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The distribution of velocity and temperature field inside the granary can be 

used to evaluate ventilation quality. A well-ventilated system with uniform 

airflow and cooling can effectively prevent moisture accumulation. To 

address the issue of poor uniformity in ventilation and cooling, this research 

introduces two new ventilation systems: the non-fractal ventilation system 

and the fractal ventilation system. The fractal structure was designed based 

on optimized parameters obtained from rectangular elements with minimum 

flow resistance. Numerical simulation methods were employed to verify the 

effectiveness of these ventilation systems. A comparative analysis was 

conducted, examining the velocity field, temperature field, and velocity 

uniformity of the two systems. The results demonstrated that the presence of 

a sand packing zone helped the grain pile zone avoid most of the areas with 

poor ventilation. The discontinuous pores at the interface between the sand 

packing zone and the grain pile zone significantly increased flow resistance, 

effectively reducing the velocity of high-speed ventilation into the grain pile 

zone and decreasing the permeability of the grain pile zone towards the 

poorly ventilated areas of the sand pile zone. Furthermore, the fractal 

structure greatly enhanced ventilation intensity in areas with poor 

ventilation in the velocity field, while also improving the uniformity of 

cooling in the temperature field. This research presents an innovative 

solution for ventilation in room-type warehouses, offering a new option for 

effective and efficient ventilation. 
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1 Introduction 

Every year in China, there is a significant loss of stored grains in granaries, resulting in 

alarming levels of wastage[1]. In warm and humid environments, grain respiration intensifies, leading 

to issues such as moisture regain and mildew within the grain pile. Moreover, warm and humid 

conditions accelerate insect infestation and damage[2]. Experimental research has shown that 

employing mechanical ventilation to control the temperature and humidity of grain piles effectively 

reduces grain loss[3], preserves grain quality, and significantly extends the safe storage period. 

The design and layout of ventilation pipelines are critical factors in determining the quality of 

granary ventilation. Traditional two-dimensional planar layouts have evolved into three-dimensional 

spatial layouts[4] over the years. Spatial layouts allow for faster penetration of the ventilation into the 

grain pile, resulting in improved cooling rates[5]. However, spatial layouts have not effectively 

addressed the issue of poor ventilation areas, which can lead to widespread deterioration and spoilage 

within those regions[6]. To achieve effective ventilation, there is a recommended range for selecting 

the inlet-air volume for mechanical ventilation [7]. Within this range, a balance can be achieved 

between cooling rate and energy efficiency. These reference values also apply to spatial layouts. With 

the same inlet-air volume, spatial ventilation tends to be weaker at the bottom of the granary, leading 

to larger areas with poor ventilation. 

Modern computational fluid dynamics (CFD) has emerged as a powerful tool for addressing the 

challenge of achieving high-quality ventilation of granary. Thorpe et al. developed a comprehensive 

numerical model that considers coupled heat and moisture transfer to investigate temperature and 

airflow variations under different operating conditions in small granaries[5,8], and successfully 

predicted the performance of a solar granary ventilation drying device[9]. Daniela et al.[10] utilized 

Thorpe's model to simulate a silo and achieved improved simulation results. As the numerical models 

for granary continue to advance, they are being incorporated into commercial fluid simulation 

software, making it convenient for researchers to study granary ventilation simulations. For instance, 

Olatunde et al.[11] employed FLUENT to examine the influence of different grain pile shapes on 

ventilation velocity uniformity, while Zhang et al.[12] utilized COMSOL to study the development 

and movement of the thermal core within a grain pile. In addition, the design of commercial buildings 

with low cooling load can also be used in granary [13]. 

Based on the mass transfer equation and Darcy's law, an optimization model for fractal 

structures in porous medium has been developed. The objective of optimization is typically to 

minimize entransy dissipation rate or fluid pressure drop. Various optimization models have been 

proposed, including rectangular unit models[14-15], triangular unit models[16], bionic leaf 

networks[17], and bionic honeycomb fractal microchannels[18]. The optimized structures can reduce 

the average mass transfer pressure loss to approximately two-thirds of the maximum mass transfer 

pressure loss. By reducing pressure losses, the optimized design enhances the overall ventilation 

efficiency and effectiveness, allowing for stronger infiltration capacity of inlet air in grain. 

Research efforts in granaries have mainly focused on improving ventilation and cooling, but 

there is limited attention given to optimizing ventilation and cooling uniformity. Improving velocity 

uniformity is crucial for ensuring high-quality ventilation and preventing local moisture accumulation. 

To address this, a new approach is proposed: elevating the grain pile using sand packing. This research 

introduces two new ventilation systems: a new type of non-uniform section pipelines wrapped by 

porous medium (sand) ventilation system (the non-fractal ventilation system) and a new type of non-
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uniform section pipelines incorporated with fractal structure wrapped by porous medium (the fractal 

ventilation system). Using CFD methods, the velocity field and temperature field are studied. 

2 Model establishment and condition setting 

2.1 Physical model 

In this study, the focus is on a room-type warehouse where the physical model consists of the air 

zone at the top of the granary, the grain pile, and the porous medium ventilation zone, as depicted in 

Fig.1(a). The dimensions of the established physical model are as follows: length of 38 m, width of 

22.86 m, and height of 11.7 m. The height of the packing zone is 1.2 m, and the height of the grain pile 

reaches 6 m. To ensure symmetrical airflow, the air inlets are arranged longitudinally with 16 inlets on 

both sides. Pressure outlets are positioned equidistantly with 12 windows located on the front and rear 

sides of the air layer, as shown in Fig.1(b). The non-uniform section pipeline, illustrated in Fig.2(a), 

has an inlet diameter of 0.4 m and expands to a diameter of 0.6 m in the middle expansion section. 

This pipe is longitudinally laid in the sand packing zone beneath the grain pile. On the other hand, the 

alternative model incorporates a fractal structure within the non-uniform section ventilation pipeline to 

enhance local area ventilation. The first-level fractal branch pipeline is centrally symmetrical and 

horizontally connected to the main pipe. Two sets of second-level fractal branches, parallel to the main 

pipeline, are longitudinally arranged on both sides, connecting to the first-order branch pipe. The 

specific layout is visualized in Fig.2(b), and detailed parameters can be found in Tab.2. 

In the grid division for gas-solid coupling problems, the mesh size needs to be larger than the 

particle size. In this research, the mesh sizes for the porous medium zone and the air zone were all 

greater than 15 mm and 100 mm, respectively. Unstructured grid division method was used in the 

porous medium ventilation zone with complex structure and the air zone with irregular volumes. Since 

the grain pile zone has a uniform structure and regular volumes, so a structured grid division method 

was employed for this zone. And three groups of grids were used to check the grid and the 

independence of the results from the selected grid. The number of units in each group of grids was as 

follows: 0.89 million and 1.26 million (coarse grid), 1.34 million and 1.84 million (medium grid), 1.78 

million and 2.32 million (fine grid) for the non-fractal and fractal systems respectively. Three groups 

 

 

(a) Calculation domain of granary model (b) 3D drawing of the fractal granary 

Fig.1 Physical model of room-type warehouse 

Note: the arrows indicate the direction of air flow 
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of grids were simulated for 72 hours under same conditions. The results were compared with the 

medium grids to obtain the differences with the fine and coarse grids. The maximum mean 

temperature difference between fine and medium mesh, coarse and medium mesh were less than 0.15 

K and 0.2 K, respectively. These findings show the grid independence. To ensure calculation accuracy 

and maintain computational efficiency, all the simulation results in this research were calculated using 

the medium grid. 

  

(a) The non-uniform section pipeline 
(b) The non-uniform section pipeline 

incorporated with fractal structure 

Fig.2 Physical model of ventilation pipeline distribution 

2.2 Numerical model and parameters setting  

2.2.1 Numerical model of biomass porous medium 

The grain pile in the granary has an elliptical shape, creating interconnected pores between the 

grains that allow air flow and exchange. This makes the grain pile function as a connected porous 

medium, with the solid structure formed by accumulated grains. The mechanical ventilation cooling 

process involves forced convection heat and mass transfer between the porous medium and the cool 

inlet air. It is important to consider the heat production and humidification resulting from grain 

biomass respiration and its coupling effect with heat and humidity. To represent the characteristics of 

the grain pile, sand is chosen as the packing material for the porous medium due to its stable physical 

properties, non-toxic nature, affordability, large specific heat capacity, cold storage capability, water 

permeability, and moisture absorption characteristics. The structure of a sand pile resembles that of a 

grain pile, acting as another connected porous media. Based on theories of heat and mass transfer in 

porous media, numerical models are developed to simulate the coupled heat and moisture transfer in 

ventilated grain piles and the heat and mass transfer in ventilated sand piles. Wang et al.[19] compiled 

previous theories and proposed mathematical formulas (Eq. (1)-(4)) to describe the heat and moisture 

transfer mechanisms in these systems. 

 
𝜕(ℇ𝜌𝑎)

𝜕𝑡
+ ∇(𝜌𝑎�⃗� ) = 0 (1) 

 
𝜕�⃗� 

𝜕𝑡
+ (�⃗� ∙ ∇)�⃗� = −

∇𝑃

𝜌𝑎
+ ∇ ∙ (

𝜇

𝜌𝑎
∇�⃗� ) + 𝑆𝑚 (2)  

 (𝜌𝑎𝜀𝑐𝑎 + 𝜌𝑔(1 − 𝜀)𝑐𝑔)
𝜕𝑇

𝜕𝑡
+ 𝑐𝑎∇ ∙ (𝜌𝑎�⃗� 𝑇) = 𝐾𝑒𝑓𝑓∇

2𝑇 + 𝑆ℎ (3)  

 
𝜕(𝜀𝜌𝑎𝑤)

𝜕𝑡
+ ∇ ∙ (𝜌𝑎�⃗� 𝑤) = ∇ ∙ (𝜌𝑎𝐷𝑒𝑓𝑓∇𝑤) + 𝑆𝑤 (4) 

In which, Eq. (1) is the continuity equation, Eq. (2) is the momentum equation, Eq. (3) is the 
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energy conservation equation, Eq. (4) is the moisture conservation equation. Based on this numerical 

model, the study analyzes and compares the forced ventilation effects of the two ventilation systems 

by using FLUENT simulation software. 

2.2.2 Numerical model of fractal channel structure optimization in porous medium 

When the permeability of porous medium reaches the order of 10
-3

 m
2
, the fluid penetration 

resistance in the medium becomes weak. At a permeability of 1×10
-2

 m
2
, the temperature and velocity 

fields, as well as the streamline in the porous medium, become similar to those observed in pure fluids. 

Under these conditions, the porous medium can be considered as a space filled with pure fluid[19]. 

Therefore, in the fractal optimization calculations, the air permeability value in fractal pipelines can be 

assumed to be 1×10⁻² m
2
. In this particular research, the term "ventilation fractal structure" refers to 

a composite medium that incorporates the fractal structure proposed by Bejan et al.[15,17,21], which 

minimizes flow resistance. The minimum pressure drop mathematical model proposed by Bejan et 

al.[15] is selected as the fractal structure optimization model in this study. 

The geometric parameters of the optimized fractals are obtained, as shown in Tab.1. 

Table1 Geometric parameters of minimum flow resistance fractal element with unrestricted 

channel permeability  

𝑖 𝐻𝑖/𝐿𝑖 𝐻𝑖 �̃�𝑖 ∆�̃�𝑖 

0 2𝐶0
−1/2

 21/2𝐶0
−1/4

 2−1/2𝐶0
1/4

 1/2𝐶0
−1/2

 

1 (2𝐶0/𝐶1)
1/2 21/2𝐶0

1/4
 𝐶0

−1/4𝐶1
1/2

 (2𝐶0𝐶1)
−1/2 

2 (2𝐶1/𝐶2)
1/2 2𝐶0

−1/4𝐶1
1/2

 21/2𝐶0
−1/4𝐶2

1/2
 (2𝐶1𝐶2)

−1/2 

i≥2 (2𝐶𝑖−1/𝐶𝑖)
1/2 2𝑖/2𝐶0

−1/4𝐶𝑖−1
1/2

 2(𝑖−1)/2𝐶0
−1/4𝐶𝑖

1/2
 (2𝐶𝑖−1𝐶𝑖)

−1/2 

In this model, the height 𝐻𝑖, width �̃�𝑖, and minimum pressure drop ∆�̃�𝑖 of the rectangular unit 

are defined as the characteristics of the 𝑖-order fractal unit under the minimum pressure loss.  

When the channel sizes are small enough, the permeability can be obtained according to the 

other paper of Bejan et al.[22].  

Note: 1. The minimum fractal unit can be omitted in the fractal structure as its channel diameter size is 

similar to the sand pore; 2. The height and width of the main pipeline unit are consistent with the size 

of the non-fractal ventilation system, not the fractal optimization size. 

2.2.3 Numerical simulation parameters setting 

The grain species is corn. The porosity 𝜀𝑐 of the grain is 0.48, the density 𝜌𝑐 is 580 [kg·m
-3

], 

the permeability 𝐾𝑐 is 2.45 × 10
-8

 m
2
, and the specific heat capacity 𝐶𝑐 of the corn is (1269+34.89M) 

[J·kg
-1

·K
-1

)]. The packing of the ventilation zone is sand. The porosity of the sand 𝜀𝑠  is 0.43, the 

density 𝜌𝑠 is 1513 [kg·m
-3

], the permeability 𝐾𝑠 is 3.69×10
-9

 m
2
, the grain pile zone has a constant 

Table2 Geometric parameters of fractal elements 

 Height/H (m) Length/L (m) Channel Diameter/D (m) 

Main pipeline elements 5 22.86 0.4-0.6 

First-order fractal elements 3.2 5 0.3 

Second-order fractal elements 0.8 3.2 0.15 

Minimum fractal elements 0.0044 0.8 0.00022 
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internal heat source 𝑆ℎ, the value is 0.01946 [J·m
-3

], and the specific heat capacity of the sand is 𝐶𝑠 = 

800 [J·kg
-1

·K
-1

)]. The geometric parameters of the fractal elements are shown in Tab.3. The initial 

temperature of the granary is 300 K. This study focuses on the effect of ventilation system on the 

different of velocity and temperature field in the granary. The boundary conditions are simplified, the 

thickness of the warehouse wall is 0.2 m, the ambient temperature and the temperature of the outside 

wall of the warehouse and roof both are set to 298.15 K, the ground temperature is constant to 294.15 

K, and all boundary is set to impermeable non-slip boundary conditions. The ventilation system adopts 

non-fractal ventilation system and fractal ventilation system for cooling ventilation. The ventilation 

volume per unit (one ton of grain) is 10 [m
3
·t

-1
·h

-1
)], and the ventilation time is 7.5 days (180 hours). 

The simulation conditions set the non-uniform section pipeline orifice as air inlet, in which the cooling 

inlet-air is constant temperature and humidity, and the inlet-air temperature is 293 K. Six 2×2 m 

windows are set up in the front and rear of the warehouse wall above the grain pile as the air outlet, 

and the outlet pressure is the atmospheric pressure. Due to the complex structure of the fractal 

ventilation model and the excessive number of geometric grids, for reducing the calculation cost, the 

fractal ventilation system calculation adopts symmetrical simplification. 

2.3 Validation of numerical model 

To ensure the accuracy and reliability of the simulation results, the numerical model has been 

validated by comparing its simulated values with the experimental data from Wang's study[23]. This 

verification process helps to assess the consistency between the simulation curve and the literature 

curve. The verification result, as depicted in Fig.3, indicates a strong agreement between the two 

curves, with consistent trends and high coincidence. The maximum error observed does not exceed 

2 °C, indicating that the model exhibits high accuracy and the calculated results are reliable. 
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Fig.3 Comparison between simulation value and literature value 

Note: Case A, B, C and D represent the literature values[23] and the simulation values of the wheat 

granary at the heights of 100mm, 260mm, 420mm and 560mm, respectively. 

3 Analysis of simulation results 

This study focuses on analyzing and comparing the ventilation velocity distribution and 

temperature distribution in different directions of the granary. The goal is to understand the impact of 

ventilation velocity on temperature distribution, particularly in terms of uniformity. Average velocity 

and temperature data for each section of the simulation record are plotted using ORIGIN software. 
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These line charts facilitate a comprehensive analysis and comparison of the ventilation characteristics 

between the non-fractal and fractal ventilation systems. The fractal ventilation system diagrams are 

symmetrically expanded to provide a complete representation. 

3.1 Analysis of granary velocity field 

The ventilation quality of the non-fractal ventilation system and fractal ventilation system in the 

granary is analyzed in this research. Three sections in the longitudinal directions are considered. The 

velocity fields of both systems reach stability after approximately 2 hours for the non-fractal 

ventilation system and around 45 hours for the fractal ventilation system. After a ventilation and 

cooling period of 2.5 days (60 hours), the temperature fields of both systems become fully developed. 

Therefore, the velocity contours at 2.5 days of ventilation and the corresponding temperature contours 

are selected for analysis. 

Three Y-Z plane velocity contours at X=12.7 m(X-12.7), X=16.5 m(X-16.5), and X=19 m(X-19) 

is selected for analysis based on the pipeline layout, depicted in Fig.4. These contours correspond to 

different positions: the left side of the transverse distance between adjacent pipelines, the center of the 

longitudinal pipeline, and the transverse equidistant vertical plane between two adjacent pipelines. 

These three sections are chosen because they have varying transverse distances from the nearest 

pipeline, making them representative of the velocity fields in those areas. 

 

3.1.1 Velocity field of the non-fractal ventilation system 

In the non-fractal ventilation system, Fig.5(a) shows that the airflow velocity in each 

longitudinal section rapidly increases and stabilizes after 2 hours of ventilation. The X-16.5 surface, 

being the central vertical surface of the pipelines, is most influenced by the pipeline ventilation, 

resulting in a significantly higher average velocity compared to the other two surfaces. The X-12.7 

surface has a slightly higher average velocity than the X-19 surface due to differences in the packing 

distances through which the ventilation reaches these surfaces. The flow resistance of the porous 

medium packing is substantial, leading to a significant velocity drop near the channel. However, once 

the velocity drops to a certain level, the velocity drop becomes less pronounced. 

On the X-12.7 surface, the velocity distribution in the grain pile appears relatively uniform, with 

higher velocities in the middle and lower velocities on the sides. There are areas of weak airflow 

below on both sides, which may result in poor ventilation in those regions. Additionally, air near the 

top of the granary accumulates near the side walls and flows towards the windows. On the X-16.5 

 

Fig.4 Section of granary 
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surface, the velocity near the pipelines is high, but the ventilation velocity in the grain pile at the 

interface with the packing zone is significantly reduced. This reduction is due to the inconsistent pore 

structure between the two porous media at the interface, resulting in increased flow resistance in those 

areas. The iso-velocity lines exhibit a fault at the interface, while the velocity distribution in the 

remaining positions is similar to that of the X-12.7 surface. Air accumulation occurs near the windows 

on the top of the granary, leading to an increased velocity on both sides above. For the X-19 surface, 

the velocity distribution in the grain pile follows a similar pattern to that of the X-12.7 surface, with 

higher velocities in the middle and lower velocities on the sides. However, the velocity in the center of 

the packing zone and the local area below on both sides is less than 0.03 [m·s
-1

]. This is because the X-

19 surface is a transverse equidistant surface between two ventilation main pipelines, resulting in an 

offsetting of transverse velocities on this surface. The primary velocity in the packing zone is the 

transverse velocity, resulting in weaker velocities in those areas. From Fig.5, it can be observed that 

due to the elevation of the grain pile by the packing zone, there are no areas of poor ventilation within 

the grain pile. This effectively improves the ventilation quality within the grain pile. Additionally, the 

discontinuous pore structure at the interface between the sand and the grain pile increases the flow 

resistance, significantly reducing the velocity of high-velocity ventilation entering the grain pile. This 

reduction in velocity enhances the uniformity of ventilation at the same height within the grain pile, 

particularly in regions with weak ventilation in the packing zone. 
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(a) Average velocity variation (b) X-12.7 

  

(c) X-16.5 (d) X-19 

Fig.5 Velocity distribution of non-fractal ventilation system 

3.1.2 Velocity field of the fractal ventilation system 

In the fractal ventilation system, the Y-Z plane velocity contours at X=12.7, X=16.5, and X=19 

are also analyzed. Fig.6(a) demonstrates that due to the complexity of the fractal channel, achieving a 

balanced ventilation is challenging within a short period of time. Consequently, the ventilation speed 

in the granary of the fractal ventilation system continues to slowly change after the initial surge and 
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reaches stability after approximately 45 hours. Overall, compared to the non-fractal ventilation system, 

the velocity in the fractal system is higher. This improvement can be attributed to the efficient inlet air 

drainage and diffusion provided by the fractal branch pipelines, which enhance the overall ventilation 

effectiveness of the granary. 

The inclusion of fractal branch pipelines strengthens the ventilation effect and improves the 

overall ventilation quality. On the X-12.7 surface, the velocity on both sides is low, indicating a more 

uniform distribution of airspeed contours within the grain pile. The weak ventilation areas on the sides 

are noticeably weakened, resulting in an enhanced ventilation effect throughout the grain pile. On the 

X-16.5 surface, the area occupied by the contour with a velocity of 0.012 [m·s
-1

] is smaller compared 

to the non-fractal ventilation system. This indicates that the inlet air from the pipelines is effectively 

guided and diffused by the fractal pipelines, leading to better airflow distribution. The velocity contour 

distribution on the X-19 surface is similar to that of the X-12.7 surface. The fractal branch pipelines 

play a role in suppressing the weak ventilation area in the packing zone below the ventilation pipe. As 

a result, the ventilation intensity within the grain pile approaches that of the X-12.7 surface. Overall, 

the fractal ventilation system efficiently channels the inlet air from non-uniform section pipelines to 

other areas. Compared to the non-fractal ventilation system, it significantly enhances the ventilation 

quality in the granary. 
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(a) Average velocity variation of 

longitudinal direction sections 
(b) X-12.7 
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Fig.6 Velocity distribution of fractal ventilation system 

3.2 Temperature field analysis of granary 

In order to investigate the impact of velocity field distribution on temperature field variation, 

this study examines the temperature distribution within the granary at the same surfaces as the velocity 

contours. After 2.5 days of ventilation, it was observed that the temperature fields in both ventilation 

systems within the granary had fully developed, and the cold air had reached or permeated the upper 
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surface of the grain pile. At this point, the overall development of the temperature contours was 

satisfactory and representative. Therefore, the temperature contours at 2.5 days of ventilation were 

selected as the focus of analysis. 

3.2.1 Temperature field of the non-fractal ventilation system 

As depicted in Fig.7(a), the rate of temperature drop in the three curves becomes faster initially, 

then slows down, and eventually stabilizes. The X-16.5 surface experiences a significant temperature 

drop at the beginning of ventilation, while the significantly lower temperatures on the X-12.7 surface 

are delayed by approximately 0.5 days. The X-19 surface exhibits a notable temperature drop in the 

average temperature curve after around 1.5 days of ventilation. By referring to the non-fractal velocity 

field contours in Fig.5, it can be observed that the ventilation intensity is strongest on the X-16.5 

surface, followed by the X-12.7 surface, and finally the X-19 surface. The cooling rate on these 

surfaces aligns with their respective ventilation intensities. 

The temperature fields of the X-12.7 surface and X-16.5 surface exhibit similarities. The cold 

front reaches the upper surface of the grain pile, and the isolines are densely distributed in an inverted 

U-shape. This indicates high ventilation velocity and a high cooling rate on these two surfaces. 

However, there is poor cooling in the near-wall areas on both sides. In contrast, the isolines on the X-

19 surface are sparsely distributed within the grain pile, and the cold front only reaches the middle 

portion of the grain pile. This differs significantly from the other two surfaces. From Fig. 5(b), it can 

be observed that the ventilation intensity and airflow on the X-19 surface are weaker. The main 

direction of ventilation is from bottom to top, lacking direct cooling effects from cold ventilation. As a 

result, the reduction in temperature on the X-19 surface is limited. Overall, while the cooling effect is 

good in most areas, there are certain regions that require stronger cooling. These include the near-wall 

areas on both sides and the middle areas between adjacent pipelines. Additional measures should be 

taken to strengthen ventilation in these areas. 
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Fig.7 Temperature distribution of non-fractal ventilation system 
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3.2.2 Temperature field of the fractal ventilation system 

As depicted in Fig.8(a), the longitudinal temperature drop uniformity within the granary is 

significantly improved in the fractal ventilation system compared to the non-fractal ventilation system. 

On the X-19 surface and X-12.7 surface, the time at which the temperature drop becomes apparent is 

greatly advanced, and the average temperature curves of these surfaces are closer together. The 

average temperature difference between the X-19 surface and X-16.5 surface is effectively reduced, 

leading to better overall temperature uniformity across the three surfaces. However, it should be noted 

that the overall cooling rate of the fractal system is lower than that of the non-fractal system. The 

average temperature curve of the fractal system reaches the final stable temperature approximately 1 

day later than that of the non-fractal system. This can be attributed to several factors. Firstly, the 

fractal structure diverts the inlet air, reducing the permeation capacity of ventilation in porous medium. 

Additionally, while the enhanced ventilation in local areas improves ventilation effectiveness, it also 

reduces the cooling rate of the granary as a whole. Overall, while the fractal ventilation system 

improves temperature uniformity, it comes at the cost of a slightly slower cooling rate compared to the 

non-fractal system due to changes in airflow distribution and reduced permeation capacity. 

Compared to the non-fractal ventilation system, the fractal ventilation system shows significant 

improvement in cooling uniformity. The temperature in the near-wall areas on both sides of the X-12.7 

and X-19 surfaces decreases significantly, and the cold front on both sides does not lag behind the 

middle cold front. This indicates better overall cooling uniformity on both sides of the granary. In 

Fig.5(b), it can be observed that the X-19 surface mainly benefits from ventilation enhancement 

provided by the second-order fractal units and first-order fractal units. The cooling effect is 

particularly evident near the branch pipelines. As for the X-16.5 surface, although there are limitations 

in the change of the temperature field, the cooling rate decreases and the heights of the three cold 

fronts are similar. Overall, the fractal structure effectively improves the uniformity of longitudinal 

cooling within the granary and enhances the cooling effect in areas where the initial temperature drop 

is weaker. 
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Fig.8 Temperature distribution of fractal ventilation system 

4 Velocity uniformity 

To verify the ventilation velocity distribution uniformity in both non-fractal and fractal 

ventilation systems during ventilation cooling, monitoring points were established at different heights 

within the grain pile. Seven layers of monitoring points were evenly distributed throughout the pile. 

The bottom layer was positioned at the base, 1.2 m high, followed by layers at 2 m, 3 m, and so on. 

The top layer was placed 0.2 m from the upper surface, at a height of 7 m. Each layer had 13 

monitoring points, resulting in a total of 91 points in the grain pile. The corner and wall points were 

spaced 1 m apart, and the rest were uniformly distributed, shown in Fig.9. This layout ensured an 

appropriate distribution of monitoring points for accurate detection. In the case of the fractal 

ventilation system, the model was symmetrically expanded to cover the entire system before sampling 

and counting. 

 

To assess the ventilation velocity uniformity in two ventilation systems, different inlet air 

volumes (10 [m
3
·t

-1
·h

-1
]) and 15 [m

3
·t

-1
·h

-1
]) were used to simulate the internal velocity distribution 

within the grain pile. This allowed for evaluating the uniformity at various heights under different inlet 

air volumes. The fractal ventilation system's uniformity was also assessed across varying inlet air 

volumes. By comparing velocity distributions at different heights, a comprehensive evaluation of 
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Fig.9 Layout of observation points 
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velocity uniformity was achieved. For consistency, the grain pile with a ventilation duration of 2.5 

days (60 hours) was chosen. The stabilization time for the velocity field varied between the two 

systems, with one taking around 2 hours and the other approximately 45 hours. Selecting a longer 

ventilation period ensured a thorough assessment of velocity uniformity, considering the differing 

stability times of the velocity field. 

Weltens et al.[24] proposed the exponent of uniformity (EOU) as a metric to evaluate flow 

distribution characteristics and represent the uniformity of flow velocity or mixing. In this research, 

the exponent of uniformity is introduced as a measure to quantify the uniformity of ventilation 

velocity within grain piles. It serves as the basis for evaluating the uniformity of ventilation velocity in 

this study. The specific equation for the exponent of uniformity is denoted as Eq. (5). 

 

 𝑟 = 1 −
1

2𝑛
∑

√(𝑣𝑖 − �̅�)2

�̅�

𝑛

𝑖=1

 
(

5) 

In which, 𝑟 is the exponent of uniformity, which is between 0 and 1. The closer it is to 1, the 

better the velocity uniformity in the grain pile is. 𝑣𝑖 is the velocity of each monitoring point, m·s
-1

. �̅� is 

the average surface weight velocity of the layer where the monitoring point is located, m·s
-1

. 𝑛 is the 

number of monitoring points. 

To evaluate the sampling reliability of monitoring points, the degree of deviation (DOD) is 

introduced as a reference. The value range is from 0 to 1. The closer it is to 0, the smaller the sampling 

value deviation is, the higher the reliability is. The calculation formula is Eq. (6). 

 𝑝 =
√(�̅� − �̃�)2

�̅�
 

(

6) 

In which, 𝑝 is the degree of deviation, �̃� =
1

𝑛
∑ 𝑣𝑖

𝑛
𝑖=1  is the average value of the sum of the 

sampling velocity of a monitoring layer.  

The calculation results are shown in Tab.3. 

Table3 Results of grain stack velocity uniformity calculation 

Inlet-air per

ton of grain

(m
3
·t

-1
·h

-1
)

Height (m) EOU DOD EOU DOD EOU DOD EOU DOD

1.2 0.8555 0.0918 0.8152 0.1134 0.8423 0.1247 0.8126 0.1512

2 0.9019 0.0264 0.8812 0.0473 0.8735 0.0885 0.8459 0.1131

3 0.9242 0.0134 0.9034 0.0299 0.9148 0.0787 0.8904 0.0591

4 0.9477 0.0022 0.9336 0.0117 0.9313 0.0296 0.9141 0.0405

5 0.9618 0.0005 0.9520 0.0056 0.9499 0.0180 0.9372 0.0253

6 0.9662 0.0013 0.9576 0.0038 0.9569 0.0141 0.9461 0.0201

7 0.9703 0.0042 0.9627 0.0004 0.9612 0.0115 0.9516 0.0166

Mean 0.9325 0.0200 0.9151 0.0303 0.9185 0.0521 0.8997 0.0608

10

Non-fractal ventilation system

15

Fractal ventilation system

10 15

 

According to Tab.3, the exponent of uniformity (EOU) for the grain pile is relatively small in 

the height range from 1.2 m to 2 m, indicating unsatisfactory velocity uniformity within this zone. 

However, as the height increases beyond 2 m, the EOU noticeably improves, with a minimum value 

greater than 0.84. This suggests that the velocity uniformity within the zone above 2 m is better, 

indicating excellent ventilation quality. Although some sampling points are situated above the fractal 
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branch pipelines, resulting in larger values, which can negatively impact the EOU for the fractal 

system, the EOU for the fractal ventilation system remains close to that of the non-fractal system 

under different inlet air volumes. This indicates that the fractal ventilation system maintains good 

velocity uniformity overall. The average EOU for the fractal system under both inlet air volumes 

reaches 0.9185 and 0.8997, respectively. The overall deviation level is low. In the fractal system with 

an inlet air volume of 15 [m
3
·t

-1
·h

-1
], the maximum deviation degree and maximum average deviation 

degree are 0.1512 and 0.0608, respectively. These values fall within an acceptable range of error, 

demonstrating the good reliability of velocity monitoring measurements. These findings suggest that 

the sampling reliability of velocity monitoring values is high and that the fractal ventilation system 

maintains satisfactory velocity uniformity. 

Conclusion 

This research introduced two new ventilation systems: one with porous medium packing around 

non-uniform section ventilation pipelines, and another incorporating a fractal structure into the non-

uniform section pipelines. The goal was to enhance ventilation in areas with lower airflow, improve 

overall uniformity and quality in the granary. CFD analysis was conducted to compare the velocity and 

temperature fields of both systems. The research extensively discussed the ventilation and cooling 

effects by examining the distribution of velocities and temperatures within the grain pile and 

evaluating velocity uniformity. The findings suggest that: 

(1) Sand packing zone can effectively reduce the areas of weak ventilation in grain pile, 

improve the ventilation quality. The fractal structure in the fractal ventilation system improves airflow 

by dividing the main pipeline's inlet air, reducing resistance and enhancing airflow in weaker areas. 

However, this improvement sacrifices the upward penetration rate and rapid diffusion ability. Although 

the fractal ventilation system achieves better uniformity within the granary, it may not penetrate and 

diffuse as quickly as the non-fractal system. 

(2) In the non-fractal ventilation system, the temperature drop near the inlet and junction area is 

slow during a 2.5-days ventilation period, resulting in limited cooling. However, above and near the 

pipelines, the cooling rate is faster, causing significant temperature reduction. This indicates 

unsatisfactory temperature uniformity within the granary. On the other hand, the fractal ventilation 

system effectively improves cooling in weak areas where the non-fractal system struggles. Although 

the overall cooling rate may be slightly slower in the fractal system, it excels in achieving vertical 

temperature uniformity. The fractal structure significantly enhances cooling uniformity within the 

granary, addressing previous issues observed in the non-fractal system. 

(3) The fractal structure in the ventilation system may have a slight impact on EOU and DOD 

compared to non-fractal systems. However, data analysis indicates good credibility and suggests that the 

velocity uniformity in the fractal system is satisfactory. The fractal ventilation system maintains a high 

level of velocity uniformity and can be considered reliable for practical purposes.  
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Nomenclature 

Variables  �̅� 
Average surface weight velocity, 

[m·s
-1

] 

𝑐𝑎 
Specific heat capacity of air, 

[ J·kg
-1

·K
-1

] 
�̃� Average sampling velocity, [m·s

-1
] 

𝑐𝑔 
Specific heat capacity of grain, 

[ J·kg
-1

·K
-1

] 
𝑣𝑖 Sampling velocity, [m·s

-1
] 

𝐷𝑒𝑓𝑓 
Effective diffusion coefficient, 

[m
2
·s

-1
] 

𝑤 Air moisture content, [g·kg
-1

] 

𝐻𝑖 
Height of the 𝑖-order fractal unit, 

[mm] 

Greek 

symbols 
 

𝑖 Order of fractal unit, [-] ∇ Hamiltonian operator/ Del operator 

𝐾𝑒𝑓𝑓 
Effective thermal conductivity, 

[W·m
-1

·K
-1

] 
𝜕 Partial derivative operator 

�̃�𝑖 
Width of the 𝑖-order fractal unit, 

[mm] 
𝜀 Porosity, [%] 

𝑛 Number of monitoring points, [-] 𝜌𝑎 Density of air, [kg·m
-3

] 

𝑝 Degree of deviation, [-] 𝜌𝑔 Density of grain, [kg·m
-3

] 

𝑃 Pressure, [g·m
-2

] 𝜇 Viscosity, [kg·s·m
-1

] 

∆�̃�𝑖 
Minimum pressure loss of the 𝑖-

order fractal unit, [g·m
-2

] 

Subscript 

symbols 
 

𝑟 Exponent of uniformity, [-] 𝑎 Air 

𝑆ℎ Heat source term, [J·m
-3

·s
-1

] 𝑒𝑓𝑓 Effective coefficient 

𝑆𝑤 Water vapor source term, [g·m
-3

·s
-1

] 𝑔 Grain 

𝑆𝑚 Momentum source, [kg·m
-2

·s
-2

] ℎ Heat 

𝑡 Time, [s] 𝑖 Order of fractal unit 

𝑇 Temperature, [K] 𝑚 Momentum coefficient 

�⃗�  Air velocity, [m·s
-1

] 𝑤 

Water vapor 
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