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Abstract: Coal fly ash is an industrial solid waste generated from coal preparation during the 

processing and cleaning of coal for electric power generation. Comprehensive investigation 

on the reutilization of waste heat of activated coal fly ash is of great economic significance. 

The method of recovering the waste heat, proposed in this study, is the transfer of heat from 

activated coal fly ash to gas with the movement of air using the packed bed, providing 

valuable energy sources for preheating the raw coal fly ash to reduce the overall energy 

consumption. The investigation is carried on the heat transfer characteristics of gas-solid 

(activated coal fly ash) phases and air temperature fields of the packed bed under some key 

conditions via computational fluid dynamics. A two dimensional geometry is utilized to 

represent key parts of packed bed. The distribution mechanism of the temperature field for gas 

phase is analyzed based on the transient temperature contours at different times. The results 

show that the obtained rule of gas-solid heat transfer can effectively evaluate the influences of 

operating parameters on the air temperature in the packed bed. Simultaneously, it is found that 

no temperature differences exist in the hot air at the outlet of the packed bed. The 

investigation provides guidance for the design and optimization of other similar energy 
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recovery apparatuses in industries. 

Keywords: Coal fly ash; Computational fluid dynamics; Eulerian-Eulerian model; Waste heat 

recovery; Packed bed 

1. Introduction 

With the development of industrial communities and ever-increasing demand for energy, 

the consumption of fossil fuels has increased significantly, which intensifies the concerns 

associated with limited nature of the sources of such energy [1]. Statistics suggested that the 

equivalent coal consumption of China had been 3.75 billion tons in 2013, accounting for more 

than half of global consumption [2]. Meanwhile, the traditional chemical industry with the 

characteristics of high energy consumption is full of waste heat resources that account for 

about 17%-67% of the total heat energy of the fuels. For the past few years, with the increase 

in the demand for energy and also concerns about climate changes, it is widely believed that 

energy recovery is an effective measure to reduce energy consumption [3]. Generally, the 

waste heat resources can be divided into three categories including gas [4], liquid [5] and 

solid particles [6-8]. Among them, the heat utilization of gas and liquid with high temperature 

has been widely studied while the corresponding technology is relatively mature. However, 

one challenge will be how to utilize the waste heat of solid particles with high temperature 

nowadays.  

Coal fly ash (CFA), a by-product generated by the high temperature combustion of coal 

in coal-fired power plants, contains more than 90% of SiO2, Al2O3 and carbon-based 

components, which can be exploited as an important resource for extracting aluminum and 

silicon [9, 10]. The raw CFA has relatively lower dissolution rate at normal temperature in 



 

virtue of stable structure [11]. It has been found that calcination can promote the reactivity of 

CFA to enhance alumina extraction [12] by transferring Al2O3 into γ-Al2O3 [13]. When 

activated CFA is discharged from calciner at a high temperature of 850℃, it takes abundant 

heat away from the calcination process. It should be emphasized that the calcination of the 

raw CFA at 1123 K makes agglomeration of smaller particles feasible [14]. At present, about 

800 million tons of the activated CFA is produced by the calcination annually in the world. If 

the waste heat is recovered completely, this will save 32 million tons of standard coal 

equivalently. However, the improvement of the conventional process for waste heat recovery 

of activated CFA with high energy has become increasingly imminent and needs to be 

implemented. 

Recently, several researchers have focused on the waste heat reutilization of the steel 

slag. Cai et al. [15] and Ding et al. [16] summarized the current energy structure of steel 

industry and the distribution of waste heat for steel production. Chen et al. [17] analyzed the 

flow-field and temperature-field of steel slag and studied the temperature change of air at 

outlet when the flow velocity at inlet were varied. The effects of operational parameters, 

moving speed of material layer and depth of buried material on heat transfer coefficient were 

also studied. The movement of irregularly arranged particle near the wall had been simulated 

with CFD [18]. The axial heat transfer characteristics in packed bed and the heat transfer 

coefficient of vertical pipes had been reported [19]. Although these studies mainly conclude 

the heat transfer characteristics of gas-solid phases in the production of steel slag, they can be 

used as a reference to study the waste heat recovery of activated CFA. However, the physical 

properties of the activated CFA distinguishing from the steel slag may affect heat transfer 



 

characteristics of gas-solid phases. As such, the exploration of the waste heat reutilization of 

activated CFA plays an important role in the design and optimization of energy recovery 

apparatuses. 

Motivated by the preceding researches, in this contribution, we focus on developing a 

method of recovering the waste heat by transferring the heat from activated CFA to gas with 

the movement of air using the packed bed. A theoretical transient model with CFD is utilized 

to describe the heat transfer characteristics of gas-solid direct contact and air temperature 

fields in the packed bed. Afterwards, the finite volume method using the ‘phase couple 

SIMPLE’ algorithm to handle pressure-velocity and phase coupling is applied to solve the 

heat transfer problem. It should be noted that this analysis of heat transfer characteristics is 

made mainly in terms of outlet air temperature. Accordingly, the heat transfer characteristics 

of gas-solid can be obtained without pilot test. Then, the novelty of the proposed method is 

that the rich heat resource of activated CFA is reutilized to provide valuable energy sources 

for preheating the raw CFA achieving the reduction of the overall energy consumption. To 

clarify the important sense of the proposed method, a detailed description is presented with 

case evaluation of four key operating parameters. In this sense, the contribution of this study 

is to provide guidance for the design and optimization of demonstration apparatuses in the 

process of activated CFA waste heat recovery.  

2. Process description 

In the CFA activation, the raw CFA is preheated firstly and then calcined at 1123 K. 

Subsequently, the outlet of the calciner is discharged into a packed bed, and it is cooled to the 

room temperature by air to acid leacher for extract aluminum. Following that, the generated 



 

hot air is utilized to preheat the raw CFA for decreasing the heat duty of the calciner. The 

investigations on solid calcination and gas-solid separation in the CFA activation are 

extensively studied. A special-type cyclone that has double conical sections is employed to 

collect fine particles under high temperature [20]. García et al. [21] proposed a new sintering 

model to account for the contribution of high calcination temperatures and times to solid 

sintering. However, few studies have been focused on the explorations on waste heat 

utilization of activated CFA. As such, we focus on developing a method of recovering the 

waste heat using the packed bed to reduce the overall energy consumption in the CFA 

activation. The flow sheet of the CFA activation is described in Fig. 1. 

 

Fig. 1 The flow sheet of the CFA activation 

The packed bed is one of most important reactors, which has been widely used in the 

chemical industries such as the trickled bed [22], coal gasification [23] and heat exchangers 

[24, 25]. It is critical to evaluate gas-solid direct-contact heat transfer in packed bed for 

determining the safe operating condition and optimizing the relevant devices [26, 27]. In fact, 
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many factors are proposed to predict gas-solid direct contact heat transfer including the 

particle diameter, the local fluid velocity, solid packing height and the solid volume fraction. 

Thus, most equations for representing gas-solid direct contact heat transfer are semi-empirical 

and obtained by fitting the experimental data of air temperature. To improve the accuracy, the 

crucial factors of gas-solid heat transfer characteristic are studied as many as possible by 

correlating the relevant parameters [28]. However, the calculating results are not significantly 

improved by incorporating more influencing factors into the relevant semi-empirical 

equations. As far as we known, a general acceptable method has not yet been developed. As a 

result, the expensive pilot plants for commercializing a process of waste heat recovery in 

packed bed has not been well built to determine optimum and safe operating conditions. This 

work presents a study undertaken on modeling gas-solid direct contact heat transfer based on 

the Euler description of the phases and multiphase fluid-dynamic model to provide a 

theoretical guidance to real industry process.  

3. Mathematical model   

3.1 Model selection  

Generally, gas-solid flow can be modeled at particle scales and macro levels by local 

averaging based on the application and required information. The particle scale approach 

tracks the motion of individual particles using a discrete element method (DEM), and the flow 

of air using a continuum based CFD model with local properties averaged over a number of 

computational cells. The multiphase flow model is commonly referred to as a DEM-CFD 

model [29, 30]. The macro level approach treats both solid and gas phase as interpenetrating 

continua and the motion of each phase is solved using a continuum based CFD model with 



 

suitable closure terms. This method is known as Euler-Euler model [31]. DEM-CFD models 

can predict detailed solid flow behavior with the disadvantage of computationally demanding 

[32]. The EEMs take less computational time, however, the accuracy relies on the closure 

model employed to describe properties such as solid viscosity and solid pressure. Both models 

are widely utilized to explore various gas-solid flow behaviors and are areas of ongoing 

research at CSIRO [33]. Finally, the Eulerian-Eulerian model is employed to analyze gas-solid 

flows in a packed bed. The gas phase flow is assumed to be steady, incompressible and fully 

developed. The flow field of gas phase is simulated by the standard k-ε turbulence model [34] 

to deal with the interphase turbulent momentum transfer.  

3.2 Euler-Euler model and k-ε turbulence model equations  

A summary of the governing equations along with the associated constitutive sub-models 

of the Euler-Euler (E-E) model and k-ε turbulence model is presented in this section. These 

equations describe conservation of mass and momentum for each phase [35] as well as the 

conservation of fluctuating translational kinetic of the solid phase based on the kinetic theory 

of granular flow.  

Air and CFA mass conservation equations: 
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Where αα represents the air volume fraction, αs is the solid volume fraction, ρα refers to 

the air density, ρs is the solid density, uα represents air velocity vector, us refers to solid 

velocity vector. 

Air and CFA momentum conservation equations: 
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 Where β is interphase momentum transfer coefficient, dp represents particle diameter, e 

refers to coefficient of restitution, g is gravity vector, g0 represents radial distribution function, 

I refers to identity tensor, Ps is pressure of fly ash, σs represents solid stress tensor, ζs refers to 

fly ash bulk viscosity, θ is granular temperature, μα represents air viscosity, μs is fly ash 

viscosity. 

CFA kinetic energy conservation equation: 
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    Where кs represents fly ash thermal conductivity, γ refers to collisional dissipation of 

solid fluctuating kinetic energy. 

CFA shear viscosity: 
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Where I2D is second invariant of deviatoric stress tensor,  refers to internal friction 

angle. 

CFA pressure: 
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    Where αs,max represents maximum solid volume fraction. 

Diffusivity of CFA temperature:  
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Collision energy dissipation: 
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The drag force [36] is the only accelerating force acting on particles playing an important 

role in gas-solid two-phase flows. The Gidaspow drag [37] model give the best agreement 

with a dense packed bed. Generally, the drag force acting on particles in gas-solid system can 

be represented by the product of a momentum transfer coefficient β and the slip velocity 

(us-uα) between the two phases: 
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Where the drag coefficient CD is expressed by  
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Where, Rep is Reynolds number of CFA. 

Turbulence k-ε model is used to evaluate the turbulent kinetic energy k and turbulent 

energy dissipation rate ε, respectively.  
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    Where kα represents turbulence kinetic energy of gas phase, εα is turbulent energy 

dissipation rate of gas phase, µt,α refers to gas phase turbulent viscosity, Gk,α is rate of 

production of turbulent kinetic energy, Пk,α represents turbulent interaction parameters, hk is 

interfacial tension of turbulence kinetic energy, hε refers to interfacial tension of turbulent 

energy dissipation rate. 

3.3 Heat transfer in solid packed bed  

The heat transfer rates is significantly improved as a result of a large contact area 

between solid particles and the fluidizing air in the packed bed [38]. The enhancement of heat 

transfer resulting from air disturbance decreases the appearance of temperature gradients 

through the bulk of the bed and gives rise to a high internal thermal conductivity. In this sense, 



 

the understanding of the heat transfer mechanisms is crucial for an optimal process design. 

Furthermore, three heat transfer mechanisms are utilized to describe the heat transport 

phenomena involving fluid-particle convection, particle-particle conduction and particle 

radiation in the packed bed. According to Green et al. [39], symmetrical diatomic gases (such 

as O2, N2) are considered to be transparent bodies at high temperatures because they have 

neither the ability to radiate nor the ability to absorb. In this study, the air is selected as 

coolant and the main components of air are oxygen and nitrogen with symmetric molecular 

structures. The heat radiation between air and solid can be therefore neglected.  

3.3.1 Mechanism of thermal conduction 

The contacting thermal conductivity can be calculated from the thermal joint resistance 

including four thermal resistances [40-43]: (1) the macro-contact constriction/spreading 

resistance, RL; (2) the micro-contact constriction/spreading resistance, RS; (3) the resistance of 

interstitial air in the micro-gap, Rg; (4) the resistance of interstitial air in the macro-gap, RG. Rg 

remains small for the four thermal resistances and can be neglected. Consequently, the joint 

resistance can be described by eq. (23). 
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Where RS is calculated as: 
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Where H* is micro-hardness of particles; σ represents mean surface roughness height of 

particles; m refers to mean surface roughness slope of particles; KS is the thermal conductivity 

of particles; F is the normal contact force. This force can be a result of the following factors 



 

including exerted external load on the packed bed, packing under pressure, thermal expansion 

of the particles and the structural load due to the weight of spheres, etc. In practice, the 

packed bed is a non-homogenous medium of different thermal conductivities corresponding to 

local variation of contact force. The contact load should be variable at different locations of 

packed bed. However, the thermal resistance is evaluated by considering an average contact 

force to simplify the calculating process. 

Where F is the drag between the fluid and particles and it is approximately estimated 

according to the Ergun equation; Hbed represents the height of packed bed.  
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The macro-contact constriction/spreading resistance RL can be expressed as: 

1

2
L

s L

R
r

=                   (27) 

Where Кs is thermal conductivity coefficient of solids; rL is the macro-contact radius. 
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Where parameter ψ can be written as: 

0.16

1

1 1.22


 −
=

+
                (29) 

22


 =

p

H

d

r
                  (30) 

'

* 2



=

pdE

H
                 (31) 

Where, the Hertzian contact radius rH can be calculated by eq. (32). 
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Where, the effective elastic modulus E′ can be written as: 
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Where, E is the Young's modulus, and ν is the Poisson's ratio. 

The resistance of interstitial air in the macro-gap RG is described by eq. (34). 
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In the Eq. (19), the relevant parameters are calculated as: 
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The air parameter M is defined as: 
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Where, γ is radio of air specific heats; Pr is the Prandtl number of air and αT is defined 

by eq. (38). 
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Where, Mg is molar mass of air and the value of Λ can be found as: 
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Where, Pg is the pressure of vapor phase. Here, P0 is set to be 101.325 KPa, T0=273.15 K, 



 

Λ0=64 nm. For SC packing, the effective thermal conductivity can be written as: 

cond
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For FCC packing, the effective thermal conductivity is written by eq. (41). 
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Therefore, the effective thermal conductivity can be considered as a composite of SC and 

FCC packing. The effective thermal conductivity due to conduction can be approximately 

written as: 
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3.3.2 Mechanism of convective heat transfer  

In the packed bed, the convective heat transfer is the transfer of heat from activated CFA 

to air by the movement of gas. The equation for the rate of convective heat transfer between 

solid and air is written by eq. (43). 
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Where h is convective heat transfer coefficient and A is the total interfacial surface area 

of solid particles contact with air. 
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The Ranz-Marshall correlation [44] is utilized to describe the heat transfer coefficient 

characterizing convective heat transfer between air and the particles. 
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4. Computational details                                                                                                                                                                                                                                                                                                                   

4.1 Geometry description  

The waste heat recovery of activated CFA has been investigated via the application of 

packed bed. According to the mechanism of the interphase convective heat transfer, it is 

suggested that the activated CFA packed can preheat the cool air in the bed. Afterwards, the 

geometry of the packed bed in this study is based on the work of José Soria [45] with 

modification of the structure by amplify the bed as illustrated in Fig. 2. The two-dimensional 

(2D) packed bed has a length and width of 1000 mm and 400 mm, respectively. The model 

geometry includes a velocity inlet, wall and pressure outlet. The activated CFA is filled at the 

bottom of bed with different operation parameters including solid packing height, solid 

volume fraction, superficial air velocity, solid diameter to evaluate heat transfer characteristics 

of gas-solid phases. The characteristic of solid phase is determined by setting these values 

instead of by filling forms. The two-dimensional geometry of the bed is created to represent 

the actual case for proof-of-concept design and screening a large number of design options. 

 

Fig. 2 Schematic diagram of the 2D packed bed geometry and interphase convection heat transfer 



 

4.2 Model solution strategy 

In the present investigation, the “phase couple SIMPLE” algorithm, which is an 

extension of the SIMPLE algorithm [46] to multiphase flows, is applied for the 

pressure-velocity. The multiphase flow model is proposed by Gidaspow et al. [47], which is 

widely utilized in packed bed study [48]. In addition, a second-order discretization scheme is 

used for convection terms in the momentum equations while the QUICK scheme is applied 

for the volume fraction equations. Afterwards, a time step of 0.01s with a second order 

implicit time integration scheme is utilized to advance the solution in time. It is utilized by 

Goldschmidt et al. to account for the loss of energy due to collision of particles in densely 

packed beds [49]. A decrease in the coefficient of restitution results in less elastic collision 

generating more fluctuating kinetic energy. Thus, the coefficient of restitution is possibly 

smaller in investigation cases. Besides, it is noteworthy that various researchers have further 

developed the EEM model including the use of a continuous stitching function to smoothly 

bridge the solid stresses from the viscous to the plastic regime in a spouting bed [50], 

modification of the drag law for size segregation study of binary systems [51], extension of 

kinetic theory to multiple particle sizes [52]. In recent years, DEM type of model has been 

used to build continuum process models for granular flow systems [53], however, this is still 

in an early stage for packed bed systems [54]. The simplified flow sheet of the simulation 

algorithm is also illustrated in Fig. 3. 



 

  

Fig. 3 Flow sheet of the calculation algorithm 

4.3 Grid sensitivity study 

It is important to construct the high quality meshes in the CFD modeling. The mesh 

density had been extensively investigated to determine the heat transfer characteristics of 

gas-solid phases of fixed bed in the early 1960s [55]. In order to guarantee the most suitable 

computational mesh grid and evaluate the effect of using different mesh size on the results, a 

grid independence study is carried out. The internal boundary is refined locally [56] when the 

bed model is meshed. Generally, the quantity and quality of the grid have a significant 

influence on the calculations. For obtaining the acceptable numerical solution, this work 

applies the structure grids produced from geometry models based on TTM method [57] to 

carry out grid-independence test. It is noted from Fig. 4 that there are three schemes for 

meshing and the quantity of grids are 400000, 4000 and 160, respectively. The calculations 
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are carried under the conditions of relative velocity of 1 m/s, the solid diameter is 0.01 m, the 

initial solid packing height is 0.4 m and solid volume fraction is 0.63, respectively. When 

calculation is completed, the outlet air temperature is used as the evaluation standard. The 

comparison of the different grid quantity is presented in Table 1. 

 

Fig. 4 The numerical grids of three schemes 

Table 1 Comparison of different grid quantities on the outlet air temperature 

  Grid quantity 
Average temperature of 

air at outlet/K 

Relative change/%(relative to the 

former scheme) 

Scheme1 40000 1070.141 / 

Scheme2 4000 1068.096 0.19 

Scheme3 160 1030.944 3.48 

The relative change of Scheme 2 is less than 2% compared to Scheme 1 as it is clearly 

shown in Table1. To obtain the accurate result with consider the consuming time a domain 

grid of Scheme 2 is adopted. Furthermore, the minimum convergence criterion for the 

velocity and continuity equation is 10-6 and for energy equation is 10-8. 



 

4.4 Boundary conditions 

At the inlet, the velocity boundary condition is specified for the gas phase with no solid 

flow. Initially, solid particle velocity is set at zero. Air is uniformly applied at the bottom of 

the bed. At the outlet of the bed, the atmospheric boundary condition is employed. In 

gas-solid heat transfer process, wall boundary conditions for the solid phase can be defined in 

several ways such as no-slip, free-slip and partial-slip conditions [58]. In the actual 

investigations, the no-slip boundary condition applied to the gas phase at the walls, as it is 

important only in very dilute flows [59] . Moreover, the wall condition for the solid phase can 

also be set as no-slip by assuming that it has minor impact on the bed hydrodynamics. 

Nevertheless, the models with fine meshing, the impact of the wall boundary conditions might 

still be visible near the walls. To mitigate this issue, the partial-slip wall boundary condition 

model proposed by Ramzan et al. [60], which is applied here for the solid phase. This model 

uses a term ‘specularity coefficient’ to describe the wall frictional effects. Herein, a value of 

0.1 is used for the specularity coefficient. The investigated parameters are summarized in 

Table 2. 

Table 2 Simulation parameters 

Gas property 

Density 1.225 kg/m3 

Viscosity 1.789×10-5 Pa·s 

Temperature 300 K 

Specific heat capacity 1006.430 J/(kg·K) 

Thermal conductivity 0.024 W/(m·K) 

superficial gas velocity 0.3,0.5,0.7,0.9 m/s 



 

Atmosphere pressure 1.01×105 Pa 

Solid property 

Diameter 0.02-0.1 m 

Density 2500 kg/m3 

Temperature 1123 K 

Specific heat capacity 920 J/(kg·K) 

Thermal conductivity 0.230 W/(m·K) 

In this study, the initial values of the variables for all the fields are specified for the entire 

computational domain. The walls boundary conditions for the energy equation are set as 

adiabatic, and that means the heat flux is thoroughly transferred from particles to air. The 

temperature (Tα) and viscosity (µα) of the cool air is taken as 300 K and 1.789×10-5 Pa·s, 

respectively, while the activation temperature (Ts) of CFA is 1123 K. All investigations are 

performed for a total time of 3-5 s with a time step of 0.01 s.  

5. Results and discussion 

5.1 Effect of solid diameter on the outlet air temperature  

 

Fig. 5 Effect of solid diameter on the outlet air temperature of the bed  



 

Investigations are carried out to analyze the effect of the particle size D on outlet air 

temperature in packed bed at the following design or operating conditions: U is supposed as 1 

m/s, solid packing height is assumed as 0.5 m and solid volume fraction is set as 0.63 and 

they are validated in next section. The cost of pulverization in connection with solid diameter 

needs to be considered resulting from the agglomeration of CFA. Thereby, in order to 

determine suitable particle diameter, it is critical to establish a balance between the outlet air 

temperature of bed and solid diameter. The air temperature has a nearly linear decrease with 

the particle diameter vary 0.02 m to 0.1 m as described in Fig. 5. Obviously the surface area 

of particles grows with the decreasing diameter of particles, which results in the increase of 

convective heat transfer rate. Accordingly, the outlet air temperature reduces with the grow 

size of the particle. In addition, it is evident that the temperature difference is less for different 

size particles of smaller than 0.03 m. 

 

Fig. 6 The outlet air temperature of the bed with the solid diameter 0.01 m, 0.02 m and 0.03 m 

The comparisons of outlet air temperature for different particle diameter within five 

seconds are demonstrated in Fig. 6a. The relative change of size 0.02 m is 2.95 K compared to 



 

size 0.01 m and 19.67 K compared to size 0.03 m. The Fig. 6b describes the variation of outlet 

air temperature at two to four seconds. The presented results show that the outlet air 

temperature decreases over time, while the larger particle size, the outlet air temperature 

decreases more quickly. The reason behind this phenomenon is that the heat recovery process 

of packed bed operates intermittently. The heat is continuously carried away from a certain 

amount of activated CFA via moving air. Another reason is that the inner heat of the solid 

needs to be conducted on the solid surface due to the larger size of particles. Considering the 

cost of activated CFA pulverization and outlet air temperature, a value of D of 0.02 m as usual 

is employed to ensure higher outlet air temperature of 1119.3 K. 

5.2 Effect of superficial air velocity (U) on the outlet air temperature  

 

Fig. 7 Effect of superficial air velocity on the outlet air temperature of the bed  

The convective heat transfer of two phases can be impacted by superficial air velocity. 

To investigate the effect of inlet cool air velocity on gas-solid heat transfer in the packed bed, 

airflow is varied with the help of valves. The influence of the superficial air velocity, U, is 



 

analyzed based on outlet air temperature under constant operating conditions for D is 0.03m, 

solid packing height assuming as 0.2 m, solid volume fraction supposing as 0.63. Afterwards, 

the effect of inlet air velocity on the outlet air temperature is given in Fig. 7, plotted for the 

velocity of 0.3 m/s, 0.5 m/s, 0.7 m/s and 0.9 m/s respectively. It is interesting to see that the 

temperature is nearly robotically perfect linear reduce vary 0.3 m/s to 0.9 m/s. It can be 

generally stated that the gas-solid contact time decreases by increasing the superficial air 

velocity, which results in the reduction in the heat transfer rate. Meanwhile, the increase of the 

superficial air velocity will raises the energy cost associated with air blowers. Compared with 

the particle diameter, inlet air velocity does not have evident influences on the outlet air 

temperature. Furthermore, to reduce the energy cost of air blowers, low inlet air velocity is 

applied for our investigation condition. 

 

Fig. 8 The outlet air temperature of the bed with superficial air velocity 0.3 m/s, 0.5 m/s and 0.7 m/s 

    Comparisons of U at 0.3 m/s, 0.5 m/s and 0.7 m/s for outlet air temperature with three 

seconds are described in Fig. 8a. It is found that low superficial air velocity requires more 

time to get the hot air with a higher temperature, while the fast superficial air velocity requires 



 

less time to get the hot air with no much different temperature. Fig. 8b illustrates the variation 

of outlet air temperature at two point five seconds to three seconds. Such values reveal that 

the relative change of U at 0.5 m/s is 8.9 K compared to U at 0.3 m/s and 14.8 K in 

comparison with U at 0.7 m/s, which suggest that the effect of superficial air velocity tends to 

be increased. Generally, the higher air velocity leads to an improvement in the mixing 

properties to promote heat transfer rate but a reduction of two phases heat transfer contact 

time, as such the outlet air temperature decrease slightly. A value of U at 0.5 m/s is typically 

employed to attain the hot air with the temperature is 1090.7 K. In view of energy cost 

associated with air blowers and outlet air temperature, therefore U at 0.5m/s is selected as our 

operation conditions. 

5.3 Effect of solid packing height on the outlet air temperature  

The effect of the solid packing height on the outlet air temperature is investigated under 

following design or operating conditions of D at 0.02 m, U at 0.5 m/s and solid volume 

fraction assuming as 0.63. In this work, activated CFA is filled in the bed with the different 

height. The packing height of the bed strongly affects the contact time of two phases with the 

constant inlet superficial air velocity. The influence of solid packing height in the bed on 

outlet air temperature is demonstrated in Fig. 9, plotted for the packing height from 0.1 m to 

0.9 m at intervals of 0.1 m. It is obvious that the outlet air temperature increases by increasing 

the solid particle packing height. However, the outlet air temperature exist no significant 

difference when the packing height exceeds 0.3 m. The reason is that the gas-solid 

temperature difference is negligible resulting from thermal balance between solid and air in 

the upper zone of packing area. Accordingly, more cool air is needed to extract heat from the 



 

solid at higher solid particle packing height. Hence, for obtaining enough hot air and saving 

the operation cost, the lower solid packing height is more favorable for our research. 

 

Fig. 9 Effect of solid packing height on the outlet air temperature of the bed  

Fig. 10a illustrates comparisons of solid packing height at 0.2 m, 0.3 m and 0.4 m for 

outlet air temperature with the flow time at five seconds. The process of waste heat recovery 

requires same time to attain similarly temperature of air when the solid packing height is 0.3 

m and 0.4 m respectively. In contrast, it will require a longer time to get the lower temperature 

of the air when the solid packing height is 0.2 m. Fig. 10b depicts the variation of outlet air 

temperature at 2.5 seconds to 4 seconds. Compared with the solid packing height of 0.3 m, the 

relative temperature difference is 0.8 K at solid packing height of 0.4 m and 40.8 K at solid 

packing height of 0.2 m, which illustrates that the effect of solid packing height tends to 

increase. The higher solid particle packing height results in an improvement of two phases 

contact time to promote heat transfer rate, however, the convective heat transfer remarkably 

declines owing to the decrease of temperature difference between air and solid in the upper 



 

zone of the bed when the packing height exceeds 0.3 m. A value of solid particle packing 

height of 0.3 m is typically employed to obtain the hot air with the temperature of 1108.9 K. 

In order to achieve the longer time of a single batch operation and get the higher outlet air 

temperature, solid particle packing height of 0.3 m is considered as minimize packing height. 

 

Fig.10. The outlet air temperature of the bed with solid packing height 0.2 m, 0.3 m and 0.4 m 

5.4 Effect of solid volume fraction on the outlet air temperature 

 

Fig.11. Effect of solid volume fraction on the outlet air temperature of the bed  

The influence of solid particle volume fraction is analyzed in view of the outlet air 



 

temperature for constant operating conditions of D at 0.02 m, U at 0.5 m/s, solid particle 

packing height at 0.3 m. Activated CFA is filled in the bed with the packing height of 0.5 m. 

The four solid volume fractions are selected for this comparison, which is 0.53, 0.63, 0.73 and 

0.83 respectively. As is evident in Fig. 11, the outlet air temperature grows with the solid 

particle volume fraction owing to the reducing porosity of the packed bed, which enhances 

convective heat transfer between air and particle surface. However, the trend of increase has 

slowed down when the volume fraction exceeds 0.63. Small porosity of the packed bed will 

increase the velocity of the air passing through the packing area. Thereby, the reduction of 

gas-solid contact time results in the lower convective heat transfer rate. Meanwhile, airflow 

resistance grows with the increase of the solid packing volume fraction, which gives rise to 

the increase of the energy cost associated with air blowers. We found out that the lower solid 

packing volume fraction is more suitable to reduce the energy cost of air blowers. 

 

Fig. 12 The outlet air temperature of the bed with solid volume fraction 0.53 m, 0.63 m and 0.73 m 

Comparisons of solid packing volume fraction at 0.53 m, 0.63 m and 0.73 m for outlet 

air temperature with five seconds are demonstrated in Fig. 12a. There is no significant 

difference in outlet air temperature for three investigated cases. The variation of outlet air 



 

temperature at three to four seconds is depicted in Fig. 12b. Compared with the solid packing 

volume fraction of 0.63, the relative temperature difference is 4.6 K at solid packing volume 

fraction of 0.73 and 14.6 K with solid packing volume fraction of 0.53, which demonstrates 

that the solid packing volume fraction does not have significant influence on the outlet air 

temperature. When the solid packing height exceeds 0.3 m, gas-solid two phases can also 

achieve thermal balance state in the upper zone of the packed bed with different volume 

fraction. Moreover, the porosity of packing zone becomes the key factor affecting the outlet 

air temperature. Hence, the process of waste heat recovery requires less time to obtain the air 

with nearly same temperature for the larger packing volume fraction. The corresponding 

airflow resistance also rises with the solid packing volume fraction. A value of solid particle 

packing volume fraction of 0.63 is applied to obtain the hot air with the temperature at 1108.9 

K. For reducing airflow resistance and rising outlet air temperature, as such solid particle 

packing volume fraction of 0.63 is applied for our investigation case. 

5.5 The air temperature distribution in the bed 

     Prior to building a packed bed for heat recovery from activation CFA, it is critical to 

know the characteristic of packing zone needed to reach thermal steady state condition. 

Activation CFA is filled in the bed at 1123 K. Fig. 13 describes air temperature distribution at 

time instant of 0.5, 1.0, 1.5 and 2.0s. The investigation parameters is set as D at 0.02 m, U at 

0.5 m/s, solid packing height at 0.5 m and solid volume fraction at 0.63.   



 

 

Fig. 13 Outlet air temperature profiles with flow time for D= 0.02 m, U=0.5 m/s, Solid packing height=0.5 

m, Solid volume fraction=0.63 

Fig. 14 Snapshots of air temperature at different times for the simulation case (D=0.02 m, U=0.5 m/s, Solid 

packing height=0.5 m, Solid volume fraction=0.63) 

The gas-solid flow is complex and heterogamous due to intense air turbulence, drastic 

gas-solid momentum exchange, and interphase heat transfer in the packing zone, especially 

the lower part. Cold air is introduced to the bed from the bottom distributor and valve. 

Accordingly, of note is that the two-phase convection heat transfer is ongoing with 



 

insufficient contact time for the gas-solid in the lower section of the bed result in the air 

temperature has a low value. In the meanwhile, the larger temperature difference between 

two-phase enhances convective heat transfer rate. As depicted in Fig. 14, the air has a higher 

temperature near the wall at the same horizontal of the packing zone. Actually, due to the 

viscosity of the fluid and the wall interface blocking, the air velocity near the wall will be 

blocked and slow down. The intensified interphase heat transfer results from the longer 

two-phase contact time near the wall. From the temperature clouds illustrated in Fig. 14, the 

process of waste heat recovery achieving steady thermal balance state in the upper zone of 

bed after two seconds. It also can be found that temperature increases significantly with the 

bed height and the outlet air temperature is 1121.74 K. Such value reveals that the packed bed 

is characterized by a short time to obtain enough hot air. Moreover, after two seconds, the hot 

air exist no temperature gradients at the outlet of the packed bed. 

6. Conclusions 

In this study, unsteady behavior of waste heat recovery from activated CFA has been 

investigated based on Euler-Euler modeling incorporating the kinetic theory of phase flow. 

The energy transport in packed bed can be described through solving energy conversion 

differential equations in two phases. The air temperature field among packed particles is 

resolved by considering the radial in homogeneous distribution of porosity and the effective 

fluid viscosity. The influence of several key design and operating variables on the outlet air 

temperature of the packed bed are assessed, such as solid particle diameter, superficial air 

velocity, solid packing height and solid packing volume fraction.  

The heat transfer characteristics of gas-solid phases and air temperature fields of the 



 

packed bed under some key conditions have been obtained successfully. The results revealed 

that the particle diameter strongly affect the heat transfer, as a smaller diameter particle with 

larger surface area yielded higher heat transfer to the fluid. By changing the packing height of 

the activated CFA in the bed, the outlet air temperature can be effectively improved. 

Meanwhile, the heat transfer ability between the gas and solid is utilized in the greatest extent 

when the packing height is 0.3 m. Afterwards, it is found that it has no enough time to achieve 

thermal equilibrium the between gas and solid at the higher air velocity, which results in the 

lower outlet air temperature. The investigation confirms that the solid volume fraction taken 

as 0.63 is favorable to heat recovery, which makes a compromise between the airflow 

resistance and outlet air temperature. The obtained distribution mechanism of the temperature 

field for gas phase based on the transient temperature contours at different times suggesting 

that the transfer of heat will continue as long as there is a difference in temperature between 

the two locations. Once the two locations have reached the same temperature, thermal 

equilibrium is established and the heat transfer will stop. As a result, the hot air exist no 

temperature gradients at the outlet of the packed bed. In addition, the insights emanating from 

the current work are worthwhile for the exploitation of technology of energy recovery from 

solid and design of such apparatuses in industrial fields. Nevertheless, the impact of outlet hot 

air on pre-heated raw CFA and energy recovery efficiency need further investigation in future 

work.  
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Nomenclature 

Λ  mean free path of gas 

Λ0  mean free path of gas under 1 atm and 273.15 K 

αα  air volume fraction 

αs  solid volume fraction 

αs,max  maximum solid volume fraction 

αT  thermal accommodation coefficient 

β  interphase momentum transfer coefficient 

Cp  thermal capacity of gas 

dp  particle diameter 

E  Young's modulus 

E'  effective elastic modulus 

e  coefficient of restitution 

F  normal contact force 

Fi  the drag force between gas and solid 

g  gravity vector 

g0  radial distribution function 

H*  the mean micro hardness of particles 

Hbed  the height of packing, m 

h  convective heat transfer coefficient air-solid phase 

I  identity tensor 

I2D  second invariant of deviatoric stress tensor 



 

кα  air thermal conductivity 

кs  fly ash thermal conductivity 

M  gas parameter 

Mα  molecular mass of gas 

Ms  molecular mass of solid 

m  mean absolute surface slope 

Nu  nusselt number 

Pα  pressure of gas 

Ps  pressure of fly ash 

Pr  air Prandtl number 

ρα  air density 

ρs  fly ash density 

Q  power 

Re  Reynolds number 

Rep  fly ash Reynolds number 

Rj  joint thermal resistance 

RS  the micro-contact constriction/spreading resistance 

RL  the macro-contact constriction/spreading resistance 

RG  the resistance of interstitial gas in the macro-gap 

Rg  the resistance of interstitial gas in the micro-gap 

rL  radius of macro-contact 

rH  radius of Hertzian contact 



 

γ  collisional dissipation of solid fluctuating kinetic energy 

Ts  temperature of solid or particles 

uα  air velocity vector 

us  fly ash velocity vector 

μα  air viscosity 

μs  fly ash viscosity 

σ  mean surface roughness height 

σs  solid stress tensor 

ζs  fly ash bulk viscosity 

θ  granular temperature 

   internal friction angle 

ψ  non-dimensional parameter 

η  non-dimensional parameter 

τ  non-dimensional parameter 

S  non-dimensional parameter 

B  non-dimensional parameter 

ν  Poisson's ratio 

Г  ratio of gas specific heats 

ε  the voidage of the packed bed 

kα  turbulence kinetic energy of gas phase 

εα  turbulent energy dissipation rate of gas phase 

µt,α   gas phase turbulent viscosity 



 

Gk,α  rate of production of turbulent kinetic energy 

Пk,α  turbulent interaction parameters 

hk   interfacial tension of turbulence kinetic energy  

hε  interfacial tension of turbulent energy dissipation rate 
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