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production: Numerical calculations 

Artur Bieniek *, Małgorzata Sieradzka , Wojciech Jerzak , Aneta Magdziarz 
AGH University of Krakow, Mickiewicza 30 Av., 30-059 Cracow, Poland   

A R T I C L E  I N F O   

Keywords: 
Agricultural biomass 
Fast pyrolysis 
Computational fluid dynamics 
Drop-tube reactor 

A B S T R A C T   

Fast biomass pyrolysis is an effective method for bio-oil production and can be performed in fluidised beds, 
augers, and drop-tube reactors. In this study, the fast pyrolysis of agricultural biomass (oat and corn straw) in a 
drop-tube reactor was investigated by applying multiparameter analysis involving numerical calculations. The 
main motivation for this analysis was to determine the operating parameters for fast pyrolysis under which the 
highest bio-oil production was achieved. In this study, the following operating parameters were involved: py
rolysis temperature (500 – 700 ◦C), volume flow rate of the carrier gas (3 – 5 l/min), mass flow rate of the 
feedstock (10 – 30 g/h), and diameter of the particle (250 – 750 µm). The analysis was performed using nu
merical methods with the Euler-Lagrange multiphase theory in a 2D axisymmetric model. According to the 
numerical results, selection of a particle size of 500 µm, pyrolysis temperature of 500 ◦C, and nitrogen flow rate 
of 3 l/min allows obtaining 51.16% and 52.09% of bio-oil for oat straw and corn straw pyrolysis, respectively. 
The biomass mass load did not influence the final product yield. The numerical results were successfully 
confirmed by experimental investigations where experiments supplied 53.2% and 51.3% of bio-oil to oat straw 
and corn straw, respectively.   

1. Introduction 

Biomass pyrolysis is a promising process that involves organic ma
terials such as wood, crop residues, and solid waste to produce green 
fuels such as bio-char, bio-oil, and gas [1]. This process is an important 
technology for replacing natural fossil fuels and for producing a wide 
range of valuable compounds for energy, chemical, and environmental 
purposes [2]. Biomass has recently gained increasing attention because 
of its potential for reducing greenhouse gas emissions and increasing the 
share of renewable energy in the primary energy demand [3]. 

Pyrolysis is a thermochemical process occurring at temperatures 
ranging from 400◦ to 800◦C in the absence [2] or minor presence of 
oxygen [4]. Biomass pyrolysis products include bio-char (a solid product 
remaining after the process), bio-oil (heavy hydrocarbons included in 
volatile matter), and gas (lightweight gases) [5]. The feedstock is rapidly 
heated and undergoes chemical and physical conversions, releasing 
volatile matter [5]. Pyrolysis can be classified into three main types: 
slow, intermediate, and fast. This study focused on fast pyrolysis, which 
involves temperatures of approximately 500 ◦C, heating rates ranging 
above 10 – 200 ◦C/s, and biomass residence times up to few seconds [6]. 

Fast pyrolysis results in high bio-oil yield, which is the most desirable 
product of this process [7]. 

Pyrolysis can be conducted in various reactors. There are several 
types of reactors, including fixed-bed, fluidised, drop-tube, and auger 
reactors [8]. The drop-tube reactor is suitable for pyrolysis; it is char
acterised by low residence time and high heating rate and provides a 
large amount of bio-oil [9]. According to the literature review, the 
fixed-bed reactor seems to be the most universal reactor, where the 
number of observations recorded in the literature review is approxi
mately 1610 [10]. 

This study focused on fast pyrolysis, which leads to the production of 
bio-oil. Therefore, the reactor should be capable of producing a high 
yield of liquid products. These criteria can be fulfilled using a drop-tube 
reactor, also known as an entrained-flow reactor. A high bio-oil yield 
from wood pyrolysis in a drop-tube reactor was confirmed by Guizani 
et al. [11]. The bio-oil yield was 62.4% at 500 ◦C with a particle size of 
370 µm. Particle size and temperature had the highest impact on bio-oil 
yield. Ellens and Brown [12] also confirmed a high amount of bio-oil at a 
level of 71.1% during pyrolysis of red oak at 550 ◦C. Despite high bio-oil 
yields, there are some challenges that have a negative impact on biomass 
pyrolysis in a drop-tube reactor and reduce bio-oil content. The large 
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diameter of the reactor causes a temperature gradient in the axial di
rection, which impacts the non-uniform heating of biomass particles 
that do not fully convert. This problem was the subject of a study 
investigated by Bieniek et al. [13], who proposed the addition of oxygen 
to partially oxidise the evolved char and shift the evolution of the 
products toward gaseous species. Gable and Brown [14] determined the 
heating time of particles inside the reactor. The paper presented that at a 
heating time of 1.4 s; a lot of unreacted biomass remained, and the solid 
residue consisted of approximately 56% pyrolytic products. Another 
problem is the variety of operating conditions of the reactor as well as 
the complex composition of various biomasses [15,16]. There are no 
universally used parameters for all types of biomass because of the 
different cellulose, hemicellulose, and lignin contents. Each basic 
component was responsible for bio-oil production in a different way. 
Cellulose has the greatest impact on bio-oil production, whereas lignin is 
the main contributor [17,18]. Additionally, lignin has the highest tem
perature of thermal conversion at approximately 400 ◦C [19]. Consid
ering the presented challenges, it is necessary to determine the operating 
conditions for the considered biomass to provide high pyrolysis effi
ciency, especially for bio-oil production. 

Operating parameters can be established in two ways. The first in
volves experimental studies that lead to the attainment of expected 
values. However, this method is expensive, time consuming, and re
quires laboratory resources. The second method involves theoretical 
studies including CFD (computational fluid dynamics) calculations. This 
method allows the determination of operating parameters based on the 
governing equations for the conservation of mass, energy, and species. 
This process involves the use of mathematical models and computa
tional simulations to predict the behaviour of the biomass feedstock 
during pyrolysis and the yield and composition of the resulting products. 
Because biomass pyrolysis is a multiphase flow, two approaches to the 

multiphase theory can be applied: Euler – Euler (both phases are treated 
as interpenetrated fluids) and Euler – Lagrange (the solid phase is 
dispersed in the fluid phase and is described by Newton’s laws). A 
detailed comparison of these two models can be found in study [2]. Xue 
et al. [20] used the Euler – Euler model to determine the operating 
parameters of the fast pyrolysis of red oak in a fluidised bed reactor. The 
results indicated that the temperature, gas flow rate, and particle size 
were mainly responsible for bio-oil production. Aramideh et al. [21] 
studied the pyrolysis of red oaks using an auger reactor. A numerical 
model with an Euler – Euler approach allowed to find the temperature of 
550 ◦C as the best option for bio-oil production. In another study, Xue 
et al. determined the product yield of bagasse pyrolysis in a fluidised bed 
reactor at 790 K [22]. CFD calculations allowed the estimation of 
approximately 63.4% bio-oil. Kong et al. applied the Euler – Lagrange 
theory to investigate biomass pyrolysis in a V-shaped reactor, where the 
ratio of the carrier gas flow rate to the mass flow rate of biomass was 
investigated [23]. The researchers discovered that a 20:1 ratio was the 
best option for providing the most effective heat transfer between the 
fluid and solid phases. Numerical calculations of biomass pyrolysis in 
drop-tube reactors using the Euler – Euler approach were conducted by 
Tobo et al. [24], who investigated the yields of products and their 
characterisation. 

This study concerns multiparameter analysis of fast pyrolysis in a 
drop-tube reactor that involves numerical methods using the Euler – 
Lagrange multiphase theory. The main motivation of this study was to 
determine the process parameters that allow maximum bio-oil produc
tion. Biomass pyrolysis is a complex process influenced by inter
connected parameters, including reactor type and performance. 
Conducting a multiparameter analysis allows the identification of the 
best parameters to achieve the desired goal. Moreover, owing to 
multiparameter analysis, it is possible to understand the behaviour of 

Nomenclature 

A surface, m2. 
Ar preexponential factor, s− 1. 
a heat transfer coefficient, W m− 2 K− 1. 
a1, a2, a3 constants for drag force coefficient determination. 
Bi Biot number, (-). 
CD drag force coefficient, (-). 
C1 mean reacting gas species concentration at the particle 

surface, kg m− 3. 
Cj,r molar concentration of species j in reaction r, kg mol m− 3. 
d diameter, m. 
D0 diffusion rate for particle surface reaction, (-). 
Dm coefficient of mass diffusivity, m2 s− 1. 
DT coefficient of thermal diffusivity, m2 s− 1. 
e emissivity, (-). 
E internal energy, J. 
Ea activation energy, kJ mol− 1. 
F force, N. 
g gravity force, m s− 2. 
h specific enthalpy, J kg− 1. 
H enthalpy, J. 
DPM discrete phase model. 
i ith species. 
j jth reaction. 
kin kinetic. 
n bulk. 
α volume fraction, (-). 
η effectiveness factor, (-). 
μ dynamic viscosity, Pa s. 
kr rate of reaction, s− 1. 

j mass diffusivity, kg m− 2s− 1. 
k thermal conductivity, W m− 1K− 1. 
M molar mass, g mol− 1. 
n reaction order, (-). 
Nu Nusselt’s number. 
p pressure, Pa. 
Pr Prandtl’s number, (-). 
R gas constant, J K− 1mol− 1. 
R mass source due to homogenous reaction, mol s− 1. 
R rate of particle surface reaction, kg s− 1. 
Rkin rate of particle surface reaction per unit area, kg m− 2s− 1. 
Re Reynold’s number, (-). 
S source term. 
Srn radiation source energy, W m− 3. 
t time, s. 
T temperature, K. 
v velocity vector, m s− 1. 
Y local concertation, (-). 

Subscript 
p particle. 
r rth reaction. 
rn radiation. 
s solid. 
∞ ambient. 

Greek letter 
ρ density, kg m− 3. 
σ Stefan – Boltzmann constant, W m− 2 K− 4. 
τ stress tensor, Pa.  
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biomass particles during pyrolysis. In particular, numerical calculations 
can be helpful because of the possibility of determining distributions 
such as the temperature and yield of products. 

According to state-of-the-art methods, multiparameter analysis 
mainly concerns fixed-bed and fluidised bed reactors. There is a lack of 
studies, especially numerical investigations, on drop-tube reactors. 
Therefore, this study will be of special interest to readers in the 
following fields: 

i) Development of a numerical model of fast pyrolysis in a drop-tube 
using the Euler-Lagrange multiphase theory. 

ii) Investigate the influence of operating parameters on feedstock 
properties and reactor performance in bio-oil production. 

iii) Understanding particle behaviours during fast pyrolysis under 
various conditions. 

iv) Selection of the best parameters for bio-oil production based on 
the numerical results and their verification via experimental 
investigations. 

Furthermore, the proposed numerical model can be helpful for 
determining the operating parameters of various feedstocks. The 
advantage of this strategy is that each parameter is separately tested 
without involving experiments, which can save material and financial 
resources. 

2. Materials and methods 

2.1. Feedstock characterization 

In this study, two lignocellulosic biomasses were selected from 
agricultural sources in Poland: oats and corn straw. These biomasses are 
the harvested residues. The materials selected for laboratory pyrolysis 
experiments were initially dried at room temperature and then ground 
in a mill. Basic analyses were then performed, including ultimate, 
proximate, and fibre analyses. The Truspec CHNS 628 Leco analyser was 
involved in the ultimate analysis. Proximate analyses were performed 
according to the following standards: EN ISO 18134–2:2017 (moisture), 
EN ISO 18122:2015 (volatile matter), and EN ISO 18122:2015 (ash). 
The fibre analysis was performed according to the van Soest method 
[25], where cellulose, hemicellulose, lignin, and extractive contents 
were determined. All basic analyses were performed at least three times, 
and the average value was calculated. The results of all the analyses are 
presented in Table 1. 

2.2. Experimental setup 

The drop-tube reactor presented schematically in Fig. 1a) is an 
electrically heated furnace that includes a reactor tube, micro feeder, 
char container, and bio-oil condensation unit. A microfeeder was 
installed at top of the reactor. Biomass was loaded inside the reactor at 
mass flow rates of 10, 20, or 30 g/h. The fallout of biomass particles was 
enhanced by nitrogen flow. Nitrogen was supplied at a flow rate of 3 – 
5 l/min using a microfeeder connected to a rotameter. A water jacket 
was installed under the microfeeder to prevent biomass from heating 
prior to reaching the heating zone. The stainless-steel reactor tube has a 
heated zone with a length of 2 m and an inner diameter of 0.015 m. The 

temperature along the length of the reactor was monitored using five K- 
type thermocouples spaced every 0.5 m. Bio-char particles were 
collected at the end of the pyrolysis experiment using a stack impactor. 
The bio-oil was then condensed in an ice-filled bucket. The bio-char and 
bio-oil yields were determined by weighing the pyrolysis products. 

2.3. Numerical model of drop-tube reactor 

This study presents a 2D numerical analysis of the fast pyrolysis of 
oat straw and corn straw in a drop-tube reactor. The model was prepared 
based on the previously mentioned laboratory setup and is presented in 
Fig. 1b). 

The proposed model comprised two zones. The first zone was the 
heating area with a total length L of 2 m. Before heating the zone, 0.2 m 
of nonheated area was added. This allowed for the development of the 
velocity distribution of the carrier gas. The total length of the first zone 
in this area Lr was 2.2 m. The second zone was the cooling area. This 
zone did not have a physical representation but was added to maintain 
the stability of the calculation and prevent backflow to the reactor. The 
cooling zone was 1 m long. The diameter of the reactor d was 0.015 m. 

At the top of the reactor, the velocity inlet boundary condition was 
set with a uniform nitrogen velocity appropriate for the investigated 
carrier gas flow rate parameters. The temperature of the inlet gas was 
25 ◦C. In this study, laminar flow was considered and a subgrid turbu
lence model was not included. A uniform surface mass load of the 
biomass was applied at the inlet. The mass flow rate of the particles was 
one of the parameters studied. Spherical particles were also considered. 
The particle diameter was variable and referred to as the investigated 
particle size. Under actual conditions, biomass particles are charac
terised by irregular shapes. Therefore, treating biomass particles as 
spheres can limit the following quantities: drag force, heat and mass 
force, and particle–wall interactions. However, such simplifications 
allow for the implementation of well-known models for heat and mass 
transfer. Isothermal boundary conditions were established in the 
reactor-heating zone. The temperature was related to the investigated 
pyrolysis temperature parameters. In the rest of the numerical model, on 
the wall, a convective-radiative thermal boundary condition was 
applied with an ambient temperature of 25 ◦C and a heat transfer co
efficient of 10 W/m2K [26]. On the outlet surface, the pressure-outlet 
boundary condition was established with a surrounding pressure of 
101325 Pa at 25 ◦C. The transient calculations were performed using the 
initial temperature inside the heating zone related to the investigated 
temperature parameters. The model was placed in a cylindrical frame
work and an axial boundary condition was applied in the middle of the 
model. However, it is noteworthy that, in reality, there is no symmetry 
in the pyrolysis process. However, the axis boundary simplifies the 
model to a 2D analysis by reducing the number of mesh elements and 
computation time. Furthermore, there were no significant differences in 
the product yields between the 2D and 3D systems after preliminary 
studies. 

2.4. Mathematical model 

The Euler – Lagrange multiphase theory was used in this study. This 

Table 1 
Ultimate, proximate, and fiber analyses of oat straw and corn straw at an air-dry state (aO = 100% – C – H – N – A; bFC = 100% – M – VM – A; cExtractives = 100% – 
Cellulose – Hemicellulose – Lignin – M – A).  

Sample C 
wt% 

H 
wt% 

N 
wt% 

Oa 

wt% 
M 
wt% 

VM 
wt% 

A 
wt% 

FCb 

wt% 

Oat straw 44.11  5.98  0.62  43.65  6.03  76.90  5.64  11.43 
Corn straw 43.12  6.19  1.44  35.68  9.23  62.82  13.57  14.39 
Sample Cellulose 

wt% 
Hemicellulose 
wt% 

Lignin 
wt% 

Extractivesc 

wt% 
Oat straw 41.07 24.62 5.16 17.48 
Corn straw 32.76 29.08 2.81 12.55  

A. Bieniek et al.                                                                                                                                                                                                                                 



Journal of Analytical and Applied Pyrolysis 176 (2023) 106241

4

approach assumes that biomass particles are discrete phases that move 
in the fluid zone, which is a mixture of the volatiles (generated during 
pyrolysis) and the carrier gas. The principle of this model is to not exceed 
the volume fraction of solid particles by more than 12%, even if the mass 
ratio of solid to gas is much higher. Therefore, biomass particles should 
fill up to 12% of cell size. Biomass particles are highly dispersed in the 
drop-tube reactor; thus, this model can be successfully applied, and the 
above mentioned limitations can be fulfilled. Additionally, the Euler – 
Lagrange model allows the tracking of every particle or parcel of par
ticles, and their behaviours can be monitored with very good results [23, 
27]. 

The following set of equations were solved for the Eulerian and 
Lagrangian phases which refer to the conservation of mass, momentum, 
heat, and species. The general equations for the Eulerian phase are 
presented in Table 2: 

The terms SDPM and F→DPM refer to the mass, heat, species, and mo
mentum added to the continuous phase as a result of the interaction of 
fluid solids. A detailed explanation of the calculations of these sources is 

presented in [28]. In Eq. (6), two mass-transfer sources are considered. 
The first source refers to the differences in mass concentration (Fick’s 
law). The second source involves mass transfer owing to the temperature 
gradient (Soret’s law). 

The general equations for the Lagrangian phase are listed in Table 3. 
The calculation of the drag force coefficient involved the Reynolds 
number and three constants provided by Morsi and Alexander [29]. Eq. 
(9) represents the formula used. This equation is suitable for spherical 
particles. The experimental equations developed by Ranz and Marshal 
are shown in Eq. (13) and were used to determine the heat transfer 
coefficient [30]. The advantages of this correlation include easy 
implementation and applicability to forced convection during laminar 
flows. 

Fig. 1. a) Scheme of laboratory set-up and b) numerical model of the drop-tube reactor.  

Table 2 
Set of equations for Eulerian phase.  

Name Equation No. 

Mass conservation of the 
fluid phase 

∂ρ
∂t

+ ∇(ρ v→) = SDPM + Sother  
(1) 

Conservation of 
momentum of the fluid 
phase 

∂(ρ • v→)

∂t
+ ∇(ρ v→ v→) = − ∇p + ∇τ + ρ g→ +

F→DPM + F→other  

(2) 

Stress tensor τ τ = μ
[(

∇ v→+∇ v→T
)
−

2
3
∇ v→I

]
(3) 

Conservation equation of 
the energy of fluid phase 

∂(ρ • E)
∂t

+ ∇( v→(ρE+p) ) =

∇

(

k∇T −
∑

i
hi J→i +(τ v→)

)

+ SDPM + Srn +

Sother  

(4) 

Species transport equations ∂(ρ • Yi)

∂t
+ ∇(ρ v→Yi) = − ∇ J→i + R i +

SDPM,i + Sother,i  

(5) 

Diffusion flux J→i of ith 

species in fluid phase 
J→i = − ρDm,i∇Yi − DT,i

∇T
T   

(6)  

Table 3 
Set of equations for Lagrangian phase.  

Name Equation No. 

Balance of forces of solid phase d v→p

dt
= FD

(
v→− v→p

)
+

g→
(
ρp − ρ

)

ρp
+

F→x + F→

(7) 

Drag force FD FD =
18μCDRes

24ρpd2
p  

(8) 

Drag coefficient for smooth 
particles 

CD = a1 +
a2

Res
+

a3

Res
2  

(9) 

Reynold’s number of solid phase 
Res ≡ ρdp

⃒
⃒

v→p − v→
⃒
⃒

μ  
(10) 

F→x the virtual mass force F→x = 0.5
ρ
ρp

d
dt
( v→ − v→p)

(11) 

General formula of heat balance 
of a solid particle 

mpcp
dTp

dt
= aAp

(
T∞ − Tp

)
+

epApσ
(

T4 − T4
p

)
−

dmp

dt
Hreaction  

(12) 

Heat transfer coefficient 
Nu =

adp

k∞
= 2 + 0.6Re

1
2
s Pr

1
3  

(13) 

Mass of single solid particle 
mp =

∑n
i=1Yiρi

4πd3
p

3  
(14) 

Conversion rate of particle dmp

dt
= − mp

∑n
j Rj,r   

(15)  
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2.5. Reaction kinetic and material properties 

Fig. S1 (Supplementary Material) illustrates the pyrolysis reaction 
mechanism used in the calculations. The pyrolysis mechanism is based 
on a study by Miller and Bellan [17]. Researchers have proposed a 
comprehensive mechanism for pyrolysis involving primary and sec
ondary reactions. This mechanism assumes that the biomass is 
composed of three main components: cellulose, hemicellulose, and 
lignin. Each component reacts separately, making this mechanism 
comprehensive and involving numerous individual reactions. During the 
analysis, bio-oil and gas compositions were not considered. Therefore, 
the proposed reaction mechanism offers computational advantages 
owing to its easy implementation and less time consumption. Addi
tionally, it is a valuable tool for predicting the product yields under 
different pyrolysis conditions. According to this mechanism, the pyro
lytic products are classified into three main groups: char (solid residues, 
including ash), liquid (primary tars and moisture), and lightweight gases 
(pyrolytic gas, CO, CO2, etc.). The thermal conversion reactions of the 
biomass were computed according to the particle surface reactions, and 
the equations are presented in Table 4. 

All the reactions considered in this study are presented in Table S1 
(Supplementary Materials). Furthermore, in Table S2, all kinetic data 
applied in the calculation are presented with respect to the values pro
posed by Miller and Bellan [17]. 

The physical and chemical properties of the Eulerian and Lagrangian 
phases used in this study are listed in Table S3 (Supplementary Mate
rial). The following assumptions were made to simplify the calculations: 
a) biomass was built with three main components with respect to fibre 
analysis from Table 1; b) extractives were treated as hemicellulose, ac
cording to a previous study [17]; c) active components had the same 
properties as raw components; d) thermal diffusivity coefficient DT and 
mass diffusivity coefficient Dm were estimated according to the kinetic 
theory proposed by [31]. These values were obtained using ANSYS 
Fluent software [28]. 

2.6. Analysed operating parameters 

The operating parameters of the drop-tube reactor depend on the 
design and objectives of the pyrolysis process. Four parameters were 
considered and their values are listed in Table 5. 

Multiparameter analysis was conducted as follows. First, the refer
ence operating conditions were determined based on the reactor ge
ometry and performance. The reference conditions involved were a 
particle size of 500 µm, inert gas flow rate of 3 l/min, biomass mass load 
of 20 g/h, and temperature of 500 ◦C. During the analysis, for example, 
only the diameter of the particle was changed for the particle size. After 
investigating all particle size values, the operating conditions returned 
to the reference values and moved to the next category of parameters. 
This procedure was repeated for all the four categories. 

2.7. Calculation methodology and model sensitivity test 

Transient numerical calculations of the fast pyrolysis of agricultural 
biomass were performed using ANSYS Fluent 2022R1 software. Euler – 
Lagrange multiphase approach, known as the discrete phase model 
(DPM), was used in Fluent software. During the calculations, a two-way 
coupling effect was involved in which the discrete phase also influenced 
the fluid phase owing to mass, momentum, and heat exchange. 
Increasing the particle size increases the importance of the interaction 
between the fluid and solid. DPM can successfully capture these in
teractions until suitable conditions are ensured. The main limitation of 
this model is that the volume fraction of the solid phase in the cell should 
not exceed 0.12. This concerns the global domain and local zones where 
particles can accumulate during flow. The aforementioned assumptions 
favour meshes with high element sizes. The model sensitivity tests 
involved four uniform meshes with quadrilateral elements, different 
dimensions, and different numbers of elements. In addition, four time 
steps were tested to reduce the computation time and preserve the ac
curacy of the results. 

Mesh I consisted of elements 1 × 3 mm in size, with a total amount of 
8 712. Mesh II had 16 110 elements with 0.75 × 2 mm in size. Mesh III 
was built with 35 565 elements of 0.5 × 1.5 mm in size. Mesh IV con
tained 64280 elements that were 0.375 × 1 mm in size. The element size 
was selected based on studies [22,32]. Time-step analysis considered the 
following time steps: 5 × 10− 4 (adjusted to the fastest reaction), 
1 × 10− 3, 2 × 10− 3 and 5 × 10− 3 seconds. 

All mathematical equations were solved in a cylindrical framework, 
and the following discretisation schemes were used. A simple dis
cretisation scheme was set for the velocity – pressure field. A second- 
order upwind scheme was used for the equations concerning the con
servation of mass, energy, momentum, and species. The convergence 
criteria were set to 1 × 10− 4 for all equations. The maximum number of 
iterations was set to 20. The source terms of the fluid phase were 
updated every three iterations. 

Model sensitivity tests were performed on oat straw. The reference 
operating parameters of the drop-tube reactor were considered as input 
data. The impact of the mesh size was calculated with a time step of 
1 × 10− 3 s. Time-step analysis involved mesh II. The mass flow rate of 
the bio-oil was monitored at the reactor outlet. The results of these tests 
are shown in Fig. 2. 

According to the presented results, the mesh size and time step had 
no impact on the bio-oil yield. All curves almost overlapped and 
exhibited the same tendency. Fig. 2 shows that 5 s were required to 
stabilise the flow, after which a pseudo-steady condition was observed. 
The lack of noticeable differences allows one to involve a large cell size 
and time step, which decreases the computation time. For further 
analysis, Mesh II with 16110 elements and a time step of 2 × 10− 3 s was 
selected. 

3. Results of numerical calculations 

3.1. Impact of particle size 

Fig. 3 shows the numerical results of the pyrolysis product yields as a 
function of the studied biomass particle size. The products were classi
fied into three groups: bio-char (solid residue after pyrolysis), bio-oil 
(condensable matter of pyrolytic vapour, including water), and gas 

Table 4 
Set of equations for particle surface reactions.  

Name Equation No. 

Thermal conversion reactions of biomass Rj,r = ApηrYjRj,r  (16) 
Term Rj,r was computed Rj,r = Rkin,r(pn −

Rj,r

D0,r
)
N  (17) 

Coefficient of diffusion rate 

D0,r = C1,r

(
Tp + T∞

2
)
2

dp  

(18) 

Kinetic rate of reaction by Arrhenius theory 
Rkin,r = Are

−
Ea

RT  
(19) 

Homogenous reaction rate of thermal cracking 
R i,r = MiRkin,r

∏k

j=1
[Cj,r]

N   
(20)  

Table 5 
Analysed operating parameters of fast pyrolysis.  

Parameter Symbol Values 

Particle size dp, 250, 500, and 750 µm 
Inert gas flow rate Vf, 3, 4, and 5 l/min 
Biomass mass load mp, 10, 20, and 30 g/h 
Temperature Tr, 500, 600, and 700 ◦C  
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(lightweight gases). 
The numerical results showed a significant influence of particle size 

on the pyrolytic product concentration. For both feedstocks, the particle 
size of 250 µm favours high condensed matter content of approximately 
50%, which is a promising result in the case of bio-oil production. 
Moreover, only a small amount of bio-char was generated at this particle 
size. This means that a large part of the biomass was converted into 
pyrolytic vapour and 29.21% and 21.48% of gas was generated for oat 
straw and corn straw, respectively. At a particle size of 500 µm, a large 
amount of bio-oil was also produced with a particle size of oat straw 
pyrolysis. This particle size provided the highest bio-oil concentration. 
However, more bio-char was obtained, which can be explained more 
uncreated components remaining in the particles. Additionally, the 
higher the particle size, the lower the gas yield. 

The size of the biomass particle of 750 µm gave negative results in 
bio-oil production. Approximately 90% of bio-char and approximately 
10% of oil were received under these conditions. The amount of oil was 
correlated to the moisture content of biomass. This implies that this 
particle size provides only moisture evaporation and the particles do not 
start pyrolysis. To better understand the behaviour of the biomass par
ticles in a drop-tube reactor, the particle conversion rate distribution for 
both feedstocks is presented in Fig. 4. The presented distributions were 
zoomed 15 times in the radial direction for better visualisation owing to 
the high length-to-diameter ratio. 

Fig. 4 shows the areas where biomass pyrolysis occurred with 

varying particle sizes. It can be observed that the smaller the particle 
size, the shorter the reactor length. This observation is important for 
determining the reactor geometry and optimising its length at a specific 
temperature. Fig. 4 shows the negative effect of a particle size of 750 µm 
on biomass pyrolysis. Only a small conversion rate was observed at the 
centre of the reactor, which was related to moisture evaporation. To 
improve the pyrolysis using this particle size, it is necessary to extend 
the reactor length or increase its temperature. 

The explanation of the presented results is related to the particle 
heating rate and residence time. The rearranged form of Eq. (12) was 
used to determine the heating rate and dTp

dt was calculated. Fig. 5 shows 
the results of the calculations of the aforementioned parameters. 

From the presented Fig. 5a), it can be observed that the particle size 
impacted residence time. The smallest particles remained in the heating 
zone for approximately 2.5 s. Increasing the particle size nonlinearly 
shortened the residence time by up to approximately 0.9 s. This was 
related to the particle terminal velocity. Generally, two main forces act 
on a solid body dropping in the fluid domain: gravity and drag force 
(dependent on velocity). Initially, gravity dominates the drag force and 
the solids move with acceleration until both forces become equal. The 
body then undergoes a uniform rectilinear motion with a velocity equal 
to the terminal velocity, which is related to the mass and surface area of 
the particle [33]. 

Fig. 5b) shows that the particle size also affects the heating rate. At a 
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particle size of 250 µm, the heating rate was approximately 450 ◦C/s. 
This value subsequently dropped to approximately 300 ◦C/s as the 
particle size increased to 750 µm. This observation could be related to 
heat conduction inside the particle. The Biot number (Bi) was used to 
investigate the heat conduction within the particles. The Biot number is 
a dimensionless number that characterises the influence of conduction 
within a solid body on convection at its surface. The results are shown in  
Fig. 6. 

Fig. 6 shows that the Biot number increased from approximately 0.45 
at a particle size of 250 µm to 0.9 at 750 µm. It can be concluded that 
decreasing the particle size can reduce heat conduction resistance. Small 
biomass particles have a large surface-area-to-volume ratios. Thus, the 

temperature gradient inside the particles was low, leading to fast and 
more uniform heating. Owing to fast heating, small particles undergo 
rapid thermal conversion and increased release of vapour compounds 
[34]. Moreover, it is noteworthy that biomass particles are weak heat 
conductors. A large particle size increases the resistance to heat, and 
during a short residence time, the particles cannot gain the appropriate 
temperature to begin pyrolysing [35]. 

There are many publications concerning the determination of par
ticle size to facilitate bio-oil production, but most are related to fixed- 
bed [36,37] and fluidised bed reactors [38]. For a drop-tube reactor, 
Guizani et al. found that a particle size of 370 µm provides 62.4% bio-oil 
yield. In other studies, Ellens and Brown [12] did not observe significant 

Fig. 4. Distribution of particle conversion rate for pyrolysis of a) oat straw and b) corn straw.  

250 500 750

0.5

1.0

1.5

2.0

2.5

3.0
 Oat straw
 Corn straw

Pa
rti

cl
e 

re
si

de
nc

e 
tim

e 
(s

)

Particle size (μm)a)
250 500 750

250

300

350

400

450

500
 Oat straw
 Corn straw

Pa
rti

cl
e 

he
at

in
g 

ra
te

 (°
C

/s
)

Particle size (μm)b)
Fig. 5. Results of a) particle residence time and b) particle heating rate as a function of particle size.  

A. Bieniek et al.                                                                                                                                                                                                                                 



Journal of Analytical and Applied Pyrolysis 176 (2023) 106241

8

differences in bio-oil yield for particle sizes in the range of 200 – 600 µm. 
However, researchers noticed that particles larger than 1000 µm had not 
fully decomposed. 

3.2. Impact of carrier gas flow rate 

Fig. 7 presents the product yields as a function of the volume flow 
rate of the carrier gas (nitrogen) for oat straw and corn straw pyrolysis. 

For both feedstocks, high carrier flow rates resulted in low amounts 
of bio-oil. The bio-oil content decreased from 51.16% and 52.09% at 3 l/ 
min to 34.91% and 35.82% at 5 l/min for oat straw and corn straw, 
respectively. Additionally, the higher the flow rate, the higher was the 
bio-char content in the pyrolytic products. In both cases, the amount of 
bio-char increased from 31.91% to 54.7% for pyrolysis of oat straw and 
from 34.12% to 52.94% for corn straw as the flow rate increased from 3 
to 5 l/min. 

The results show that a high flow rate has a negative impact on fast 
biomass pyrolysis in a drop-tube reactor owing to a reduction in the 
production of bio-oil. Several factors may have affected this phenome
non. The flow rate of the carrier gas influences the residence time of the 
biomass particles. High flow rates caused the particles to flow fast 
through the reactor and did not increase the temperature to fully 
decompose. However, high flow rates are expected to influence the short 
residence time of the gaseous volatile matter. Consequently, a high flow 
rate can prevent thermal cracking, leading to the production of high 

amounts of bio-oil [39]. Another factor could be related to the reactor 
temperature profile and impact of the heating rate of the particles. The 
temperature distribution in the reactor is shown in Fig. 8. The figure is 
magnified 15 times in the radial direction. 

As shown in Fig. 8, the temperature gradient increases when the 
nitrogen flow rate increases in both cases. This can be explained by the 
heat transfer mechanism. The heat transfer within the reactor mainly 
occurs via convection and radiation. As the volume flow rate increased, 
the heat transfer because of convection became more important, and the 
convective heat transfer coefficient increased [40]. Additionally, the 
unheated carrier gas flowed into the reactor, and some time was 
required to achieve temperature equilibrium with the wall temperature. 
At a high flow rate, the non-heated nitrogen intensified the heat ex
change with the reactor walls, leading to a high temperature gradient. 

A high temperature gradient affects the heat exchange between the 
particles and carrier gas and influences the pyrolysis process. Therefore, 
the particle heating rate and residence time were determined to inves
tigate the impact of the nitrogen flow rate on these parameters. The 
results are shown in Fig. 9. 

Fig. 9a) presents that increasing the nitrogen flow rate reduced the 
residence time of the particles by approximately 0.3 s. This occurred 
because of solid-fluid momentum exchange. The total velocity of the 
particle was equal to the terminal velocity and velocity of the sweeping 
gas. For a constant reactor geometry, a high flow rate increases the fluid 
velocity. From Fig. 9b), it can be observed that the higher the flow rate, 
the lower the heating rate. The particles mainly gain temperature 
because of the convective heat flow from the surrounding fluid phase 
[41]. The lower the local temperature of the gas, the lower is the 
convective heat flux to the particle surface. A decrease in the tempera
ture of the particle surface causes a low conversion rate of the particles, 
leading to an increase in the bio-char yield. 

The literature review relates the volume flow rate of the inert gas to 
the residence time of biomass particles and volatile matter. The optimal 
flow rate of the carrier gas depends on the reactor geometry and per
formance and has a wide range of values [10,42]. 

3.3. Impact of biomass mass load 

The next parameter analysed was the biomass mass load. The results 
of the product yield analysis as a function of biomass feeding rate for 
both feedstocks are presented in Fig. 10. 

These results suggested that there was no impact on the pyrolysis 
product concentration. At every analysed biomass feed rate, oat straw 
pyrolysis supplied approximately 31% of bio-char and 52% of bio-oil. A 
small difference was observed in corn straw pyrolysis, where the bio- 
char content increased from 30.75% to 35.56% as mass load of 
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biomass increased from 10 to 30 g/h. However, the yield of bio-oil 
remained at the same level of 51 – 52%. 

The presented results are noteworthy for the following reasons. It 
was expected that the biomass mass load would affect the particle 
behaviour in the drop-tube reactor and pyrolysis process. A high mass 
load can lead to an increase in particle-to-particle interactions. This 
could affect the particle heating rate [43]. Additionally, a high feeding 
rate involves a high mass of biomass inside the reactor, which affects the 
temperature distribution owing to the heat flow from the carrier gas to 
the non-heated particles. In the investigated range of biomass mass 
loads, these effects were not significant, and perhaps a high feed rate 

would affect the pyrolysis process to a high degree. 

3.4. Impact of temperature 

Fig. 11 shows the yields of the products from oat and corn straw 
pyrolysis depending on the pyrolysis temperature. Bio-oil is the target 
product in the case of fast pyrolysis, and this result shows that increasing 
the pyrolysis temperature leads to a decrease in the bio-oil content [44]. 
The bio-oil content dropped from 51.16% to 8.47% and 52.09–9.41% in 
the cases of oat straw and corn straw, respectively, as the temperature 
increased from 500◦ to 700◦C. Furthermore, the bio-char content 

Fig. 8. Distribution of temperature for pyrolysis of a) oat straw and b) corn straw.  
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decreased as the temperature increased, confirming increased particle 
conversion. An increase in temperature favoured gas production and its 
content increased from 16.93% to 73.03% and 13.79–65.35% for oat 
straw and corn straw, respectively. 

In Fig. 12, the distribution of the mass fraction of the bio-oil is pre
sented to visualise its concentration in a drop-tube reactor. As previously 
mentioned, this figure was magnified 15 times in the axial direction. 

From the presented graphs, it can be observed that at a high pyrolysis 
temperature, the highest mass fraction of bio-oil shifted toward the 
reactor centre. This is because of the high heating rate value at a given 
temperature, as shown in Fig. 13 b). Additionally, on Fig. 13 a), the 
particle residence time was determined. 

As shown in Fig. 13 a), it can be seen that increasing the temperature 
did not influence the residence time of the particles. This is because of 
the lack of additional momentum which can be transferred to the par
ticles. Fig. 13 b) shows that a temperature of 700 ◦C increased the 
heating rate by approximately 100 ◦C/s. 

Fig. 12 presents that as the reactor length increased, the bio-oil mass 
fraction started to decrease. The following figure confirms that these 
effects are more significant at high temperatures. Owing to the high 
temperature, the biomass particle heating rate was high, and the parti
cles started pyrolysing in the early stages of the reactor [45]. The sec
ondary reactions of thermal cracking are influenced by high 
temperatures, leading to the thermal decomposition of bio-oil into 
lightweight gases [46]. At high temperatures, volatile matter is released 

early and vapours remain inside the reactor for long, enhancing the 
thermal cracking reactions. Low pyrolysis temperatures can be used to 
prevent bio-oil decomposition. Additionally, it is worth considering a 
short reactor or a high flow rate of the carrier gas to provide a low 
residence time for the bio-oil inside the heating zone. 

According to [10], pyrolysis temperature is a crucial factor in bio-oil 
production and is the most investigated parameter. Some studies suggest 
that the temperature range of 450 – 550 ◦C provides the highest bio-oil 
content [42,47]. In case of drop-tube reactor, Ellens and Brown [12] 
proposed a temperature of 550 ◦C for maximisation of bio-oil 
production. 

4. Experimental verification 

The selection of the operating parameters is an iterative process that 
involves experiments or calculations to achieve the desired product 
yields or high process efficiency. Many factors influence the choice of 
the best parameters, such as reactor performance or feedstock charac
terisation. During the selection, it is noteworthy that there is no unified 
formula to describe the best parameters. This selection was based on the 
previously set targets. The presented numerical analysis can aid in 
determining the optimal operating conditions for maximising bio-oil 
production. 

To confirm the numerical results, experimental verification was 
performed for selected parameters characterised by a high bio-oil yield. 
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Each investigation was conducted at least thrice to confirm the repeat
ability of the results. The error was calculated using the three-sigma 
rule, in which the standard deviation of the mean was estimated. The 
operating conditions for the reference parameters were selected. Nu
merical analysis showed that these parameters are promising for pro
ducing a high bio-oil yield. However, it is noteworthy that small biomass 
particles also provide high biomass conversion and more gas can be 
produced. This is important when fast pyrolysis is focused on max
imising the conversion of biomass particles into vapour products [48]. 

A comparison of the product yields from the experiments and cal
culations is shown in Fig. 14. Experimental investigations confirmed the 
product yields obtained from numerical calculations. Under selected 
conditions, the experiments provided average bio-oil contents of 53.2% 
and 51.3% for oat straw and corn straw, respectively, and bio-char 
contents of 30.1% and 29.8%. It shows that under a particle size of 

500 µm. it is possible to convert a large part of biomass. 
The chosen reaction mechanism did not allow determination of the 

composition of the bio-oil based on numerical calculations. However, by 
making some assumptions, it was possible to estimate the carbon con
tent in the bio-char based on numerical results [49]. This method was 
applied to verify the numerical results and can be useful for investigating 
the quality of bio-char in future studies. A detailed description of the 
methodology has been added in the Supplementary Material. Fig. 15 
presents the carbon content in the raw material and bio-char obtained 
from the experiments and calculations for both feedstocks. The carbon 
content in the experiment was determined using a Leco analyser, as 
described in Section 2.1. The experimental results verified that the 
applied methodology could be successfully used to investigate bio-char 
quality in numerical studies. According to the experimental results, 
bio-char from oat straw pyrolysis contained 70.4% of carbon, whereas 

Fig. 12. Distribution of bio-oil in the drop-tube reactor for pyrolysis of a) oat straw and b) corn straw.  
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calculations provided 73.3%. In the case of corn straw, the experimental 
measurements indicated 65.6% carbon, whereas the numerical results 
indicated 64.2%. Some differences may result from simplifications made 
during the calculation. 

5. Conclusions 

This study presents numerical calculations for the fast pyrolysis of 
agricultural biomass in a drop-tube reactor. An analysis was performed 
to investigate the impacts of four parameters on the production of bio- 
oil: temperature, particle size, carrier gas flow rate, and biomass mass 
load. The selected parameters with high bio-oil yields were experi
mentally tested. The conducted analysis allowed the following conclu
sions to be drawn:  

• The particle size of the biomass is crucial for biomass conversion. The 
larger the particle size, the longer the reactor should be to provide 
full conversion of the feedstock. Particles with a diameter of 750 µm 
did not undergo pyrolysis in the given reactor geometry.  

• A high volumetric nitrogen flow resulted in a temperature gradient 
within the reactor and reduced the degree of biomass conversion. 
The highest bio-oil yield was obtained at a flow rate of 3 l/min.  

• The mass load of the biomass had a small impact on the yield of the 
pyrolysis products. 

• A high pyrolysis temperature increased the degree of biomass con
version but negatively affected the bio-oil yield as a result of thermal 
cracking.  

• The numerical results were successfully confirmed by experiments.  
• The presented numerical model can be useful for the prediction of 

the pyrolytic yield in preliminary studies without involving many 
experimental investigations. 
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