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Abstract: Computational Fluid Dynamics simulation was used to study hydrothermal
carbonization of avocado stone (AS) in a batch stirred reactor, using an open-loop controller
system. The corresponding simulations were carried out in COMSOL Multiphysics 5.2. The
different biomass-to-water ratio was investigated. The hydrodynamic study shows that the ideal
stirring speed to obtain a homogeneous mixture inside the reactor is 550 rpm, due to the high
density of AS particles (1547.64427.33 kg/m?®). However, a stagnant zone was observed just
below the impeller. To validate the CFD simulations temperature profiles with experimental
data, the heat transfer coefficient of the insulator was determined (11.66 W/m?.K), this value was
used to set the heat loss in the CFD simulation. According to the model, the difference between
the thermal properties of biomass and water under hydrothermal carbonization conditions is
negligible. However, experimentally, an increase in temperature was observed with increasing
biomass to-water-ratio; this is due to the global hydrothermal carbonization of AS is exothermic
reaction. The heat released during 8 hours, including heat-up time, was -7.25 £0.32MJ/kg of
feedstock. Finally, a kinetic model was proposed taking into account the influence of

temperature, heat-up time, reactor volume, and biomass concentration.
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1 INTRODUCTION

The production of clean and sustainable fuels is the main challenge of the upcoming energy
crisis and climate change. The potential of lignocellulosic biomass as an abundant source of
renewable energy. Although there are different processes to convert biomass into energy, its
direct use as fuel, faces several challenges (inefficiency of conversion facility, low-energy,
biological instability, high moisture content, and so forth [1]. Pretreatment processes are
necessary to improve the organic feedstock characteristics for most biomass to energy
conversion processes.

Hydrothermal carbonization (HTC), also known as a wet thermochemical process, emulates the
natural process of coalification, virtually no pretreatment is required [2]. HTC is a
thermochemical conversion process by which biomass is converted into carbonized material
(hydrochar), liquid (bio-oil mixed with water) and small fractions of gases; this process is
performed in the temperature range of 180-250°C under autogenous saturated vapor pressure
between 10 and 40 bars, and a residence time range from a few minutes up to several hours [3-5].
The performance and composition of the final products are directly related to biomass type, and
process conditions such as reaction temperature, residence time, and water-to-biomass ratio.
HTC process has investigated distinct types of biomass; sugarcane bagasse [6], corn cob [7],
tomato waste [8], olive pomace [4], olive stones [9], and so forth. Most of these biomasses are
agro-industrial wastes, in Mexico, one of the most significant agro-industrial wastes generated is
avocado stones (AS). The products of HTC can be used directly as a solid fuel, soil amendment,
and so on. [10-12].

The performance of HTC process, and any transformation process, highly depends on transport
phenomena, i.e., the mechanisms by which heat, mass, and momentum are transferred
throughout a system, besides chemical reactions. The acknowledge of these phenomena in a
reactor during HTC in a laboratory or pilot plant is tedious and expensive. For this reason,
numerical simulation or Computational Fluid Dynamics (CFD) could be necessary and
complementary to experimental studies. A better understanding of these phenomena, inside the
HTC reactor at laboratory level, can facilitate their optimization and scale-up to a more accurate
industrial reactor, which will reduce economic uncertainty. Compared to the experimental data,
CFD model results can predict qualitative information and, most of the times, accurate

quantitative information [13]. In this regard, many researchers have used CFD to simulate and



analyze thermochemical conversion equipment performance, such as fluidized beds, fixed beds,
firing boilers, combustion furnaces, so one. Papadikis et al [14] use CFD modeling in fluid-
particle interaction within a fluidized bed reactor in fast pyrolysis, the model was able to predict
the residence time of the vapors and biomass particle inside the reactor, as well as the properties
of the pyrolytic particle. On the other hand, Xue et al. [15] proposed a model able to predict the
key features of fast pyrolysis of any biomass with known compositions of cellulose,
hemicellulose and lignin in a fluidized bed reactor. Similar studies were reported by Thankachan
et al.[16] on biomass gasification using a fluidized bed reactor. Kumar et al. [17] use CFD to
investigate the syngas production of various biomass feedstocks. Hooshadaran et al. [18] studied
the heat transfer in a draft tube conical spouted bed reactor under pyrolysis conditions. The CFD
predictions results were in close quantitative agreement with measurements in terms of heat-
transfer coefficients. Also, CFD has been used in gas-solid fluidized bed hydrodynamics studies
[19, 20]; their models have been able to predict the hydrodynamic behavior of gas-solid fluidized
beds. Xie et al. [21] showed the importance of CFD to understand the effects of agitation on the
velocity, temperature, and concentration distributions of a stirred tank reactor and the importance
of the stirring rate in copolymerization. In general, CFD has been used in many thermochemical
conversion studies of biomass; however, there is minimal studies on the simulation of an HTC
reactor and especially a stirred reactor. Most of the current simulation is based on the OD kinetic
model (without influence of spatial variables; the system behaves in the same way at any point of
the reactor) [3, 22, 23]. All these studies assume that the reaction temperature is constant during
the whole experiment, but a constant temperature during HTC is difficult to achieve in batch
autoclave reactors where there is a heat-up time, a constant temperature period, and finally a
cooling time. Therefore, the validity of these results depends only on their experimental
conditions. Some investigators have incorporated the effects of heat-up time as in the case of
Alvarez-Murillo et al. [24]. In this case, the authors applied the computational model by using
COMSOL Multiphysics to examine the kinetics of cellulose HTC over different reaction times
and temperatures. They developed a first order-reaction model based on the Arrhenius equation,
which also shows the importance of the heating time. The authors reported activation energy of
90.1 kJ/mol similar value reported by Reza et al. [25] and Killer er al. [26], the latter not
considering heat-up time. The CFD simulation carried out by Alvarez-Murillo er al. [24],

considers batch HTC reactor that received heat from hot air and modelled radiation and



convection and under the assumption that the reactor contains only water, and does not consider
the properties of biomass. However, the thermal properties of biomasses may differ from the
thermal properties of water in the reaction medium. The biomass properties, such as density,
porosity, permeability, and chemical composition change for unexplored chemical reactions [27].
Also, Funke and Ziegler [28], report that the global biomass HTC reaction is exothermic;
therefore, the biomass-to-water ratio influences the heat transfer. According to Funke and
Ziegler, the HTC reaction of biomass can release heat to -5.8 MJ/kg of fed biomass. For this
reason, and as a remarkable difference regarding previous works, we have considered
temperature as a function of time (t), spatial variables (x, y, z), and biomass-to-water ratio (R),
given the difference between the thermal properties of biomass and water. Also, it is a stirred
reactor, of constant volume and working in an open-loop controller system. To determine T (R, x,
y, z inside the reactor, the model resolves the mass, heat, momentum transfer, and reaction
kinetics simultaneously. Besides, most of the HTC reactor studies in the literature are non-
agitated reactors, and operated with furnace in a closed-loop system [4, 8, 9, 24]. In non-agitated
reactors, the biomass/water mixture is not uniform inside the reactor, due the different physical
properties of biomass and water (e.g. density). Consequently, a gradient of concentration,
temperature and other properties may exist inside the reactor. These affect the mechanisms of
reaction of HTC, also makes difficult their hydrodynamics analyses and thermal studies. The
inclusion of a stirrer reactor can help avoid these problems, and the use of CFD simulation can
contribute to the design, optimization, as well as the scaling up to industrial level. In addition,
CFD can assist in the analysis of hydrodynamic and thermal effects inside the reactor during the
HTC process.

Hence, the main objectives of this study were to use the CFD technique to produce a 3D
simulation of HTC stirred reactor for an open-loop controller system by using COMSOL
Multiphysics software: (a) to study the hydrodynamic and determine the distribution of biomass
inside the reactor, high mixing intensity and stagnant zones. (b) to determine the heat of the
reaction and the type of chemical reaction. (¢) to combine kinetics, temperature, mass, and
velocity fields to predict the conversion of the biomass inside the reactor using the model
proposed by Alvarez-Murillo et al. [24], considering the thermal properties of the AS and heat of
reaction, and the effect of biomass to water ratio on heat transfer. These results will be compared

with the experimental data of the HTC of AS.



2 EXPERIMENTAL SECTION

2.1 Biomass feedstock properties

In this study, AS of the Hass variety from Michoacdn (Mexico) were used. Mexico is the largest
producer of avocado in the world, with 2.3million metric tons reported for the 2019/2020
marketing year [29]. A significant amount (~170,000 tons/year) of avocado production is
processed as guacamole, this represents more than 25,000 tons per year of waste [30]. In general,
the AS has a moisture content between 65 and 75% [31], which is ideal for HTC. The ultimate
analysis and higher heating value (HHV) characteristic of raw AS is presented in Table 1.
Initially, the AS was cut to obtain a particle diameter between 2.5 and 4mm and later dried in a
stove at 80°C for storage.

Table 1: The ultimate analysis and HHV characteristic of the raw AS Persea americana (Hass variety)

[32].
Ultimate analysis (%)
Carbon 48.01+0.0079
Hydrogen 5.755+0.0158
Nitrogen 0.447+0.0566
Sulphur 0.104+0.0028
Oxygen 42.8+2.5738
Chlorine 0.024+0.0010
Ash 2.86+0.0167
HHV MJ/kg) 19.15+0.1300
QOil content (%) 1.715+0.3540

2.2 HTC reactor description

The HTC experiments were carried out in a stirred autoclave reactor (Top Industrie, France).
This reactor consists of two parts: a reactor vessel with an internal volume of 300 mL and a
cylindrical capping vessel. The capping vessel includes a central connection for a magnetic
stirrer (max. 1500 rpm, 50 W) and connections for measuring pressure, temperatures, and
releasing the gases produced. The clamping of the reactor is done by opening and closing the
cylinder head manually. The autoclave is placed in a furnace for electrical heating (maximum
power is 400 W). During the experiments a constant electrical power of 120 W was applied. The
geometry of the reactor is shown in Figure la. The reactor is mainly equipped with the
following instruments: furnace control panel for on-line temperature control and display, Type-K

thermocouples immersed inside the reactor; manometer, the agitator control box to regulate,



measure and display the stirring speed; and Huber Ministats® for water recirculation at 5°C to

cool the reactor.

2.3 HTC experimental procedure

HTC experimental runs were performed with four avocado stones (AS) to Water (W) ratios
under the same operating conditions: residence time (8h), power supplied in the reactor (120 W),
particle diameters between 2.5 and 4 mm, and agitator speed (550 rpm). For each experiment, it
was used the same volume inside the reactor (200 mL). The biomass-to-water ratio (AS/W) was:
AS-1-10 (18.74g/187.45g:AS/W), AS-1-8 (23.082/184.682:AS/W), AS-1-6 (30.04g/180.24¢:
AS/W), AS-1-4 (42.99g/171.98g: AS/W). To remove the residual air inside the reactor, vacuum
conditions were applied to the reactor with a pump; after reaching a pressure of less than 40
mbar, the heating program was started. The heating period was 8 hours long. At the end of this
period, the reactor was cooled to room temperature; it took 15 to 20 minutes to cool it down by

immersing it in a 5°C water bath.

Thermal properties, such as thermal conductivity, specific heat capacity, as well as density, were
determined for the AS and hydrochar. The thermal conductivity was determined following the
protocol described by Mason et al. [33], the heat capacity of the samples was determined
according to the protocol described by Blackman et al. [34]. For density, a pycnometer was used

to determine the samples densities.
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Figure 1: The reactor geometry a) experimental b) CFD domain and ¢) Meshed CFD domain



2.4 Heat of reaction measurements
The energy supplied to the external wall of the reactor during HTC is the sum of the energy used
to heat the reactor, the room-temperature mixture to a final temperature and the energy lost in

this heating over time (mostly at the reactor head), and is presented in the following equation:
Es = Eg+Ey + Ep; — E + Ep (D

where Es (kJ) is the power or energy supplied to the reactor, Er (kJ) energy used to heat the
reactor, Ew (kJ) energy used to heat the distilled water, Ep;i (kJ) energy used heating biomass and
EvL (kJ) the energy lost. If the decomposition of biomass produces or consumes energy, the term
Ep (kJ) is the energy produced or consumed during chemical reactions. In our case, we opted to
use an open-loop controller system in view to know the energy supplied. The power applied in
each experiment is equal to 120 W.

(Complementary informations were given into supplementary document)

3 COMPUTATIONAL APPROACH AND METHODOLOGY

3.1 Geometry, Mesh and Solver settings

3.1.1 Geometry

The simulated stirred reactor comprises a reactor vessel and a four-blade impeller. The internal
height (H) and the inner diameter (D) of the mixer vessel is 130 mm and 56 mm respectively.
The diameter of the impeller (d) was 35 mm. The pitch of the impeller blades was 45°; the

external width (Dex) was 76 mm. The details of the geometry are presented in Figure 2.

Deapping=100mm

Hy=157mm

Figure 2: Stirred reactor geometry details schematic



The geometric models were constructed in the COMSOL Multiphysics. Simulations were
performed on a Dell Studio XPS 9100 PC intel i7CPU with 16 GB memory.

3.1.2 Mesh independence study

Mesh independence study is one of the most crucial steps in any CFD problem. The accuracy of
the CFD solution is strongly dependent on the mesh quality. When the accuracy does not change
significantly with the increasing number of mesh elements, the calculation can be considered
mesh independent [35]. It is important to mention that the agreement between simulation results
and experimental data does not necessarily mean that the solution is mesh-independent.
Achieving a mesh-independent solution is an essential step in analyzing the results obtained
using CFD simulation. However, there is no specific method in the literature on how to achieve a
mesh-independent solution [36]. In this case, it was used the average velocity of the dispersed
phase for mesh-independence study. When this average velocity does not change with the
increase of the number of elements, it was considered that the results are mesh-independent.
Once the results are validated as mesh independent, it was validated with experimental data.
Then, the CFD model can be used to design, scale-up, test, and process optimization. For this, six
predefined meshes were applied. The variation of average velocity of the dispersed phase as a

function of the number of elements as well as the computation time is presented in Figure 3.
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Figure 3 : Effect of number of mesh elements on average velocity of the dispersed phase and
computation time

As shown in Figure 3, from 500k elements, the variation of average the velocity of the dispersed
phase is negligible. This simulation takes a minimum of 500 k elements to consider the results

are mesh-independent. The independent mesh study was conducted using an agitation speed



equal to 550rpm and fraction volume @»=0.1375. The reactor mesh domain is presented in
Figure 1c.

3.1.3 Solver settings

For solver settings in rotating machinery, the mixture model (turbulent or laminar) interface
supports the steps (stationary and time-dependent) of both types of studies. For time-dependent
3D simulations, it is critical to have an accurate initial value that corresponds to the real
situation. To simplify the simulation, the velocity field was calculated using the frozen rotor
assumption, a particular case of a steady-state study. The results were used as initial values for

the time-dependent study.

3.2 Stirred reactor hydrodynamic simulations
In the mixing system analysis, Reynolds number (Nge) is an important design criteria [37]. For
stirred vessels, the flow is laminar for Nre <10 and fully turbulent for Nre>10* [38]. The
Reynolds number is defined and calculated according to the following equations:
N, = Nd?p (2)

1l

where d (m) is the diameter of the impeller, N (s!) the represents impeller rotational frequency,

U (Pa. s) is the dynamic viscosity of the mixture, and p (kg/m?) is the density. To study the
dispersion or suspension behavior within the fluid, it is considered a diluted system in which the
dispersed phase is rigid spheres, and the continuous phase is a Newtonian fluid. The continuous

phase viscosity variation of a dispersed phase is described by Einstein’s equation [39]:

. z's(pbimax 3
u=uo<1+ Py ) (3)

max
P

where Mo (Pa. s) is the continuous phase viscosity, ¢bvi (-) is the volume fraction of biomass

particles in the dispersed phase, and @v™*(-) is considered equal to 0.63 [40]; this is the
maximum packing volume fraction. The mixture density is calculated from the following
equation:

p= pb(pbi + pc(l - (pbi) ( 4)

where Py (kg/m?) is the density of the disperse phase, and pc (kg/m?) is the continuous phase
density. Five rotation frequencies were used: 100, 250, 400, 550, and 700 rpm to find the ideal

speed for the system to be homogeneous. The Nge values at different volume fractions



corresponding to the different biomass to water ratios are presented in Table 2 at 25°C. All Nge
values obtained are higher than 10; therefore, no regime is laminar. The regime is entirely
turbulent for N=550 rpm and N=700 rpm, the decision is to use the turbulent regime and also, as
the temperature increases, the Nge value increases for constant N.

In all numerical analysis, particularly those using Reynolds-Averaged-Navier—Stokes (RANS)
equations, the results accuracy depends on the turbulence flow models used [41]. This turbulence
flow will be modeled using the k-¢ turbulence model. This model can handle various fluid flow
conditions, it is the most common model used in CFD to simulate mean flow characteristics for
turbulent flow conditions, due to its good convergence rate and relatively low memory

requirements [42].

Table 2: Nge values at different rotation frequency and different biomass water ratio

Rotation frequency Reynolds number
(N) Water AS-1-4 AS-1-6 AS-1-8 AS-1-10
@b =0 0bi=0.1375 | @bi =0.0961 | @b =0.0738 | @b =0.0600
100 rpm=1.67 s™ 2291.43 1881.88 1983.27 2044.60 2085.26
250 rpm=4.17 s 5728.58 4704.71 4958.18 5111.50 5213.16
400 rpm=6.67 s 9165.73 7527.54 7933.09 8178.39 8341.06
550 rpm=9.17 s™ 12602.88 | 10350.36 10908.00 11245.29 11468.95
700 rpm=11.67 s | 25043.44 | 20790.72 21843.53 22480.33 22902.60

It is not feasible to simulate directly the movement of all biomass individual particles in the HTC
reactor due to the limitations of current computers and the high computational cost of tracking
thousands of particles present in typical reactors. Thus, approximate methods, such as the
dispersed multiphase flow models approach or coupling fluid flow and transport of diluted
species, are ways to reduce computational overheads. Recently, these approximate methods were
used by many researchers to study the hydrodynamics of the gas-solid during pyrolysis and
combustion [15, 20, 43, 44].

3.3 Reactor simulations in HTC condition

The geometry of the reactor simulated is shown in Figure 1b. Inside the reactor, water and
biomass are mixed in the function of biomass-to-water ratio. The thermal properties of the
reactor and continuous phase (water) inside the reactor and its relationship with temperature

were taken from the COMSOL Multiphysics database. The thermal properties of the biomass



determined in section 2.3 were used. The fluid was considered weakly compressible to take into
account variations in fluid density for temperature change. Since the system is closed, the
pressure point was constraint.

The equations used for this simulation are presented into supplementary document.

3.3.1 Kinetics models

In this kinetic simulation of HTC, the kinetic model proposed by Alvarez-Murillo ef al. [24] was
used, with the modification of adding heat of the reaction of the HTC, calculated experimentally.
The behavior of each biomass during the HTC process is related to its content in the constituent
biopolymers (cellulose, hemicellulose, and lignin). However, the decomposition kinetics of this
biopolymer for all types of biomass may be similar. The overall reaction of biomass in the HTC

process is presented in the following reaction:

Biomass + H,0 — Hydrochar + Liquid + Gas AH, (5)
dCy; (6)
Thi = —Tl = K. Gy

(7

N —Ea
K, = [M] e[RgT(ER) A Trer = 1K

Trer

This is an extension of Arrhenius equation in which the pre-exponential factor is proportional to
T" where T(;, r) is temperature (K) as a function of time, biomass concentration and spatial
variables and n is a constant, Ap (1/s) is temperature-independent constant, Ea (J/mol) is
activation energy and Rg (8.314 J mol/K) is the constant gas, Cyi (kmol/m?) is the biomass molar

concentration inside the reactor, and rpi (mol/m?. s) rate of each reaction.

dT (25)
Ve Z Cpi Cp at + Z Hpi Tpi| = Qext
Ipi = RpiFp; (8)
The hydrochar formation kinetics is represented by:
r'uc = Rpi- (Fue) (9)
And liquid formation kinetics as:
riiqg = Rpi- (Fiig) (10)

Where Vr (m?) is the reactor volume, Qext (W) external heat rate, Hyi (J/mol) enthalpy of each

reaction, Ry (mol/m?. s) is the reaction rate for species i of biomass. Fi (-) is the fraction of



biomass converted into products, Fuc, Fiiq is the fraction of the biomass converted into hydrochar
and liquid respectively, these values were determined experimentally. The biomass fraction

converted in to gas is represented as (1- Fuc-Fiig).

3.3.2 Boundary conditions

Initial conditions were: T=25°C, p=0 in the pressure point constraint, and u=0 throughout the
system. An electrical power of 120 W was applied to the external reactor sidewall. No-slip
boundary conditions (u=0) were applied at all solid/fluid interfaces. Natural external convection
conditions were applied to the upper and lower sides of the reactor. There was a heat loss due to

a faulty reactor insulation. The insulator heat transfer coefficient was determined from following

equation:
= o 11
h=1"7 (1)

where h is the heat transfer coefficient (W/m?K), Tex (K) is the external temperature and qo

(W/m?) represents heat flux loss.
4 RESULTS AND DISCUSSION
4.1 Experimental feedstock analysis

4.1.1 Analysis of AS and hydrochar thermal properties

The experimental thermal properties values obtained, such as specific heat capacity, thermal
conductivity, and initial biomass density of (AS) and the hydrochar (HC) produced, are
presented in Table 3.

Table 3: Heat capacity and thermal conductivity of AS and hydrochars

Samples Heat capacity Thermal conductivity Density (kg/m?)
J/kg.K) (W/m.K)
AS 1518.17£3.79 0.1038 +0.0039 1547.64+27.33
HC 1188.51+22.06 0.1100+0.0018 644.23+8.17

The heat capacities of the AS and its hydrochar are 1518.17+3.79 and 1188.51+22.06 (J/kg.K),
respectively, similar values are commonly found on biomass and char in literature [45, 46].
Dupont et al.[45] studied the heat capacity of different biomasses, obtaining values between
1302 and 1822 J/kg.K in a temperature range between 40 and 80°C. Regarding char, Gupta et
al.[46] found values ranging from 768 J/kg.K at 40 °C to 1518 J /kg.K at 440 °C; this is in



agreement with Raznjevik’s [47] findings on charcoal. Many materials thermal conductivity is
temperature-dependent, and biomass is no exception. Ragland et al. [48] reports that the wood
thermal conductivity increases with temperature, finding values between 0.087 W/m.K at 25°C
and 0.099 W/m.K at 100°C. In addition, the values almost follow a linear pattern. The authors
report that wood thermal conductivity increases by 10% for every 50°C increase in temperature.
For a temperature increase from 147 to 302 °C, Milosavljevic et al. [49] have reported thermal
conductivity values for virgin cellulose pellets to increase from 0.050 to 0.070 W/m.K. Similar
values were found by Gupta et al. [46] for softwood, softwood bark and softwood char of 0.099,
0.095 and 0.205W/m.K respectively. These values are similar to the values obtained in this
study. As it can be observed in Table 3, heat capacity and thermal conductivity do not vary
consistently from hydrochar and raw biomass. However, the density varies from 1547.64 +27.33
kg/m?® for raw biomass and 644.23 + 8.17 kg/m? for hydrochar. The biomass particles density
could influence the heat transfer inside the HTC reactor. For example, if the particles are denser
than water, the particles will settle at the bottom of the reactor, if they are less dense than water,
they would float at top of it, this could cause non-homogeneity inside the reactor and,
consequently, the heat transfer within the reactor will not be carried out correctly. Stirring helps

to obtain a homogeneous mixture, avoiding sedimentation and flotation of the biomass particles.
4.2 Hydrodynamics
4.2.1 The effect of stirring speed.

The primary objective in mixing is to achieve a homogenous mixture; generally, this means,
attaining a nearly uniform distribution of the ingredients, in this case the uniform distribution of
AS particles inside the reactor. To find the ideal speed for the system to be homogeneous. The
criterion we set for considering the particles as uniformly distributed was based on the Reynolds
number (Table 2). If the regime is turbulent, it was considered that the particles are distributed
uniformly inside the reactor. Figure 4 shows the velocities contours for different impeller speeds
in the same initial volume fraction (pp=0.1375). The impeller speed varies between 100 and 700
rpm. In the mixture between solid and fluid particles, two main forces govern the flow velocities
in the agitator, inertial forces that result from the rotation of the impeller and dispersed-phase

buoyancy forces, or hydrostatic force which result from density differences between the phases.



100rpm 250rpm 400rpm 550rpm 700rpm

Figure 4 : The effect of the stirring rate on the volume fraction ¢b=0.1375: a-d) r-z plane defined by the
angular coordinate 6 = 0° and e-h) r-0 plane defined at the top of the impeller for z=21mm

For N=100 rpm, in Figure 4a and Figure 4f, no agitation effect is observed, the flow velocity is
practically null inside the entire reactor. The average velocity in the dispersed phase is 0.03m/s.
The same tendency is observed for N=250 rpm, and the flow velocity variation is only observed
in the impeller zone where the maximum velocity is less than 0.15m/s and average velocity is
0.09m/s (Figure 4b and Figure 4g). For N=400 rpm, a high velocity starts to be observed at the
bottom of the reactor (Figure 4c and Figure 4h). However, on the top of the reactor, the flow
velocity is still controlled by gravity or hydrostatic force and average velocity is 0.16m/s. In
Figure 4d and Figure 4i, it seems that a uniform distribution of particles is observed inside the
reactor. The highest velocities vectors are in an upward direction, except in regions just below
the impeller shaft. Therefore, it can be concluded that the predominant forces for the movement
of particles inside the reactor are the inertial forces. The hydrostatic force has no significant
effect on the movements of the particles for N=550 rpm, corresponding to a Reynolds number
value superior to 10* meanings a turbulent regime. From this speed, the regime is completely
turbulent, as shown in Table 2. The average velocity in the dispersed phase is 0.24 m/s. This
velocity can be considered as ideal velocity to achieve a uniform distribution of the particles

inside the reactor. The same phenomenon can be seen in Figure 4e and Figure 4j for N=700

rpm.



The higher rotation speed reduces the volume fraction dispersion time from the bottom to a
uniform distribution inside the reactor, and increase the reaction mechanisms in the HTC
process,

however, the increased rotation speed is associated with higher energy consumption. Therefore,
reaching a compromise between the energy consumption of the agitator and the homogenization
of the volume fraction inside the reactor is necessary. For a relatively high speed (550 rpm), the
reactor can be considered perfectly homogeneous. For the experimental studies it was used a
rotation speed of N=550 rpm creating a homogeneous system inside the reactor, and a turbulent

regime (Nre>10%).

4.2.2 Validation of the flow velocities

The results of any simulation are useful when they are validated with experimental data. To
ensure that the CFD models are reliable to describe hydrodynamics inside the HTC reactor, a
simulation was performed using only water. The axial and tangential velocities were validated
with experimental curves from Ozcan-Taskin and Wei [50]. Ozcan-Taskin and Wei determined
the fluid velocities using Laser Doppler Anemometry (LDA) measurements with a pitched-blade
turbine agitator. In this CFD simulation, a k-¢ turbulent model was used, the same model used by
Ozcan-Tagkin and Wei for their simulation. In a cylindrical reactor coordinate system, velocity at
any point can be decomposed into its radial, axial and tangential values. The axial and tangential
velocities results were compared with experimental data. The velocity results were obtained in a
stationary state (frozen rotor). The axial coordinates r-0 is located just on the top of the impeller
for z=21 mm and tangential plane r-z for 6=0° rotation angle. The results obtained are presented

in Figure 5.
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Figure 5 : Comparisons of a) Axial velocity for z=21mm and b) tangential velocity for 6=0° in
this simulation with previous works

The CFD results show the same tendency of axial and tangential velocity distribution with the
experimental data, which means that the simulations could capture the general characteristics of
the flow field inside the reactor during the HTC process. Once the model was validated with
experimental data, the simulations were carried out with a different fraction volume according to

the experimental data used in this work.

4.2.3 Comparison of flow velocity for pure water and with biomass -to-water mixture.

In this simulation, the flow velocity for pure water and water with volume fraction equal to
eb=0.1375 was compared at a rotation speed N=550 rpm. Figure 6, the flow patterns of primary
velocity vectors on the impeller top for z=21 mm are shown in Figure 6a-b in the r-0 plane and

the secondary flow in the r-z plane for 6=0° on the Figure 6c¢-d.

There is no difference between the velocity vectors in the r-0 plane at z=21 mm. In the secondary
flow, the r-z plane, recirculation zones are observed; up and down the impeller, the usual double-
loop flow structure corresponding to radial impellers can be observed in both r-z planes (Figure
6a-b). However, in the r-z plane, in the (Figure 6b), an additional recirculation zone is observed
at the top of the reactor. In this area, the flow velocity is higher and varies between 0.25 and 0.3
m/s; this may be due to dispersed-phase buoyancy forces of some particles. On the other hand, in
the reactor with water (Figure 6a), this recirculation zone at the top of the reactor is not

observed, the velocity is lower and it varies between 0.1 and 0.15 m/s.
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Figure 6: Distribution of turbulent flow velocity induced in a, b) r—z plane for 6 = 0° and c, d) r—6 plane
on the impeller top for z=21mm, and N=550 rpm

The flow velocity is strongly dominated by the rotational component in the area near the
impeller, where the flow velocity varies between 0.6 and 0.75 m/s. Also, it can be seen that the
thermocouple probe also disturbs the flow velocity in the tangential direction (Figure 6c-d).
Below the impeller, there are stagnant areas inside the reactor, where the flow velocity varies
between 0 and 0.05 m/s. This stagnation may be due to the perpendicular flow of the impeller,

which could maintain the low velocity in this area.

4.2.4 Flow and solid distributions.

The homogeneous distribution of the solid particles inside the reactor is the main objective of
agitation. This subsection shows a simplified CFD model implemented to understand the system.
It is also necessary to have a more realistic model that accounts for solid and their distribution
inside the reactor; by observing region stagnation, it may be possible to improve the reactor
design. Figure 7 shows a cross-section of the contours of the volume fraction ¢,=0.1375 at 550
rpm in the reactor at Os, 0.1s, 1s, and Ss. Initially, the solids are found at the bottom of the
reactor, owing to the density of the particles of AS and gravity. The red color indicates the
dispersed phase or the biomass concentration, while the blue color shows the continuous phase
or absence of the solid particles. The AS particles are not entirely spherical; therefore, the
maximum volume fraction was determined experimentally and corresponded to @v,=0.52. For
reference, the maximum packing volume fraction would be 0.63 if the particles were spherical

[40].



At Os, the major concentration of biomass is at the bottom and represents a ¢,=0.52, and at the
top, the volume fraction @p=0, as shown in Figure 7a,e. Although particles are not completely
spherical, it was observed that they packed up effortlessly at the bottom of the reactor owing to

their higher density than water.

At 0.1s, the impeller moves most of the solids into the reactor wall, as shown in Figure 7b.,f.
This is due to the agitation force, which pushes the particles away from the impeller. However,
regions of higher volume fractions of the dispersed phase are also observed at the bottom of the

reactor and the sidewalls near the impeller.
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Figure 7: Two-phase CFD simulation of volume fraction @p,=0.1375 on water: the rheological
distribution: a-d) induced in the r-z plane defined by the angular coordinate 6 = 0° and e-h) in the r-0
plane defined at the top of the impeller for z=21mm, and N=550 rpm

As shown in Figure 7¢,g, at 1s of agitation time, the impeller moves most of the particles to the
top and to the reactor walls the volume fraction is between 0.2 and 0.3. However, near the
impeller shaft, the center of the reactor is the least agitated zone, and so there can be found the
most concentrated part of the volume fraction. Below the impeller, there are stagnant areas inside
the reactor, as explained in section 4.2.3. At 5s, as shown in Figure 7d,h, the reactor is wholly
mixed, and the volume fraction in the dispersed phase is 0.1375 everywhere inside the reactor.

Little time was needed to obtain a homogeneous mixture inside the reactor with a 550 rpm speed.



4.3 Temperature profiles inside the HTC reactor

As explained in section 4.2.4, the volume fraction in the dispersed phase is completely
homogeneous inside the reactor after 5 seconds of stirring. Thus, agitation was not considered in
this part of the simulation to reduce the computation time, and we can consider that the particles
are entirely distributed within the reactor. The experimental temperature profile data was also

used to validate the CFD simulation.

To validate the simulation with experimental data, the insulator heat transfer coefficient of
Equation ( 11) has to be determined. The average heat-transfer coefficient (h) in the insulation
to the environment was estimated using experimental data values recorded during the water
heating (Figure 8a) under HTC conditions. Different values of heat-transfer coefficient were
used in Equation ( 11) in order to match the simulated curve with the experimental one, based
on a constant heat flow (120 W) over the external surface of the reactor. The average heat
transfer coefficient that best fits the experimental data is 11.66 W/m? K. This value was used to
set the heat loss during the HTC process of different biomass-to-water ratios in the CFD
simulation. The thermal properties of AS determined in Table 3 were used, as well as the
thermal properties of water. These data allowed the simulation of the temperature profile

evolution according to the volume fraction used.

The results in Figure 8b show that there is practically no difference between the experimental
temperature profile of water and the modeling temperature profiles with different volume
fractions of biomass. The maximum temperature difference observed is less than 3°C; this
difference can be considered negligible. However, experimentally, there is a significant
difference between the water temperature profile with different volume fractions of biomass as
shown in Figure 8b. The most notable difference is 21.42°C, and it was observed for the higher
volume fraction of biomass (@»=0.1375), this difference is decreasing to 6.87°C for @»=0.06.
These variations are essential, considering that temperature is the main factor that controls the

HTC process. Also, this variation begins to be observed from 150°C, as shown in Figure 8b.
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Figure 8: a) Determination of the heat-transfer coefficient between the insulator and the environment; b)
Comparison of simulated and experimental data using the thermal properties of biomass

There are indeed differences between the thermal properties of biomass and saturated water in
the HTC condition; however, this difference is not significant to observe a variation in
temperature up to 21.42°C. With CFD simulation, using the biomass thermal properties for the
different volume fractions, the difference between profiles temperature calculated was less than 3
°C. Furthermore, if the temperature variation is the result of the difference between the physical
properties of water and biomass, this variation would be noticed from the beginning of the
heating process, and not from 150°C, where the main components of biomass start to decompose
[45, 46, 51]. Only chemical reactions can cause temperature variation from 150°C to the
equilibrium temperature. It can be stated that the overall reaction of avocado stone HTC is
exothermic, and also, the biomass to water ratio influences the heat transfer, therefore the
reaction kinetics.
4.4 Heat of reaction and biomass to water ratio effect on heat transfer.
The results of the energy produced in each of the biomass-to-water ratios are presented in Table
4. It can be seen that, when the biomass-to-water ratio is increased, the heat produced increases,
and consequently, the temperature inside the reactor increases. As the concentration of biomass
increases, there is a high probability that more exothermic reactions will occur inside the reactor.
For example, for the AS-1-10 (¢p=0.06), the total reaction heat released during 8 hours of
heating was 135.7kJ, while at the same time, the AS-1-4 (gv=0.1375) released 298.5kJ.

Therefore, the higher biomass-to-water ratio favors the heat transfer of HTC reaction. The heat



of the reaction produced at an average temperature of 215°C during 8 hours of HTC is -7.25
+0.32MJ/kg of feedstocks. Similar values were reported by Merzari et al. [52], -7.3 MJ/kg feed
at 220 °C of organic fraction of municipal solid waste and residence time of 3 hours.
Additionally, Funke et al.[28], reports values for glucose equal to -5.8 MJ/kg feed.

Table 4: Experimental results of the heat produced for different biomass-to-water ratios of AS

Biomass-to water Heat released Reaction heat

ratio (kJ) (kJ/kg of feed)
AS-1-10 135.72 7261.96
AS-1-8 179.67 7740.70
AS-1-6 212.22 7065.25
AS-1-4 298.50 6944.25

It can be concluded that the global HTC reaction is exothermic. The exothermic character of the
HTC reaction found here is in agreement with that reported by Funke et al.[28] and Merzari et
al. [52]. It is also important to mention that the biomass-to-water ratio has an effect on heat

transfer during the HTC process.

4.5 Temperature profiles inside the HTC reactor using kinetic parameter and model

validation with experimental data

Most of the kinetic models reported in the literature for the biomass HTC process are
dimensionless models, i.e., no influence of spatial variables; the system behaves the same way at
any point in the reactor, constant temperature, and no influence of biomass concentration inside
the reactor. However, Alvarez-Murillo ef al. [24] proposed a model that incorporates the heat-up

time, but his model is independent of the biomass concentration.

Initially, to determine the temperature profiles inside the reactor, the model proposed by
Alvarez-Murillo er al. [24] was used. However, this model was unable to reproduce the
temperature profiles inside the reactor during the HTC of AS because the model is biomass
concentration independent. The model proposed by Alvarez-Murillo et al. is incomplete because
the overall reaction of the HTC is exothermic. In this context, we decided to use the reaction
heat, which depends on the biomass concentration. Figure 9a-d shows the results of the models

proposed in this work. The results of the CFD simulation temperature profiles were validated



with experimental data in different volume fractions. The initial condition and kinetic parameters
used for this simulation are presented in Table 5.

Table 5: The values used for the kinetic study

Initial condition Product
Biomass-to water ratio
Biomass volume in | Water volume in | volume fraction F F.
reactor (mL) reactor (mL) ¢b(-) He Liq
AS-1-10 11.99 188.01 0.0600 0.42 0.55
AS-1-8 14.77 185.23 0.0738 0.48 0.47
AS-1-6 19.22 180.78 0.0961 0.50 0.44
AS-1-4 27.50 172.50 0.1375 0.52 0.42
Density of AS 1548 (kg/m?) The total volume of each experiment was 200mL
Heat of reaction of AS | -7.25 (MJ/kg of feed) Kinetic parameters
Molar mass of AS 321 | 96.59 (kg/kmol) | E,=90.1 kJ/mol® n=2.2 Ag=0.55 5!

2 Molar mass was determined from elemental analysis of AS

b The kinetic parameters taken in the Alvarez-Murillo ef al. [24] model

The CFD simulation reproduces reasonably well, the temperature profiles for volume fraction
0b=0.06; pp=0.0738 and ¢,=0.0961 (Figure 9a-c). However, for ¢, =0.1375 (Figure 9d) after 360
minutes of heating, the temperature profile reaches a maximum and starts to decrease. It seems
that the exothermic reactions are over; the temperature profile tries to return to the equilibrium
temperature, which is 215°C, due to the loss of energy. The temporal evolution of the
temperature inside the reactor, different products relative mass yield (total solid or hydrochar,
liquid, and gas) are shown in Figure 9a-d. Three zones can be noted in these CFD. simulation
figures for the relative mass yield of volume fraction of AS. In the first zone, there is a horizontal
period up to 150°C, which could be called induction; in this zone, no decomposition of avocado
stone is observed. This initial non-reactive period would be explained by the existence of the
heating ramp inside the reactor. In this period, the temperature is not high enough to reach an
energy level that allows the activation energy. The reaction starts at a temperature of ~150°C.
This observation is in line with the experimental data, where from 150°C, the temperature profile
variation between the water and the different biomass volume fractions is observed. It is
important to note that from 150°C, the HTC reaction starts; this confirms the importance of

taking into account the heat-up time and not only the temperature fixed period during the



experiments for the kinetic models, the same phenomenon was also observed by Alvarez-Murillo

et al. [24].

b)

- 240

90

60

—
— Avocado Stone
|| =~ Total solid

—
— Avocado St

Temperature (°C)

—~ Total solid
40 — Liquid
— Gas

— Liquid

Relative mass yield (%)
5 2

Relative mass yield (%)
g

—
O Exp: Temperature
— Sim: Temperature

© Exp: Temperature
— Sim: Temperature:

0 60 120 180 240 300 360 420 480 0 60 120 180 240 300 360 420 480
Time (min) Time (min)
) 240 d)
100 coce 100 240
90 210
20 210
80
180 80
- 150 5
~ 70 o IS o
S e g 70 <
=1 150 3 = p
3 ] 3 150 2
: - g e — g
— — g A —— Avocado Stone —_ z
,,,,,, AvocadoStone |- N oy & g " —_ 2
—— Total solid T3 g 50 — Total solid 120 3
= 2 o — Liquid
90 =R — Gas
e | £ F---------- 90
T - - 30 O Exp: Temperature
© Exp: Temperature 60 ’
20 — —— Sim: Temperature 60
— Sim: Temperature 2
30
10 0 30
0. 0 0
o 60 120 180 240 300 360 420 480 -

o
0 60 120 180 240 300 360 420 480

Time (min) Time (min)

Figure 9: Temperature profiles and relative mass yield on different HTC products, using the reaction heat

Figure 9a shows that the maximum amount of total solid or hydrochar inside the reactor is 45%
in this simulation; a similar value was obtained experimentally 42%. However, the reaction does
not seem to end. The same behavior can be observed in Figure 9b. In Figure 9¢c-d, although the
temperature inside the reactor is higher, the mass yield is higher than the lower biomass to water
ratio (Figure 9a-b). Finally, it is observed that in the Figure 9a-c, there is still a small quantity of
the AS (~10%) that has not yet reacted, this is due to the high value of the activation energy

(90.1 kJ/mol), showing that these reactions are not over.

S CONCLUSIONS

This work was focused on CFD modeling of hydrodynamics, heat transfer, and kinetics reactions
of the HTC process of AS using a stirred reactor fitted with an open-loop controller system. The
mass, heat, and momentum transfer equations, including kinetics reactions, were solved

simultaneously to simulate the temperature profile T (, r) and the evolution of the relative mass



yield of the different products (total solid, liquid, and gas). The following conclusions can be

drawn from the results of the study:

The hydrodynamic study shows that the ideal stirring speed to obtain a homogeneous mixture
inside the reactor is 550 rpm, given a turbulent regime, and the average velocity corresponding to
the dispersed phase is 0.24m/s, owing to AS particles high density. At this stirring rate, the
predominant forces for the movement of the particles inside the reactor are the inertial forces.
For a lower stirring speed, the hydrostatic force predominates in the movement of the particles.

The application of CFD simulation allowed the model construction that describes the heat
transfer inside the reactor during the HTC of the AS. The model considers the reactor heat-up
time, inside the reactor biomass concentration, and the water thermal properties evolution and
the thermal properties of biomass during the HTC process. The good fit to the experimental data
gives this model the validity to predict the process behavior for specific experimental conditions.
This model is general and can be used for any biomass with the known kinetic parameter and
ultimate analysis. The CFD simulation results show that the difference between the thermal
properties of biomass and water under HTC conditions is negligible. The global HTC reaction is
exothermic; the heat produced is -7.25 £0.32MJ/kg of feed. The biomass-to-water ratio has an
effect on heat transfer during the HTC process. It is crucial to consider the biomass concentration
in the kinetic model of the HTC process and heat-up time. The reaction starts at 150°C. Also, it
is observed that the mass yield is bigger for the higher biomass to water ratio; from an energetic
point of view this acquires certain importance, because the more biomass inside the reactor, the
more hydrochar is obtained. The present modeling approach thus shows a promising way to

simulate biomass HTC processes on an industrial scale.
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