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Abstract 
The influence of the moisture content of the solids on the pressure drop through packed beds of soy, barley, lentils 
and oats was investigated. The properties of the grains and the packed beds were determined varying the moisture 
contents of the solids between the equilibrium moisture content and 0.24 g g-1 (mass of water per mass of dry 
solid). The pressure drops were measured as a function of the aeration velocity under different moisture contents 
of the solids. It was observed that a reduction in the moisture content caused a decrease in the particle dimensions 
but did not affect their shape. Due to the reduction in size caused by the moisture removal, the packed beds become 
denser and less permeable to the airflow, resulting in an increase in the pressure drop. In the moisture range 
investigated, the pressure drops increased by more than 39% for lentils, soy and barley, and by about 24% for oats, 
indicating that the energy consumption during aeration could rise significantly. The parameters of the Forchheimer’s 
equation were modified to take into account the influence of the moisture content of the solids on the pressure 
drops. For each particle, empirical equations were proposed and shown to be adequate to accurately predict the 
pressure drop of the packed beds as a function of the moisture content and aeration velocity. 

Keywords: Permeability; Grain storage; Cereals; Aeration; Shrinkage; Tortuosity. 

Resumo 
Neste estudo foi investigada a influência da umidade do sólido sobre a queda de pressão em leitos fixos de soja, 
cevada, lentilha e aveia. As propriedades dos grãos e do leito foram determinadas variando-se a umidade dos 
sólidos entre o valor de equilíbrio até 0,24 g g-1 (massa de água por massa de sólido seco). As quedas de pressão 
nos leitos foram medidas em função da velocidade de aeração para diferentes níveis de umidade do sólido. 
Foi observado que uma redução no teor de umidade causou uma diminuição nas dimensões das partículas, mas 

https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-9888-1904
https://orcid.org/0000-0002-9003-0443


Prediction of pressure drop through packed beds of granular materials: influence of moisture reduction and air velocity 
Altino, H. O. N., & Ferreira, M. C. 

 

Braz. J. Food Technol., Campinas, v. 22, e2018228, 2019 | https://doi.org/10.1590/1981-6723.22818 2/16 

não afetou sua forma. Devido à redução de tamanho provocada pela remoção da umidade, os leitos tornaram-se 
mais densos e menos permeáveis ao escoamento de ar, resultando em aumento na queda de pressão. Na faixa de 
umidade investigada, as quedas de pressão aumentaram em mais de 39% para a lentilha, soja e cevada, mas apenas 
em 24% para a aveia, indicando que o consumo de energia na aeração pode aumentar significativamente. 
Os parâmetros da equação de Forchheimer foram modificados para considerar a influência do teor de umidade do 
sólido nas quedas de pressão. Para cada partícula, equações empíricas foram propostas e mostraram-se adequadas 
para prever com boa precisão a queda de pressão dos leitos em função do conteúdo da umidade e velocidade de 
aeração. 

Palavras-chave: Permeabilidade; Armazenamento de grãos; Cereais; Aeração; Encolhimento; Tortuosidade. 

1 Introduction 
Grains and cereals are important staple foods that are cropped seasonally and have to be properly processed 

and stored to meet the market demand throughout the year. According to Food and Agriculture Organization 
of the United Nations (2018) statistics, cereal use in the world is forecast to be 2,641 million tonnes in 
2018/19, and the estimated production will not be sufficient to meet this expected use, therefore the deficit 
must be supplied by accumulated stocks. The importance of storage has grown significantly as a result of the 
increase in volumes traded and the rise in worldwide food demand. Aeration in silos is commonly used to 
improve the storability of grains, because forced ventilation helps to keep uniform temperatures throughout 
the silo, and contributes to avoiding moisture migration and removing the odours of the stored grain masses, 
and can also be used to apply fumigation (Khatchatourian & Savicki, 2004; Khatchatourian et al., 2017). 

The static pressure requirements of the fan used for aeration, drying or cooling of a packed bed of grains, 
is determined by the resistance of the packed grains to the airflow. The pressure drop across a homogeneous 
packed bed of granular material can be predicted by Forchheimer’s equation, given by (Coulson & 
Richardson, 2002): 

     ∆
= + 2P cU U

L
µ ρ
κ κ

 (1) 

where U  is the aeration velocity; ∆P  is the pressure drop though the packed bed; L  is the bed height; µ  
is the air dynamic viscosity; ρ  is the air density; κ  is the Darcy’s permeability; and c  the inertial resistance 
factor. 

Although Equation 1 establishes a simple relationship between the pressure drop and the aeration velocity, the 
challenges involved in using it are that the permeability and inertial resistance factor are parameters dependent on the 
size and shape of the particles as well as on structural properties of the packed bed, such as bed porosity (German, 
1989). Darcy’s permeability can be interpreted as a measure of the resistance to flow offered by the porous medium. 
It is associated with the energy loss due to viscous flow and fluid-particle friction during flow through the porous 
medium, and is a characteristic of the porous structure. The inertial factor is associated with the energy loss under 
high-velocity flow and is enhanced by turbulence and bed tortuosity (German, 1989). Since these parameters are not 
easy to determine, many empirical or semi-theoretical relationships have been proposed to estimate the pressure 
drops through packed beds composed of either grains/seeds or particles with irregular size distribution 
(Park et al., 2018; Cruz et al., 2014; Li & Sokhansanj, 1994; Matthies & Petersen, 1974; Shedd, 1953; Yang 
& Williams, 1990). However in most of these studies, the effect of the moisture content of the solids on the 
pressure drop was neglected, but this moisture content can vary significantly during processing and storage. 
In food grains, variation in moisture content can lead to changes in particle size and shape that could affect 
the structural properties of the packed bed and modify the pressure drops (Felizardo & Freire, 2018; Górnicki 
& Kaleta, 2015; Kobus et al., 2011). In addition, assessing how the grain dimensions change with moisture 
content is important because the variation in their volume and weight due to shrinkage has a relevant impact 
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on transportation and storage costs, particularly in a country with a recognized deficit of silos, like Brazil 
(Rabello, 2018; Bala, 2016). 

The purpose of this study was to investigate the influence of the moisture content of the solids on the 
pressure drops through packed beds of four widely consumed staple grains, namely soy, barley, lentils and 
oats, with moisture contents ranging from the equilibrium moisture up to 0.24 g.g-1. The linear dimensions, 
surface area, volume, sphericity and density of the particles were determined as a function of the moisture 
content, as well as the porosity and bulk density of the packed beds. The parameters of Equation 1, κ  and c , were 
estimated from the values measured for ∆P  and the effect of the moisture content of the solids on ∆P  was 
evaluated. Finally, empirical equations were proposed to take into account the influence of moisture on the 
values for κ  and c  of each grain, thus providing accurate equations to estimate /∆P L  through the beds of 
grains. 

2 Material and methods 

2.1 Particulate materials 

The materials were selected to cover different particle shapes and sizes, namely: soy (Glycine max L.), 
green lentils (Lens culinaris), barley (Hordeum vulgare L.) and oats (Avena sativa). The dehydrated grains 
were purchased from a local market in São Carlos, SP, Brazil. Spherical alumina particles (type F-200) were 
provided by Alcoa©. Alumina particles have a porous structure, diameter of 3.2 mm, surface area of 32. mm2, 
volume of 17.3 mm3 and sphericity close to 1.0. As the water is absorbed mainly by the internal pores, the 
particle dimensions and shape do not change with moisture content. For these reasons, they were included in 
this study to serve as a standard particulate for comparison. 

The initial moisture contents of the biological products ranged from 0.091 to 0.138 g.g-1. The grains were 
either moistened or further dried to reach the specified moisture content levels ( X ) for the experiments, 
namely 0.24, 0.16, 0.09 g g-1. and the equilibrium moisture ( *X ), which is the moisture achieved by each 
grain after drying at 50 °C in a hot-air drying oven for 72 h (TE-394/1, Tecnal®). The materials were placed 
in a desiccator until reaching ambient temperature and then stored in sealed packages at 4 °C. The particles 
were moistened by inserting 150 g of sample into polyethylene packages, adding the necessary amount of 
deionized water and finally storing the sealed packages at 4 °C for 48 h. The moisture content was measured 
by a gravimetric method after drying the samples in a hot-air drying oven (TE-39 4/1, Tecnal®) at 105 °C for 
24 h. 

2.2 Particle characterization 

The dimensions of the biological grains were determined assuming a triaxial spheroid shape (Figure 1). 
The lengths ( pL ) and widths ( pW ) of 60 particles were measured using an image analysis technique with a 
Sony® LT26i device and Image-Pro Plus® 6.0 software. The thickness ( pT ) was measured using a digital 
caliper. The mean diameter ( mD ), volume ( eV ), surface area ( eA ) and sphericity (ϕ ) of the particles were 
calculated using Equations 2-5 (Mohsenin, 1970) and the volume ( sV ) and surface area ( sA ) were calculated 
using Equations 6 and 7. The apparent density ( aρ ) was measured in triplicate by liquid pycnometry using 
toluene (99.5%, Dinâmica®) and the diameter ( sD ) of 60 alumina particles measured using a digital calliper. 
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Figure 1. Dimensions of a triaxial spheroid particle, thickness ( pT ), length ( pL ) and width ( pW ). 
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Images of grains with moisture contents of 0.24 g g-1 and *X  were obtained using a Navitar® microscope 
6.5x coupled to a Javelin® chromachip camera equipped with a low-noise illuminator, from Cole Parmer®. 

2.3 Packed bed characterization 

The bulk densities ( bρ ) of the packed beds were obtained by measuring the sample weight and volume 
using a digital scale (AS 1000, Marte®) and a graduated glass vessel with an internal diameter of 5 cm. Small 
portions of particles were poured from a constant height into the glass vessel through a funnel. The vessel 
was tapped over a flat surface until no change was observed in the bulk volume. The mean voidages ( bε ) 
were evaluated from aρ  and bρ  according to Equation 8 (Mohsenin, 1970). All measurements were made in 
triplicate. 

= − b
b

a
1 ρε

ρ
 (8) 

2.4 Pressure drop measurements 

Prior to the experiments, the materials were allowed to rest at ambient temperature for 1 h and the assays 
then carried out in triplicate. The experimental set up is illustrated in Figure 2. Compressed air (1) from a 
blower (2) was filtered (air filter F-2000, Arprex®) (3) and transported through a 5 cm diameter pipe towards 
the packed bed column. The air flowrate could be adjusted by a valve and was measured using a rotameter 
(E 9869, Gilmont®) (4). The packed bed column was a cylindrical vessel (5) 5 cm in diameter ( vD ). 



Prediction of pressure drop through packed beds of granular materials: influence of moisture reduction and air velocity 
Altino, H. O. N., & Ferreira, M. C. 

 

Braz. J. Food Technol., Campinas, v. 22, e2018228, 2019 | https://doi.org/10.1590/1981-6723.22818 5/16 

The /v mD D  ratios ranged from 7.0 to 16.0 depending on the material. The particles were inserted into the 
column (6) to a height of 29.6 cm, maintaining 10 cm of upstream and downstream stabilization sections and 
the packing procedure was carried out as described in section 2.3. Pressure taps (7) were placed at 5 cm 
intervals height-wise in the centre of the vessel, at a distance of 12.3 cm from the borders. The pressure drop 
( ∆P ) through the packed bed was measured using a digital micromanometer (Alnor® 530) (9) and the air 
temperature ( gT ) was measured using a type T thermocouple (8) and recorded using a Digi-Sense® digital 

reader (10). 

 

Figure 2. Experimental system used to measure the pressure drop in static packed beds. 

The pressure drops ( ∆P ) were measured with different air flowrates at an average gT  of 27°C. The air 
velocity (U ) ranged from 0.05 to 0.58 m s-1. Each group of experiments took no more than 10 min. The air 
properties µ  and ρ  were 1.84x10-5 kg m-1 s-1 and 1.18 kg m-3 (Incropera et al., 2006). The Darcy’s 
permeability ( κ ) and the inertial resistance factor ( c ) were obtained from a linear regression of the 
experimental values of ∆P  and U  in Equation 1. The parameters κ  and c  can be associated with the 
structural properties of the packed beds and particle properties by way of the Kozeny-Carman equation 
(Coulson & Richardson, 2002): 

( )
  =

−

3 2 2
b p

2
b

d

36 1

ε ϕ
κ

β ε
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In Equation 9, β  is a shape factor and pd  is the Sauter mean diameter. The hydraulic tortuosity (τ ) was 

obtained from: 

 =
t

βτ
β

 (10) 

where tβ  is a factor related to the cross sectional area of the pore and is equal to 2 for circular pores 
(Coulson & Richardson, 2002). The average value for the hydraulic radius ( hR ) was estimated from 
Equation 11 based on the values calculated for β , ,κ  and bε , (Scheidegger, 1974): 

  =h
b

R βκ
ε

 (11) 
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2.5 Statistical analysis 

The influence of the moisture levels of the solids on the properties and fitted parameters was evaluated 
using a one-way analysis of variance (ANOVA) and Tukey’s test ( p  ≤ 0.05) using the Statistica® 7.1 software 

In order to evaluate the differences between the experimental data ( iy ) and the data estimated by the 
models ( ( )if x ) used in this study, the coefficient of determination ( 2R ) and root mean square error ( )RMSE  
were calculated using Equations 12 and 13, respectively. 
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3 Results and discussion 

3.1 Influence of the moisture content of the solids on the physical properties of the particles 

Figures 3a-h show the linear dimensions, volume, surface area, sphericity and density of the particles at 
different moisture levels. The dependence of the biological properties of the particles on the moisture content 
can be observed from these figures. Since the dimensions and shape of alumina particles do not change 
significantly with the moisture content, only the variation in particle density was shown for this particle 
(Figure 3h). 

A statistically significant decrease in the linear dimensions pW , pT , pL  and mD  of the particles was 

observed for all the biological materials studied as the moisture content dropped (Figures 3a-d). Shrinkage is 
a phenomenon typically observed in food products due to the development of a pressure imbalance between 
the inside of the material and the external pressure (Mayor & Sereno, 2004). Heating and water loss produce 
contraction stresses in cellular structures, which tend to rise as more water is removed. Therefore, shrinkage 
increases with the volume of water removed (Mayor & Sereno, 2004). The linear dimensions of the lentil 
and barley particles were those that varied most with decreasing moisture content. Overall, all the particles 
showed some degree of shrinkage, as corroborated by the images depicted in Figure 4, where the biological 
particles at moisture levels of 0.24 g g-1 and *X  can be compared. The different structural characteristics and 
internal compositions of each product offered different resistances to water motility in the solid matrixes and 
shrinkage showed characteristic patterns for each one (Mayor & Sereno, 2004). The images shown in 
Figure 4 also illustrate the changes observed in the surface textures of the particles as the moisture content 
of the solids rose from *X  to 0.24 g g-1, and surface cracking was observed in the soy, lentils and barley. 
Cracking appears due to uneven stresses developed during water absorption or removal (Fortes & Okos, 
1980). The oats presented no evidence of cracking or changes in the surface texture, which is probably 
because these particles have a quite homogeneous structure. 
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Figure 3. Influence of the moisture content of the solids on the particle properties of: thickness ( pT ) (a); length ( pL ) 
(b); width ( pW ) (c); mean diameter ( mD ) (d); volume ( eV ) (e); surface area ( eA ) (f); sphericity (ϕ ) (g); and apparent 

density ( aρ ) (h). Values with different letters are statistically different at p  < 0.05. 
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Figure 4. Influence of the moisture content of the solids on the particle surface texture: soy at 0.24 g g-1 (a) and *X (b), 
lentils at 0.24 g g-1 (c) and *X (d), barley at 0.24 g g-1 (e) and *X (f) and oats at 0.24 g g-1 (g) and *X (h). 

Based on ANOVA, in most cases it was observed that shrinkage caused a statistically significant decrease 
in the volume ( )eV  and surface area ( )eA  of the particles (Figures 3e and 3f). Figures 3g and 4 show that, 
despite significant reductions in the particle dimensions, their shape was not affected by the moisture level. 
According to Mayor & Sereno (2004), in high moisture food products, shrinkage almost entirely compensates 
the moisture loss and the volume of the material decreases linearly with moisture content. For the grains 
investigated here, the linear dimensions changed proportionally and the shape was preserved. The patterns 
observed for the changes in sphericity and the linear dimensions of soy, lentils, barley and oats with variation 
in the moisture content were compatible with data previously reported for similar materials (Deshpande et al., 
1993; Isik, 2007; Shah et al., 2016; Sologubik et al., 2013). 

Figure 3h shows that the aρ  of the biological particles increased as the moisture was removed. Although 
water removal makes particles lighter, the significant decrease observed in the particle volumes (Figure 3e) 
was responsible for the increase in their density. As expected, the dependence was the opposite for the 
alumina particles, whose aρ  increased as the moisture rose since moist particles are heavier and their volume 
is not affected by water removal. 

3.2 Influence of the moisture content of the solids on the characteristics of the packed beds 

Figures 5a and 5b show, respectively, the values for bρ  and bε  (estimated from Equation 8) for the packed 
beds of grains and alumina at different moisture contents of the solids. The significant increase observed in 
the bρ  of the grains in the packed beds (Figure 5a) is consistent with the evidence that particles with lower 
moisture contents are denser and smaller in size. This contributes to a reduction in the interparticle void 
spaces and produces beds that are more compact. On the other hand, the bρ  of the packed beds of alumina 
decreased with reducing moisture content, since the water in the internal pores was gradually replaced by air 
and the particles became lighter, but their volume and size did not change. 

Figure 5b shows that the dependence of bε  on the moisture levels of the solids presents opposite patterns 
and corroborates with the idea that low-moisture grains produce beds that are more compact. The structural 
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properties of the packed beds were affected by a number of factors, including the particle sizes, shapes and 
surface roughness (German, 1989). For the grains evaluated, the properties most affected by moisture were 
the particle size, surface area, volume and, to a lower degree, the surface texture. All of these played roles in 
the changes observed in the structural properties of the beds. In the range investigated, the bε  of the packed 
beds increased by 17.5% for lentils, 14.1% for soy, 10.2% for barley, 4.1% for alumina and 2.9% for oats. 
The patterns described in this section agree with those reported by researchers who investigated biological 
grains such as wheat, lentils and oats (Giner & Denisienia, 1996; Kobus et al., 2011; Sokhansanj et al., 1990). 
No specific study on alumina was found in the literature consulted. 

 

Figure 5. Influence of the moisture content of the solids on the bulk density ( bρ ) (a) and porosity ( bε ) (b). Values 
with different letters are statistically different at p  < 0.05 within the different groups. 

3.3 Influence of the moisture content of the solids on the fluid flow parameters of the 
packed beds 

Figure 6 shows the values of the parameters κ  and c  estimated by fitting the experimental data to 
Equation 1, as well as the packed bed properties τ  and ,hR  estimated from Equations 10 and 11, at the 
different moisture levels. 
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Figure 6. Influence of the moisture content of the solids on the hydraulic radius ( hR ) (a); permeability ( κ ) (b); 
inertial resistance factor ( c ) (c); and tortuosity (τ ) (d). Values with different letters are statistically different ( p  < 0.05) 

within the materials. 

Figures 6a and 6b show that the values for hR  and κ  of the grains were significantly reduced by a decrease 
in the moisture content, whereas alumina showed the opposite behaviour. In porous media,  hR is a parameter 
related to the cross-sectional area of the capillary pores available for fluid flow. Section 3.2 demonstrated 
that packed beds of low-moisture grains were more compact, and therefore the patterns observed for hR  and 
κ  were thoroughly consistent. The magnitudes of hR  and κ  in the different packed beds decreased in the 
same order observed for bε . hR  was reduced by 39.1% for lentils, 34.7% for soy, 30.7% for barley, 11.8% 
for alumina and 11.0% for oats, and κ  decreased by 76.1% for lentils, 65.6% for soy, 62.8% for barley, 
61.0% for alumina and 46.8% for oats. 

The values obtained for τ  (Figure 6c) showed an inverse pattern to those observed for hR  and κ . 
The property τ  is strongly dependent on the particle shape as well as on the geometry and connectivity of 
the interparticle voids (German, 1989), and is higher for alumina and oats, particles whose ϕ  are in the upper 
and lower limits of the range investigated (1.0 and 0.4 respectively). As the moisture content reduced, τ  
increased by 55.4% for alumina, 32.2% for lentils, 24.9% for soy, 16.6% for barley and 14.5% for oats. 

The variation in c  with moisture content (Figure 6d) was only statistically significant for soy and lentils. 
In flows through porous media the Reynolds number ( mRe ) (Ergun, 1952) can be evaluated from the 
following Equation 14: 

( )
=

−
m

m
b

UDRe
1
ρ

µ ε
 (14) 

Under the conditions tested, the mRe  ranged from 217 to 420 and, according to Bird et al. (2007), in this 
range both the inertial and viscous forces contribute significantly to the energy losses. The parameters 
associated with the energy losses in Equation 1 are κ  and c . In packed beds of soy, the κ  values were 



Prediction of pressure drop through packed beds of granular materials: influence of moisture reduction and air velocity 
Altino, H. O. N., & Ferreira, M. C. 

 

Braz. J. Food Technol., Campinas, v. 22, e2018228, 2019 | https://doi.org/10.1590/1981-6723.22818 11/16 

considerably higher than those of the other particles (Figure 6b), the higher values for ϕ  (>0.8) and eV  
possibly contributing to this result. As for parameter c , the highest values were found for lentils, which have 
a mD  close to that of soy, but a significantly lower value for eV  and a lower value for ϕ . It is worth noting 
that no correlation was observed between the parameters κ  and c  in Equation 1 and the packing properties 
τ  or hR . 

3.4 Influence of the moisture content of the solids on the pressure drop 

Figure 7 shows the values determined for /ΔP L  in the packed beds as a function of U , with different 
moisture contents (symbols), and the values estimated from Equation 1 (lines). All the data were accurately 
predicted by Equation 1, as corroborated by the high values of the determination coefficient ( 2R ) and 
relatively low values of the root-mean-square errors ( RMSE ). For packed beds of grains the ΔP  tends to 
increase at a given U  as the moisture content of the solids is reduced and the opposite is observed in packed 
beds of alumina. This behaviour is consistent with the changes observed in the structural packing properties 
discussed in the previous topics. In beds of grains, the increase in particle size observed as moisture is 
absorbed leads to beds with higher values for κ  and hR , characteristics that favour the conductance of fluid 
through the pore channels and contribute to reducing the value of ΔP . It is possible that the rougher surface 
textures observed in Figure 4 for soy, lentils and barley with high moisture contents, contribute to the rise in 
ΔP  due to increasing losses in friction (German, 1989; Haque et al., 1982). However, since the air viscosity 
is low at ambient temperature, this effect is probably marginal (Górnicki & Kaleta, 2015; Haque et al., 1982). 
The increase in ΔP  with moisture reduction was greater in packed beds of lentils (42.0%), soy (41.0%) and 
barley (39.2%), and more discrete in packed beds of alumina (30.1%) and oats (24.6%). The overall patterns 
found in this study agree with previous data reported for biological products (Al-Yahya & Moghazi, 1998; 
Giner & Denisienia, 1996; Górnicki & Kaleta, 2015; Kobus et al., 2011; Molenda et al., 2005; 
Sokhansanj et al., 1990). 
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Figure 7. Pressure drop per unit length versus aeration velocity with different moisture contents; (a) soy; (b) lentils; 
(c) barley; (d) oats; (e) alumina. 

With a view to incorporating the effect of the moisture content of the solids in Equation 1, κ  and c  were 
linearly regressed to the moisture content of the solids for each product, and the fitted equations inserted into 
Equation 1, resulting in a modified empirical equation, Equation 15, as follows: 

  ∆ +
= +

+ +
2P CX DU U

L AX B AX B
µ ρ  (15) 

where A , B , C  and D  are the fitted parameters for each product. Table 1 shows the values of the fitted 
parameters and the statistical criteria used to evaluate the goodness of fit. It was observed that the values for 

2R  were close to or equal to 1.0 and the RMSE  were low, evidence of the quality of the fits. This set of 
equations can be used to predict the /ΔP L  through static beds of grains as a function of the moisture content 
of the solids and aeration velocity, and provide practical and reliable estimates that are useful in the design 
and monitoring of grain storage in aerated silos and in static bed dryers. 



Prediction of pressure drop through packed beds of granular materials: influence of moisture reduction and air velocity 
Altino, H. O. N., & Ferreira, M. C. 

 

Braz. J. Food Technol., Campinas, v. 22, e2018228, 2019 | https://doi.org/10.1590/1981-6723.22818 13/16 

Table 1. Parameters of the particulate materials in Equation 15. 

Material A  (m-2 g-1 g) B  (m-2) C  (s m-3 g-1 
 

D  (s m-3) 2R  RMSE  (Pa m-1) 

Soy 5.489x10-7 2.831x10-8 0.654 1.324 0.99 62.50 

Lentils 4.630x10-7 -1.909x10-9 5.273 2.525 0.99 236.75 

Barley 9.834x10-8 4.405x10-9 1.178 1.064 1.00 82.11 

Oats 3.757x10-8 6.697x10-9 0.883 1.372 1.00 84.29 

Alumina -1.236x10-7 4.292x10-8 -1.648 1.235 0.98 125.47 
A, B, C and D are parameters in Equation 15 and R2 is the coefficient of determination and RMSE is the root mean square error. 

The fitted equations were verified using experimental data reported in the literature for products and 
operational conditions similar to those used in the present study. Figure 8 shows a comparison of the 
experimental and predicted values for /ΔP L  and further information on the data set used can be found 
elsewhere (Al-Yahya & Moghazi, 1998; Kobus et al., 2011; Molenda et al., 2005; Sokhansanj et al., 1990). 
Very good agreements were observed between the experimental and predicted values for /ΔP L  through 
packed beds of soy, lentils, barley and oats, with 2R  > 0.9 and low RMSE . 

 

Figure 8. Predicted (Equation 15) and experimental values for /ΔP L  versus aeration velocity in packed beds of 
biological products with different moisture contents. (a) Soy at 7.9% w.b. (funnel); (b) lentils at 11.4% w.b. 

(loose fill); (c) barley at 17.0% w.b. (bed depth of 6.2 cm); (d) oats at 14.0% w.b. (0 storage day, load of 0 kPa). 
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4 Conclusions 
An investigation concerning the influence of the moisture content of the solids on the pressure drop 

through packed beds of biological particles (soy, oats, lentils and barley) was carried out for moisture levels 
varying from the equilibrium moisture up to 0.24 g g-1. The results demonstrated that the airflow resistance 
in aeration can change significantly as the moisture content of the solids decreases. As water was removed, 
the pressure drops increased significantly, mainly because the particle size decreased, resulting in static beds 
with lower bulk voidage and lower permeability. By regressing the permeability and inertial factor 
parameters with the moisture content, a set of simple, accurate and reliable equations could be obtained to 
predict the pressure drops through packed beds of biological products as a function of the moisture content 
of the solids. 

Nomenclature 
A  Empirical constant of Equation 15 [m-2.g-1.g] 

eA  Equivalent surface area of the particle [mm2] 
sA  Surface area of the spherical particle [mm2] 

B  Empirical constant of Equation 15 [m-2] 
C  Empirical constant of Equation 15 [s m-3 g-1 g] 
c  Inertial resistance factor [s m-3] 
D  Empirical constant of Equation 15 [s m-3] 

vD  Cylindrical vessel diameter [cm] 
mD  Mean diameter of the particle [mm] 
sD  Diameter of the spherical particle [mm] 
pd  Sauter mean diameter [m] 

L  Distance between the pressure taps [cm] 
pL  Length of the particle [mm] 
hR  Mean hydraulic radius [mm] 
mRe  Reynolds number for the porous media [-] 
pT  Thickness of the particle [mm] 
gT  Air temperature [°C] 

U  Surface air velocity [m s-1] 
eV  Equivalent volume of the particle [mm3] 
sV  Volume of the spherical particle [mm3] 
pW  Width of the particle [mm] 

X  Moisture content of the solids [g g−1] 
*X  Moisture content of the solids at equilibrium [g g−1] 

β  Shape factor [-] 
tβ  Shape factor related to the cross-section of the tube [-] 
bε  Mean bulk voidage [-] 
κ  Permeability [m-2] 
µ  Air viscosity [g m-1 s-1] 
ρ  Air density [g m-3] 

aρ  Apparent density [g m-3] 
bρ  Bulk density [g m-3] 
ϕ  Sphericity [-] 
ΔP  Pressure drop [g m-1 s-2] 
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