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Highlights

•	 CFD simulation as a tool to visualize and adjust parameters in pyrolysis.
•	 Phenomena of mass, heat and momentum transfer integrated intro the modeling.
•	 Palm kernel as biomass for pyrolysis in fixed bed reactor.
•	 Alternate source of energy by obtaining tar.

Abstract

In this research, the modeling and simulation of a laboratory-scale pyrolytic reactor with tubular geometry loaded with palm 
kernel was carried out using the COMSOL Multiphysics® V5.6 software; For the modeling, the physicochemical properties 
from the palm shell found in different bibliographic sources were used, as well as the initial flow conditions and concentrations 
to estimate hydrodynamic, thermal and kinetic profiles present in the absorption of the biomass entered in the fixed bed, 
contemplating isothermal and non-isothermal conditions. The results indicate that the formation of tar is favored at a temperature 
of 723.15 to 773.15 K, with a reaction time of 10 to 12 min and the relationship of the geometry change with respect to the 
thermal and hydrodynamic profiles, these are in accordance with the references consulted and can be used as a starting point for 
future research to understand the phenomena presented within a pyrolysis reactor.
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1.	 INTRODUCTION

Colombia is the fourth producer of palm oil in the world 
and the first in America (Fedepalma, 2021) where the 
national production presented an increase of 2 % reaching 
1.56 million tons of oil produced in 2020 according to 
data reported by FEDEPALMA. One hectare planted 
with palm produces up to 10 times more oil than other 
species, classifying it as one of the most productive oil 
plants on the planet (Reyes-Rodriguez et al., 2019). To 
carry out the extraction of palm oil, the process begins 
with the separation of the empty clusters, continuing with 
the cold pressing to obtain the product of interest, at this 
stage solid waste is available; bagasse together with palm 
kernels produces approximately 3 Mt/year of agricultural 
residual biomass in Colombia, where 20 % of the bunch 
weight represents the extracted oil and 80 % equivalent to 
the remaining value belongs to the aforementioned waste 
(Anaya-Aldana and Molina-Crespo, 2018).

The use of residual biomass through pyrolysis is an alternative 
for obtaining sustainable energy sources (Verdeza-Villalobos 
et al., 2019; Ayala-Ruíz et al., 2022). Since the palm kernel 
contains lignin in a higher percentage (44 – 50 %), causing 
the liquid product to be rich in phenols, serving as biofuels 
and raw material to produce various value-added products 
in the cosmetic and food industries (Basu, 2018; Ministry 
for ecological transition, 2020). It should also be noted that it 
is a by-product released in the operation of the profit plants 
where 0.13- 0.4 tons (per ton of crude oil) are obtained 
at cost (Van-Dam J, 2016) and has an energy potential of 
2677.44 TJ/year (Okoye et al., 2018).

Different studies have been carried out, which leads to 
the use of specific software and hardware for the analysis 
of the processes in which the biomass is treated using 
commercial simulators such as Aspen (Pauls et al., 
2016; Ramanathan et al., 2022; Castiblanco-Urrego and 
Milquez-Sanabria, 2021) among others, based on kinetic 
pathways (reaction rates and activity), thermodynamic 
pathways (phase balances and energy balances) that 
simulate the reactor and its outlet currents according to 

input and operating conditions. However, it is observed 
that there are adverse effects that are not considered, such 
as the transfer of mass and heat present in the particles, 
as well as the fluid regime inside the reactor. Due to these 
phenomena, the solution of complex systems must be 
examined using numerical methods and progressively 
continue with simulators in charge of predicting the 
variables needed, being studied by the Computational 
Fluid Dynamics (CFD). Until now, the studies carried out 
in previous years were based on the experimentation of 
thermochemical processes; gasification (Liu et al., 2017) 
and pyrolysis (Okoye et al., 2018) within reactors fed 
by residual agricultural biomass from the palm industry, 
presenting the drawbacks.

The objective of this study is to determine hydrodynamic 
and thermal profiles within a fixed-bed pyrolytic reactor 
loaded with palm kernels by using CFD as a method 
to understand the transport phenomena that occur in 
the reactor design; taking into account the kinetics 
and reaction velocity present in the decomposition of 
cellulose, hemicellulose and lignin in the palm kernel, 
compare the products obtained inside the reactor with 
experimental data found in the literature accompanied by 
temperature profiles obtained by the program to be used.

2.	 MATERIALS AND METHODS

2.1.	 Validation of the mathematical model

For the mathematical modeling together with the 
development, learning and coupling of the program to be 
used, a case study developed and published by Wijayanti 
et al. (2021) was previously carried out, where they 
modeled a pyrolysis reactor using mahogany wood as 
a packed bed and the comparison of the results with a 
pilot plant, for the process a heating rate of 1073 K/h was 
maintained by coupling physical interfaces for porous 
media for heat transfer and movement of the dragging 
fluid (nitrogen). This case study was replicated, obtaining 
results consistent with those described in the article.

Resumen

En esta investigación se realizó el modelamiento y simulación de un reactor pirolítico a escala de laboratorio con geometría tubular 
cargado con palmiste, utilizando el software COMSOL Multiphysics® V5.6; para el modelamiento se utilizaron las propiedades 
fisicoquímicas de la cáscara de palma encontradas en diferentes fuentes bibliográficas, así como las condiciones iniciales de flujo 
y concentraciones para estimar los perfiles hidrodinámicos, térmicos y cinéticos presentes en la absorción de la biomasa ingresada 
en el lecho fijo, contemplando condiciones isotérmicas y no isotérmicas. Los resultados indican que la formación de alquitrán se 
favorece a una temperatura de 723,15 a 773,15 K, con un tiempo de reacción de 10 a 12 min y la relación del cambio de geometría 
respecto a los perfiles térmicos e hidrodinámicos, estos concuerdan con las referencias consultadas y pueden ser utilizados como 
punto de partida para futuras investigaciones para comprender los fenómenos presentados dentro de un reactor de pirólisis.

Palabras clave: Tratamiento termoquímico; Biomasa; Reactor; Medio poroso; COMSOL.
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2.2.	 Suppositions

In the modelling of the pyrolysis process, the reactor 
loaded with palm shells, the following assumptions 
were made based on those implemented by Wijayanti 
et al. (2021), Solanki et al. (2022), Thoharudin et al. 
(2020) and Sechage-Cortés et al. (2017).

	- Uniform heat rates are considered limiting 
the boundary conditions by decreasing the 
computational density of the model.

	- Flow in laminar state without the presence of 
turbulence in the pores due to the low nitrogen 
velocity, which can be covered with a Darcian flow 
model that defines a linear relationship.

	- A low production of non-condensable gases was 
considered due to the high temperature of the process 
and its reaction time so a reversible production of 
tar to non-condensable gases will not be considered.

	- Pulverized and dried palm kernel oil, the interaction 
of the mathematical model is not considered and 
there is no drying step along the process.

	- The material properties and transfer coefficient are 
constants at different temperatures that influence the 
mathematical model obtaining results in an accurate range.

2.3.	 Biomass used: Palm shell

The waste chosen for the process was the palm shell, 
which is the main waste after the extraction of oil 
from the oleaginous fruit from the extraction of palm 
kernel oil. Biomass is modelled as an unconventional 
solid component which that not available in the 
program’s database (COMSOL Multiphysics). For 
that reason, it is required to enter the characteristic 
properties of the material.

Table 1 presents the data chosen to be added to the 
software based on a previous compilation of values ​​
reported in the literature by different authors (Sechage 
-Cortés et al., 2017; Chang et al., 2016; Hussain et 
al., 2022; Tripathi et al., 2016; Abdullah et al., 2015) 
being the last one the reference with all the complete 
data within the ranges proposed by the other sources, 
it should be noted that according to the methodology 
to be followed, the organic components were of the 
utmost importance for the modelling of the reactor.
Table 1.  Palm shell characterization.

Palm shell 
characterization

(Abdullah et al., 2015)

Organic 
components %

Cellulose 28.03
Hemicellulose 20.69

Lignin 43.08

Elemental 
Analysis %

C 46.59
H 5.56

N 0.27

O 47.28

S 0.16

Analysis Next 
%

Humidity 11

Volatile 67.2

Ash 2.1

Calorific value MJ/kg 19.10

Table 2 refers to the physical properties of the palm 
shell, entering the average of the values ​​found by 
different authors, in addition to the data reported the 
following was considered: permeability from 2.6exp-
12 m2 (Wijayanti et al., 2021).

Table 2.  Physical properties of the palm kernel.

Parameters Nomenclature Units
(Asadullah et 

al., 2013)
 (Koya et 
al., 2013)

(Ezeoha et 
al., 2012)

Average

Apparent density kg/m3 773 560 711 681

Heat capacity Cp J/kg*K 2220 1983 4130 2778
Thermal 

conductivity λ w/m*K NR 0.68 NR 0.68

Porosity ε NR 0.13 NR NR 0.13
NR: Not reported.

2.4.	 Scheme Reactions in the system

Cellulose, hemicellulose, and lignin are transformed into 
active biomass and, being in contact with the hot wall of 
the reactor and the fluid, break down into tar, coal and non-
condensable gases, secondary cracking will not be taken 

into account due to the low production of these gases can 
be evidenced in figure 1 where a general scheme describes 
what happened with each component of the biomass to 
be treated and their respective reaction rates, the term Y 
refers to the percentage of the final product corresponding 
to biochar, the remaining will be non-condensable gases.

about:blank
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Figure 1. General scheme of Cellulose, Hemicellulose and Lignin reactions.
Note : Own elaboration adapted from Thoharudin et al. (2020).

( ) =  (− / )        (1)

Table 3. Kinetic parameters and enthalpy change of biomass 
pyrolysis.                                                                                                                    

Reaction Y A (s-1)
Eai  (kJ/ 
kmol)

▲h (kJ/
kg)

k1,c 2.80E+19 242.4 0

k2,c 3.28E+14 196.5 255

k3,c 0.35 1.30E+10 150.5 -20

k1,h 2.10E+16 186.7 0

k2,h 8.75E+15 202.4 255

k3,h 0.6 2.60E+11 145.7 -20

k1,l 9.60E+08 107.6 0

k2,l 1.50E+09 143.8 255
k3,l 0.75 7.70E+06 111.4 -20

Note: Own elaboration adapted from Thoharudin et al. (2020) 
and Liu et al. (2017).

2.5.1.	 Validation of the kinetic model

The kinetics proposed by Thoharudin et al. (2020).
were previously elaborated by a series of collection 
of kinetic parameters described by Liu et al. (2017). 

that represent the decomposition of hemicellulose, 
cellulose, and lignin as a reactive process in series 
where due to the thermal effect the biomass presents 
an opening of the pore becoming active biomass and 
finally a reactive process in parallel carrying out the 
degradation of said biomass into tar and coal together 
with secondary cracking for the formation of gases 
from the tar. For the present case of study, said first 
order kinetic model was previously analysed in the 
COMSOL Multiphysics program with the conditions 
presented by Kim et al. (2010). where a fluidized 
bed reactor was operated in order to obtain the best 
conditions for obtaining tar in the which highlights 
an operating temperature of 491 °C and their 
respective yields, when checking the graphic results 
it is observed that at said temperature a yield of 48.7 
%wt is obtained for the production of tar and 55.1 
%wt of yield under the simulation of the kinetics, 
which corresponds to a 7.3 % margin of error for 
tar production, which indicates that there would be 
a variation in performance but that the simulated 
results mare close to those expected in a laboratory-
scale reactor.

2.5.	 Reaction Kinetics

According to the general scheme of reactions 
represented in Figure 1, table 3 is a compilation of the 

values ​​referring to the Arrhenius equation (1) for each 
reaction.
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2.6.	 Operating conditions

The dimensions of the equipment were those of an 
oven with a fixed-bed tubular system measuring 102 
cm long and with an internal diameter of 1.5 cm, this 
was loaded with 30 g of palm kernel and pyrolysis 
occurs at a rate of oven heating at 30 K/min with 
nitrogen gas input at a rate of 30 mL/min as reported 
by Yakub et al. (2015a).

Figure 2 shows the currents of mass and energy, the 
red arrows indicate the heat supplied to the walls of the 
bed from the tubular furnace, which will be thermally 
insulated to prevent heat loss, the nitrogen flow will 
enter on the left side (Blue line) and on the right side 
will be the output of the products of the pyrolysis 
process (Black line).

Figure 2. (A) Tube Furnace, (B) Packed Bed, (C) Alumina Tube.
Note: Own elaboration adapted from Yakub et al. (2015b).

Modelling

The modeling was carried out in 2 temporary spaces 
using the COMSOL MULTIPHYSICS software:

1. Kinetic modeling determining the reaction rate as a 
function of time and temperature.

2. Thermal modeling to determine the temperature 
profiles and velocity modeling with pressure 
throughout the reactor

For the transfer of heat and present moment inside the 
pyrolytic reactor, the following equations were used:

1.	 Heat transfer in porous media

It was selected to model heat transfer by conduction 
and convection in porous media, in the domains the 
temperature equation corresponds to the convection-
diffusion equation, on the other hand, with the heat 
phenomena, the biomass temperature during pyrolysis 
can be known. Likewise, during the first phase, 
the heating rate participates and continues with the 
diffusivity to decompose the biomass, which is mainly 
composed of hemicellulose, cellulose, and lignin. 

The equations that describe the energy transfer in the 
fixed bed reactor are:
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In Equations 3-6, a mixing rule is applied to find the 
effective thermal conductivity and the effective heat 

capacity from the porosity and the amount of immobile 
fluid, which are solved simultaneously.
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For the isothermal processes, a temperature range was 
taken from 673.15 to 773.15 K which corresponds 
to the range where intermediate pyrolysis occurs 
as mentioned Waluyo et al. (2018) in intervals of 
50 K each to determine the temperature range with 
the maximum reaction rate to obtain tars that were 
subsequently applied in a non-isothermal process. A 
non-isothermal process was modelled starting from a 
dried palm kernel bed at 423.15 K, since this is the 
maximum temperature for evaporation and drying of 
water without occurring carbonization of the palm 
kernel applying the stages described by Sánchez et al. 
(2017) this reaction was carried out with the heating 
rate proposed in the operating conditions where 
after each minute the concentrations of reactants and 
products were reported at their specific temperature 
for the time, said process culminated until reaching 
the optimal temperature range proposed from the 
isothermal study previously performed.  

From the temperature range proposed in the non-
isothermal study, the thermal, hydrodynamic profiles 
and pressure levels were modelled using the mentioned 
interfaces “Heat transfer in porous media”, “Brinkman 
Equations” and its relation in multiphysics “No 
isothermal flow” and is governed by the expression  , 
Qvd=τ:∇u. Starting from a 2D design to a 3D design 
of the reactor, the pyrolysis furnaces have a maximum 
surface temperature operating range of 1573.15 K that 
corresponds to the reported by Sánchez et al. (2017) 
and Sechage Cortés et al. (2017) in their laboratory-
scale pyrolysis process, the study will be carried out 
temporarily from the start of the reactor at 650 K and 
will present an increase of temperature of 30 K for 
each minute on the surface of the furnace that will be 
modeled by means of a Dirichlet boundary condition 
until the process is completed in a time of 17 minutes 
and a surface temperature of 1160 K, which is within 
the temperature range mentioned above and reported 
by the case study of Solanki et al. (2022) where a 
heating rate of 100 K/min was used up to a surface 
temperature of 1273.15 K and in this way the thermal 
profiles, speed magnitudes and pressure levels inside 
the reactor.

The selected reactor was fixed bed because its 
operation is simple and with reliable results, taking into 
account in this study the conduction of the shell within 
the bed and the gas-solid convection as mentioned 
(Uddin et al., 2018) facilitating the solution of the 

mathematical model unlike the fluidized bed where its 
representation in the software is more complex, with 
higher computational cost and the number of transfer 
phenomena present increases (solid-solid conduction) 
due to the presence of another element that in many 
studies is sand omitting radiation in both types of 
reactor.

3.	 RESULTS AND DISCUSSIONS

3.1.	 Isothermal and non-isothermal kinetic study

It can be seen in Figure 3 (a), (b) and (c) that 
pyrolysis comprises favored endothermic reactions 
in an approximate temperature range of 673.15 to 
773.15 K, in the graphs presented it is evident that in 
isothermal processes there is a primary consumption of 
hemicellulose followed by lignin and finally cellulose, 
however biomass is not immediately transformed into 
the products of interest but into active intermediates by 
the action of temperature where hemicellulose is the 
compound with the highest rate of consumption and 
cellulose together with the active lignin they present a 
much lower consumption.

In Figure 3 (a) the reaction rate is very slow, reaching 
a consumption of 40 min with a high production of 
carbon and non-condensable gases, obtaining a value 
of 22 mol/m3 and 9 mol/m3 of tar with the presence 
of cellulose and active lignin which can be confirmed 
with what was stated by Waluyo et al. (2018) since it 
mentions that in a range of 573.15 to 773.15 K the solids 
have a high residence time, classifying the process as 
a slow pyrolysis that not only requires a high energy 
load but also makes it an inefficient process for the 
production of tar due to that the long periods of time 
develop a second cracking that converts the phenolic 
compounds of the tar into bio-char and gases.

For Figures 3(b) and 3(c) there is an increase in the 
reaction rate, defining an optimal range to carry out the 
reaction limited between said temperatures 723.15  and 
773.15 K respectively, these data are similar to those 
evaluated by Kim et al. (2010) where they obtained 
results of rapid pyrolysis of the palm kernel at different 
temperatures, mentioning that at 763.15 K the tar 
production is better and with respect to (Qureshi et al., 
2021) optimized the fast pyrolysis process to obtain tar 
with an operating temperature of 773.15 K.
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In turn, to obtain tar, fast pyrolysis should be considered, 
since at a temperature of 773.15 K in an isothermal 
process as shown in Figure 3 (c), the reaction occurs 
after only 300 s, where the production of this liquid 
takes values ​​of 18 mol/m3 and 11 mol/m3 of bio-char 
and non-condensable gases, compared to a process 
at 723.15 K that generates 16 mol/m3 of tar and 18 

mol/m3 of bio-char with gases non-condensable in a 
time of 13 minutes. Biomass in this temperature range 
presents a higher proportion in phenol tar, acetic acid, 
furfural, toluene, and phenolic derivatives as presented 
by Waluyo et al. (2018) and for higher temperatures 
an instantaneous consumption is observed with the 
kinetic parameters used in the investigation.

Figure 3. Change in biomass, coal-gas mixture and tar concentration with respect to time at (a) 673.15 K, (b) 723.15 K and 
(c) 773.15 K.

Figures 4 and 5 show the relationship between 
concentration and conversion during the non-
isothermal pyrolysis process, it is observed that from 
423.15 to 623.15 K is the range of consumption of 
the initial biomass where its conversion reaches the 
maximum value, in this step the biomass begins to 
convert into its active components (hemicellulose, 
cellulose and lignin) which is capable of forming 
tars or carbon and gases as shown in figure 3, after 
623.15 K the production of compounds in organic 
acids, phenols, compounds phenolics and biochar until 
reaching 743.15 K, which is equivalent to 11 minutes 
of reaction where a horizontal asymptote is observed 
for the pyrolysis products, so the transformation of 
the biomass does not have considerable changes until 
the process is completed 15 minutes after it, obtaining 
14mol/m3 of tar and 18 mol/m3 of biochar and non-

condensable gases. This reaction time coincides with 
that applied by Okoroigwe et al. (2011) where pyrolysis 
of one kilogram of palm kernel using nitrogen as 
carrier gas in a range of  723.15 to 773.15 K occurred 
in a bench screw reactor, culminating after 10 min with 
a production of 61% w/w of tar, 24% of biocarbon and 
15% of non-condensable gases with energy gain with 
respect to the initial biomass or, the results proposed 
by Ahmad et al. (2014) who used a reactor of R-303 
Series Catatest Reactor System fixed bed loaded with 
5 g of palm kernel with a nitrogen gas inlet at 50 mL/
min and a heating rate defined at 50 K/min, where after 
9 minutes of reaction equivalent to 450 °C, the highest 
yield of bio-oil was obtained with a maximum value 
of 38.4% wt, followed by thermal cracking with gas 
production at 500 °C.
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Fig. 4 Change in biomass, coal and tar concentration with 
respect to temperature

Figure 5. Change in conversion of biomass, coal and tar with 
respect to temperature.

To carry out a non-isothermal process, the thermal 
profiles and their variables within the reactor must 
be guaranteed, the process generates a Biot number 
greater than 0.1, which informs us that the system 
suffers from a greater heat transfer by convection than 
by conduction. for the palm shell, generating problems 
to be able to condition the fixed bed up to 723.15 K due 
to the low transfer by conduction.

3.2.	 Temperature profiles

Figure 6 and 7 show radial isothermal profiles that 
occur throughout the reactor and the bed when 
carrying out the pyrolysis process starting from an 
initial temperature of 423 K in which the shell has low 
humidity. From these results, denotes a preference in 
the direction of heat transfer and the average value of 
the temperature within the bed.

Heat transfer occurs in a radial direction from the reactor 
surface to the environment in the form of radiation and 
from the reactor surface to the center of the biomass 
by means of conduction and convection with slight 
longitudinal dispersion due to the diameter-to-diameter 
ratio length, since the value corresponding to the length 
is higher compared to the radius of the reactor. 

For the design of the reactor used, it is evident that 
with the change in surface temperature there is a linear 
increase in this variable between the biomass and the 
nitrogen pumped into the reactor, the latter having a 
greater impact, the increase in the temperature of the 
furnace allows the particles of the bed lack a local 
thermal equilibrium and as a consequence there is a 
greater transfer of heat in the form of convection from 
the surrounding nitrogen to the surface of the particles, 
since having a low flow rate allows a longer residence 
time flowing between the interstices of the packed bed 
by increasing the temperature of the particles.

In the same way, through the surface of the particles 
towards the center of the same by conduction, there 
is an increase in temperature from the surface of the 
reactor towards the center of the same as observed 
in the bed of figure 6, causing that there is a higher 
average temperature at the edge of the reactor and 
dissipates to the center, obtaining in a range close to 19 
cm from the surface to the center of the biomass, being 
0 the surface of the reactor and 52.5 cm the center, an 
average temperature of 957 K after 17 min, from 19 cm 
to 32.5 cm an average temperature of 781 K is observed 
because there is no proximity to the edge of the reactor, 
from 32.5-42.5 cm with an average temperature of 
665 K and 42.5-52.5 with an average temperature of 
597.5 K, it is also observed that for biomass there is 
an average value of 845 K which corresponds to those 
evaluated in the non-isothermal kinetic study observed 
in figure 4 where the highest production is obtained. 
of tar with a complete conversion of the biomass to 
the products of interest and describes the methodology 
used by Yakub et al. (2015b)
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Figure 6. Results of a biomass packed bed over time from 4 to 17 min with a heating rate of 30 K/min.

Figure 7. Results in a packed bed of biomass at iso-surface over time from 4 to 17 min with a heating rate of 30 K/min.
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3.3 Velocity and pressure profiles

Figure 8 presents the velocity profiles along the reactor 
for the transfer fluid and its pressure level within the 
packed bed, nitrogen enters at low velocity, achieving 
a fully developed flow at the bed inlet and outlet. with 
laminar state, it is observed in the velocity gradients 
of figure 8 (a) that the maximum magnitude is located 
in the center of the reactor with a predominant value 
at the bed outlet and a drastic loss of it on the surface 
due to the viscous adherence of the fluid causing a state 
of rest.

On the other hand, the fluids that pass through a 
granular medium or cake present variations in the 
volumetric flow due to the porosity of the bed, the 
superficial velocity corresponds to the relationship 
between the incoming flow with the surface area of ​​
the geometric body that is manifested as a medium of 
speed within a porous medium as mentioned Salcedo 
Díaz & Martin-Gullon (2012).

Figure 8 (a) shows the velocity magnitude for nitrogen 
with an approximate value of 2.21x10-4 m/s, decreasing 
in proportion as it approaches the edges of the reactor, 
in the same way the magnitude average gas velocity 
inside the porous interstices of the bed with a value of 
1.16x10-4 m/s.

Figure (b) shows that the loss of pressure with respect 
to the entrance of the fixed bed, this is favored with 
the increase in speed due to the nature of the fluid 
that generates spontaneous molecular movements 
increasing the pressure, in the same way for the fall of 
pressure ΔP of 287.53 Pa that corresponds to a decrease 
of 98.7 %, this is a consequence of the circulation flow 
that, being of very low magnitude, limits the Ergun 
equation (Salcedo Díaz and Martin-Gullon, 2012) 
forcing the drop pressure to be directly proportional to 
the superficial velocity of the bed, which must be taken 
into account for the design of a pyrolytic process on an 
industrial scale with gas flow in a laminar state.

Figure 8. (a) Velocity profile inside the reactor and (b) pressure level at 5.25 cm after 17 min.

4.	 CONCLUSIONS

The concentrations of tar, biochar and non-condensable 
gases were determined together with the consumption 
of the initial biomass, the thermal, hydrodynamic 
profiles and pressure levels that were produced inside 
the furnace in a pyrolysis reaction, from these optimum 
temperature range. internal. was observed in the shell 
from 723.15 to 773.15 K where the production of highly 
energetic tar was favored over biochar and gases, in the 
same way for a non-isothermal discontinuous process 
with a heating rate of 30 K/min a high concentration 
can be obtained. of tar with an operation time of 10 to 
12 min.

 The thermal and hydrodynamic profiles coupled 
to the proposed reactive system were determined, 
in which satisfactory average temperatures were 
observed in a range of 423.15 to 813 K at 12 min 
of reaction that predict biomass consumption at 
a heating rate of 30 K /min and its effects on the 
velocity magnitude for the transfer gas together with 
its pressure drop in the bed, achieving a maximum 
velocity in the center of the reactor of 2.16 x10-4 m/s, 
this modeling system with CFD can be applied or 
extrapolated to an industrial-scale reactor to predict its 
behavior, operation and optimization.
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In addition to this analysis, only the results of a fixed 
bed reactor were presented by means of CFD, it would 
be interesting to carry out the study in a fluidized bed 
reactor, It is recommended that in future research 
the effect and relationship of the particle size of the 
biomass entering the reactor with the inert gas velocity 
and with the heat transfer phenomenon be evaluated, 
since increasing the size of the material the degradation 
will take longer and there will be obstruction for the 
nitrogen that goes through the pores of these particles, 
as well as changes in properties such as porosity and 
conductivity will be seen. It is also suggested to use the 
physical and thermal properties of the palm kernel as 
functions of temperature and not as constants.
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– Force kg/m2s2 

– Flow of species i mol/m2s 

– Permeability of the porous medium m2 

– Dry bulk thermal conductivity W/(m·K) 

–  Dispersive thermal conductivity tensor W/(m·K) 

 –  Effective thermal conductivity W/(m·K) 

–  Thermal conductivity, fluid phase W/(m·K) 

–  Reaction rate constant i s 

– Effective thermal conductivity W/(m·K) 

–  Thermal conductivity, solid phase W/(m·K) 

 – Thermal conductivity in porous medium W/(m·K) 

–  Conductive heat flux W/m2 

– Radiative heat flux W/m2 

– Heat source / Heat sink W/m2  

– Inward heat flux W/m2 

–  Geothermal heat source W/m3 

– mass source or sink kg/(m3s) 

– Pressure work W/m3 

– Viscous dissipation W/ (m· K) 

 – Unit vector of discrete direction in space, i-th component 

– Dry bulk thermal conductivity W/(m·K)

 Notations 

–  Pre-exponential factor s− 1 , 

 – Dry bulk heat capacity at constant pressure J/(kg·K) 

 – Specific heat capacity at constant pressure, fluid phase J/(kg·K) 

– Specific heat capacity at constant pressure of immobile fluid in porous media J/(kg·K) 

 – Specific heat capacity at constant pressure, solid phase J/(kg·K) 

– Concentration gradient by species i mol/m4 

– Dispersion tensor by species i m2 /s 

– Effective diffusion coefficient for species i m2 /s 

–  Activation energy J/mol 

– Force kg/m2s2 

– Flow of species i mol/m2s 

– Permeability of the porous medium m2 

– Dry bulk thermal conductivity W/(m·K) 

–  Dispersive thermal conductivity tensor W/(m·K) 

 –  Effective thermal conductivity W/(m·K) 

–  Thermal conductivity, fluid phase W/(m·K) 

–  Reaction rate constant i s 

– Effective thermal conductivity W/(m·K) 

–  Thermal conductivity, solid phase W/(m·K) 

 – Thermal conductivity in porous medium W/(m·K) 

–  Conductive heat flux W/m2 

– Radiative heat flux W/m2 

– Heat source / Heat sink W/m2  
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–  Geothermal heat source W/m3 

– mass source or sink kg/(m3s) 
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– Viscous dissipation W/ (m· K) 

 – Unit vector of discrete direction in space, i-th component 

–  Dispersive thermal conductivity tensor W/(m·K)

 Notations 
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 – Dry bulk heat capacity at constant pressure J/(kg·K) 

 – Specific heat capacity at constant pressure, fluid phase J/(kg·K) 

– Specific heat capacity at constant pressure of immobile fluid in porous media J/(kg·K) 

 – Specific heat capacity at constant pressure, solid phase J/(kg·K) 

– Concentration gradient by species i mol/m4 

– Dispersion tensor by species i m2 /s 

– Effective diffusion coefficient for species i m2 /s 

–  Activation energy J/mol 

– Force kg/m2s2 

– Flow of species i mol/m2s 

– Permeability of the porous medium m2 

– Dry bulk thermal conductivity W/(m·K) 

–  Dispersive thermal conductivity tensor W/(m·K) 

 –  Effective thermal conductivity W/(m·K) 

–  Thermal conductivity, fluid phase W/(m·K) 

–  Reaction rate constant i s 

– Effective thermal conductivity W/(m·K) 

–  Thermal conductivity, solid phase W/(m·K) 

 – Thermal conductivity in porous medium W/(m·K) 

–  Conductive heat flux W/m2 
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– Heat source / Heat sink W/m2  
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– Specific heat capacity at constant pressure of immobile fluid in porous media J/(kg·K) 
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– Concentration gradient by species i mol/m4 
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– Effective diffusion coefficient for species i m2 /s 

–  Activation energy J/mol 
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–  Thermal conductivity, fluid phase W/(m·K) 
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– Radiative heat flux W/m2 

– Heat source / Heat sink W/m2  
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 – Dry bulk heat capacity at constant pressure J/(kg·K) 

 – Specific heat capacity at constant pressure, fluid phase J/(kg·K) 

– Specific heat capacity at constant pressure of immobile fluid in porous media J/(kg·K) 

 – Specific heat capacity at constant pressure, solid phase J/(kg·K) 

– Concentration gradient by species i mol/m4 

– Dispersion tensor by species i m2 /s 

– Effective diffusion coefficient for species i m2 /s 

–  Activation energy J/mol 

– Force kg/m2s2 
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–  Thermal conductivity, fluid phase W/(m·K) 
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 – Thermal conductivity in porous medium W/(m·K) 

–  Conductive heat flux W/m2 

– Radiative heat flux W/m2 

– Heat source / Heat sink W/m2  

– Inward heat flux W/m2 
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– mass source or sink kg/(m3s) 
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 – Unit vector of discrete direction in space, i-th component 

– Effective thermal conductivity W/(m·K)

 Notations 

–  Pre-exponential factor s− 1 , 

 – Dry bulk heat capacity at constant pressure J/(kg·K) 

 – Specific heat capacity at constant pressure, fluid phase J/(kg·K) 

– Specific heat capacity at constant pressure of immobile fluid in porous media J/(kg·K) 

 – Specific heat capacity at constant pressure, solid phase J/(kg·K) 

– Concentration gradient by species i mol/m4 

– Dispersion tensor by species i m2 /s 

– Effective diffusion coefficient for species i m2 /s 

–  Activation energy J/mol 

– Force kg/m2s2 
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 Notations 

–  Pre-exponential factor s− 1 , 

 – Dry bulk heat capacity at constant pressure J/(kg·K) 

 – Specific heat capacity at constant pressure, fluid phase J/(kg·K) 

– Specific heat capacity at constant pressure of immobile fluid in porous media J/(kg·K) 

 – Specific heat capacity at constant pressure, solid phase J/(kg·K) 

– Concentration gradient by species i mol/m4 

– Dispersion tensor by species i m2 /s 

– Effective diffusion coefficient for species i m2 /s 

–  Activation energy J/mol 

– Force kg/m2s2 

– Flow of species i mol/m2s 

– Permeability of the porous medium m2 

– Dry bulk thermal conductivity W/(m·K) 

–  Dispersive thermal conductivity tensor W/(m·K) 

 –  Effective thermal conductivity W/(m·K) 

–  Thermal conductivity, fluid phase W/(m·K) 

–  Reaction rate constant i s 

– Effective thermal conductivity W/(m·K) 

–  Thermal conductivity, solid phase W/(m·K) 

 – Thermal conductivity in porous medium W/(m·K) 

–  Conductive heat flux W/m2 

– Radiative heat flux W/m2 

– Heat source / Heat sink W/m2  

– Inward heat flux W/m2 

–  Geothermal heat source W/m3 

– mass source or sink kg/(m3s) 

– Pressure work W/m3 

– Viscous dissipation W/ (m· K) 

 – Unit vector of discrete direction in space, i-th component 

 – Thermal conductivity in porous medium W/(m·K)

 Notations 

–  Pre-exponential factor s− 1 , 

 – Dry bulk heat capacity at constant pressure J/(kg·K) 

 – Specific heat capacity at constant pressure, fluid phase J/(kg·K) 

– Specific heat capacity at constant pressure of immobile fluid in porous media J/(kg·K) 

 – Specific heat capacity at constant pressure, solid phase J/(kg·K) 

– Concentration gradient by species i mol/m4 

– Dispersion tensor by species i m2 /s 

– Effective diffusion coefficient for species i m2 /s 

–  Activation energy J/mol 

– Force kg/m2s2 

– Flow of species i mol/m2s 

– Permeability of the porous medium m2 

– Dry bulk thermal conductivity W/(m·K) 

–  Dispersive thermal conductivity tensor W/(m·K) 

 –  Effective thermal conductivity W/(m·K) 

–  Thermal conductivity, fluid phase W/(m·K) 

–  Reaction rate constant i s 

– Effective thermal conductivity W/(m·K) 

–  Thermal conductivity, solid phase W/(m·K) 

 – Thermal conductivity in porous medium W/(m·K) 

–  Conductive heat flux W/m2 

– Radiative heat flux W/m2 

– Heat source / Heat sink W/m2  

– Inward heat flux W/m2 

–  Geothermal heat source W/m3 

– mass source or sink kg/(m3s) 

– Pressure work W/m3 

– Viscous dissipation W/ (m· K) 

 – Unit vector of discrete direction in space, i-th component 

–  Conductive heat flux W/m2
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–  Pre-exponential factor s− 1 , 

 – Dry bulk heat capacity at constant pressure J/(kg·K) 

 – Specific heat capacity at constant pressure, fluid phase J/(kg·K) 

– Specific heat capacity at constant pressure of immobile fluid in porous media J/(kg·K) 

 – Specific heat capacity at constant pressure, solid phase J/(kg·K) 

– Concentration gradient by species i mol/m4 

– Dispersion tensor by species i m2 /s 

– Effective diffusion coefficient for species i m2 /s 

–  Activation energy J/mol 

– Force kg/m2s2 

– Flow of species i mol/m2s 

– Permeability of the porous medium m2 

– Dry bulk thermal conductivity W/(m·K) 

–  Dispersive thermal conductivity tensor W/(m·K) 

 –  Effective thermal conductivity W/(m·K) 

–  Thermal conductivity, fluid phase W/(m·K) 

–  Reaction rate constant i s 

– Effective thermal conductivity W/(m·K) 

–  Thermal conductivity, solid phase W/(m·K) 

 – Thermal conductivity in porous medium W/(m·K) 

–  Conductive heat flux W/m2 

– Radiative heat flux W/m2 

– Heat source / Heat sink W/m2  

– Inward heat flux W/m2 

–  Geothermal heat source W/m3 

– mass source or sink kg/(m3s) 

– Pressure work W/m3 

– Viscous dissipation W/ (m· K) 

 – Unit vector of discrete direction in space, i-th component 

– Radiative heat flux W/m2

 Notations 

–  Pre-exponential factor s− 1 , 

 – Dry bulk heat capacity at constant pressure J/(kg·K) 

 – Specific heat capacity at constant pressure, fluid phase J/(kg·K) 

– Specific heat capacity at constant pressure of immobile fluid in porous media J/(kg·K) 

 – Specific heat capacity at constant pressure, solid phase J/(kg·K) 

– Concentration gradient by species i mol/m4 

– Dispersion tensor by species i m2 /s 

– Effective diffusion coefficient for species i m2 /s 
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– Force kg/m2s2 
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 – Thermal conductivity in porous medium W/(m·K) 
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– Heat source / Heat sink W/m2  

– Inward heat flux W/m2 

–  Geothermal heat source W/m3 

– mass source or sink kg/(m3s) 

– Pressure work W/m3 

– Viscous dissipation W/ (m· K) 

 – Unit vector of discrete direction in space, i-th component 

– Heat source / Heat sink W/m2 

 Notations 

–  Pre-exponential factor s− 1 , 

 – Dry bulk heat capacity at constant pressure J/(kg·K) 

 – Specific heat capacity at constant pressure, fluid phase J/(kg·K) 

– Specific heat capacity at constant pressure of immobile fluid in porous media J/(kg·K) 

 – Specific heat capacity at constant pressure, solid phase J/(kg·K) 

– Concentration gradient by species i mol/m4 

– Dispersion tensor by species i m2 /s 

– Effective diffusion coefficient for species i m2 /s 

–  Activation energy J/mol 

– Force kg/m2s2 

– Flow of species i mol/m2s 

– Permeability of the porous medium m2 

– Dry bulk thermal conductivity W/(m·K) 

–  Dispersive thermal conductivity tensor W/(m·K) 

 –  Effective thermal conductivity W/(m·K) 

–  Thermal conductivity, fluid phase W/(m·K) 

–  Reaction rate constant i s 

– Effective thermal conductivity W/(m·K) 

–  Thermal conductivity, solid phase W/(m·K) 

 – Thermal conductivity in porous medium W/(m·K) 

–  Conductive heat flux W/m2 

– Radiative heat flux W/m2 

– Heat source / Heat sink W/m2  

– Inward heat flux W/m2 

–  Geothermal heat source W/m3 

– mass source or sink kg/(m3s) 

– Pressure work W/m3 

– Viscous dissipation W/ (m· K) 

 – Unit vector of discrete direction in space, i-th component 

– Inward heat flux W/m2

 Notations 

–  Pre-exponential factor s− 1 , 
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 – Specific heat capacity at constant pressure, fluid phase J/(kg·K) 

– Specific heat capacity at constant pressure of immobile fluid in porous media J/(kg·K) 
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– Concentration gradient by species i mol/m4 

– Dispersion tensor by species i m2 /s 
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– Force kg/m2s2 
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– Permeability of the porous medium m2 

– Dry bulk thermal conductivity W/(m·K) 

–  Dispersive thermal conductivity tensor W/(m·K) 

 –  Effective thermal conductivity W/(m·K) 

–  Thermal conductivity, fluid phase W/(m·K) 

–  Reaction rate constant i s 

– Effective thermal conductivity W/(m·K) 

–  Thermal conductivity, solid phase W/(m·K) 

 – Thermal conductivity in porous medium W/(m·K) 

–  Conductive heat flux W/m2 

– Radiative heat flux W/m2 

– Heat source / Heat sink W/m2  

– Inward heat flux W/m2 

–  Geothermal heat source W/m3 
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–  Geothermal heat source W/m3

 Notations 
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 – Specific heat capacity at constant pressure, fluid phase J/(kg·K) 

– Specific heat capacity at constant pressure of immobile fluid in porous media J/(kg·K) 

 – Specific heat capacity at constant pressure, solid phase J/(kg·K) 

– Concentration gradient by species i mol/m4 

– Dispersion tensor by species i m2 /s 

– Effective diffusion coefficient for species i m2 /s 

–  Activation energy J/mol 

– Force kg/m2s2 

– Flow of species i mol/m2s 

– Permeability of the porous medium m2 

– Dry bulk thermal conductivity W/(m·K) 

–  Dispersive thermal conductivity tensor W/(m·K) 

 –  Effective thermal conductivity W/(m·K) 

–  Thermal conductivity, fluid phase W/(m·K) 

–  Reaction rate constant i s 

– Effective thermal conductivity W/(m·K) 

–  Thermal conductivity, solid phase W/(m·K) 

 – Thermal conductivity in porous medium W/(m·K) 

–  Conductive heat flux W/m2 

– Radiative heat flux W/m2 

– Heat source / Heat sink W/m2  

– Inward heat flux W/m2 

–  Geothermal heat source W/m3 

– mass source or sink kg/(m3s) 

– Pressure work W/m3 

– Viscous dissipation W/ (m· K) 

 – Unit vector of discrete direction in space, i-th component 

– mass source or sink kg/(m3s)

 Notations 

–  Pre-exponential factor s− 1 , 

 – Dry bulk heat capacity at constant pressure J/(kg·K) 

 – Specific heat capacity at constant pressure, fluid phase J/(kg·K) 

– Specific heat capacity at constant pressure of immobile fluid in porous media J/(kg·K) 

 – Specific heat capacity at constant pressure, solid phase J/(kg·K) 

– Concentration gradient by species i mol/m4 

– Dispersion tensor by species i m2 /s 

– Effective diffusion coefficient for species i m2 /s 

–  Activation energy J/mol 

– Force kg/m2s2 

– Flow of species i mol/m2s 

– Permeability of the porous medium m2 

– Dry bulk thermal conductivity W/(m·K) 

–  Dispersive thermal conductivity tensor W/(m·K) 

 –  Effective thermal conductivity W/(m·K) 

–  Thermal conductivity, fluid phase W/(m·K) 

–  Reaction rate constant i s 

– Effective thermal conductivity W/(m·K) 

–  Thermal conductivity, solid phase W/(m·K) 

 – Thermal conductivity in porous medium W/(m·K) 

–  Conductive heat flux W/m2 

– Radiative heat flux W/m2 

– Heat source / Heat sink W/m2  

– Inward heat flux W/m2 

–  Geothermal heat source W/m3 

– mass source or sink kg/(m3s) 

– Pressure work W/m3 

– Viscous dissipation W/ (m· K) 

 – Unit vector of discrete direction in space, i-th component 

– Pressure work W/m3

 Notations 

–  Pre-exponential factor s− 1 , 

 – Dry bulk heat capacity at constant pressure J/(kg·K) 

 – Specific heat capacity at constant pressure, fluid phase J/(kg·K) 

– Specific heat capacity at constant pressure of immobile fluid in porous media J/(kg·K) 

 – Specific heat capacity at constant pressure, solid phase J/(kg·K) 

– Concentration gradient by species i mol/m4 

– Dispersion tensor by species i m2 /s 

– Effective diffusion coefficient for species i m2 /s 

–  Activation energy J/mol 

– Force kg/m2s2 

– Flow of species i mol/m2s 

– Permeability of the porous medium m2 

– Dry bulk thermal conductivity W/(m·K) 

–  Dispersive thermal conductivity tensor W/(m·K) 

 –  Effective thermal conductivity W/(m·K) 

–  Thermal conductivity, fluid phase W/(m·K) 

–  Reaction rate constant i s 

– Effective thermal conductivity W/(m·K) 

–  Thermal conductivity, solid phase W/(m·K) 

 – Thermal conductivity in porous medium W/(m·K) 

–  Conductive heat flux W/m2 

– Radiative heat flux W/m2 

– Heat source / Heat sink W/m2  

– Inward heat flux W/m2 

–  Geothermal heat source W/m3 

– mass source or sink kg/(m3s) 

– Pressure work W/m3 

– Viscous dissipation W/ (m· K) 

 – Unit vector of discrete direction in space, i-th component 

– Viscous dissipation W/ (m· K)

 Notations 

–  Pre-exponential factor s− 1 , 

 – Dry bulk heat capacity at constant pressure J/(kg·K) 

 – Specific heat capacity at constant pressure, fluid phase J/(kg·K) 

– Specific heat capacity at constant pressure of immobile fluid in porous media J/(kg·K) 

 – Specific heat capacity at constant pressure, solid phase J/(kg·K) 

– Concentration gradient by species i mol/m4 

– Dispersion tensor by species i m2 /s 

– Effective diffusion coefficient for species i m2 /s 

–  Activation energy J/mol 

– Force kg/m2s2 

– Flow of species i mol/m2s 

– Permeability of the porous medium m2 

– Dry bulk thermal conductivity W/(m·K) 

–  Dispersive thermal conductivity tensor W/(m·K) 

 –  Effective thermal conductivity W/(m·K) 

–  Thermal conductivity, fluid phase W/(m·K) 

–  Reaction rate constant i s 

– Effective thermal conductivity W/(m·K) 

–  Thermal conductivity, solid phase W/(m·K) 

 – Thermal conductivity in porous medium W/(m·K) 

–  Conductive heat flux W/m2 

– Radiative heat flux W/m2 

– Heat source / Heat sink W/m2  

– Inward heat flux W/m2 

–  Geothermal heat source W/m3 

– mass source or sink kg/(m3s) 

– Pressure work W/m3 

– Viscous dissipation W/ (m· K) 

 – Unit vector of discrete direction in space, i-th component  – Unit vector of discrete direction in space, i-th component

–  Temperature gradient K/m 

–  Gas constant J/(mol· K) 

–  Temperature K 

– Time min 

–  Velocity m/s 
 

Greek letters 

 – Density, fluid phase kg/m3 

 – Density of immobile fluid in porous media kg/m3 

 – Density of solid material kg/m3 

   – Dry bulk density kg/m3 

 – Parameter used for the Ergun equation 1/m 

 – Viscous stress tensor Pa 

 – Dynamic viscosity Pa·s 

–Porosity 

–Emissivity 

 – Volume fraction of immobile fluid in porous media 

–  Volume fraction 

 – Volume fraction of solid material in porous media and fractures 

 –Stefan’s constant 

 

Subscripts 

amb– Ambient  

c – Cellulose  

f– Fluid 

h – Hemicellulose  

i – Common index of component or phase 

imf- Immobile fluid 

 j – Common index of component or phase 

l – Lignin 

–  Temperature gradient K/m–  Temperature gradient K/m 

–  Gas constant J/(mol· K) 

–  Temperature K 

– Time min 

–  Velocity m/s 
 

Greek letters 

 – Density, fluid phase kg/m3 

 – Density of immobile fluid in porous media kg/m3 

 – Density of solid material kg/m3 

   – Dry bulk density kg/m3 

 – Parameter used for the Ergun equation 1/m 

 – Viscous stress tensor Pa 

 – Dynamic viscosity Pa·s 

–Porosity 

–Emissivity 

 – Volume fraction of immobile fluid in porous media 

–  Volume fraction 

 – Volume fraction of solid material in porous media and fractures 

 –Stefan’s constant 

 

Subscripts 

amb– Ambient  
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f– Fluid 

h – Hemicellulose  

i – Common index of component or phase 
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 j – Common index of component or phase 

l – Lignin 

–  Gas constant J/(mol· K)

–  Temperature gradient K/m 

–  Gas constant J/(mol· K) 

–  Temperature K 

– Time min 

–  Velocity m/s 
 

Greek letters 

 – Density, fluid phase kg/m3 

 – Density of immobile fluid in porous media kg/m3 

 – Density of solid material kg/m3 

   – Dry bulk density kg/m3 

 – Parameter used for the Ergun equation 1/m 

 – Viscous stress tensor Pa 

 – Dynamic viscosity Pa·s 

–Porosity 

–Emissivity 

 – Volume fraction of immobile fluid in porous media 

–  Volume fraction 

 – Volume fraction of solid material in porous media and fractures 

 –Stefan’s constant 

 

Subscripts 

amb– Ambient  

c – Cellulose  

f– Fluid 

h – Hemicellulose  

i – Common index of component or phase 

imf- Immobile fluid 

 j – Common index of component or phase 

l – Lignin 

–  Temperature K

–  Temperature gradient K/m 

–  Gas constant J/(mol· K) 

–  Temperature K 

– Time min 

–  Velocity m/s 
 

Greek letters 

 – Density, fluid phase kg/m3 

 – Density of immobile fluid in porous media kg/m3 

 – Density of solid material kg/m3 

   – Dry bulk density kg/m3 

 – Parameter used for the Ergun equation 1/m 

 – Viscous stress tensor Pa 

 – Dynamic viscosity Pa·s 

–Porosity 

–Emissivity 

 – Volume fraction of immobile fluid in porous media 

–  Volume fraction 

 – Volume fraction of solid material in porous media and fractures 

 –Stefan’s constant 

 

Subscripts 

amb– Ambient  

c – Cellulose  

f– Fluid 

h – Hemicellulose  

i – Common index of component or phase 

imf- Immobile fluid 

 j – Common index of component or phase 

l – Lignin 

– Time min

–  Temperature gradient K/m 

–  Gas constant J/(mol· K) 

–  Temperature K 

– Time min 

–  Velocity m/s 
 

Greek letters 

 – Density, fluid phase kg/m3 

 – Density of immobile fluid in porous media kg/m3 

 – Density of solid material kg/m3 

   – Dry bulk density kg/m3 

 – Parameter used for the Ergun equation 1/m 

 – Viscous stress tensor Pa 

 – Dynamic viscosity Pa·s 

–Porosity 

–Emissivity 

 – Volume fraction of immobile fluid in porous media 

–  Volume fraction 

 – Volume fraction of solid material in porous media and fractures 

 –Stefan’s constant 

 

Subscripts 

amb– Ambient  

c – Cellulose  

f– Fluid 

h – Hemicellulose  

i – Common index of component or phase 

imf- Immobile fluid 

 j – Common index of component or phase 

l – Lignin 

–  Velocity m/s
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Greek letters

–  Temperature gradient K/m 

–  Gas constant J/(mol· K) 

–  Temperature K 

– Time min 

–  Velocity m/s 
 

Greek letters 

 – Density, fluid phase kg/m3 

 – Density of immobile fluid in porous media kg/m3 

 – Density of solid material kg/m3 

   – Dry bulk density kg/m3 

 – Parameter used for the Ergun equation 1/m 

 – Viscous stress tensor Pa 

 – Dynamic viscosity Pa·s 

–Porosity 

–Emissivity 

 – Volume fraction of immobile fluid in porous media 

–  Volume fraction 

 – Volume fraction of solid material in porous media and fractures 

 –Stefan’s constant 

 

Subscripts 

amb– Ambient  

c – Cellulose  

f– Fluid 

h – Hemicellulose  

i – Common index of component or phase 

imf- Immobile fluid 

 j – Common index of component or phase 

l – Lignin 

 – Density, fluid phase kg/m3

–  Temperature gradient K/m 

–  Gas constant J/(mol· K) 

–  Temperature K 

– Time min 

–  Velocity m/s 
 

Greek letters 

 – Density, fluid phase kg/m3 

 – Density of immobile fluid in porous media kg/m3 

 – Density of solid material kg/m3 

   – Dry bulk density kg/m3 

 – Parameter used for the Ergun equation 1/m 

 – Viscous stress tensor Pa 

 – Dynamic viscosity Pa·s 

–Porosity 

–Emissivity 

 – Volume fraction of immobile fluid in porous media 

–  Volume fraction 

 – Volume fraction of solid material in porous media and fractures 

 –Stefan’s constant 

 

Subscripts 

amb– Ambient  

c – Cellulose  

f– Fluid 

h – Hemicellulose  

i – Common index of component or phase 

imf- Immobile fluid 

 j – Common index of component or phase 

l – Lignin 

 – Density of immobile fluid in porous media kg/m3

–  Temperature gradient K/m 

–  Gas constant J/(mol· K) 

–  Temperature K 

– Time min 

–  Velocity m/s 
 

Greek letters 

 – Density, fluid phase kg/m3 

 – Density of immobile fluid in porous media kg/m3 

 – Density of solid material kg/m3 

   – Dry bulk density kg/m3 

 – Parameter used for the Ergun equation 1/m 

 – Viscous stress tensor Pa 

 – Dynamic viscosity Pa·s 

–Porosity 

–Emissivity 

 – Volume fraction of immobile fluid in porous media 

–  Volume fraction 

 – Volume fraction of solid material in porous media and fractures 

 –Stefan’s constant 

 

Subscripts 

amb– Ambient  

c – Cellulose  

f– Fluid 

h – Hemicellulose  

i – Common index of component or phase 

imf- Immobile fluid 

 j – Common index of component or phase 

l – Lignin 

 – Density of solid material kg/m3

–  Temperature gradient K/m 

–  Gas constant J/(mol· K) 

–  Temperature K 

– Time min 

–  Velocity m/s 
 

Greek letters 

 – Density, fluid phase kg/m3 

 – Density of immobile fluid in porous media kg/m3 

 – Density of solid material kg/m3 

   – Dry bulk density kg/m3 

 – Parameter used for the Ergun equation 1/m 

 – Viscous stress tensor Pa 

 – Dynamic viscosity Pa·s 

–Porosity 

–Emissivity 

 – Volume fraction of immobile fluid in porous media 

–  Volume fraction 

 – Volume fraction of solid material in porous media and fractures 

 –Stefan’s constant 

 

Subscripts 

amb– Ambient  

c – Cellulose  

f– Fluid 

h – Hemicellulose  

i – Common index of component or phase 

imf- Immobile fluid 

 j – Common index of component or phase 

l – Lignin 

– Dry bulk density kg/m3

–  Temperature gradient K/m 

–  Gas constant J/(mol· K) 

–  Temperature K 

– Time min 

–  Velocity m/s 
 

Greek letters 

 – Density, fluid phase kg/m3 

 – Density of immobile fluid in porous media kg/m3 

 – Density of solid material kg/m3 

   – Dry bulk density kg/m3 

 – Parameter used for the Ergun equation 1/m 

 – Viscous stress tensor Pa 

 – Dynamic viscosity Pa·s 

–Porosity 

–Emissivity 

 – Volume fraction of immobile fluid in porous media 

–  Volume fraction 

 – Volume fraction of solid material in porous media and fractures 

 –Stefan’s constant 

 

Subscripts 

amb– Ambient  

c – Cellulose  

f– Fluid 

h – Hemicellulose  

i – Common index of component or phase 

imf- Immobile fluid 

 j – Common index of component or phase 

l – Lignin 

 – Parameter used for the Ergun equation 1/m

–  Temperature gradient K/m 

–  Gas constant J/(mol· K) 

–  Temperature K 

– Time min 

–  Velocity m/s 
 

Greek letters 

 – Density, fluid phase kg/m3 

 – Density of immobile fluid in porous media kg/m3 

 – Density of solid material kg/m3 

   – Dry bulk density kg/m3 

 – Parameter used for the Ergun equation 1/m 

 – Viscous stress tensor Pa 

 – Dynamic viscosity Pa·s 

–Porosity 

–Emissivity 

 – Volume fraction of immobile fluid in porous media 

–  Volume fraction 

 – Volume fraction of solid material in porous media and fractures 

 –Stefan’s constant 

 

Subscripts 

amb– Ambient  

c – Cellulose  

f– Fluid 

h – Hemicellulose  

i – Common index of component or phase 

imf- Immobile fluid 

 j – Common index of component or phase 

l – Lignin 

 – Viscous stress tensor Pa

–  Temperature gradient K/m 

–  Gas constant J/(mol· K) 

–  Temperature K 

– Time min 

–  Velocity m/s 
 

Greek letters 

 – Density, fluid phase kg/m3 

 – Density of immobile fluid in porous media kg/m3 

 – Density of solid material kg/m3 

   – Dry bulk density kg/m3 

 – Parameter used for the Ergun equation 1/m 

 – Viscous stress tensor Pa 

 – Dynamic viscosity Pa·s 

–Porosity 

–Emissivity 

 – Volume fraction of immobile fluid in porous media 

–  Volume fraction 

 – Volume fraction of solid material in porous media and fractures 

 –Stefan’s constant 

 

Subscripts 

amb– Ambient  

c – Cellulose  

f– Fluid 

h – Hemicellulose  

i – Common index of component or phase 

imf- Immobile fluid 

 j – Common index of component or phase 

l – Lignin 

– Dynamic viscosity Pa·s

–  Temperature gradient K/m 

–  Gas constant J/(mol· K) 

–  Temperature K 

– Time min 

–  Velocity m/s 
 

Greek letters 

 – Density, fluid phase kg/m3 

 – Density of immobile fluid in porous media kg/m3 

 – Density of solid material kg/m3 

   – Dry bulk density kg/m3 

 – Parameter used for the Ergun equation 1/m 

 – Viscous stress tensor Pa 

 – Dynamic viscosity Pa·s 

–Porosity 

–Emissivity 

 – Volume fraction of immobile fluid in porous media 

–  Volume fraction 

 – Volume fraction of solid material in porous media and fractures 

 –Stefan’s constant 

 

Subscripts 

amb– Ambient  

c – Cellulose  

f– Fluid 

h – Hemicellulose  

i – Common index of component or phase 

imf- Immobile fluid 

 j – Common index of component or phase 

l – Lignin 

–Porosity

–  Temperature gradient K/m 

–  Gas constant J/(mol· K) 

–  Temperature K 

– Time min 

–  Velocity m/s 
 

Greek letters 

 – Density, fluid phase kg/m3 

 – Density of immobile fluid in porous media kg/m3 

 – Density of solid material kg/m3 

   – Dry bulk density kg/m3 

 – Parameter used for the Ergun equation 1/m 

 – Viscous stress tensor Pa 

 – Dynamic viscosity Pa·s 

–Porosity 

–Emissivity 

 – Volume fraction of immobile fluid in porous media 

–  Volume fraction 

 – Volume fraction of solid material in porous media and fractures 

 –Stefan’s constant 

 

Subscripts 

amb– Ambient  

c – Cellulose  

f– Fluid 

h – Hemicellulose  

i – Common index of component or phase 

imf- Immobile fluid 

 j – Common index of component or phase 

l – Lignin 

–Emissivity

–  Temperature gradient K/m 

–  Gas constant J/(mol· K) 

–  Temperature K 

– Time min 

–  Velocity m/s 
 

Greek letters 

 – Density, fluid phase kg/m3 

 – Density of immobile fluid in porous media kg/m3 

 – Density of solid material kg/m3 

   – Dry bulk density kg/m3 

 – Parameter used for the Ergun equation 1/m 

 – Viscous stress tensor Pa 

 – Dynamic viscosity Pa·s 

–Porosity 

–Emissivity 

 – Volume fraction of immobile fluid in porous media 

–  Volume fraction 

 – Volume fraction of solid material in porous media and fractures 

 –Stefan’s constant 

 

Subscripts 

amb– Ambient  

c – Cellulose  

f– Fluid 

h – Hemicellulose  

i – Common index of component or phase 

imf- Immobile fluid 

 j – Common index of component or phase 

l – Lignin 

 – Volume fraction of immobile fluid in porous media

–  Temperature gradient K/m 

–  Gas constant J/(mol· K) 

–  Temperature K 

– Time min 

–  Velocity m/s 
 

Greek letters 

 – Density, fluid phase kg/m3 

 – Density of immobile fluid in porous media kg/m3 

 – Density of solid material kg/m3 

   – Dry bulk density kg/m3 

 – Parameter used for the Ergun equation 1/m 

 – Viscous stress tensor Pa 

 – Dynamic viscosity Pa·s 

–Porosity 

–Emissivity 

 – Volume fraction of immobile fluid in porous media 

–  Volume fraction 

 – Volume fraction of solid material in porous media and fractures 

 –Stefan’s constant 

 

Subscripts 

amb– Ambient  

c – Cellulose  

f– Fluid 

h – Hemicellulose  

i – Common index of component or phase 

imf- Immobile fluid 

 j – Common index of component or phase 

l – Lignin 

–  Volume fraction

–  Temperature gradient K/m 

–  Gas constant J/(mol· K) 

–  Temperature K 

– Time min 

–  Velocity m/s 
 

Greek letters 

 – Density, fluid phase kg/m3 

 – Density of immobile fluid in porous media kg/m3 

 – Density of solid material kg/m3 

   – Dry bulk density kg/m3 

 – Parameter used for the Ergun equation 1/m 

 – Viscous stress tensor Pa 

 – Dynamic viscosity Pa·s 

–Porosity 

–Emissivity 

 – Volume fraction of immobile fluid in porous media 

–  Volume fraction 

 – Volume fraction of solid material in porous media and fractures 

 –Stefan’s constant 

 

Subscripts 

amb– Ambient  

c – Cellulose  

f– Fluid 

h – Hemicellulose  

i – Common index of component or phase 

imf- Immobile fluid 

 j – Common index of component or phase 

l – Lignin 

 – Volume fraction of solid material in porous media and fractures

–  Temperature gradient K/m 

–  Gas constant J/(mol· K) 

–  Temperature K 

– Time min 

–  Velocity m/s 
 

Greek letters 

 – Density, fluid phase kg/m3 

 – Density of immobile fluid in porous media kg/m3 

 – Density of solid material kg/m3 

   – Dry bulk density kg/m3 

 – Parameter used for the Ergun equation 1/m 

 – Viscous stress tensor Pa 

 – Dynamic viscosity Pa·s 

–Porosity 

–Emissivity 

 – Volume fraction of immobile fluid in porous media 

–  Volume fraction 

 – Volume fraction of solid material in porous media and fractures 

 –Stefan’s constant 

 

Subscripts 

amb– Ambient  

c – Cellulose  

f– Fluid 

h – Hemicellulose  

i – Common index of component or phase 

imf- Immobile fluid 

 j – Common index of component or phase 

l – Lignin 

 –Stefan’s constant

Subscripts

amb– Ambient 

c – Cellulose 

f– Fluid

h – Hemicellulose 

i – Common index of component or phase

imf- Immobile fluid

 j – Common index of component or phase

l – Lignin

s – Solid
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