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Purpose: The simulation model of a pneumatic conveying drying (PCD) for sawdust was developed and verified with the experiments. Method: The thermal behavior and mass transfer of a PCD were modeled and investigated by comparing the experimental results given by a reference (Kamei et al. 1952) to validate the model. Momentum, energy and mass balance, one dimensional first order ordinary differential equations, were coded and solved into Matlab V. 7.1.0 (2009). Results: The simulation results showed that the moisture content reduced from 194% to 40% (dry basis), air temperature decreased from 512℃ to 128℃ with the particle residence time of 0.7 seconds. The statistical indicators, root mean square error and R-squared, were calculated to be 0.079, and 0.998, respectively, between the measured and predicted values of moisture content. The relative error between the measured and predicted values of the final pressured drop, air temperature, and air velocity were only 8.96%, 0.39% and 1.05% respectively. Conclusions: The predicted moisture content, final temperature, and pressure drop values were in good agreement with the experimental results. The developed model can be used for design and estimation of PCD system for drying of wood dust particles. 
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IntroductionSawdust is the preferred materials for pellet pro-duction. The initial moisture content of the wet sawdust used for the pellet production is around 40% (dry basis, db). However, Korean pellet manufactures generally dry the raw sawdust to around 15% of moisture content. The various types of dryers such as gas fuel dryer, steam dryers and rotary dryers, have been used for the sawdust drying. Pneumatic conveying drying (PCD) also known as the flash drying is one of the most widely used technology for sawdust drying. This is the integration of the heat and mass transfer and pneumatic conveying technology. PCD is simple in construction, has low capital cost and short 

residence time. It allows higher inlet temperature than many other dryers without unduly heating of the products (Baeyens et al., 1995).While drying sawdust, large amount of volatile organic compounds (VOC) is emitted to the atmosphere, which contribute to the formation of harmful photo-oxidants and also decrease the energy value of the sawdust (Lehtikangas, 2001). VOC emissions rate varies with the type of dryers; it depends upon the residence time, temperature and drying medium. VOC emissions increase with the particle residence time (Stahl et al., 2004), there-fore with the advantage of having very short residence time, PCD could minimize the VOC emission, improve the energy content of the sawdust and also decrease environmental pollution. Several studies have been performed both mathematically and experimentally to study the PCD performance of the various biomaterials and minerals such as potato (Pelegrian 
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Figure 1.  Schematic of the vertical pneumatic dryer.

et al., 2001), grains (Matsumoto and Pei, 1984), rice (Tanaka et al., 2008 (a)), sludge (Jamaleddine and Ray, 2011) and alumina (Narimatsu et al., 2011). Kamei et al. (1952) reported the experimental study of pneumatic drying of sawdust particles in the vertical steel pipe with 0.1 m diameter and 14.5 m length; however, numerical approach of PCD for sawdust was limited. In the present study, the simulation of the vertical PCD was carried out to dry the sawdust particles and validated with the previous experimental results given by Kamei et al. (1952). 
Materials and Methods

System description and model developmentThe descriptions of the systems used by the Kamie et al. (1952) for the experiments are explained as follows. The vertical PCD consists of a combustion chamber, hopper, table feeder, drying column, and cyclone. The drying column is a steel pipe with an inner diameter of 0.1 m and length of 14.5 m. A hopper is used to carry sawdust before feeding to the screw feeder, which feeds the sawdust into the drying column. Hot air from the combustion chamber is blown to convey and dry the sawdust. A cyclone is used to separate the sawdust particles and the hot air. A schematic diagram of a PCD of sawdust is shown in Fig. 1. (Kamei et al., 1952) The energy balance equations given by Tanaka et al. (2008 (b)) (derived for PCD of rice) and Pelegrina and Crapiste (2000) (derived for PCD of potato) were modified and used for the simulation study for drying of sawdust. In contrast to the previous developed models, the relation-ships determining the physical properties (density, specific heat capacity, specific gravity) of soft wood materials were used in the present models. Similarly, the water activity equation of softwood particles was employed to determine the relationship between the water activity and the particle temperature. The model was developed from momentum, energy and mass balances by employing constitutive heat and mass transfer relationships between the sawdust particles and drying air for simulating sawdust drying rate, tem-perature change and moisture contents. Assuming the up-stream air flow and spherical shape of the particles, equations were solved in the Matlab v.7.0.4. (Mathworks, Inc., 2011). Inlet air velocity, moisture content, humidity, 

air temperature and particle temperature were used to specify the initial values for the equations. All the initial parameters were taken same as that given by Kamei et al. (1952) as shown in Table 1. The momentum balance equation for the sawdust particle is expressed as:









 

 
 

 
 (1)

The first, second and third terms in the right hand side of equation (1) represent the motion due to the drag force, gravitational force, and frictional force respectively. The momentum balance equation for the air is given as:
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 
 

 
(2)

Each term from the right hand side in the equation represents the resistance in the air velocity due to the pressure drop, frictional force, drag force and mass transfer respectively. The pressure drop along the length of the dryer is expressed as:
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


 


  (3)

The frictional forces, Fa and Fp, can be calculated using the following expressions:
  


  (4) 

  


  (5) 

Where f and fp represent the frictional factors and D represents the column diameter.
Where Volume fraction is written as: 





  (6)
The energy balance equation for the particle can be written as: 






  (7)

Where, h is the convective heat transfer coefficient between the hot air and the particles and  is the mass transfer coefficient. 
The energy balance equation for the air is given as: 





 
 



 
 



 (8)
  (8.1) 
The first, second and third terms in the right hand side in equation (8) represent the energy loss by air due to convection, mass transfer and the surroundings respec-tively. 
The mass balance equation for the particle phase is written as: 





  (9)

The mass balance equation for the air humidity is expressed as: 





    (10)
Where, Gdp and Gda are the mass flow rate of dry matter of sawdust particle and dry air, respectively.

Complementary equations

Solid propertiesPinewood sawdust was used for the simulation study. The solid properties were calculated from the proposed equations for the pine wood (Younsi et al., 2006).
Density
   (11)
Where, Gm is specific gravity of wood. 
Specific heat
 







  


 (12) 

Where M is the moisture content (%), Cpw is the heat capacity of water, Ac is a parameter, which is a function of moisture content and temperature and Cp0 is the heat capacity of the dry wood. Cpo and Ac are as below:
 ×

 ×
  (13)

   (14) 
Drag coefficient
 




 Rep≤1000 (15)
   Rep>1000 
Where CD is the drag coefficient and Rep is the particle Reynolds number. Rep is given below: 
 

   (16) 
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To calculate the convective heat transfer coefficient between the air and particle, Ranz-Marshall equation was used (Pelegrina and Crapiste, 2000) which is expressed as:  
 


Pr







  (17)Mass transfer coefficient between air and particle (Tanaka et al, 1950 (a))
 






 




 (18)

The relationship between heat and mass transfer can be related as follows: 
 


 



  (18.1)
  ×


×

×
 (18.2)

Here, Dv is the diffusion of water vapor in air, and h is the convective heat transfer coefficient. Latent heat of vaporization of water (Tanaka et al., 2008 (b))
    

  


 (19)
   


 (20)

       (21)

   

  
 

  


 (22)
Where aw is the water activity given by Pakowski et al. (2007) for the softwood. The latent heat of vaporization of water in rice particles was used for sawdust. Frictional factorsFrictional factor between the air and the wall (Tanaka et al., 2008)

 


Re≤2300 (23)



  log  Re>2300 (24)

Where, Re is the Reynolds number expressed as:  
 

  (25)
Frictional factor for the wall-particle interaction is given by (Han et al., 2000)
  

 (26)Where the particle Froude number Frp is written as (Han et al., 2000)
  

 (27) The residence time of the particles at the gas phase, tp, was calculated by: 



 

  (28)
Statistical indicatorsRoot mean square error (RMSE) was used as one of the statistical indicators. The results are better with lower values of RMSE1 but few large errors in the sum can produce a significant increase of RMSE1. Therefore, RMSE2 was developed eliminating the drawbacks of RMSE1. These follow the dimension of the predicted quantities. RMSE1 and RMSE2 can be expressed as (Stone, 1993 and Kim et al., 2007)

RMSE1=    (29)
RMSE2=     (30)
dj is the deviation between the jth measured and the predicted values, m is the number of data points and Yj is the jth measured value. R-squared is a statistical measure of how well a predicted line approximates measured data. R-squared value equal to 1 implies that the model 
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Table 1.  Parameters used for simulation

Parameters Initial values
Particle temperature (℃) 25

Air temperature (℃) 515
Air velocity (m s-1) 42

Particle velocity (m s-1) 0
Air humidity (kg kg-1) 0.019

Moisture content (%, db) 194
Feed rate (kg h-1) 137

Air flow rate (kg dry gas h-1) 633

Figure 2.  The predicted temperature of (a) sawdust particles and 
(b) hot air along the dryer length.

Figure 3.  The predicted (a) particle velocity (b) air velocity and (c) 
slip velocity along the dryer length.

provides perfect prediction, and 0 implies that there is no relationship between the measured and predicted value. This can be expressed as (Stone, 1993 and Kim et al., 2007)
R-squared=



        

 




 




 



 






 (31) 
Where Xj is the jth predicted value. 

Results and Discussion

Simulation resultsThe input data used for the simulation study is displayed in Table 1. The simulation was done with the particles size of 0.003 m diameter. Fig. 2 to 6 show the simulated particle velocity, gas velocity, moisture content of particle, air humidity, particle temperature, air temperature, air pressure, and slip velocity along the riser length. The predicted sawdust particles temperature and hot air temperature along the length of the drying column is shown in Fig. 2 (a) and (b) respectively. In general, air temperature decreased and particle temperature increased along the dryer length. Particles receive heat from the air due to the convection heat transfer between the particles and air which increased the particle temperature (Fig. 2 (a)). Air temperature decreased from 512.0℃ to 128.5℃ by the end point of the vertical PCD because sensible heat of the air is utilized for drying (Fig. 2 (b)). The particle velocity, air velocity and particle slip velocity are shown in Fig. 3 (a), (b) and (c), respectively. 

Slip velocity also known as relative velocity is the difference between the air velocity and the particle velocity. Air velocity decreased along the length of dryer, from 42.00 to 35.47 m s-1, due to increased air density caused by reduction in air temperature. Particle velocity increased due to the higher air velocity. At the end of the drying, particle velocity and air velocity was found almost equal. The slip velocity was highest at the feed point, near about 40 m s-1, and decrease towards the column length to about 10 m s-1by the end point. This is likely due to the acceleration of solid particles prior to attaining the certain velocity, which result in higher solid holdup and in turn higher slip velocity at the bottom of the dryer. The predicted particle moisture content and air humidity are shown in Fig. 4 (a) and (b) respectively. The moisture content decreased from 194% to about 39% 
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Figure 4.  The predicted (a) moisture content of sawdust particles 
and (b) humidity of hot air along the dryer length.

Figure 5.  The predicted pressure drop along the length of the dryer.

Figure 6.  The predicted particle velocity with respect to the particle 
residence time.

Table 2.  Measured and predicted values of different parameters 
of PCD

 Total pressure 
drop (Pa)

Final air temperature
(℃)

Air velocity
(m s-1)

Predicted 701 128.5 35.47
Measured 770 128.0 35.10

Figure 7.  Measured and predicted moisture content of sawdust.

after drying in the vertical PCD of 14.7 m length. Meanwhile, humidity shows the increasing trend. This increased rapidly near the inlet due to high slip velocity between the air and the solid particles. The change in pressure throughout the length of the vertical PCD is shown in Fig. 5. It can be seen from the Fig. 5 that there was a total pressure drop of 701 Pa. Pressure decreased along the length of the vertical tube due to the weight of the solid particles (Yerushalmi and Cankurt, 1979) and decrease of the air velocity (Rautiainen et al., 1999). The particle velocity with respect to its residence time is shown in Fig. 6. It can be seen that the particle stayed about 0.7 seconds inside the PCD system. Thus, from PCD technology sawdust could be dried in very short time to the target moisture content.
Model validationThe experimental data given by Kamei et al. (1952) 

was used for the validation of developed model for the sawdust drying. Measured and predicted values of total pressure drop, final air temperature and gas velocity at the end point of the vertical column are shown in Table 2. We can see that the all the predicted data are in good agreement with the experimental values. Relative error between the measured and predicted values of total pressure drop, final air temperature, and final gas velocity were calculated as 8.96%, 0.39% and 1.05%, respectively. The moisture content of the sawdust particles derived from simulation study and the experiments of Kamei et al. (1952) is shown in Fig. 7. The predicted moisture content is in good agreement with the experimental results. There are no any apparent bios between the measured and predicted moisture content (Fig. 8). The statistical 
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Figure 8.  Measured and predicted moisture content of sawdust 
with statistical indicators.

indicators RMSE1, RMSE2, and R-squared were obtained as 4.240, 0.079, and 0.998 respectively. 
ConclusionsPneumatic conveying drying models were developed to simulate the collective behavior of wood dust particles in moist air flow. The model takes into account the momentum, heat and mass transfer between the air and the particle. The model was validated against pneumatic transport and pneumatic drying experimental results for sawdust. Statistical indicators, RMSE1, RMSE2, and R- squared values, were also calculated to define relation-ship between the moisture content of measured and the predicted values. The relative error between the measured and predicted temperature, moisture content and pressure drop were also found in the acceptable range. The pre-dicted values were in good agreement with the experi-mental results. The particle residence time was found near about 0.7 seconds. The simulated equation could be used for the preliminary design estimation for pneumatic drying of sawdust particles. 
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Nomenclature

Ac dimensionless parameter
aw water activity (dimensionless)
C specific heat capacity (J kg-1 K-1)
CD drag coefficient (decimal)
Cpo specific heat of dry wood (kJ kg-1 K-1)
Cpw specific heat of water (kJ kg-1 K-1)
d deviation (m)
dp particle diameter (m)
D pipe diameter (m)
Dv diffusion of water vapor in air, (m2 s-1)
f frictional coefficient (decimal)
F frictional force (kg s-2m-2)
Frp Froude number
G mass flow rate of air (kg s-1)
g gravitational constant (m s-2)
Gm specific gravity (dimensionless)
H absolute humidity (kg kg-1)
h convective heat transfer coefficient (w m-2 K-1)

km mass transfer coefficient (kg m-2 s-1)
M moisture content (kg kg-1)
m number of data points
P pressure (Pa)
Pr Prandtl number
Psat saturation pressure (Pa)
q latent heat of vaporization of water in material (J kg-1)
Q heat loss per unit length (W m-1)
Re Reynolds number
RMSE root mean square error
T temperature (K)
t time (s)
U overall heat loss coefficient (W m-2 K-1)
v velocity (m s-1)
V specific volume (m3 kg-1)
ẇ drying rate (kg m-2 s-1)
X predicted value
Y measured value
z distance (m)
greek
λ thermal conductivity (W m-1 K-1)
ρ density (kg m-3)
η viscosity (Pa s)
ε volume fraction (m3 m-3)
subscripts
a air
d dry matter
j jth values
p sawdust particle
am ambient 
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