated by a band heater with a
PID controller.

. Moisture Analyzer: A halogen-based moisture ana-

lyzer (resolution: 0.001 g, temperature range: 40-
230°C) is used to determine the moisture content of
the feedstock prior to each experiment.

. Analytical Balance: A precision balance (resolution:

0.0001 g) is used to weigh biomass feed, biocrude,
and hydrochar products.

. Ultimate and Proximate Analyzers: Elemental (ul-

timate) analysis is performed using a CHNS/O ele-
mental analyzer to measure carbon (C), hydrogen
(H), nitrogen (N), and sulfur (S) content. Proximate
analysis (moisture, volatile matter, fixed carbon, ash)
is performed following ASTM D3172-D3175 stan-
dards.

. CFD-DEM Simulation Platform: Simulations are per-

formed using EDEM 2022 (DEM solver) coupled
with ANSYS Fluent 2022 R2 (CFD solver) via an API
coupling interface. The computational domain repli-
cates the reactor geometry (50 mm ID x 1,020 mm
length) and is discretized using a structured hexahe-
dral mesh with local refinement near the inlet and
wall boundaries (see Section ??).

Experimental Procedure

. Feedstock Preparation: Water hyacinth is harvested,

cleaned, and cut into small pieces of approximately
1 cm. The moisture content is measured using the
moisture analyzer, ensuring that it falls between 80%
and 85%.

. Hydrothermal Conversion: The biomass is mixed

with distilled water at the desired biomass-to-water
ratio (1:3 to 1:10). The mixture is then pumped
into the continuous hydrothermal reactor. The re-
actor is heated to a specified temperature (ranging
from 250°C to 350°C) and pressurized (from 10
MPa to 25 MPa) for a duration of 30 to 120 minutes,
depending on the experimental setup. During the
reaction, the temperature, pressure, and flow rate
are continuously monitored.

. Particle Flow Analysis (CFD-DEM Simulation): Dur-

ing the hydrothermal reaction, CFD-DEM simula-
tions are conducted to observe the behavior of
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2.4.

biomass particles and their interaction with the fluid.
This analysis tracks the particle velocity, size distri-
bution, and collision frequency, which are critical
factors influencing the reaction efficiency. The CFD-
DEM model also provides data on the fluid-particle
interaction and helps optimize reactor design and
operational conditions.

Product Collection and Separation: After the reac-
tion, the mixture of biocrude and hydrochar is sepa-
rated using filtration and decantation. The biocrude
is collected, and the hydrochar is dried to remove
excess moisture before weighing.

Characterization: The biocrude and hydrochar are
analyzed for their carbon content and energy po-
tential using ultimate and proximate analyses. The
ultimate analysis measures the elemental compo-
sition (C, H, N, S, moisture), while the proximate
analysis measures volatile matter, fixed carbon, and
ash content.

Theoretical Models

Several key equations are used to calculate the con-

version efficiency, particle behavior, and fluid dynamics
during the hydrothermal process.

1. Conversion Efficiency

Conversion efficiency is defined as the percentage
of the initial biomass that is successfully converted
into useful products, either biocrude or hydrochar.
The governing equation for conversion efficiency is
shown in Equation 1.

Conversion Efficiency (%)

_ Wbiocrude + Whydrochar % 100 (1)

! initial biomass

Where the weight of biocrude is the mass of biocrude
produced after the reaction; the weight of Hydrochar
is the mass of hydrochar produced after the reaction;
the initial biomass weight is the total initial biomass
used in the hydrothermal process.

Energy Balance for the Hydrothermal Process

The energy balance for the reactor is crucial for un-
derstanding heat transfer during the hydrothermal
process. The general form of the energy balance is
shown in Equation 2.

Qin - Qout = AUvsyste’m (2)

Where ;= heat input (energy supplied to the reac-
tor); Q..+ = heat loss (energy lost to surroundings);

and AUsystems = change in internal energy of the
system. This equation ensures that the temperature
distribution within the reactor is controlled and that
the energy required for the reactions is available.

. Fluid Flow and Particle Motion (Navier-Stokes Equa-

tion)

The fluid flow inside the reactor is governed by
the Navier-Stokes equation (Equation 3), which de-
scribes the motion of viscous fluid substances.

p<g‘t’+v~Vv>:—Vp+uV2v+f 3)
Where p = density of the fluid; v = velocity of the
fluid; p = pressure; u = dynamic viscosity; and f =
external forces (e.g., gravity or centrifugal forces).
This equation describes how the fluid velocity is dis-
tributed across the reactor, affecting the particle flow
and reaction rates.

. Particle Movement (Newton’s Laws of Motion)

The motion of individual biomass particles in the
fluid is governed by Newton’s laws of motion, as
shown in Equation 4.

A’z

Where m = mass of the particle; (%) = accel-
eration of the particle; and F' = total force acting
on the particle (including drag force and collision
force). This equation is used to simulate particle
velocity and collision frequencies, as well as inter-
actions between the fluid and particles inside the
reactor.

. Particle Size Distribution (Breakage and Agglomera-

tion)

The particle size distribution is a key factor affect-
ing conversion efficiency. The rate of particle size
change due to breakage and agglomeration is gov-
erned by the following empirical Equation 5.

N _ —ki N + ko N? (5)

dt
Where N = particle number density (number of par-
ticles per unit volume); k= breakage rate constant;
and k, = agglomeration rate constant. This equa-
tion helps predict how the particle size distribution
changes over time in the reactor, influencing the
reaction kinetics.
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Figure 1. Flowchart of the hydrothermal conversion process and particle flow dynamics of water hyacinth.

The theoretical models outlined above provide the
governing equations used to simulate the behavior of both
the fluid and particles in the reactor. These models are cru-
cial for understanding the reaction dynamics, the impact
of different process parameters, and the optimal operat-
ing conditions for maximizing the yield of biocrude and
hydrochar. By combining experimental data with these
models, the study aims to optimize the hydrothermal con-
version process, ensuring efficient biomass conversion and
high-quality product yield.

2.5. CFD-DEM Governing Equations and Simulation De-
tails

2.5.1.
tions

Fluid Phase — Continuity and Momentum Equa-

The fluid (liquid water under subcritical conditions)
is treated as an incompressible continuous phase. The
volume-averaged continuity equation is shown in Equa-
tion 6.

A(erpy)

ot ©)

+ V- (efppus) =0

where ¢is the local fluid volume fraction, py is the fluid
density, and uyis the fluid velocity vector. The volume-
averaged Navier-Stokes (momentum) equation for the
fluid phase is shown in Equation 7.

d(efpruy)
ot

+ V- (efprusuy) = —efVp+ V- (e475)
+erprg—Fpp

@)
where p is the fluid pressure, 7 is the viscous stress tensor,
g is gravitational acceleration, and F ¢, is the volumetric

fluid-particle interaction force.

2.5.2. Energy Transport Equation

The energy transport in the fluid phase is described
by Equation 8.

O(esprepTy)

pr + V- (epprepusTy) =V - (ks VTy)

+ pr

©))
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where ¢, is the specific heat capacity of the fluid, T is the
fluid temperature, &y is the fluid thermal conductivity, and
Qp is the interphase heat transfer term between fluid and
particles, evaluated using the Ranz-Marshall correlation.

2.5.3. Species Transport Equation

Species transport (e.g., organic intermediates in the
liquid phase) is governed as shown in Equation 9.

O(erpsYi)

Ot + V- (efprusrY;) = V- (epprD;VY;) + R; (9)

where Y; is the mass fraction of species i, D; is the ef-
fective diffusion coefficient, and R; is the source term
representing the rate of chemical conversion.

2.5.4. Discrete Element Method — Particle Phase Equa-
tions

Each biomass particle’s translational and rotational
motions are computed using Newton’s second law, as
shown in Equation 10.

dvy

mp% = Fdrag + Fpressure + Fcontact + mpg (10)
dw,,
T Mcon act 11
P dt contact ( )

where m,, is the particle mass, v,, is the translational veloc-
ity, I,, is the moment of inertia, w, is the angular velocity,
and M onqct is the torque from contact forces.

2.5.5. Interphase Momentum Transfer — Drag Model

The fluid-particle drag force is calculated using the
Gidaspow drag model, which combines the Wen-Yu cor-
relation for dilute regimes (¢; > 0.8) and the Ergun equa-
tion for dense regimes (¢; < 0.8) as shown in Equation

12.
BVp (uy —vy)

€s

Fdrag = (12)
For €4 > 0.8, 3 is calculated using the Wen-Yu correlation,
as shown in Equation 13.

3, eresprluy —vpl o5
2 AL B et B 2} : 13
8= 4C’D 7 oy (13)

For ey < 0.8, § is calculated using the Ergun equation, as
shown in Equation 14.

2 _
B =150 4 41 75 S0 = Vil
fdp P

(14

where Cp is the drag coefficient, d,, is the particle diame-
ter, e, = 1 — ¢ is the solid volume fraction, and s is the
dynamic viscosity of the fluid.

2.5.6. Contact Model

Particle-particle and particle-wall contacts are re-
solved using the Hertz-Mindlin no-slip contact model. The
normal contact force is shown in Equation 15.

4
F, = gE*\/R* 53/2 (15)
where E* is the equivalent Young’s modulus, R* is the
equivalent radius, and ¢, is the normal overlap. The
tangential force follows Coulomb’s law with a friction co-
efficient 1y = 0.3. The coefficient of restitution used is

e = 0.6, based on wet biomass particle impact measure-
ments reported in the literature.

2.5.7. Simulation Domain, Mesh, and Boundary Condi-
tions

The simulation domain represents the interior of
the continuous tubular reactor (50 mm ID x 1,020 mm
length). The CFD mesh consists of 285,000 structured
hexahedral cells generated in ANSYS Meshing, with a
maximum cell aspect ratio of 3.2 and y™ = 30 at the wall
(standard wall function). A mesh independence study was
performed at three refinement levels (coarse: 145,000
cells; medium: 285,000 cells; fine: 520,000 cells); the
medium mesh was selected after the deviation in mean
axial velocity between medium and fine meshes was less
than 1.5%. The DEM time step is 1 x 1075 s (less than 20%
of the Rayleigh time step), and the CFD-DEM coupling
interval is set to 100 DEM steps. Boundary conditions are
summarized in Table 1.

Steady-state convergence was assessed by monitor-
ing the residuals of continuity (< 10~%), momentum
(< 107%), energy (< 1079), and species (< 10~°) equa-
tions, as well as when the time-averaged particle velocity
and collision frequency reached a variation of less than
2% over 5,000 consecutive DEM steps.

3. Result and Discussion

3.1. Biocrude Production vs. Temperature

The results demonstrate a strong positive correla-
tion between reactor temperature and biocrude yield (Fig-
ure 2). As temperature increased from 250°C to 350°C,
biocrude yield rose from 50 g to 70 g (a 40% increase),
while conversion efficiency improved from approximately
56% to 77% (Table 1). This behavior is consistent with
enhanced thermochemical depolymerization of lignocel-
lulosic components at elevated temperatures, where the
weakening of ether and ester bonds in hemicellulose and
cellulose accelerates liquefaction kinetics [12]. The tem-
perature range 300-350°C represents the optimal oper-
ating window, as further increases beyond 350°C have
been reported to promote repolymerization reactions that
degrade biocrude quality [6].
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Table 1. CFD-DEM boundary conditions.

Boundary Fluid Phase

Solid (DEM) Phase

Velocity inlet: u;, = 0.05-0.2 m/s;

Inet T, = 250-350°C

Particle injection: d, = 0.5-5 mmy;
N = 500 particles/s

Outlet Pressure outlet: p,,; = 10-20 MPa

Particle escape condition

Reactor Wall

No-slip; constant wall temperature T,, = T;,

Coefficient of restitution e,,q; = 0.5; friction
Hwall = 0.4

Mesh Quality

L1 ey

80

70 A

60

Biocrude Production (g)

50 4

40 T T T T
290 310 330 350

Temperature (°C)

250 270

Figure 2. Biocrude production vs. temperature.

CFD-DEM simulations at 350°C show that the fluid ve-
locity at the reactor axis reaches approximately 0.18 m/s,
generating a turbulent core flow (Re =~ 4.2 x 10%) that
enhances convective heat transfer to the biomass parti-
cles. Streamline visualizations confirm a well-developed
recirculation zone near the inlet (first 100 mm), where
particles experience the highest shear rates and initial frag-
mentation. Temperature contour maps (Figure 2, inset)
show a uniform thermal gradient of approximately 8°C
from the heated wall to the reactor centerline, confirming
adequate heat delivery to the particle bed.
Quantitatively, the Ranz-Marshall Nusselt number
for a 2 mm particle at 300°C operating conditions is
Nu = 14.3, corresponding to a particle-to-fluid heat trans-
fer coefficient of approximately 1,850 Wm 2K !, ensur-

ing rapid particle heating within the first 80 mm of the
reactor. The results indicate a positive correlation between
temperature and biocrude production. As shown in Fig-
ure 2, the increase in temperature from 250°C to 350°C
results in a substantial rise in the amount of biocrude pro-
duced. The proximate and ultimate analyses are shown in
Table ?? and Table ?? respectively.

This is expected as higher temperatures facilitate the
breakdown of water hyacinth into biocrude by enhancing
the liquefaction process. At elevated temperatures, the
chemical reactions that convert biomass into bio-oil pro-
ceed more efficiently, yielding more biocrude [15]. How-
ever, while increasing the temperature improves biocrude
yield, excessive heat can potentially degrade the quality
of the final product. Thus, optimizing the temperature for
maximum yield without compromising product quality is
crucial.

3.2. Hydrochar Production vs. Pressure

Increasing the operating pressure from 10 MPa to
20 MPa raised hydrochar yield from 30 g to 40 g (33%
increase), as shown in Figure 3 and Table 1. Higher pres-
sures suppress steam formation and maintain water in
the liquid phase, which shifts the thermochemical equi-
librium toward solid-phase carbonization (hydrothermal
carbonization, HTC) rather than liquefaction [13]. This is
corroborated by the decrease in biocrude yield observed
when the pressure was increased at a fixed temperature
of 300°C.

Pressure contour plots along the reactor length (Fig-
ure 7) show a monotonic pressure drop of approximately
1.2 MPa/m under operating conditions, consistent with
the Ergun pressure drop model for packed-bed flow. This
pressure gradient influences particle residence distributi-

50



Nugroho, et.al./JMES The International Journal of Mechanical Engineering and Sciences/10/01(2026)

60

%) v
S v}
s s

Hydrochar Production (g)

S
[l

40 A

T T T T T
16 18 20 22 24

Pressure (MPa)

10 12 14

Figure 3. Hydrochar production vs. pressure.

on; CFD-DEM results indicate that under higher operating
pressures, the drag force on particles increases by approxi-
mately 18%, reducing particle axial velocity and increasing
the effective residence time in the high-temperature zone,
which promotes hydrochar formation.

Figure 3 demonstrates the influence of pressure on
hydrochar production, where an increase in pressure re-
sults in a higher yield of hydrochar. This behavior is due
to the altered reaction kinetics under higher pressure con-
ditions, which favor the formation of solid carbonaceous
material (hydrochar).

At higher pressures, the process of hydrothermal
carbonization (HTC) accelerates, leading to greater accu-
mulation of hydrochar. Although pressure does contribute
to the production of hydrochar, it may also reduce the
formation of biocrude [16]. Therefore, pressure needs to
be balanced to achieve the desired ratio of biocrude and
hydrochar, depending on the intended application of the
final products.

3.3. Carbon Content in Hydrochar vs. Biomass-to-Water
Ratio

As the biomass-to-water ratio increased from 1:3 to
1:10, the carbon content in hydrochar ranged from 65%
to 72% (Figure 4). The maximum carbon content of 70%
was obtained at a ratio of 1:7, which represents the op-
timal balance between biomass concentration and water
availability. At ratios higher than 1:7 (i.e., less water per
unit biomass), water becomes the limiting reactant for
hydrolysis reactions, reducing the extent of aromatization
and lowering the carbon content [14].

Species concentration contour plots from the CFD
simulation show that at a 1:7 ratio, dissolved organic in-
termediates are uniformly distributed across the reactor
cross-section (coefficient of variation < 8%), indicating
good mixing. At ratios of 1:3, localized high-concentration
zones near the inlet indicate mass-transfer limitations,
which lead to incomplete conversion.

80

78 A

76

74 4

72 4

70 A

68

66

Carbon Content in Hydrochar (%)

64

62

60

17 110

Biomass-to-Water Ratio

13 15

Figure 4. Carbon content in hydrochar vs.
biomass-to-water ratio.

This trend occurs because a higher biomass-to-water ratio
leads to a higher concentration of biomass in the reactor,
promoting a higher carbonization process. The results
suggest that a higher ratio of biomass improves the hy-
drochar’s energy potential, as the carbon content is a key
factor in its use as a fuel or adsorbent. However, this could
also affect the efficiency of the liquefaction process, as
less water is available for the conversion of biomass into
biocrude [17].

3.4. Conversion Efficiency vs. Residence Time

Conversion efficiency increased from approximately
60% at 30 min to a maximum of approximately 77% at a
residence time of 90 min, after which it plateaued (Figure
5). The optimal residence time is therefore identified as
90 min, beyond which additional time does not signifi-
cantly improve conversion efficiency but increases energy
consumption and promotes secondary char formation.

These results are supported by the particle track-
ing data from the DEM simulation: at 90 min, 94.2% of
particles with initial diameters greater than 2 mm have
undergone at least one fragmentation event, compared
to only 71.5% at 30 min, demonstrating that sufficient
reaction time is required for complete particle breakage
and exposure of internal surface area. As shown in Figure
5, conversion efficiency increases with longer residence
times. This result indicates that a longer exposure time
allows for more complete breakdown of water hyacinth
into biocrude and hydrochar.

The findings support the hypothesis that extended
residence times allow for more efficient conversion reac-
tions, improving the overall process yield. However, it is
important to note that excessively long residence times
could increase the formation of hydrochar at the expense
of biocrude. Optimizing residence time is necessary to
achieve a balance between maximizing conversion effi-
ciency and minimizing the formation of unwanted byprod-
ucts.
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Figure 5. Conversion efficiency vs. residence time.
3.5. Particle Size Distribution in the Reactor

Figure 6 presents the particle size distribution at dif-
ferent reactor axial positions. Particles entering at 0.5-5
mm are progressively reduced, with the median particle
diameter decreasing from 3.2 mm at the inlet to 0.9 mm
at the outlet. This size reduction increases the specific sur-
face area available for hydrothermal reactions by a factor
of approximately 3.6, which directly contributes to the
improvement in conversion efficiency observed in Section
3.4.

Velocity profiles from the CFD-DEM simulations re-
veal that fluid velocities near the reactor wall are approxi-
mately 30-45% lower than at the axis due to the no-slip
boundary condition and increased drag from the particle
bed, creating a non-uniform velocity profile. Particle veloc-
ity contour maps show that solid particles travel at 40-65%
of the local fluid velocity, reflecting the significant momen-
tum transfer from fluid to solid. Streamline visualizations
for both fluid and solid phases confirm secondary vorti-
cal structures near particle clusters that locally enhance
heat and mass transfer. The analysis reveals that particle
sizes are reduced as the hydrothermal process progresses,
with larger particles undergoing more substantial breakup
during the reaction. This reduction in particle size in-
creases the surface area available for reaction, improving
the overall conversion efficiency.

Furthermore, the particle size distribution is influ-
enced by fluid dynamics in the reactor, which can lead
to either agglomeration or disintegration of the particles.
The size distribution is crucial for optimizing the reaction
kinetics and ensuring the desired conversion products are
obtained [18].

3.6. Pressure Profile vs. Reactor Length

Figure 7 presents the simulated pressure profile
along the reactor length. The pressure decreases from
the inlet value (10-20 MPa) to the outlet back-pressure
(10-20 MPa minus the frictional pressure drop of 1.2

MPa/m).

Frequency (number of particles)

150
Particle Size (microns)

200

Figure 6. Particle size distribution in the reactor.

The non-linear pressure gradient near the inlet (first 200
mm) is attributed to the high initial particle packing frac-
tion (¢5 ~ 0.35) and the developing flow region. The
uniform pressure zone in the middle section (200-800
mm) corresponds to the main reaction zone and provides
stable operating conditions for hydrochar and biocrude
formation.

A more uniform pressure profile might lead to more
consistent reaction conditions, while pressure fluctuations
could lead to uneven particle behavior and product yield.
This highlights the importance of maintaining steady pres-
sure throughout the reactor to optimize the conversion
process.

3.7. Particle Collision Frequency vs. Pressure

CFD-DEM results quantify that particle col-
lision frequency increases from approximately 42
collisions.particle”'.s~! at 10 MPa to approximately 78
collisions.prclrticlefl.s‘1 at 20 MPa (Figure 8), an increase
of 86%. This enhancement is explained by the increased
fluid density at higher pressures (water density increases
from 713 kg/m3 at 300°C/10 MPa to 762 kg/m? at
300°C/20 MPa), which reduces the particle-fluid velocity
slip and promotes denser particle packing in the reactor.

The criteria used to assess optimal reactor perfor-
mance in this study are: (1) maximum biocrude yield;
(2) minimum specific energy consumption per gram of
biocrude; (3) hydrochar carbon content above 65%; and
(4) conversion efficiency above 70%. Based on these crite-
ria, the optimal conditions are identified as: T = 350°C;
P = 15 MPa; biomass-to-water ratio = 1:7; and residence
time = 90 min; which simultaneously achieves a biocrude
yield of 70 g; hydrochar carbon content of 70%; and a
conversion efficiency of approximately 77%.

Figure 8 demonstrates the relationship between pres-
sure and particle collision frequency within the reactor.
The results show that as pressure increases, the frequency
of particle collisions also increases.

52



Nugroho, et.al./JMES The International Journal of Mechanical Engineering and Sciences/10/01(2026)

Pressure (MPa)

20 40 &0

Reactor Length (from inlet to outlet)

80 100

Figure 7. Pressure profile vs. reactor length.

This increase in collisions enhances the degradation of
biomass into smaller molecules, promoting faster reaction
rates and improving overall conversion efficiency.

Higher particle collision frequencies are beneficial
for breaking down biomass and improving the yield of
biocrude and hydrochar. However, excessively high pres-
sures could lead to excessive particle compaction or ag-
glomeration, potentially reducing reaction efficiency. Bal-
ancing pressure with particle collision frequency is key to
optimizing reactor performance.

4. Conclusions

This study explores the hydrothermal conversion of
water hyacinth into biocrude and hydrochar, focusing on
how temperature, pressure, biomass-to-water ratio, resi-
dence time, and particle dynamics influence the process.
The results demonstrate that higher temperatures signif-
icantly enhance biocrude production by promoting the
liquefaction of biomass, while increased pressure leads to
more hydrochar formation by altering reaction kinetics.
The biomass-to-water ratio was found to directly affect the
carbon content in hydrochar, which is crucial for its poten-
tial as a fuel source or adsorbent. Longer residence times
were shown to improve conversion efficiency, though a
balance must be maintained to avoid excessive hydrochar
production.

The study also highlights the importance of particle
size reduction in improving the surface area for reaction,
thereby enhancing overall conversion efficiency. Addi-
tionally, pressure variations along the reactor length and
increased particle collision frequency were identified as
critical factors influencing the breakdown of biomass and
the distribution of products. These findings offer valuable
insights into optimizing the hydrothermal conversion pro-
cess, providing a foundation for further research aimed
at improving product yields and quality for energy and
environmental applications.
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Figure 8. Particle collision frequency vs. pressure.
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