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Abstract 
The primary energy demand increases, but a large amount of waste heat re-
sources were not effectively used. To explore the influence of particle stacking 
structure on waste heat recovery process, CFD method was used to simulate. 
An unsteady heat transfer model of two particles was established, effect of 
particle stacking angle on heat transfer characteristics of the particles close to 
the wall under different initial temperature conditions was studied. Results 
show that: higher initial temperature, resulting in increased heat transfer 
time, the larger particle stacking angle causes the shortening of heat transfer 
time. When initial temperature is 1073 K, the average wall heat flux shows a 
trend of rapid decline first and then a slow one. At the same moment, the 
larger stacking angle causes smaller particle average temperature. The change 
of particle stacking angle shows a greater impact on the temperature of the 
particles close to adiabatic wall. The increase in the stacking angle resulting in 
better heat transfer characteristics between particles. 
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1. Introduction 

The rapid growth of the global economy has promoted the rapid development of 
the industrial field, which increases the consumption of primary energy. China 
has low energy efficiency and high energy consumption per unit of GDP, which 
is 2.5 times the world average. In 2019, China’s total primary energy production 
was 3.97 million tons, while the total energy consumption was 4.87 million tons 
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[1]. The total production is much smaller than the total consumption. Thus, 
energy saving and consumption reduction have become one of the important 
measures to solve the low energy efficiency. 

A large number of high-temperature solid particles are produced in the in-
dustrial field [2]. If these particles are directly discharged, it will cause environ-
mental pollution and energy waste. Therefore, the heat recovery technology and 
principles of high-temperature solid particles have received widespread atten-
tion. Most of the solid particles are irregular in shape and rough surface. The 
particles rub and collide with each other during the accumulation process, re-
sulting in the positions of two adjacent particles constantly change, as well as the 
stacking structure of the particles. In actual production, high-temperature solid 
materials are randomly stacked in the packed bed. The irregularities of the 
stacked structure and the diversity of particle sizes and shapes make the research 
move hard. Thus, the research on the heat transfer characteristics of the packed 
bed from regular arrangement [3] to irregular arrangement [4], from single par-
ticle size [5] to irregularly shaped particles [6], from the simplified numerical 
model [7] to the actual production [8]. 

Porosity [9] is the most commonly used parameter to discuss particle stacking 
structure, but it is not comprehensive. The thickness of the bed, the particle 
stacking angle, and the effective contact number are important factors that affect 
the stacking structure. In a packed bed with uniform particle size, the change in 
the stacking angle between two particles is the main reason for the changes in 
other factors.  

Therefore, an unsteady heat transfer model of two particles near the wall is 
established by CFD method in this paper, considering the influence of initial 
temperature, and the effect of particle stacking angle change on average wall heat 
flux and particle temperature at the initial temperature of 1073 K is studied. The 
results may provide basic theoretical support for the high-temperature solid par-
ticle waste heat recovery technology. 

2. Description of Model 

Figure 1 shows four typical particle stacking structures. The blue particles are in 
direct contact with the yellow particles. Affected by the stacking structure, there 
is an angle between the stacking direction of the two particles and the overall 
heat transfer direction. Smooth sphere was adopted to establish model. Factors 
affecting heat transfer such as particle extrusion deformation, surface roughness, 
and viscous gas are comprehensively considered. Bu’s method [7] was adopted, a 
short cylinder is added at the contact position between particles to simulate the 
contact thermal resistance. Two particles close to the wall were selected as the 
research objects (stacking angle range 0˚ - 75˚). After the above simplification, 
the physical model is shown in Figure 2. 

The fluidity of gas in the packed bed is poor, Zheng’s method [5] was adopted, 
the convection heat transfer was ignored, only the influence of heat conduction  
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Figure 1. Typical stacking structure and particle stacking angle. (a) simple cubic stack; 
(b) oblique cube stack; (c) wedge tetrahedron stack; (d) rhombohedron stack. 
 

 
Figure 2. physical model. 

 
radiation was considered. DO model is used to simulate the radiation heat 
transfer. The radiation heat transfer is calculated into the source term (St). The 
heat conduction and radiation equations can be expressed as: 

1) Heat condition equation  
2 2 2
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In the formula, ρ is Density, kg∙m−3; T is Temperature, K; t is time, s; λ is 
Thermal conductivity, W∙m−1∙K−1; St is Radiation item; s  is Radiation direction; 
I is Partial surface radiation intensity, W∙m−2∙sr−1; wε  is Surface emissivity of 

45°0° 75°
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the particle; inq  is Particle surface radiation heat flow, W∙m−2; n  is Unit nor-
mal vector; Ω is Spatial angle, sr. 

The solid phase is meshed before gas phase, to ensure accurate and fast calcu-
lation results. The overall grid and local encryption are shown in Figure 3. The 
established physical model is imported into ANSYS Fluent for calculation. Initial 
conditions are shown in Table 1. Calculations are performed until 2.5% of initial 
enthalpy value. 

In this paper, effect of the initial temperature condition on the heat transfer 
time (tht) is considered. The initial temperature is 1073 K is selected, the average 
wall heat flux ( q ) and particle temperature ( T , P1T , P2T ) are studied, the val-
ues under different heat transfer times are selected as the evaluation criteria. The 
average wall heat flux is defined by Equation (5). 

t tq Q A=                            (5) 

In the formula, q  is Average wall heat flux, W∙m−2; Qt is Total heat transfer 
rate, W; At is Heat transfer area, m−2. 

3. Results and Discussion 
3.1. Heat Transfer Time 

Figure 4 shows the effect of particle stacking angle on heat transfer time under  
 

 
(a)                                    (b) 

Figure 3. Overall grid and local encryption. (a) Overall grid; (b) Local encryption. 
 
Table 1. Initial conditions. 

 Parameter name Value 

1 Particle material Ceramic ball 

2 Particle size 16 mm 

3 Initial temperature 873 K - 1273 K 

4 Cooling wall temperature 300 K 

5 Internal emissivity 0.32 

6 Surface emissivity 0.85 
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Figure 4. Effect of particle stacking angle on heat transfer time under different initial 
temperature conditions. 
 
different initial temperature conditions. When particles with the same α, the 
higher initial temperature causes an increase of tht. As α increases, the difference 
caused by different initial temperatures decreases. When initial temperature is 
the same, tht decreases as α increases. The higher initial temperature causes the 
angle change to have a more obvious effect on tht. When the initial temperature 
is 873 K, the increase in α reduces the tht by 5.5 min, and when the initial tem-
perature is 1273 K, the tht decreases by 10 min. The curves in the figure are all 
obtained by cosine function fitting, the maximum errors are all less than 2%, and 
the correlation coefficients are all above 0.955. 

3.2. Average Wall Heat Flux 

Figure 5 shows the average wall heat flux evolution at the initial temperature of 
1073 K. All curves can be divided into three stages: rapid decline stage (І), dece-
leration decline stage (ІІ), and slow decline stage (ІІІ). The high temperature 
difference causes a larger heat transfer capacity and forms a larger heat transfer, 
particles lose heat faster and the temperature difference decreases rapidly. Thus, 
particles transfer a large amount of heat to cooling wall, resulting in the q  ra-
pidly decreases. The larger α forms the larger the q , resulting in the tempera-
ture difference of particles with different α. In the deceleration decline stage, the 
heat transferred to the cooling wall further decrease, the q  of the particles with 
α = 75˚ is gradually smaller than that of the particles with other α, and the curve 
appears intersections. After 9 min, it enters the slow decline stage, the larger α 
causes the smaller the q . The particles contain less heat, the temperature  
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Figure 5. Average wall heat flux evolution. 

 
difference between the particles and the cooling wall is small, and the heat trans-
fer process is slow.  

3.3. Temperature Evolution 

Figure 6 shows the temperature distribution of the characteristic surface (the 
middle surface). At 5 min, the upper and lower temperature difference of the 
characteristic surface is relatively large, especially α = 0˚. The larger α causes the 
lower the temperature of P2. The thermal conductivity of the particles is much 
greater than that of the gas phase, resulting in uneven heat transfer between the 
gas and solid phases. At 10 min, the temperature of the entire characteristic sur-
face is further reduced. Among them, α has a more obvious influence on P1. At 
20 min, 90% of the energy contained in the particles with α = 60˚ and α = 75˚ 
has been transferred to cooling wall, so the overall temperature is smaller. The 
temperature of P2 with α = 0˚ and α = 15˚ still maintains a higher value. 

Figure 7 shows the particle average temperature evolution. It shows that the 
larger α causes the lower the particle average temperature. Compared with the 
average wall heat flux, the average temperature changes relatively smoothly. The 
average temperature of the particle with α = 0˚ and α = 15˚ is not much different 
and the curve changes almost coincide. The maximum temperature difference of 
particles with different α appeared at 13 min, which was about 112.4 K. Figure 8 
shows the average temperature of P1 and P2 evolution, α has a more obvious im-
pact on the temperature of P2. At 1min, the temperature of P1 was below 900 K, 
while P2 was kept at a higher temperature. A larger α causes an increase of the 
temperature drop rate. The larger the α, the smaller the overall heat transfer dis-
tance, resulting in it easier for the heat of P2 to be transferred to cooling wall. 
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Figure 6. Temperature distribution of characteristic surface. 

 

 
Figure 7. Particle average temperature evolution. 

 

 
Figure 8. Temperature of P1 and P2 evolution. (a) P1; (2) P2. 

(a)                                                                                                         (b)
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4. Conclusions 

In this paper, an unsteady heat transfer model between two particles is estab-
lished, and the effect of particle stacking angle under different initial tempera-
ture conditions on the heat transfer process of the particles close to the wall is 
analyzed. The major results are as follows: 

1) When the initial temperature is the same, the heat transfer time decreases 
with the increase of α. The higher the initial temperature causes the longer the 
required heat transfer time, and the more obvious the effect of particle stacking 
angle. 

2) The average wall heat flux decreases rapidly first and then slowly decreases. 
First the larger stacking angle forms the greater the average wall heat flux. After 
9 min, the opposite result appeared  

3) The larger the particle stacking angle causes the lower the average temper-
ature. The change of particle stacking angle has a more obvious effect on the 
temperature of P2. 
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