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ABSTRACT 
There are different instances of grain aeration in a silo. Six models are displayed for cylindrical grain storages (silos): four 

models with coaxial air streaming and two models with radial air streaming. The airflow analysis was based on the use of a 
cylindrical coordinate system. This system facilitates the simplification of the mathematical problem. 

Air velocity changes in the coaxial streamlines stemfrom the equality of the total air pressure drop in the flow through the layer of 
grain. Radial airflow is directed from the axis or to the axis of the silo cells. Air velocity is higher near the axis, and the lowest on the 
peripheral perforated wall. In this case, the continuity equation is crucial because it determines the value of the velocity at various 
distances from the center. 
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REZIME 
Strujanje vazduha kroz sloj zrna u skladištima je česta tehnološka operacija. Aktivna ventilacija (aeracija) zrna je primer takvog 

procesa. Ona se obavlja radi rashlađivanja zrna. Pored toga, u slučaju sušenja zrna u debelom nepokretnom sloju takođe je prisutan 
ovaj proces. Pri sušenju zrna problem se usložnjava zbog neizotermskog strujanja vazduha. U slučaju aktivne ventilacije strujanje se 
može aproksimovati izotermskim strujanjem. U slučaju izotermskog strujanja vazduha (gustina vazduha - ρ = const) jednačina 
kontinuiteta se pojednostavljuje u  Q  = const, pa je moguća jednostavnija matematička analiza.  

Šest modela prisutni su kod cilindričnih skladišta sa zrnom: 
1 – Koaksijalno strujanje vazduha kroz sloj jednake visine; 
2 – Koaksijalno strujanje vazduha kroz sloj sa pravilnom kupom zrna na vrhu; 
3 – Koaksijalno strujanje vazduha kroz sloj sa pravilnom obrnutom kupom zrna na vrhu;  
4 – Koaksijalno strujanje vazduha kroz sloj sa nepravilnom formom zrna na vrhu;  
5 – Radijano strujanje vazduha kroz sloj od ose ka periferiji i 
6 – Radijano strujanje vazduha kroz sloj od periferije ka osi. 
Zakonitost promene ove brzine, pri koaksijalnom strujanju, proizilazi iz uslova jednakog ukupnog pada pritiska za svaku strujnicu 

vazduha kroz sloj zrna. U analizi mogu da se koriste različiti poznati modeli zavisnosti pada pritiska od brzine strujanja: Maties, 
Shedd, Ergun i ASAE. Ako se uzme Shedd-ov stepeni model zavisnosti otpora strujanja (pada pristika vazduha) mogu se za potrebe 
prakse odrediti prikladni modeli proračuna distrubucije brzine u pravcu koordinate r. 

Radijalno strujanje vazduha može biti od ose ili ka osi silosne ćelije. Brzina vazduha je veća u blizini ose, a najmanja je na 
perifernom perforiranom zidu. U ovom slučaju je presudna jednačina kontinuiteta, koja definiše vrednosti brzina na različitim 
udaljenjima od centra. 

U radu će biti sistematizovano prikazane jednačine za svih 6 modela aeracije cilindričnih silosa. Ove jednačine mogu biti korisne 
za inženjersku praksu.   

Ključne reči: silo ćelije, aktivna ventilacija zrna, brzina vazduha, pad pritiska vazduha. 
 
 

INTRODUCTION 
The flow of air through a grain layer is a frequent 

technological operation. Active ventilation (aeration) of grain in 
storages is an example of such process (Babić, Ljiljana and 
Babić, M, 2012; Burrill, 2015). It is done for the purpose of 
grain cooling. In addition, the process is also present in the case 
of grain drying in a thick stagnant layer. During grain drying, the 
problem becomes more complex due to the non-isothermal 
airflow. In the case of active ventilation, the airflow 
approximates the isothermal flow due to slight changes in the air 
temperature and density.In the case of isothermal airflow          
(ρ = const), the continuity equation is simplified to Q = const, 
thus a simpler mathematical analysis is possible. On the other 
hand, the airflow resistance through a grain material has no 
practical and exact mathematical models. The generally 
acknowledged semi-empirical Mathies’s formulation, based on 

Darsy’s equation, states that airflow resistance is related to the 
square of the fluid velocity, i.e. the kinetic energy. However, due 
to significant impacts of the local laminar segments on such 
flow, especially the laminar layer alongside particles, Ergun’s 
and Orning’s formulations would be more appropriate due to 
their linear and square relation to velocity (Babić, M, 1995). A 
very simple Shedd’s mathematical power model is also widely 
known.All authors use the velocity of fluids or air calculated as 
the ratio of the airflow rate to the total cross-sectional surface 
area. Since grains are found in the cross-sectional surface area, 
the actual air velocity is considerably higher. Consequently, the 
velocity of air or fluids in mathematical models is illusive or 
pseudovelocity. The airflow geometry causes uneven lengths of 
particle streamlines for the same air pressure drop, which results 
in uneven rates of airflow, i.e. the air velocity. Moreover, the 
cross-sectional surface area along the streamlines is variable thus 
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causing changes in the air velocity according to the continuity 
equation. 

Nomenclature 
A (m2) – surface 
d = 2ro(m) – perforated tube diameter, 
de (m) – equivalent diameter, 
D = 2R (m) – silo diameter, 
e (-) – porosity, 
hO (m) –layer height near the external mantle,  
H (m) – layerheight onthe axis 
K, K1, K2 (-) – coefficients, 
m1000(g) – 1000 kernel mass, 
n (-) – exponent, 
Q (m3/s) – volume of airflowrate, 
r (m) – distance from the cell axis – radial coordinates, 
v  (m/s) – air pseudovelocity, 
w(%) – moisture content,  
z (m) – axial coordinates, 
∆p (Pa) – air pressuredrop across the layer, 
ηf(-) – dynamicfluid viscosity, 
ξks (-) – resistance coefficient. 
µn(-) – angle of repose coefficient, 
ρ(kg/m3) – air density, 
ρf(kg/m3) – fluid density, 
ρn(kg/m3) – bulk density of material and 
φ (rad) – angular coordinates. 

MATERIAL AND METHOD 
Storages with the airflow through a layer are of various 

geometric features. Nevertheless, cylindrical storages are the 
most commonplace (Burrill, 2015). In conventional storage 
cells, the airflows upwards from bottom to top. 
Therefore,various technical systems of airflow distribution are in 
use. Cylindrical storages have either flat or cone bottoms. 
During the central filling of a storage cell, a cone is usually 
formed with the top on the medial axis.If the loading tube is 
placed eccentrically, the axis of a formed cone will not overlap 
the axis of a silo cell, thus a geometric form withsymmetrical 
axis will occur. The top surface form of the loaded material in a 
silo cell can vary during the material discharge depending on the 
discharge system (Babić Ljiljana and Babić M, 2012, Stojanović, 

2013). The top surface of the loaded material can assume the 
following four forms: horizontally flat, conical with the upward 
top,conical with the downward top and other forms 
(nonsymmetrical and irregular forms). Uneven velocity 
distribution is a consequence of different path lengths and their 
position in the cross section (circle) of a silo cell. The second 
instance is the radial airflow through a grain layer, usually from 
the axis to the periphery. However, there are cases of the airflow 
in the opposite direction, which is typical of special silo cells 
used for the preservation of seed material. Such cells are always 
manufactured with installed active ventilation and systems of the 
heated airflow for additional seed drying.  

RESULTS AND DISCUSSION 
When studying the upward airflow through various 

abovementioned forms, the issue of uneven velocity distribution 
in the cell cross section occurs. This discrepancy is a 
consequence of uneven streamline lengths for the same air 
pressure drop within the grain mass.In order to analyse airflow 
thoroughly, the potential airflow in space ought to be analysed 
by means of the field theory. Velocity vectors are the variables 
which should be determined. The airflow potential stems from 
the difference in pressure between the bottom and top surface. In 
order to simplify the mathematical model streamlines are 
conjoined in a parallel upward tube in this paper. Consequently, 
the number of dimensions in the analysis is reduced. Admixtures 
and crushed grains can also cause a nonhomogeneous velocity 
field (Mellmann, 2013).  

The second specific type is the radial airflow from and to the 
axis of the silo cell. With the greater distance from the axis the 
velocity is higher due to changes in the cross section surface. In 
the both cases, the usage of a cylindrical coordinate system is 
useful. This system enables the simplification of the problem to 
one dimension.  

Based on the previous considerations, six possible models 
for analysis were created, all of which are graphically displayed 
in Figures 1 and 2: 

1 –Coaxial air streaming (CAS1) through a grain layer of 
equal height (Fig. 1a); 

2 – Coaxial air streaming (CAS2) through a layer with a 
proper grain cone at the top (Fig. 1b); 

3 – Coaxial air streaming(CSA3) through a layer with a 
reversed proper grain cone at the top (Fig. 1c);  

 

 
                       a                     b                                  c                                       d 

Fig. 1. Coaxial air streaming in the grain silo cell 
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4 –Coaxial air streaming (CAS4) through a layer with an 
improper grain shape at the top(Fig. 1d);  

5 – Radial air streaming (RAS1) through a layer from the 
axis to the periphery (Fig 2a) and 

6 – Radial air streaming (RAS2) through a layer from the 
periphery to the axis (Fig 2b). 

 

In the case of coaxial streaming, the air flow rate through the 
elementary surface is defined as: 

 

  (1) 
 

where dQ is the elementary flow rate, v(r) is the air velocity at 
the distance r from the axis of the silo. In this case, the air 
velocity v(r) is variable in the direction of the diameter specified 
by a certain law. The elementary surface of the streaming cross 
section is ring-shaped (dA = 2 rdr). The lawfulness of such 
velocity changes stems from the condition of the total air 
pressure drop in the streaming through a layer of grain. Various 
famous models of the interdependence between air pressure drop 
and airflow velocity can be used in the analysis (Babić et al., 
1994; Babić, 1995): Mathies’s model based on Darcy’s equation, 
Shedd’s degree power model, Ergun amd Orning’s polynomial 
of degree two, the advanced Shedd’s model and the 
ASAE/ASABE equation (Tab. 1). 

If Shedd’s degree power model forairflow resistance (air 
pressure drop) is used, as the simplest, suitable models of 
calculating the velocity distribution in the direction of the 
coordinate r can be determined in practice. The dependence of 
the air velocity on the streamline length in the case of coaxial air 
streaming is determined by the geometric analysis displayed in 
Table 2. The equations in the table stem from the geometric 
analysis and its use. 

 

The radial air streaming is directed from the axis or to the axis of 
the silo cells. Air velocity is higher near the axis, and the lowest 
on the peripheral perforated wall. In this case, the continuity 
equation is crucial because it determines the value of the velocity 
at various distances from the center.   

If a cylindrical coordinate system (r, φ, z) is considered, the 
problem is reduced to one dimension, i.e. the change in velocity 
occurs only in the direction of the coordinate “r” (Fig. 2). 

 

 
                   a        b 

Fig. 2. Radial air streaming in the grain silo cell 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Table 1. Air pressure drop in a stagnant layer and fluidized bed (Kumar and Muir, 1986; Babić et al., 1994; Babić, 
1995; Lukaszuk et al., 2009; Kenghe et al., 2012) 
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 Table 2. Distribution of the air velocity in coaxial streaming during aeration in the silo 
Models of streaming Layer height 

h(r) 
Air velocity 

v(r) 

CSA1 h = H = const  (7)  = const ; v ≠ v(r)  (11) 

CSA2 h = H – μn (R-r)   (8)    (12) 

CSA3 h = (H – )+ μn (R-r)   (9)    (13) 

CSA4 h ≠ h(r)     (10) v ≠ const ; v ≠ v(r)   (14) 
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and the pressure drop, using Shedd's equation, is calculated 
from the following equation: 
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If Shedd’s model is used in this instance, the differential 
form of the equation for radial streaming is: 
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The substitution of the velocity values in the arbitrary cross 
section results in the following: 

 

dr
Hr

Qdp
n







=

π2
K   (18) 

 

The integration of that formulation within known limits 
results in: 
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Equation 20 provides the final solution for calculating the air 
pressure drop during the air streaming through a material layer 
with the known value of the airflow rate. 

Equations 11, 12, 13, 14 and 15 are the mathematical models 
for calculatingthe velocity at any silo point during the radial and 
coaxial air streaming through the stored grain. These expressions 
can be reformulated for the purpose of calculating the air 
pressure drop, airflow rate and fan head (Babić et al., 2000, 
Karadžić et al., 2006). If the grain has dirt and broken kernels 
that can significantly affect the coefficients of the previous 
equations, but also to increase onto the inhomogeneity of air 
velocity field (Mellmann et al., 2013). Grain moisture is 
significant factor of air pressure drop during flow through the 
grain layer (Babić, 1995; Radujkov and Babić, 1998). 

CONCLUSION 
The aeration of stored grain in a silo is an important 

technological necessity. There are two systems used in practice. 
In the coaxial systems, the unevenness occurs due to uneven 
layer heights. 

 

 

During radial airflow, the velocity change of the airflow 
velocity due to the geometric change in the cross section. The 
unevenness of the airflow velocity causes uneven aeration 
effects. Consequently, it is important to know the features and 
quantity of the uneven velocity at different silo points. The 
mathematical models for calculating velocity are expressed by 
Equations 11, 12, 13, 14 and 15. Moreover, the possibilities for 
calculating the total air pressure drop are presented as well. All 
this provides a good basis for an optimal choice of an aeration 
fan.   
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