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Abstract 
 

A pneumatic transport reactor can be used for continuous carbon capture processes using a dry sorbent because it can handle large 

quantities of flue gas. To design efficient reactors, it is necessary to understand the internal characteristics of a reactor with a complicated 

gas-solid flow. Computational fluid dynamics using an Eulerian-Eulerian approach was adopted to simulate gas-solid two-phase flow to 

better understand the gas-solid behaviors and heat transfer characteristics in a pneumatic transport reactor. Numerical simulations were 

used to analyze the pressure difference, solid mass flux, and heat transfer coefficient. The results showed that the gas-solid behavior was 

unstable and that localized particle flow affects the heat transfer characteristics. The degree of particle mixing near the solid return inlet 

was lower than that at greater heights within the reactor; in the inlet region, the heat transfer coefficient is not uniform in accordance with 

the non-uniformity of solid particle behavior.  
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1. Introduction 

Carbon dioxide is believed to be the main cause of global 

warming. Since industrialization, the atmospheric CO2 con-

centration has risen with anthropogenic emissions of CO2. 

Most CO2 emissions are currently from coal-fired power 

plants [1, 2]. However, the number of coal-fired power plants 

will not be reduced soon due to the current industrial structure 

and the low efficiency of alternative energy. Consequently, 

there has been much effort to reduce CO2 emissions from 

power plants using carbon capture and sequestration technol-

ogy [3, 4]. Carbon capture technology consisting of two gas-

solid fluidized beds using a dry sorbent has many advantages: 

It can accommodate the massive throughput of flue gas from a 

power plant using a continuous process; it does not use steam; 

and the reactor is compact [5, 6]. From a thermal perspective, 

thermal equilibrium in each reactor must be maintained for 

continuous operation [7]. The process itself involves two reac-

tions: cooling carbonation for CO2 capture and regeneration 

using the desorption energy of captured CO2, as shown in Fig. 

1. Reducing the desorption energy is essential for cost-

effective processing and must be addressed for commerciali-

zation. To save energy in CO2 capture reactions, there are two 

heat exchangers on the outer wall of the reactor: The reaction  
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Fig. 1. Schematic geometry of the continuous process in a carbon-

capture system using dry sorbent. 
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heat exchanger and sensible heat exchanger. 

   Many methods have been suggested, including a calcium 

looping process [7] and multi-stage heat-exchangeable reactor 

systems [6, 8, 9], to achieve continuous carbon capture. The 

operating conditions of these systems must be optimal for 

effective processing; however, depending on the given proper-

ties of the gas and sorbent, the conditions differ and must be 

analyzed [10]. 

A pneumatic transport reactor can run continuously because 

the sorbent particles can leave the reactor with sufficient mo-

mentum. For the pneumatic transport reactor to operate prop-

erly, the reactor should be designed as considering required 

reacting condition. Good gas-solid mixing and sufficient par-

ticle residence time are required. Especially, because the car-

bonation and regeneration process are the exothermic and 

endothermic reaction, respectively, controlling the reactor 

temperature condition is the most critical when applying the 

temperature swing absorption process [10]. To control the 

temperature condition in the reactor, heat exchange between 

the gas-solid flow and the reactor should be estimated. From 

this design perspective, it is necessary to analyze the complex 

gas-solid behaviors and heat transfer processes in the reactor 

[11-13]. Therefore, this study examined the effectiveness of a 

pneumatic transport reactor using numerical simulations to 

analyze the pressure difference in the reactor, sorbent behav-

iors, and the bed-to-wall heat transfer coefficient. The charac-

teristics of two-phase flow and single-phase gas flow were 

compared. 

 

2. Pneumatic transport reactor 

Continuous gas-solid reaction processes can be divided into 

moving bed, fluidized bed, and pneumatic transport systems. 

Unlike the last two, in a moving bed, solid particles are con-

veyed mechanically or under the force of gravity, with the aid 

of a rotation machine, agitator, or vibrator. In a fluidized bed, 

the solid particles are blown by gas flow, and back-mixing 

occurs in the bed. Suspended particles in the reactor exhibit 

stochastic behavior, leaving the reactor randomly regardless of 

the order of injection. In pneumatic transport, the gas flow 

carries dilute solid particles in one direction, like a piston. 

When particles of uniform size are introduced simultaneously, 

the particles have the same residence times in the reactor. The 

latter two systems are largely overlapping, as shown in Fig. 2 

[11]. It is easy to distinguish the two systems theoretically, 

while it is difficult in industrial practice. 

Generally, solid particles start to move apart when they ex-

ceed the terminal velocity, as described by Stokes law at low 

Reynolds numbers: 

 
2U /18 .

t s p
g dρ µ=  (1) 

 

Particles can scatter in the reactor. The boundary conditions 

that distinguish a fluidized bed and pneumatic transport are 

the minimum transport velocity and minimum pressure-drop 

velocity, expressed as follows [14]: 
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Pneumatic transport reactor involves dilute gas-solid mix-

tures and is suitable for rapid reactions which is incorporated 

into the upward flow of solids circulations systems. When 

analyzing a pneumatic transport reactor, the important factors 

are the pressure difference loss, gas-solid behaviors, and en-

ergy balance, which influence the long-term operating costs of 

the entire system [11, 13]. 

 

3. Research method 

3.1 Numerical simulation 

To analyze the multiphase flow in a pneumatic transport re-

actor involving gas-solid, a Computational fluid dynamics 

(CFD) simulation was used. Using ANSYS Fluent 16.0 soft-

ware, the Eulerian-Eulerian method was used for an unsteady 

simulation with a fixed time step of 10
−3 

second. To quantify 

complex multiphase flow that changes instantaneously, time-

averaged values were analyzed after the flow reached a quasi-

steady state. In the Eulerian-Eulerian method, the gas and 

solid are assumed to be interpenetrating continua, and the 

conservation of mass, momentum, and energy for each phase 

is solved. To analyze the motion of granular particles within 

the reactor, the Kinetic theory of granular flow (KTGF) was 

applied. 

To conserve momentum, various external forces should be  

 
 

Fig. 2. Idealized flow regime map for gas-solids upward transport [13]. 
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Table 1. Summary of the governing and constitutive equations. 
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Constitutive equations (Kinetic theory to granular flows (KTGF)) 

Conservation of granular temperature (Algebraic formulation): 

s , ,

1
Θ

3
s i s i

u u=  

( ) ( ) ( )
s s

ss Θ s Θ

3
ε ρ Θ I τ : v Θ

2 t
s s s s gs

p k γ φ
∂ 

= − + ∇ +∇ ⋅ ∇ − + ∂ 

�

 

( )
( ) ( ) ( )

s

2

2 s

Θ 0, 0,

0,

150 Θπ Θ6
1 1 2 1  

384 1 5

s

s ss ss s s s ss ss

ss ss

d
k g e d e g

e g

ρ
ε ρ ε

π
 

= + + + + +  
(Gidaspow et al.) 
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Phase stress-strain tensor 
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µ  :  Gas phase viscosity 
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considered. The virtual mass force and lift force are negligible 

because the density of the primary phase of the gas is smaller 

than that of the secondary phase of the solid, and the particle 

size is sufficiently small. The interaction force between phases 

must be described accurately. The Gibilaro drag force model 

was used, which is generalized for fluid-particle interactions 

[15]. 

The energy conservation equation must consider the heat 

exchange between the gas and solid. The Gunn heat exchange 

model was used for granular flows [16]. A cold flow simula-

tion does not consider chemical reactions. The fluctuating 

energy of a particle is expressed using the granular tempera-

ture, which is proportional to the kinetic energy of the parti-

cles’ random motion. Detailed equations are described in Ta-

ble 1. 

 

3.2 Model validation 

To verify the CFD code, the results were compared with 

published experimental data [17]. The numerical simulation 

was conducted using the geometry presented in the literature. 

Fig. 3 shows the solid mass flux profile in a pneumatic trans-

port reactor at a height 3.9 m; the red triangles correspond to 

experimental results and the black line represents numerical 

simulation data using the method described above. The nu-

merical simulation data are comparable to the experimental 

results. 

 

3.3 Operating conditions for a pneumatic transport reactor 

The CO2 capture process involves two reactors, as shown in 

Fig. 1. The bench-scale carbonation reactor [6, 8] used in this 

study was 6.8 m high and 0.07 m in diameter; the reaction 

heat.  

exchanger is at the bottom of the reactor and the sensible 

heat exchanger is at the top [6]. The superficial velocity of the 

pneumatic transport reactor must exceed the minimum trans-

port velocity (Umt) of the solid. Using Eq. (2) above, Umt = 

1.94 m/s [11]. Considering this, the superficial velocity was 

set at 2.5 m/s. In Fig. 2, the red circles show the flow regime 

under the conditions used in this study; the conditions over-

lapped with fluidization and pneumatic transport. Geometric 

information and the physical and thermal properties of the gas 

and solid are listed in Table 2. In the comparative study with a 

single-phase gas, a simulation of a reactor without particles 

was conducted using the same velocity conditions. 

 

4. Results and discussion 

4.1 Pressure difference 

In a pneumatic transport reactor, the pressure difference of 

the reactors is an important indicator of the characteristics of 

the gaseous environments [18]. Fig. 4(a) shows that the pres-

sure difference of the pneumatic transport reactor exceeds that 

of single-phase gas flow. For an analysis of this result, the 

basic pressure loss equation is expressed as follows [19]: 
 

( ) ( ) 2 2

p

1 2P
ρ εg ρ 1 .

L 2 2

s p p g g

g

f u f u
g

D D

ρ ε ρε
ε
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= + − + +   (5) 

 

The term on the left side of the equation is the pressure loss. 

The terms on the right side of the equation are the gas gravity, 

solid gravity, solid friction effect, and gas friction effect, re-

spectively. Generally, both friction effects are negligible com-

pared with the gravity terms. The solid density is more than 

1000 times the gas density. However, pneumatic transport 

flow is dilute flow and its voidage exceeds 0.95. The incre-

ment in the overall pressure of pneumatic transport is mainly 

due to the difference in gravity of the solid particles, because 

the gas gravity is nearly the same as single-phase gas flow. In 

addition, due to the random motion of particles, the pressure 

appears unstable; thus, the standard deviation of pressure is 

used, as shown in Fig. 4(b). This confirmed that there was no 

difference in the standard deviation of pressure up to a certain 

 
 

Fig. 3. Validation comparing numerical simulation data and experi-

mental data [16]. 

 

Table 2. Physical and thermal properties and boundary conditions of a 

pneumatic transport reactor. 
 

Parameter Value Parameter Value 

Gas density (kg/m³) 1.131 Superficial velocity (m/s) 2.5 m/s 

Gas viscosity (Pa·s) 1.904×10-5
 
Gas temperature at inlet 

(K) 
313 

Gas thermal  

conductivity (W/m K) 
0.0272 Solid flux (kg/m²s) 3.6/0 

Gas specific heat (J/kg K) 1005.6 
Solid temperature at inlet 

(K) 
313 

Solid density (kg/m³) 1770 Cooler temperature (K) 293 

Particle dimeter (µm) 100 Riser diameter (m) 0.07 

Solid thermal  

conductivity (W/m K) 
4 Riser height (m) 6.8 

Solid specific heat  

(J/kg K) 
1140 Heat exchange height (m) 4 
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height from bottom, but it decreased in the vicinity of the exit. 

From the averaged pressure difference, the mean residence 

time of a particle can be expressed as follows [20]: 

 

m,p

Total solid mass in the reactor P
t .

s
Solid feed rate G g

∆
= =   (6) 

 

By numerical analysis, the differential pressure is about 985 

Pa and Gs is 3.6 kg/m
2
s, as the operating condition. A simple 

calculation shows that the mean residence time tm,p is 27.91 s. 

 

4.2 Particle behaviors 

To gain insight into reactor phenomena, it is important to 

understand the behavior of the particles inside the reactor. In 

the experiments, it was difficult to quantify a vigorous gas-

solid behavior that changes over time. Numerically, this be-

havior can be expressed in terms of the solid mass flux, as 

follows: 
 

( )s p
G ρ 1 .

p
guε= −   (7) 

Fig. 5 shows the solid mass flux at heights of 1, 2 and 3 m. 

When particles are introduced, the high gas velocity causes the 

particles to flow upward along the opposite wall where the 

solid injection port is located. As the height increases, that 

flow becomes weaker and relatively uniform. 

 

4.3 Heat transfer coefficient 

Heat transfer is important for continuous processes, includ-

ing chemical reactions. To balance energy, the reactor thermal 

conditions must be maintained. In a pneumatic transport reac-

tor, abrasion and corrosion are likely to occur because the 

particle velocity is high. As it is difficult to add an immersed 

heat transfer surface, the importance of bed-to-wall heat trans-

fer increases. 

Compared with single-phase gas flow, change in circumfer-

ential time average bed-to-wall heat transfer coefficient with 

height is high, as shown in Fig. 6. The surface average value 

of reaction heat exchanger was about 2 times larger than that 

of single-phase gas flow. Given that heat transfer is related to 

particle behavior in Fig. 5 [19], the bed-to-wall heat transfer 

 

(a) 
 

 

(b) 
 

Fig. 4. Changes in (a) pressure; (b) the standard deviation of pressure 

with height (Time averaged: 20 s). 

 

(a) 3 m 
 

(b) 2 m 
 

(c) 1 m 
 

Fig. 5. Local bed-to-wall heat transfer coefficient and solid mass flux 

according to operating conditions at (a) 3 m; (b) 2 m; (c) 1 m (time 

averaged 20 s). 
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coefficient is uniform according to circumferential location at 

3 m where the particles are well mixed. In contrast, the heat 

transfer coefficient is not uniform at 1 m and 2 m, in accor-

dance with the non-uniformity of solid particle behavior. This 

means that when the radial mixing of the particles is poor, heat 

transfer coefficient is not uniform and has a bad effect for 

thermal design. 

 

5. Conclusions 

To enable continuous processing of a CO2 capture reactor, it 

is necessary to analyze various considerations, such as pneu-

matic transport. This study analyzed a pneumatic transport 

reactor in terms of particle behavior and thermal dynamics. 

First, our results confirmed that the pressure difference of 

the reactor was unstable due to the presence of particles. The 

degree of instability was expressed as the standard deviation 

of the pressure, which depended on the height within the reac-

tor. The mean residence time of the particles was also calcu-

lated. The overall behavior of particles in the reactor was de-

termined through an analysis of the pressure difference. 

Second, the local behavior of particles in the reactor was 

quantified using the solid mass flux. When particles were 

introduced, the flow was not uniform to a certain height due to 

the location of injection. 

Finally, from a thermal perspective, the area-averaged heat 

transfer coefficient is higher than that of single-phase gas flow 

in all areas. However, the heat transfer coefficient with cir-

cumferential location varies to a certain height due to the rela-

tionship between particle behavior and heat transfer. Above a 

certain height where the radial mixing of the particles is well, 

heat transfer coefficient with circumferential location is uni-

form. 

The bed-to-wall heat transfer must be evaluated, to apply 

the pneumatic transport reactor for continuous CO2 capture. 

As the heat transfer and gas-solid behavior results, pneumatic 

transport reactor can be evaluated whether this geometric de-

sign is sufficient for carbon capture system and whether the 

modification of reactor design is necessary. 
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Nomenclature------------------------------------------------------------------------ 

Ar     : Archimedes number 

dp     : Particle diameter [m] 

dp
*     : Non-dimensional particle diameter 

e  : Coefficient of restitution 

Gs   : Solid circulation rate [ kg / m2s] 

g     : Gravity acceleration [m / s2] 

g0  : Radial distribution coefficient 

p : Pressure [Pa] 

Res  : Particle Reynolds number 

T  : Temperature 

U   : Velocity [m/s] 

U*   : Non-dimensional velocity 

ε  : Volume fraction 

θ   : Granular temperature 

ρ   : Density [kg/m3] 

μ  : Viscosity [Pa s] 
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