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Abstract
Biomass is normally a poor thermal conductor with high moisture content. These characteristics not only reduce the calorific 
value of biomass, but also promote the formation of coke and non-condensable gas during subsequent thermal processing. 
However, the commercial application of biomass is limited to the high energy and time consumption during drying stage. 
In this research, a pilot-scale cyclone dryer was designed for efficient drying of biomass and the drying characteristics were 
explored. Its superiority was revealed via the comparison of two traditional drying methods as blast drying oven and fluid-
ized bed. Results showed that cyclone drying has the highest moisture diffusion coefficient (9.0 ×  10−10  m2/s to 1.3 ×  10−9 
 m2/s) and the lowest drying activation energy (18.3 kJ/mol). Its drying time is nearly 10% less than that of fluidized bed 
drying. Even this value is only about 1/4 of blast drying oven. Experimental results show that most of the free water can be 
removed in a shorter time in the stage of drying speed reduction in cyclone, especially in the initial stage of drying at the 
same temperature in the low-temperature zone (60 to 80 ℃). It was found that the cyclone drying technology can dry biomass 
particles in a short time with low energy consumption.
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1 Introduction

With the increasing energy and environmental issues 
caused by the use of fossil fuels, the exploitation of clean 
and renewable energy sources has attracted great atten-
tion worldwide [1]. Biomass such as agricultural residues 
is considered a potential alternative to fossil fuels due to 
its advantages in resource renewability and carbon neutral-
ity [2]. Cereal straw is the largest biomass feedstock in the 
world among the agricultural residues [3] while wheat straw 
is the second largest lignocellulosic material in the world 
[4]. Therefore, wheat straw biomass is a valuable feedstock 

for the desired low-carbon alternative. Wheat straw biomass 
is dried for a more efficient combustion in power plants [5] 
and in pyrolysis reactors to produce bio-oil [6]. However, 
it normally has a high moisture content with poor thermal 
conductivity, which is adverse to its thermal utilization [7], 
and resulting in a significant quantity of energy consumption 
during the drying process [8, 9]. Normally, raw biomass has 
an initial moisture content between 50 and 150% (dry basis). 
High moisture content reduces the calorific value, limits the 
particles’ heating rate, and inhibits temperature rising within 
the thermal application [10]. Besides, moisture conducts the 
pyrolysis reaction to a low activation energy path, and pro-
motes the formation of coke and non-condensable gasses 
[11]. Therefore, drying of wheat straw before thermal con-
version process is a crucial stage. Due to the importance of 
biomass as a promising energy source, efficient drying of 
biomass is an open question to academia and industry.

At present, various drying devices are designed and 
applied in the biomass field. According to different heat 
transfer mechanisms, they can be roughly divided into 
convection drying, conduction drying, and radiation 
drying [12]. Flue gas, steam and superheated steam, 
extraction steam, and solar heating air are common heat 
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sources in convection and conduction drying systems. 
The most common types of convection dryers are rotary 
drum dryers, fluidized bed dryers, pneumatic dryers, solar 
dryers, and agitated drum dryers [13, 14]. The performance 
of fluidized bed dryers is limited by particle size, for the 
reason that particles larger than 50 mm are difficult to 
fluidize [15]. Microwave drying has been reported that 
its effectiveness is at least twice that of traditional drying 
methods for dielectric materials, including food, biological 
tissue, and wood [16]. However, due to the high cost of 
equipment, the inability to produce uniform temperature 
distribution [17], and dielectric properties changing with 
temperature, the industrial application of large-scale 
microwave drying is limited [18]. Lots of studies on fruits 
and agriculture crops have consistently proved that the 
far-infrared drying time is short and the quality of the 
final dried products is reasonable [19], but the drying 
efficiency is poor when drying thicker materials. Taking 
the cost, land occupation, drying efficiency, and energy 
consumption into consideration, cyclone drying may be 
a better choice.

The cyclone drying technology is developed on the 
basis of the airflow drying technology. In the rotating 
f low, the hot gas and the solid particles are fully 
contacted, and then, the drying process was intensified. 
However, in recent reports [20–22], the structure of 
cyclonic dryer is similar to devices used in solid–gas 
separators. Silva et al. [23] used such devices as dryers 
in their work. In the study of cyclone drying, Corrêa et al. 
[24] took the conventional solid–gas separator cyclone 
as a starting point and showed that changes in geometry 
may increase the residence time of particles. And Oliveira 
et al. [25] reported the effect of cyclone geometry and 
process variables on particle residence time and bagasse 
moisture reduction in cyclone dryers. However, there is 
rare report on the study of the drying characteristics of 
the wheat straw in cyclone dryer.

Experiments show that when the structure of the 
cyclone and the properties of particles change to a certain 
extent, the particles are no longer rapidly discharged 
along the helix, but linger in the conical area of the 
dryer, which is a recirculating motion in a suspended 
state. The recirculation motion of the suspended state 
directly increases the processing cycle of the particles, 
significantly increasing the residence time of the particles 
in the cyclone. In addition, the interface with other phases 
can be continuously updated, enabling deep drying. A 
similar phenomenon of particle suspension motion was 
found in the research of Shi et al. [26]. The mechanism 
of particle movement during cyclone drying may partly 
explain the increased particle residence time by changing 
the dryer geometry [25]. In addition, in order to further 
study the influence on particle movement during drying, 

it is necessary to investigate the drying mechanism of 
cyclone drying. It is precisely because of the movement 
of feedstocks and the characteristics of heat and mass 
transfer with the medium in this drying method that it 
achieves a good drying effect. Therefore, the reasons for 
the improvement of drying efficiency and the internal 
mechanism of cyclone drying need to be explored. The 
applicability of this drying method and the drying effect 
of different kinds of biomass are still worth exploring. 
However, there are few studies on this aspect, so we 
choose representative wheat straw for research.

This research aims to reach the efficient drying of wheat 
straw and explore the drying mathematical model of cyclone 
drying by the application of a self-designed pilot-scale 
cyclone dryer. In this work, the drying characteristics and 
four different drying models of wheat straw were explored in 
the cyclone dryer. And the results were compared with two 
traditional drying methods as blast drying oven and cylindri-
cal fluidized bed.

2  Materials and methods

2.1  Sample preparation

The wheat straw comes from Lianyungang City, Jiangsu 
Province, China. After reaching the laboratory, the 
moisture content test (dry basis) is carried out by 
the moisture tester (Model: DHS-10A, Lichen Inc., 
Shanghai, China), the drying temperature is set to 105 
℃, and the automatic drying mode is adopted. The drying 
was stopped when the weight of the material remains 
unchanged. To determine the particle size distribution 
(PSD) of samples, a tap sieve shaker was set up in the 
follow of 0.9-, 1.25-, 2.2-, 3-, and 4-mm sieves. The 
samples were tapped for 6 min. Then, the mass retained 
on each sieve was weighed.

Spray the calculated amount of water evenly on the chip 
particles to adjust their initial moisture content (M0) to 
0.67, 1.00, and 1.50 (dry basis). Wet particles were stored 
in closed containers and kept indoors in a cool place for at 
least 3 days to allow the particles to reach a uniform mois-
ture content.

2.2  Drying experiments

2.2.1  Experimental system and procedure

The drying experiment was carried out using a self-
designed pilot-scale cyclone dryer, and its results were 
compared with cylindrical fluidized bed drying and blast 
drying oven drying. The schematic diagram of cyclone 
dryer is shown in Fig. 1. The characteristic geometry of the 
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cyclone, the blast drying oven, and the cylindrical fluidized 
bed is given in Fig. 2.

At the beginning, in the cyclone drying experiment, the 
effects of the initial moisture content of wheat straw, the 
temperature of hot air, and the wind speed at the inlet of 
the dryer on the drying effect were studied. Experimental 

temperatures of 60, 70, and 80 °C were set by adjusting 
the power of the electric heater, and the wind speed in the 
pipeline was controlled by the fan. During the experiment, the 
fan and electric heater were turned on to reach the required 
wind speed and the drying chamber was preheated to the 
required temperature, and then, the feedstock was added. 

Fig. 1  Schematic picture of 
cyclone dryer

Fig. 2  Characteristic dimen-
sions of different dryers: A 
cyclone dryer, B fluidized bed 
dryer ((a) schematic diagram of 
cylindrical fluidized bed dimen-
sions, (b) structure diagrams of 
gas distributor), C blast drying 
oven
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The drying time of feedstock in the cyclone was recorded. 
After the drying process, the feedstock was collected and its 
moisture content was tested in a moisture tester. Repeat the 
above operation but change the suspension and rotation time 
of the material in the drying chamber. Finally, according to the 
obtained data, the drying characteristic curve of the feedstock 
in the cyclone was plotted.

The cyclone drying system was composed of a blower, 
an electric heater, an electrical screw feeder, a silo with 
agitator on the screw feeder, a Venturi feeder, a cyclonic 
dryer, and a hopper with a slidable baffle in the middle to 
collect material that falls after the fan is turned off. The 
air heater is composed of twelve heating tubes, with total 
power of 12 kW, and the heating power is controlled by a 
semiconductor module, which can heat the air to 300 ℃. 
The power of centrifugal fan is 3 kW, which is regulated 
by frequency converter. The power of the screw feeder is 
1.1 kW and the feeding amount can reach 30 kg/h. The 
duct, the Venturi feeder, and the cyclone were made of 
stainless steel. Airflow rates were measured by a vortex 
flowmeter. The entire system was thermally isolated with 
aluminum silicate insulation cotton (5.0 cm of thickness).

Then, in the cylindrical fluidized bed, the influence of 
the initial moisture content and temperature of materials on 
the drying characteristics at a certain wind speed was inves-
tigated. The fan and electric heater in the previous cyclone 
drying experiment were reused in cylindrical fluidized bed 
drying. The experimental temperature was also set at 60, 
70, and 80 °C, and the wheat straw pellets with an initial 
moisture content of 1.0 (dry basis) were dried. In the fluid-
ized bed, the wind speed was controlled as the sedimentation 
velocity of the feedstock.

Finally, the drying characteristics of wheat straw parti-
cles with an initial moisture content of 1.0 (dry basis) were 
studied at 60, 70, and 80 °C in a blast drying oven. During 
the drying process, the air is slowly blown from the bottom 
to the upper outlet to make the temperature distribution in 
the box uniform.

During the experiment of different dryers, the drying 
chamber was preheated to the desired experimental tempera-
ture, and then, wheat straw pellets with different moisture 
contents were dried. After drying, the samples were col-
lected, brought to ambient temperature, sealed in aluminum 
foil bags, and placed in a desiccator. All tests were repeated 
in duplicate.

2.3  Drying characteristics

2.3.1  Moisture ratio and drying rate

The moisture ratio (MR) was computed by following the 
subsequent equation (Eq. (1)) [27]:

Mt, M0, and Me are the moisture content (kg water/kg 
dry matter) at time t (min), the initial moisture content (kg 
water/kg dry matter), and the equilibrium moisture content 
(kg water/kg dry matter) of the sample, respectively.

The value of Me was insignificant, compared to those 
of Mt and M0. Therefore, the precedent equation can be 
simplified into Eq. (2):

The drying rate (DR), which represents the moisture 
elimination rate during drying, was expressed according 
to Eq. (3) [28]:

Mt1 and Mt2 represent the moisture contents (kg water/
kg dry matter) at consecutive times t1 and t2 (min). MR 
data of biomass particles versus time was fitted with four 
semi-theoretical mathematical drying models listed in 
Table 1. The model parameters were determined using 
the trust–region nonlinear regression method. Coefficient 
of determination (R2) and root mean square error (RMSE) 
evaluated the fitting goodness of predicted values 
to experimental values. Higher R2 and lower RMSE 
showed better fitting. The values of RMSE and R2 were 
calculated by Eq. (4) and Eq. (5), respectively:

where MRpre,i , MRexp,i , and MRexp,i are predicted, experimen-
tal, and average experimental moisture ratios, respectively; 
N is the number of observations, and n is the number of 
drying constants.

(1)MR =
Mt −Me

M0 −Me

(2)MR =
Mt

M0

(3)DR =
Mt1 −Mt2

t2 − t1

(4)RMSE =

√√√√ 1

N

N∑

i=1

(MRpre,i −MRexp,i)
2

(5)R2 = 1 −

∑N

i=1
(MRpre,i −MRexp,i)

2

∑N

i=1
(MRexp,i −MRexp,i)

2

Table 1  Semi-theoretical drying kinetics models for isothermal dry-
ing condition

Model Isothermal drying model Parameters Reference

Newton MR = exp(-kt) k [11]
Page MR = exp(-ktn) n, k [29]
Henderson MR = b*exp(-kt) b, k [30]
Logarithmic MR = a + b*exp(-kt) a, b, k [8]
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2.3.2  Effective moisture diffusivity

The coefficients of moisture diffusivity ( Deff  ) during 
drying were calculated based on the second law of Fick. 
Fick’s second law shown in Eq. (6) is a well-known mass-
diffusion equation to describe the drying process during 
the drying rate decreasing stage. It has been widely used 
to interpret the experimental drying data as the drying 
process is dominated by internal mass transfer. The math-
ematical solution of Eq. (6) is shown in Eq. (9) [31].

The crank’s solution for Fick’s equation (Eq. (6)) for 
cylindrical shape material is given in Eq. (7):

where Deff is the effective moisture diffusivity  (m2/s), t is the dry-
ing time (s), r is the average radius of a sample (m), n is the positive 
integer, and bn are the roots (2.405, 5.52, 8.654......) of Bessel’s 
function. Effective diffusivity is estimated by considering only the 
first term of general solution [32], and then, Eq. (7) becomes:

Only the first term in Eq. (8) is significant for longer 
drying times and n > 1 and the solution of Fick’s equation 
becomes:

where b1 is 2.405 from the Bessel function. A simplified 
solution for Eq. (9) can be written in a logarithmic form as 
follows:

where B is the line slope which is related to Deff.

The coefficient of moisture diffusivity ( Deff ) was com-
puted from the mathematical expression of the slope of the 
curve ln (MR) versus drying time (Eq. (11)).

2.3.3  Drying activation energy

The temperature dependence of the Deff  is generally 
described by an Arrhenius relationship (Eq. (12)). The 

(6)
�MR

�t
= ∇[Deff(∇MR)]

(7)MR =
Mt −Me

M0 −Me

=
8

�2

∑∞

n=1

4

b2
n

exp(−
Deffb

2
n
t

r2
)

(8)MR =
Mt −Me

M0 −Me

=
∑∞

n=1

4

b2
n

exp(−
Deffb

2
n
t

r2
)

(9)MR =
Mt −Me

M0 −Me

=
4

b1
2
exp(−

b1
2Defft

r2
)

(10)lnMR = A − B × t

(11)B =
b2
1
Deff

r2

drying activation energy can be calculated by plotting 
ln(Deff ) versus 1 / (T + 273.15). The method of calculat-
ing Ea is similar to that of calculating Deff.

where Ea is the drying activation energy (J/mol), D0 is the 
pre-exponential factor  (m2/s), T is the drying temperature 
(°C), and R is the ideal gas constant (J/mol K).

3  Results and discussion

3.1  Size characterization

Figure 3 shows the PSD of ground wheat straw particles. The 
mass ratio of particles between 1.25 and 2.2 mm is the largest, 
which is about 27.5 wt.%. While the particle size above 4 mm 
has the smallest percentage, it is about 12 wt.%. Approxi-
mately 82.5–85% of particles were above 1.25 mm sieve. In 
this study, the particles size above 1.25 mm was used.

3.2  Force analysis of suspended particles in cyclone

In the gas–solid rotary flow field of the cyclone dryer, 
there is a balance orbit state of the feedstock. When the 
feedstock reaches this state, it will suspend and rotate in 
the force balance region. Since the force balance region 
in the cyclone dryer has a critical particle capacity, when 
the feed amount exceeds the critical capacity, the particles 
will change from suspended rotation state to spiral down-
ward separation. The suspended rotation of the particles 

(12)Deff = D0exp(−
Ea

R(T + 273.15)
)

Fig. 3  The PSD of ground wheat straw particles
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increases the residence time and the relative velocity of 
the particle in the suspended region, so that the heat and 
mass transfer is strengthened.

Figure  4 shows the force analysis of the particles 
in the cyclone dryer. The particle in rotary motion is 
mainly supported by friction f  , gravity G , wall support 
force FN  , and air drag force FD . The resultant force is 
balanced with the centrifugal force FC of the particle, 
so that the particles in the cyclone were in the state of 
force equilibrium. When Eq. (15) is satisfied, the resultant 
force on the particle is upward, and the particles are in a 
suspended state.

If the particles are continuously added and the criti-
cal capacity of the cone section is exceeded, particles 
will be discharged from the outlet below the dryer. Thus, 
when the critical capacity of the particles is reached, 
the feeding will be stopped, and air intake is maintained 
constantly, so that the particles will suspend and rotate 
stably in the cone section. At the end of the experiment, 
when the fan is turned off, the particles will be quickly 
discharged and collected.

(13)FD =
18�

�pd
2
p

CDRe

24
(u − up)

(14)Re =
�dp|up − u|

�

(15)f + FC ⋅ sin
�

2
≥ G ⋅ cos

�

2
+ FD ⋅ cos

�

2

3.3  Analysis of drying characteristic curve

3.3.1  Comparison of drying characteristics of different 
dryers

Figure 5 presents experimental moisture loss and drying rate 
for wheat straw particles dried in different dryers. The drying 
methods were air cyclone drying (ACD), fluidized bed drying 
(FBD), and blast drying oven (BDO), respectively. From the 
inspection of Fig. 5a, it was clearly seen that the drying time 
of the cyclone dryer and the fluidized bed dryer was far less 
than that of the air blast drying oven dryer, of which the 
cyclone dryer took the shortest time, and it seemed owning 
more advantages in the early stage of drying. The drying 
rate in Fig. 5b showed that the drying rate of feedstock was 
always in the descending stage during the drying process, 
which was called as the falling rate period. The drying rate 
rising stage and constant rate stage were not observed in the 
experiment. The falling rate period of the drying process of 
the cyclone dryer and the fluidized bed dryer can be divided 
into three periods. The first stage is called as the surface free 
water removal stage. In this stage, water is easy to evaporate 
during drying, because its saturated vapor pressure is equal 
to the saturated vapor pressure of pure water at the same 
temperature and its evaporation mechanism is also consistent 
with that of pure water surface. The second stage is called 
as the capillary water removal stage. In this stage, the water 
inside the capillary tube of the material is removed. The 
water evaporation is affected by the capillary force, and thus, 
its saturated vapor pressure is less than the saturated vapor 
pressure of pure water at the same temperature. The last 

Fig. 4  Force analysis of parti-
cles in the cyclone dryer

18234



Biomass Conversion and Biorefinery (2024) 14:18229–18240 

1 3

stage is ascribed to the partial removal of molecular bound 
water, which is quite difficult to evaporate. However, the 
drying rate of the air blast drying oven only had a quasi-
linear relationship with the moisture content.

Before the moisture content reached 0.1 kg water/kg dry 
material, the drying rate of cyclone drying was obviously 
higher than that of the other two drying methods. The 
higher drying rate was attributed to the rapid discharge of 
large amount of free water which is composed of physical-
absorption water on the feedstock surface and capillary. As 
showed in the drying rate curves, cyclone drying has more 
advantages in the removal of physical-absorption water 
than the other two drying methods. The content of bound 
water in the internal moisture of the feedstock is very low 
(about 2%), and hardly changes during the drying process. 
The reason for the difference in the drying characteristics 
of the cyclone drying and the blast drying oven curve might 
be the movement state of the particles and the relative 
speed to the drying airflow. For comparison, the drying 

characteristic curves of the fluidized bed and blast drying 
oven are respectively shown in Fig. S1 and Fig. S2 in the 
supporting information.

3.3.2  Cyclone drying

The drying conditions in the cyclone dryer are shown in 
Table 2. Figure 6a plots the curves of experimental moisture 
loss and drying rate for ground wheat straw particles with 
an initial moisture content of 1.0 that were dried at the 
temperature of 60, 70, and 80 ℃. Moisture content decreased 
gradually over time, and the greatest decrease occurred in the 
first 2 min of the drying process. The curves demonstrated 
typically smooth diffusion-controlled drying behavior under 
all conditions. It was obvious that the equilibrium moisture 
content of the material after drying was the lowest at 80 
℃. However, the difference of equilibrium water content 
at different experimental temperatures was not large, only 
0.02 kg water/kg dry solids, so the further experiments were 
carried out at 60 ℃.

It can be observed that increment in the drying 
temperature resulted in a clear and uniform increase in 
the drying rate; then, the drying time was decreased. It is 
obviously shown in Fig. 6a that the drying was controlled 
by the falling rate period. The slope of the capillary water 
removal stage was steeper than that of the surface free water 
removal stage. The surface free water removal stage was 
from the beginning of drying to about 0.2–0.3 kg water/kg 
dry solids and the next stage was the second rapid falling rate 
cycle. In the drying stages of surface free water and capillary 
water, the decrease of drying rate lies on the difference of 
saturated vapor pressure, while in the last stage, the drying 
rate becomes very low because of the increase of molecular 
binding water bond energy. Similar scenarios were reported 
during the dehydration of corn stalks [33] and rice straw [8].

The results obtained in runs of E1, E4, and E5 were used to 
analyze the effect of airflow rate on moisture ratio and drying 
rate. Figure 6b depicts the effect of airflow rate on drying char-
acteristics of wheat straw pellets. The maximum velocity of air 
was 9 m/s, which is 28% higher than the minimum velocity of 

Fig. 5  a The mass loss of moisture and b drying rate of wheat straw 
particles in different dryers (T = 60 ℃, M0 = 1.0)

Table 2  Drying conditions in the cyclone

Run Temperature 
(°C)

Airflow rate 
(m/s)

Initial moisture content 
(kg water/kg dry matter)

E1 60 7 1.0
E2 70 7 1.0
E3 80 7 1.0
E4 60 8 1.0
E5 60 9 1.0
E6 60 7 0.67
E7 60 7 1.50
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7 m/s. At the maximum airflow rate, the drying time required 
for the feedstock to reach the equilibrium moisture content was 
reduced by about 10%, compared with the minimum airflow 
rate. The impact of the airflow rate on the drying time at this 
experimental temperature was not so significant. Besides, with 
the increase of airflow rate, the moisture content of feedstock 
declined and the drying rate increased.

The results obtained in runs of E1, E6, and E7 were 
used to analyze the effect of initial moisture content on 
moisture ratio and drying rate. The effect of initial mois-
ture content on drying characteristics of wheat straw pel-
lets is shown in Fig. 6c. The feedstock with higher initial 
moisture content dries faster at the beginning of drying 

process. This may be due to that the feedstock with higher 
initial moisture content contains more free water, so it 
was easier for the evaporation of water on this part in the 
early stage of drying. Finally, with the gradual discharge 
of free water, the gap between the drying rates of different 
feedstocks gradually decreased and finally disappeared.

3.4  Modeling of drying curves in the cyclone

Four drying models, as listed in Table 1, were used to fit 
the drying data obtained from the cyclone drying. The best 
model for describing the drying kinetics of wheat straw par-
ticles was chosen as the one with the highest R2 and the least 

Fig. 6  Moisture loss and drying rate of wheat straw particles in cyclone: a at different temperatures ( v = 7 m/s, M0 = 1.0), b at different airflow 
rates (M0 = 1.0, T = 60 ℃), c at different moisture contents ( v = 7 m/s, T = 60 ℃)
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RMSE. The statistical analysis results of Page, Newton, Log-
arithmic, and Henderson models are summarized in Table 3. 
In the fitting process of experimental data, the “Page model” 
had the highest R2 and lowest RMSE.

Figure 7 shows the fitting results at the drying tempera-
tures of 60, 70, and 80 ℃. It can be seen from the figure that 
the Page model’s predicted moisture ratio was very con-
sistent with the drying curve of wheat straw particles. The 
fitting result reveals that the Page model is an important 
reference for the industrial application of cyclone dryer.

3.5  Calculation of effective moisture diffusivity 
and activation energy

The coefficient of moisture diffusivity ( Deff ) is an essential 
determinant of mass transfer during drying. The values of 
Deff ) at drying temperatures of 60, 70, and 80 ℃ are given 
in Fig. 8. Among the three dryers, the Deff ) value of ACD 
was the highest, followed by FBD, and the lowest was BDO. 
The results also implied that there was a positive correla-
tion between Deff)and the processing temperature. The Deff ) 
values of wheat straw increased with the rising temperature, 
which was consistent with other reports in the literature: 
2 ×  10−11 to l ×  10−9  m2/s for sawdust drying at 65 − 105 °C 
[34]; 3.4 ×  10−11 to 1.8 ×  10−10 for husk of parboiled paddy 
drying at 50 − 110 °C [35]; 1.52 to 3.67 ×  10−10  m2/s for rub-
ber wood sawdust drying at 40 − 60 °C [36].

In fact, during the drying process of BDO, the hot air 
with low relative humidity constantly passed through the 
particle gap to conduct heat to the particles. When the 
moisture inside the particle absorbed heat, the partial 
pressure of water vapor generated in the particle was 
increased and drove the moisture move from particle 
interior to the particle surface. And then the moisture 
diffused from the surface to the air. Therefore, in the 

flowing air with higher temperature, the heat and mass 
transfer would be enhanced, leading to higher moisture 
diffusion. It can be seen from Fig. 8 that cyclone drying 
displayed the highest Deff)value (9.0 ×  10−10  m2/s to 
1.3 ×  10−9  m2/s), meaning that the heat and mass transfer 
effect between particles and airflow was better than the 
other two dryers. It was possibly ascribed to the higher 
relative speed between particles and airflow and the high-
speed rotation of particles. During the drying process of 
blast drying oven, the lower Deff ) value might be derived 
from the accumulation of particles, insufficient contact 
with airflow, and the low relative velocity between particles 
and airflow. Thus, it can be concluded that higher heating 
temperature, higher relative velocity, and rapid centrifugal 

Table 3  Statistical results obtained from the isothermal models

Model Tempera-
ture (°C)

Drying con-
stant  (min−1)

R2 RMSE

Page 60 1.379 0.9971 0.01554
70 1.555 0.9976 0.01525
80 1.768 0.9995 0.007212

Newton 60 1.061 0.9258 0.07501
70 1.321 0.9703 0.05109
80 1.564 0.9814 0.04092

Logarithmic 60 1.517 0.9935 0.02473
70 1.655 0.9967 0.01927
80 1.884 0.9978 0.01598

Henderson 60 1.04 0.9262 0.07885
70 1.314 0.9703 0.05414
80 1.56 0.9814 0.04339

Fig. 7  Comparison of experimental and predicted moisture ratios by 
the Logarithmic model

Fig. 8  Moisture diffusivity of wheat straw subjected to different dry-
ing techniques
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movement of particles will lead to higher drying efficiency 
and shorter drying time.

The activation energy was determined by Eq. (12). A 
linear relationship between ln(Deff )) and 1/(T + 273.15) 
is presented in Fig. 9 according to the Arrhenius type 
dependence. Based on the calculation of linear slope, 
the activation energy values of wheat straw (Fig. 9) were 
18.3 kJ/mol in cyclone drying, 19.1 kJ/mol in FBD, and 
52.5 kJ/mol in BDO. In this study, the activation energy 
of wheat straw particles in ACD and FBD was the same 
order of magnitude as cotton stalk and sawdust proposed 
in previous studies: 12.3 kJ/mol in poplar sawdust [37]; 
14.1 kJ/mol in fir sawdust [38]; 15.1 kJ/mol in cotton stalk 
[39]. The reason of the lowest activation energy value in 
ACD can be ascribed to the rapid centrifugal movement of 
particles and the relatively high speed between particles 
and airflow, which quickly discharged moisture from the 
particle surface in the cyclone dryer.

4  Conclusion

This study investigated the drying characteristics of wheat 
straw particles in a self-designed pilot-scale cyclone dryer, 
and its results were compared with CFD and BDO. It was 
found that the drying process under the three conditions 
mainly occurred during the falling rate, in which moisture 
transfer was dominated by internal diffusion. Compared 
with two traditional drying methods, most of the free 
water was removed in a shorter time in the drying speed 
reduction stage during cyclone drying. Besides, four drying 
models were used to fit the drying data in characteristics 
analysis, and the Page model was found to be the best 
for describing the cyclone drying. The effective moisture 
diffusivity ranged from 9.0 ×  10−10 to 1.3 ×  10−9  m2/s in 
cyclone drying, 8.1 ×  10−10 to 1.2 ×  10−9  m2/s for cylindrical 
fluidized bed, and 1.0 ×  10−10 to 2.9 ×  10−9  m2/s for blast 
drying oven within the given temperature range. The values 
of drying activation energy were 18.3, 19.1, and 52.5.1 kJ/

mol for cyclone, cylindrical fluidized bed, and blast drying 
oven drying conditions, respectively. Future work will 
be combined with numerical simulation to study how to 
optimize the structure of cyclone drying to achieve higher 
drying efficiency.

Abbreviations ACD: Air cyclone drying; FBD: Fluidized bed drying; 
BDO: Blast drying oven
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