
 

 

Abstract. Modeling of airflow resistance in bulk grain requires knowledge of 
the shape, length, velocity and ultimately the tortuosity of air flow paths in the 
grain bulk. In this study, experiments were carried out to determine these 
characteristics of airflow paths by analyzing the digital images of the flow paths 

obtained with a high speed camera. A 27  25  2cm rectangular box made 
with Plexiglas was used as the grain container (bin) to simulate two – 
dimensional air flow. Colored smoke with approximately the same density as 
the air was introduced into the grain bulk for the visualization of the airflow in 
the grain bulk. The effects of the airflow rates and the grain filling methods on 
length, velocity and tortuosity of the flow paths were studied. Soybeans with a 
moisture content of 8.82% on wet basis were used in the study. The images 
from the video of the visualized airflow patterns captured with the high speed 
digital camera were processed using ImageJ, a public domain Java-based 
image processing software developed by the United State National institute of 
Health, to analyze the video images frame by frame for the measurement of 
the size, length, tortuosity of the different flow paths, as well as air velocities. 
The results indicated that increasing air flow rates increased the overall 
average of the flow path length, tortuosity and velocity and changing filling 
method from loose fill to dense fill increased the average length and average 
tortuosity of flow path, but decreased the average velocity of the flow path.  
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Introduction 
 

The resistance to airflow through grain bulks is fundamental in efficient design of grain drying 
and aeration systems. (Shedd, 1951;  Crozza et al, 1995; Pagano et al, 2000; Lukaszuk et al, 
2008;  Shahbai, 2011). Basically, the airflow resistance has always been empirically obtained by 
the measurement of pressure drop along the bed of the material being tested at different flow 
rates. Curves for various grains that has been established for pressure drop along the bed of 
the grains by Shedd (1951) was adopted as standard curves in 1996 by the American society of 
Agricultural Engineers (ASAE Standard, 1999). Navarro and Noyes (2002) showed that the 
values of the airflow resistance obtained from empirical curves were based on the assumption 
that resistance to airflow is constant in the volume of the grain bulks and independent of its pore 
structure. This assertion has been supported by several researches on resistance to airflow of 
grain bulks. Variables like size, shape, height, bed porosity, airflow velocity, airflow direction, 
moisture content, filling methods all have a significant effect on airflow resistance through grain 
bulks (Calderwood, 1973; Stephen and Foster, 1976; Kumar and Muir, 1986; Hood and 
Thorpes, 1992; Neethirajan et al, 2006; Lukaszk et al, 2008; Shahbai, 2011). And based on 
these real field factors that affect the airflow resistance, Jinsui et al (2006) developed a airflow 
resistance model that not only was expressed as a function of porosity, particle size and shape, 
but also assumed that the capillaries in the porous medium were tortuous, unlike the 
fundamental Ergun’s (1952) airflow resistance model for flow through porous media, where the 
tortuous nature of airflow in the porous media was not considered. 

The airflow resistance model by Jinsui et al (2006) showed that flow resistance is related to the 
tortuous flow of air in the porous media which is often quantified by a parameter known as 
tortuosity (τ). This concept was first introduced by Kozeny (1927) and was later mathematically 
explained by Carman (1937) However, it should be noted that the nature of the tortuous path of 
airflow in any porous media like agricultural grain bulks is very complicated microscopically, 

hence the difficult in the determination of tortuosity. Generally, tortuosity ( ) is physically defined 
as the ratio (or the square of the ratio) of the effective length ( ) of the fluid flow path through 

the porous media to the apparent length ( ). 

                                                                                                                               (1)                                                 

This equation shows that a straight channel has a tortuosity of one, while the tortuosity of a 
channel going through a grain bulks will have a tortuosity value greater than one. There have 
been many experimental methods that lead to an indirect estimation of tortuosity. Measuring a 
quantity termed formation factor obtained from the resistivity measurement of a given fluid in a 
porous medium of a known porosity, many researchers (Wyllie and Spangler, 1952; Winsauer et 
al, 1952; Cornell and Katz, 1953; Faris et al, 1954; Pirson, 1983; Garrouch et al, 2001; Attia, 
2005) have been able to indirectly estimate the values of tortuosity for difference porous media. 
Garrouch et al (2001) estimated the tortuosity of variety of sandstone rock samples to be in the 
range of   2 to 4. And Attia (2005) in his study of rocks with porosity between 0.2 and 0.3 
obtained the value of tortuosity between 1.3 and 2.  



 

 
 

Another common method for the determination of tortuosity is through the results from diffusion 
measurements, by relating the diffusion coefficient measurement of a fluid in the porous media 
with the tortuosity (Faris et al, 1954; Brakel and Heertjes, 1974; Dogu and Smith, 1975; 
Barrande et al, 2007). Based on this principle, Choudhary and Horwath (1997) determined the 
tortuosity of various siliceous packed in a column to range between 1 and 1.3 for a porosity of 

0.5. In a study of diffusion with different sizes (ranges from 30 - 40  ) of fixed bed glass 
beads, Barrande et al (2007) estimated the tortuosity value to be between 1.3 and 2.5. 

Another method, pressure drop measurement across bulk particles, has been used by Comiti 
and Renaud (1989) for indirect estimation of tortuosity. Techniques like the mercury intrusion 
porosimetry and ultrasonic reflectivity have been suggested by Webb (2001) and Fellah et al. 
(2003) respectively for indirect determination of tortuosity. It can be seen from equation 1 above 
that the actual path length determines the tortuosity. And since the indirect determination of 
tortuosity sometimes results in unrealistic values of more than one thousand (Papadokostaki et 
al., 1998) or below one (Foster and Parrott, 1990), a more realistic direct method is needed. 

Direct measurement of flow path length in porous media is possible when image analysis is 
used. Although, Yu et al, (2006) have used scanning electron microscopy (SEM) to calculate 
tortuosity from the actual flow path in pharmaceutical tablets, to our knowledge little information 
is available in the literature on the direct determination of tortuosity from actual flow path in grain 
bulks. 

The objective of this study was to use image processing techniques for determination of the 
length, tortuosity and velocity of airflow paths in the grain bulks. 

 

Materials and Methods 

Material 

The grain used in this study was soybeans. Moisture content was determined by the standard 
oven method using temperature setting at 1050C for 72 hours as outlined in ASAE Standard 
(2004). The moisture content was obtained as 8.82% w.b.  

 

Experimental methodology 

Image Acquisition 

A 27 25  2cm rectangular test bin (shown in Figure 1) made with Plexiglas was used. Because 
the flow of air in grain bulks could only be visible at the surface of the grain bulk or the wall of 
the container, a narrow box was used to simulate a 2-D flow. Regin S102x colored smoke 
cartridge, with approximately the same density as air, producing 150 cubic feet of smoke in 45 
seconds was used throughout the test. The smoke cartridge was lighted by a lighter and then 

drop into the plenum which was also made with Plexiglas with a dimension of 33  6cm , 
connected to the base of the rectangular bin by a 65mm  i.d  polyvinyl chloride (PVC) pipe. A 
12V 4D Coleman Quick pump was used to push the air/smoke through the test bin. 

 



 

 
 

 
Figure 1: Schematic diagram of the apparatus used for the study. 

 

The effect of flow rates and filling methods on the airflow path length, tortuosity and velocity 
were studied. Three levels of the flow rates 0.25, 0.45 and 0.6 L/sec. were used in the study, 
with two different filling methods: loose fill and dense fill. The loose filling method was achieved 
by using a funnel clamped on a tripod stand 2cm directly above the centre of the bin. The grain 
surface in this method formed a conical surface at the top. The dense filling method was used to 
obtained high bulk density of the grain. The method involved vibrating the test bin on a vibrating 
table, after it had being filled just exactly the same as the loose filling method.  

After the introduction of the smoke cartridge into the plenum, the valves were opened to allow 
the movement of the smoke into the test bin filled with soybeans. In each of the test,  the fast 
movement of the smoke paths in the grain bulk were recorded with a EX-F1 Casio high speed 
digital camera,  mounted on a  tripod stand  and set at 60fps  with 3.2 focal length on a manual 
focus  to obtained high quality digital video.  Two 500W halogen lamps were used to enhance 
illumination during the video recording. Nine different tests were carried out at each factor level. 
In each level, three replications using different soybean samples were carried out, which then 
gave a total of 18 different tests. 

 

 Image Analysis 

The sequence of image files of size 512 384 pixel RGB were extracted from the recorded 
videos. Only the image sequence that shown the exact point of the smoke introduction into the 
test bin were selected and analyzed in ImageJ, where they were formed into a stalk image 
sequence  and  converted into 8 – bit  image  sequence as shown in Figure 2.  



 

 
 

 
Figure 2:  A sample of 8- bit image sequence from the original RGB image 

 

The 8-bit stalk image sequence was inverted as shown in Figure 3, to improve the process of 
background image subtraction. In order to increase the visibility of the smoke movement, the 
inverted stalk image sequences were then separated from the background images, recorded 
before the flow of smoke into the test bin. And to further separate the flow of the smoke in the 
grain bulk from the grain itself and some image artifacts,  the subtracted stalk  image sequences 
were thresholded, creating intensity value of 1 (white) for the smoke and  0 (black) for every 
other objects in the  image. Tracing of the smoke was then carried out on the threshold stalk 
image sequence, shown in figure 4, using the ImageJ manual tracking plug-in installed.  Figure 
5, shows one of the frames of the stalk image sequence after it has been tracked. From each of 
the binary threshold stalk image sequence various  smoke paths, representing the airflow paths 
were visualized and tracked for measuring the lengths, tortuosities, and velocities of the 
different  flow paths. 

 

 
Figure 3:  Inverted image sequence                    Figure 4: Threshold image sequence 



 

 
 

 

 
Figure 5: Track image sequence with ImageJ plug-in 

 

The manual track plug-in installed in ImageJ was used in tracing the various “significant”  paths 
(the major paths that are visible to the eye) in the grain bulks for each of the threshold stalk 
image sequence, starting from the point at the bottom of the test bin where the smoke was 
introduced to a line draw in the image sequence 9.2cm horizontally apart from the bottom of the 
test bin as shown in Figure 5.The  Bar scale was used in the ImageJ for scaling the image pixel 
with the actual size of the test bin, giving a scale of 20.401pixel/cm for all the images. The 
length of each path was calculated by the sum of all the lengths on each image in the stalk 
image sequence for a particular path. Consequently, the tortuosity of each path was obtained by 
dividing the calculated length of the path by 9.2cm (representing bed thickness) as illustrated in 
equation 1. The velocity of each path was obtained by averaging the velocity obtained from 
each image frame in the sequence, using 1/60 sec as the time between two consecutive 
frames, since the high speed camera used for recording the smoke movement was set at 60 
frames per seconds. By taking all the path lengths, tortuosities and velocities of the flow paths, 
the overall average path length, tortuosity and velocity through the grain bulk stalk image 
sequence were obtained. 

 

 

 

 

 

 



 

 
 

Preliminary Results and discussion 
 
The average length, tortuosity and velocity of the flow paths were obtained as shown in Table 1. 

 

Table 1: Average length, tortuosity, velocity of the flow paths at different flow rates and filling 
methods 

 

Flow rate 
(L/sec) 

 

   0.25      0.45        0.6 

     
 

Length (cm) 10  ±0.31** 11.24 ±0.8 11.98 ±0.5 

Loose 
Fill Tortuosity 1.17 ±0.04 1.22  ±0.1 1.31 ±0.05 

 
Velocity(cm/sec) 17.28 ±3 23.77  ±5 27.13 ±2 

     

 
Length (cm) 10.67 ±0.6 12.0 ±0.72              12.76 ±0.14 

Dense 
Fill Tortuosity 1.19   ±0.02 1.301    ±0.07 1.38  ±0.01 

 
Velocity ( cm/s) 12.49   ±4.7 16.87  ±11 19.65 ±5 

** Standard deviation 

The influence of the flow rate and the filling methods on the measure parameters, indicated that 
the average length, average tortuosity and average velocity of the flow path slightly increased 
as the flow rate increases, but decreased as the filling method changes from loose fill to dense 
fill expect for the velocity as shown in Table 1 and illustrated with graphs in Figures 6, 7 & 8. 

 
Figure 6: Effect of flow rate and filling methods on average tortuosity of the flow path. 



 

 
 

 
Figure 7: Effect of flow rate and filling methods on average length of the flow path. 

 

 
Figure 8: Effect of flow rate and filling methods on average length of the flow path. 

 

It can be observed that the average value of the flow path length increased from 10 to 11.98cm 
for the loose fill method and increased from 10.67 to12.76cm for the dense fill method as the 
flow rate increased from 0.25 to 0.6L/sec. And consequently, the average tortuosity increased 
from 1.17 to 1.31 for the loose fill and increased from 1.19 to 1.38 for the dense fill method as 
the flow rate increased from 0.25 to 0.6L/sec. Also, the average velocity of the flow path 
increased from 17.28 to 27.13 cm/sec for the loose filling method and increases from 12.49 to 
19.65cm/sec for the dense fill method as the flow rate increased from 0.25 to 0.6L/sec.  



 

 
 

The increase in the average value of the length and the tortuosity of the flow path as the flow 
rate increases can be explained to be as a result of increase in “branching” of the air flow within 
the pores of the grain bulk as the flow rate increases, therefore increasing the length of the flow 
path and consequently increase in the tortuosity. However, increase in the average velocity of 
the flow path as the flow rate increases might be as a result that as the flow rate increases, 
more air would enter the test bin; therefore increase in the flow path velocity.  

Also, increase in the average length and average tortuosity of the flow path as the method of 
filling the grain changes from loose filling to dense filling, can be explained as a result of 
increase in the bulk density in the dense filling method, therefore reduction in the size of the 
pore space, which definitely caused more “branching” of the airflow (smoke flow) in the grain 
bulk. Thus, the average length and the average tortuosity increase. However, reduction in the 
size of the pores as the filling method changes from loose fill to dense fill leads to more 
“branching” and more “hitting” of the airflow with the grain particles and this therefore leads to 
loss in kinetic energy and consequently reduces the flow path movement (velocity). 

 

Table 2: Average length, tortuosity, velocity of the flow paths for the shortest, longest, fastest 
path at different flow rates and filling methods 

 

The influence of the flow rate and the filling methods on the measure parameters, indicated that 
the flow path characteristics, average length and average tortuosity of the shortest path, longest 
path and fastest path, all follow similar trends as the total average of the flow paths 
characteristics ( length, tortuosity, velocity) in the grain bulk. That is, the average length and 
average tortuosity of the shortest path, longest path, and fastest path increase with increase in 
flow rate. And these flow path parameters of the shortest path, longest path, and fastest path 
also increase as the filling methods changes from loose fill to dense fill expect for the velocities 
which were random and did not follow any specific pattern as shown in Table 2 and illustrated 

Flow rate (L/sec)  0.25   0.45   0.6  
  Shortest 

Path 
Longest 
Path 

Fastest 
Path 

Shortest 
Path 

Longest 
Path 

Fastest 
Path 

Shortest 
Path 

Longest 
Path 

Fastest 
Path 

           
 Length 

(cm) 
9.82         
±0.33** 

12.11      
±0.60 

10.99    
±0.30 

10          
±0.55 

12.86      
±1.02 

11.35     
±0.50 

10.68        
±0.30 

13.74      
±1.23 

12.45    
±8.85 

Loose 
Fill 

Tortuosity 1.02       
±0.045 

1.31        
±0.07 

1.19      
±0.03 

1.09       
±0.04 

1.39        
±0.11 

1.23       
±0.05 

1..16        
±0.01 

1.49       
±0.13 

1.35     
±0.05 

 Velocity 
(cm/sec) 

12.51     
±1.78 

17.00     
±2.60 

22.73    
±3.00 

29.22     
±10.00 

24.03     
±5.00 

39.65     
±2.00 

21.54       
±2.40 

11.04     
±1.94 

42.69   
±0.05 

           
 Length 

(cm) 
9.98        
±0.39 

12.96      
±1.66 

10.66    
±0.57 

10.65     
±0.21 

13.74      
±1.59 

12.13   
±0.83 

11.65     
±0.41 

14.15       
±0.23 

12.77   
±0.44 

Dense 
Fill 

Tortuosity 1.11       
±0.05 

1.41        
±0.17 

1.19      
±0.01 

1.15       
±0.02 

1.49        
±0.17 

1.31     
±0.01 

1.26      
±0.04 

1.54         
±0.07 

1.39     
±0.04 

 Velocity 
(cm/sec) 

9.85       
±3.90 

11.96     
±11 

12.50    
±4.77 

11.84     
±8.30 

9.89        
±10 

33.89    
±23 

17.15    
±4.32 

18.48      
±11                 

39.35    
±19 

**SD           



 

 
 

with graphs in Figure 9, 10 & 11 for the loose fill and Figure 12, 13, & 14 for the dense fill 
method. 

 
Figure 9: Effect of flow rate on average tortuosity of the shortest, longest and fastest path for 

loose fill method. 

 
Figure 10: Effect of flow rate on average length of the shortest, longest and fastest path for 

loose fill method 



 

 
 

 
Figure 11: Effect of flow rate on average velocity of the shortest, longest and fastest path for 

loose fill method. 

 

 

 
Figure 12: Effect of flow rate on average length of the shortest, longest and fastest path for 

dense fill method. 

 

 

 



 

 
 

 

 
Figure 13: Effect of flow rate on average tortuosity of the shortest, longest and fastest path for lo 

dense method. 

 

 

 
Figure 14: Effect of flow rate on average velocity of the shortest, longest and fastest path for 

dense fill method. 

 

It can be observed that for the shortest flow path; the average length increased from 9.82 to 
10.68cm; and the average tortuosity increased from 1.02 to1.16 as the flow rate increased for 
the loose fill while for the dense fill, the average length increased from 9.98 to 11.65cm and the 
average tortuosity increased from 1.11 to 1.26 as the flow rate increased. For the longest path; 
the average length increased from 12.11 to13.74cm; the average tortuosity increased from 1.31 



 

 
 

to 1.49; as the flow rate increased for the loose fill while for the dense fill, average length 
increased from 12.96 to 14.15cm and the average tortuosity increased from 1.41 to1.54 as the 
flow rate increased. For the fastest path; the average length increased from 10 to 12.45cm; 
average tortuosity increases from 1.09 to 1.35; as the flow rate increased for the loose fill while 
for the dense fill, the average length increases from 10.65 to12.77cm and the average tortuosity 
increased from 1.15 to 1.39 as the flow rate increased. 

The increase in the average value of the length and the tortuosity of the flow path for the 
shortest path, longest path and fastest path as the flow rate increases can be explained to be as 
a result of increase in “branching” of the air flow within the pores of the grain bulk as the flow 
rate increases, therefore increasing the length of the flow path and consequently increase in the 
tortuosity. Also, increase in the average length and average tortuosity of the flow path for the 
shortest path, longest path, and fastest path as the method of filling the grain changes from 
loose filling to dense filling, can be explained as a result of increase in the bulk density in the 
dense filling method, therefore reduction in the size of the pore space, which caused more 
“branching” of the airflow (smoke flow) in the grain bulk. Thus, the average length and the 
average tortuosity increased.  

However, the random distribution of flow path velocity observed for the shortest path,  the 
longest path, and  the fastest path might be as a result that  the resistance to air flow in  porous 
media is not uniform (Lukaszuk et al, 2008;  Shahbai, 2011). 

It was of interest to observed that the fastest paths, though not always the shortest paths, was 
always very close to the shortest path at a low flow rate. However, at high flow rate, the fastest 
path was very close to the longest path observed. This observation is in consistent with the 
observation made by Yu et al (2006) in their study of measuring relative path length in 
pharmaceutical tablets. They observed that when the propagation speed is low the fastest path 
stayed rather straight, short and the tortuosity was only marginally higher than one. This can be 
explained as a result that at a low flow speed (flow rate) the “branching” of the air flow reduces 
drastically, unlike at high flow rates. Also, Yu et al (2006) concluded that the tortuosity values 
increased as the propagation speed increased for the tablet bulk, which is the same with the 
result in this study. It should be noted that the tortuosity values obtained in this study for the 
entire flow paths fall within the tortuosity range of 1.0 to 1.6, which was estimated by Yu et al 
(2006) over the grains and through the pores. And also the results of the shortest path tortuosity 
from this study, which ranges from 1.02 to 1.16 for the loose fill are consistent with the values of 
tortuosity for shortest path obtained theoretically by Wojciech et al (2012) and experimentally 
with CT image by Neethirajan et al (2006) that gave 1.15 and 1.14 respectively as the values of 
the tortuosity of the shortest path.  

 

Conclusion 
The preliminary results from this study indicated that increasing air flow rate increased the   
overall average of the flow path characteristics (Length, tortuosity and velocity) and changing 
filling method from loose fill to dense fill increased the   average length and average tortuosity of 
flow path, but decreased the average velocity of the flow path. Similarly, the flow path average 
length and average tortuosity of the shortest, longest and fastest path followed similar trends 
with the overall averages, except the average velocity which shows random distribution pattern.  
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