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Abstract 

Accurate prediction of transport phenomena is critical for VPU reactor design, optimization, and 

scale-up. The current study focused on the validation and application of a multiphase CFD model 

within an open-source code MFiX for hydrodynamics, temperature field, and residence time 

distribution (RTD) simulation in a non-reacting circulating fluidized bed riser for biomass 

pyrolysis vapor phase upgrading (VPU). First, an Eulerian-Eulerian approach three-dimensional 

CFD model was employed to simulate the pilot-scale VPU riser on the supercomputer Joule. 

Excellent quantitative agreement between experimental and simulated results was achieved for 

pressure drops and temperature field in a range of operating conditions. Then the validated 

multiphase CFD model was applied to predict gas and solid residence time distributions (RTDs) 

since prediction and analysis of RTD is an important tool to study the complex multiphase flow 

behavior and mixing inside chemical reactors. The predictions show that solid mean residence time 

is 3.5 times the gas residence time; the solid RTD is more sensitive to the process gas flow rate 

than the solids circulation rate. 
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1. Introduction 

  Fast biomass pyrolysis with vapor phase upgrading has been receiving more attention in 

recent years as it offers a promising technology to utilize renewable biomass resources for liquid 

transportation fuels to meet the increasing energy demand [1-4], while simultaneously providing 

a solution to mitigate serious environmental problems associated with fossil fuel utilization. 

However, large-scale production of biofuels faces significant challenges; one of these challenges 

requires overcoming limitations in the design, optimization, and scale-up of related process 

equipment, such as biomass pyrolysis vapor phase upgrading (VPU) reactors [5]. 

A circulating fluidized bed reactor with catalyst material is commonly employed for the 

catalytic upgrading of chemicals and petroleum providing large throughput, excellent heat and 

mass transfer characteristics, and controllable solid residence time distribution (RTD) [6, 7]. While 

zeolite catalyst in the VPU reactor is quickly coked by undesirable byproducts during upgrading, 

which affects the reaction rates and selectivity of the catalytic cracking reactions [8, 9]. The 

catalyst RTD determines the degree of coke on the catalyst surface; therefore, accurately obtaining 

catalyst RTD from experimental measurement and numerical simulation is valuable for the design 

and optimization of reacting biomass VPU systems. 

 A tracer response experiment is usually employed to measure solid RTD in a fluidized bed 

[10-12]. However, compared to the experimental multiphase flow hydrodynamics studies, the 

experimental measurements of solid RTD in fluidized beds is often prohibitive because the 

multiphase flow behavior in the fluidized beds is dynamic and heterogeneous [7, 13], which makes 

accurate tracer detection very difficult. The tracer response experiment requires that the pulse 

tracer injection time is as short as possible or at least much shorter than the mean residence time. 
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However, due to experimental limitations of tracer injection, the typical tracer injection time is in 

the order of 0.1 second to several seconds [14]. If the tracer injection time is not much shorter than 

the mean residence time, substantial errors will be introduced in the RTD calculation.   

Computational fluid dynamics (CFD) simulation offers another option to investigate the RTD 

in fluidized beds and eliminates the difficulties of tracer injection and detection in experimental 

studies. Several CFD investigations of RTD have been reported in the literature, including 

analyzing RTD in several kinds of fluidized beds (riser [15-18], downcomer [19, 20], and bubbling 

fluidized bed [21]) and studying the effect of several factors (reactor design [22], inlet gas and 

solid flow rate [15, 18, 20] , inlet geometry [19], outlet geometry [23], particle property [20, 24], 

particle size distribution [25], tracer particle property [26]) on RTD. However, the investigation of 

RTD in a VPU riser is extremely lacking in the literature, especially for large scale reactors. 

Ranganathan and Gu [27] simulated the hydrodynamic behaviors and catalyst RTD in the National 

Renewable Energy Laboratory (NREL)’s Davison Circulating Riser (DCR) reactor [5]. Since the 

DCR is a small scale reactor (3m tall and 1cm diameter) and a 2-D two-fluid model was employed 

that was not validated by direct comparison with experimental data in the DCR. Foust et al. [16] 

also simulated the flow hydrodynamics and RTD in the DCR with 2D and 3D simulations, 

unfortunately, the CFD model was not validated with any experimental data. It is known that the 

accurate prediction of flow hydrodynamics and RTD strongly depends on the accuracy of the CFD 

model, which must be comprehensively validated by comparing with experimental data. Thus, it 

is necessary to validate a multiphase CFD model before applying it to predict RTD in the VPU 

riser.  

This paper is organized as follows. In section 2, a pilot-scale VPU riser, NREL non-reacting 

hot flow experiments, and catalyst particle characterization are introduced. In section 3, model 
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equations, computational methods, and simulation settings are discussed. In section 4, the CFD 

model was validated for hydrodynamics and temperature field prediction by comparing with 

experimental data. Finally, the validated model was applied to investigate the effect of operating 

conditions on the RTDs in the VPU riser.  

2. Biomass vapor phase upgrading system 

2.1 Pilot-scale VPU reactor  

A pilot-scale biomass vapor phase upgrading reactor is used to catalytically upgrade the 

pyrolysis vapors generated by an entrained flow reactor in the thermal and catalytic process 

development unit (TCPDU) at the National Renewable Energy Laboratory (NREL)[28]. The VPU 

reactor system mainly consists of an upgrading riser, a regenerator, stripers, cyclones, transfer lines, 

etc. This study only focuses on the VPU riser. The height of the VPU riser is 7.05m with an inner 

diameter of 0.092m. Detailed 3D reactor geometry is shown in Figure 1. The reactor is operated at 

a temperature of about 773-873K and an average pressure of 132kPa. There are heating jackets 

around the VPU riser to main the wall temperature at around 873 K. Three flows are introduced 

into the reactor through three inlets (see Figure 2), respectively. The process gas flow injects 

biomass pyrolysis vapor obtained from the biomass pyrolysis system, which contains a mixture of 

complex components (bio-oil vapor, light gas, N2). Under the non-reacting condition, the process 

gas is pure N2. The catalyst and J-leg gas flow inject catalyst particles and a small amount of N2. 

The carrier gas flow injects an additional small amount of N2 to “carry” the particles up.  
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Figure 1. Schematic geometry of the CFB riser for biomass vapor phase upgrading (a1) global 
view of the real geometry, (a2) detail view of the top, (a3) detail view of the bottom, (a4) detail 

view of the distributor, (b1) detail view of a longitudinal section of the top (the simplified 
computational domain above the distribution is marked in blue, the computational domain below 
the distributor is marked in red in figure b2 and b3), (b2) detail view of a longitudinal section of 
the bottom, (b3) detail view of gas distributor (16 squares holes with width of 0.00625 m on the 

distributor). 

2.2. NREL non-reacting flow experiments   

In order to validate the CFD model, non-reacting hot flow hydrodynamics and temperature 

field were experimentally investigated in the VPU riser at NREL [28]. The VPU reactor is operated 

in the pneumatic transport regime where the catalyst inventory volume fraction is about or below 

2%. One of its advantages is that the gas phase carries dilute solid particles and moves close to a 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



7 

 

plug flow, which can reduce catalyst back-mixing and is suitable for fast reactions [10, 29].  

Figure 2 shows the simplified geometry and the locations of pressure sensors and 

thermocouples. Experimental data from five pressure sensors (PDIT700, PDIT704, PDIT705, 

PDIT706, PDIT707) and nine thermocouples (TE629, TE701, TE743, TE705, TE707A, TE707B, 

TE707C, TE709A,TE709B) were collected for model validation. Different Zeolite catalyst 

circulation flow rates (from 45kg/h to 387kg/h) and process gas flow rates (N2, from 24 kg/h to 

36kg/h) were tested in the non-reacting hot flow experiment. The carrier gas flow rate (N2, 

9.05kg/h) and J-leg gas flow rate (N2, 0.348kg/h) remain unchanged in all tests. The operating 

conditions are summarized in Table 1. 

 

Figure 2. Simplified geometry and locations of pressure sensors (a) and thermocouples (b). 
 

Table 1. Operating conditions of the non-reacting flow in the VPU riser for model validation. 
Parameter Value Parameter Value 
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Process gas inlet flow rate, Mg (kg/h) 24, 30, 36 J-leg gas temperature (K) 853 
Catalyst circulating flow rate, Gs 
(kg/h) 

45-387 Process gas temperature 
(K) 

698 
J-leg gas flow rate (kg/h) 0.348 Carrier gas temperature (K) 676 
Carrier gas flow rate (kg/h)                   9.05 Wall temperature (K) 873 
Catalyst inlet temperature (K) 853 Reactor pressure (kPa) 132 

2.3. Catalyst particle characterization  

 Zeolite catalyst is employed to catalytically upgrade the pyrolysis vapor in the VPU riser. 

The equilibrium catalyst (ECAT) particle provided by NREL is characterized at National Energy 

Technology Laboratory (NETL) and the properties of the ECAT particle are listed in Table 2, 

including particle size, shape, density, and minimum fluidization velocity. The particle size and 

sphericity were measured using the Sympatec QICPIC particle analyzer, which uses a dynamics 

image processing method. The minimum fluidization velocity and voidage were determined in a 

2.5-inch diameter fluidized bed based on a general pressure drop method. Particle density was 

determined using the AccuPyc 1330 Helium Pycnometer and the minimum fluidization tests. 

Table 2. Properties of the ECAT zeolite catalyst in the VPU riser.  
Parameter Value 
Sauter mean diameter (m) 8.6×10-5 

Diameter 90% distribution (m) 5.3-16.0×10-5 

Particle sphericity (-) 0.925 

Particle density (kg/m3) 1560 

Minimum voidage (-) 0.45 

Minimum fluidization velocity (m/s) 0.0055 
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3. Model description  

3.1. Eulerian-Eulerian model  

The Eulerian-Eulerian two-fluid model was used to simulate the multiphase flow 

hydrodynamics, temperature field and RTD in the VPU riser because two-fluid model [30] is more 

computationally efficient than Eulerian-Lagrangian model [31, 32]. The TFM model treats the 

disperse solid phase as a continuous phase inter-penetrating with the fluid phase. The solid stress 

was closed by the algebraic kinetic theory of granular flow and the solid frictional stress was 

computed by Schaeffer’s friction model [33]. The gas-solid momentum exchange term was closed 

by the Gidaspow drag model [34]. The particle sphericity was considered in the Gidaspow drag 

model. The gas phase turbulence was simulated by the standard k-ℇ turbulence model. Solid and 

gas RTD was calculated by solving additional species transport equations for the labeled solid and 

gas species (tracer species). The gas-solid interphase heat transfer was modeled by the Gunn model 

[35]. The governing equations and constitutive relations are summarized in Table 3 and detailed 

information can be found elsewhere [36].  

Table 3. Summary of governing equations and constitutive relations [36] 

Gas phase continuity equation  ( )
( ) 0g g

g g gu
t

α ρ
α ρ

→∂
+∇⋅ =

∂
 

Solid phase continuity equation  ( ) ( ) 0s s
s s su

t
α ρ α ρ

→∂
+∇⋅ =

∂
 

Gas phase momentum equation

( )
( ) ( )

gg g
g g g sg g g g g g g

u
u u p u u g

t
α ρ

α ρ α τ β α ρ

→
→ → → → →∂

+∇⋅ = − ∇ +∇⋅ − − +
∂  

Solid phase momentum equation  

,,
( ) ( ) ( ) ( ) ( )ss s

s s s s fric g ss s s g s s fric s s
u u u p p p u u g

t
α ρ α ρ α τ τ β α ρ

→
→ → → → →∂

+∇⋅ = − ∇ −∇ + +∇⋅ + + − +
∂  

Solid phase granular temperature equation (Algebraic) 
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,,0 ( ) ( ) :s s frics s frc sp p I uτ τ γ
→

Θ
 = − + + + ∇ −  

 

Gas phase temperature equation 

( )g
gg g pg g gs s gg

T
C u T q h T T

t
α ρ

→ →∂ 
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Solid phase temperature equation 
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Gas phase species transport equation 
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X
X u D X
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s s sn s
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t
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Stress tensor for the gas and solid phase 
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3

T
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3

T
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Solid-phase pressure  )]1(21[ 0 ssssss egp ++Θ= αρα  
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8
3

s
s s s sd gλ α ρ η

π
Θ

=  

Solid shear viscosity 
2 2

0
0 02
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Solid frictional viscosity  ,

2
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2
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D

p
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φ
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Solid frictional pressure  
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Solid frictional stress  , . ( )
T

s fric s ss s fric u uτ α µ
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Collisional dissipation of energy fluctuation  5.120
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d
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Θ
−

=Θ αρ
π
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Gidaspow drag model 
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Gas-solid heat transfer model 

2

6 g g s s
gs

s

k Nu
h

d
α α
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3.2. RTD simulation and analysis method  

    Numerical tracer gas and particles are introduced in the VPU riser through the process gas inlet 

and the catalyst inlet to characterize the residence time distribution of the gas and solid phases. 

Figure 3 shows the flows and species at the inlet and outlet. In the original design, there are two 

outlets, one outlet was occupied by pressure/temperature instruments. The gas or solid RTD in the 

VPU riser was obtained with a numerical tracer response experiment. A step change of tracer was 

injected along with the inlet feed stream being characterized, and the response of the tracer 

concentration at the outlet was monitored. The tracer species have similar properties with the feed 

stream to make sure that the tracer has the same flow behavior with the feed stream being 

characterized. 
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Figure 3. Inlet flows and species, in the non-reacting flow tests in this work. Pure N2 was used 
for process gas instead of pyrolysis vapor. (Computational domain is marked in red color). 

Commonly, either a pulse or step-change tracer method can be used to determine the RTD. 

The pulse tracer method requires the injection time to be much shorter than the residence time, 

thus not ideal for the VPU reactor because the gas residence time is only about 1-2s. In a step 

injection, the tracer was injected at a constant concentration 0C . The cumulative residence time 

distribution ( )F t curve was easily obtained based on the tracer concentration at the outlet.  

In a real tracer experiment, the tracer concentration at the outlet is recorded with a time step

it∆ , then ( )iF t curves can be written as follows:  

 
0

( )( ) i
i

C tF t
C

=  (1) 

Usually, the first two moments, the mean residence time mt  and the variance tσ are used to 

characterize the RTD, and are calculated as follows: 

 
0
[1 ( )]N

m i ii
t F t t

=
= − ∆∑  (2) 
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 2 2
0

2 [1 ( )]N
t i i i mi

t F t t tσ
=

= − ∆ −∑  (3) 

The second moment is a measure of the spread of the distribution. For plug flow, the 

normalized variance θσ  is equal to zero; while for well-mixed flow, the normalized variance is 

equal to one. Thus, the normalized variance is used to characterize the flow pattern in the reactor 

and is expressed as follows: 

 t

mt
θ

σσ =  (4) 

3.3. Simulation method and conditions 

The two-fluid solver implemented in the open-source code MFiX (version 18.1.5) [36] 

developed at NETL was employed to solve the governing equations. The Semi-Implicit Method 

for Pressure Linked Equations (SIMPLE) algorithm is used for pressure-velocity coupling. The 

second-order upwind scheme MUSCL is employed for discretization. Three-dimensional transient 

simulations were carried out for all simulations. An adaptive time step was used, which was varied 

from 5×10-5 to 1×10-3 s. No-slip wall boundary was applied for the gas phase. A free slip wall 

boundary was applied for the solid phase [37]. Sixteen square holes with a width of 0.00625 m 

were used to simplify the round holes on the distributor. The uniform gas velocity inlet boundary 

was applied to each hole. The pressure-outlet boundary condition was applied to the outlet. The 

constant temperature (873K) boundary condition was applied at the wall. 

The final mesh size used for the VPU riser simulation was 35 1800 35× × with a total grid 

number of 2.20 million (background domain size is 0.12m×7.05m×0.12m). A grid independence 

study will be shown in a later section. Forty seconds of physical time were run for each case and 

the last 20 seconds were used to get time-averaged results. The computational cost is about 3.63 
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hours of simulation time per one second of physical time with 360 cores on the Supercomputer 

Joule 2. 

After the flow reaches steady-state, numerical tracer gas and particles are introduced in the 

VPU riser through the bottom gas inlet and the catalyst inlet to characterize the RTDs of these feed 

streams. In the simulation, the tracer particles or gas are treated as a species of each phase. The 

gas tracer is set to have the same properties as the gas (N2). One solid phase with two species 

(catalyst and catalyst tracer) and one gas phase with two species (N2, gas tracer) is used in the two-

fluid model, then the species transport equations were solved to predict the RTD. A small fraction 

(e.g. 5% mass fraction of the feed stream) was set as tracer species at the inlet of the riser and the 

tracer concentration at the outlet was recorded with a time step of 0.1s.  

4. Results and discussion  

4.1. Mesh independency study and computational cost  

To make sure that the simulation results are grid-independent, six progressively refined grids 

( 25 600 25× ×  , 25 1200 25× ×  , 30 1200 30× ×  , 35 1200 35× ×  , 35 1800 35× ×  , 40 1800 40× ×  ) 

were tested. Total grid number is 375k, 750k, 1.08M, 1.47M, 2.20M, and 2.88M, respectively. 

Figure 4a shows the pressure drop PDIT700 predicted by different grid resolutions. The predicted 

pressure drop increases with the increase of mesh size and remains almost unchanged when grid 

number is greater than 2.2M. Figure 4b shows the computational cost using different grids. 240 

cores were used for coarse meshes and 360 cores were used for fine meshes. The computational 

speed dramatically decreases from 33.5 s/day to 4.7 s/day, which is very computationally 

expensive. To balance the accuracy and computational cost, the grid 35 1800 35× ×   (about 42 
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times particle diameter) is used in all simulations reported later, which is sufficiently fine to 

provide grid-independence results and computationally not too expensive. 

 

Figure 4. Effect of grid number on (a) pressure drop, (b) computational cost. 

4.2. With and without gas phase turbulence model  

     Gas phase turbulence may have some effect on the flow hydrodynamics as the VPU riser was 

operated in the pneumatic transport regime. The default k-ℇ turbulence model available in MFiX 

was employed to test the effect of gas phase turbulence. Figure 5 shows the comparison of the 

predicted pressure drops with experimental data with and without the turbulence model. With the 

gas phase turbulence model, a slightly denser bed was predicted as can be seen in Figure 5. To 

quantitatively assess the effect of gas phase turbulence, the absolute errors were calculated: 

                     exp

1 exp

i iN
sim

abs i
i

p p
E

p N=

−
=∑                            (5) 

Where N is the number of data points. 

    The errors of the first case (Figure 5a) are 28.7% and 55.9% for simulations with and without 

turbulence model, respectively. The errors of the second case (Figure 5b) are 18.3% and 16.0% for 

simulations with and without turbulence model, respectively. The source of errors mostly comes 
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from PDIT704 as the pressure drop is small (a small value is served as the denominator). The 

comparison shows that with the gas turbulence model, predictions can match slightly better with 

the experimental data. 

 
Figure 5. Comparing predicted pressure drops with experimental data with and without gas 

phase turbulence model. 

4.3. Selection of optimal drag model  

    It is widely reported that drag models have a large effect on the multiphase flow simulation 

results [38-40]. Four widely used drag models were selected and evaluated to identify the optimal 

drag model for the VPU riser, including Gidaspow drag [34], Syamal-O'Brien drag [36], BVK drag 

[41], and HKL drag [42]. The Gidaspow drag and  Syamal-O’Brien drag is derived from the 

experiment, the BVK drag and HKL drag is derived from the direct numerical simulation. Note 

that the coefficients in the Syamal-O'Brien drag model are determined based on the minimum 

fluidization test. The comparison of predicted pressure drops using different drag models is 

presented in Figure 6. No major difference was observed and all drag models predicted similar 

results. To further quantify the performance of different drag models, the absolute errors were 

calculated. The errors of the four different drag models for the first case (Figure 6a) are 28.7%, 

40.2%, 38.1%, and 44.0%, respectively. The errors of the four different drag models for the second 

case (Figure 6b) are 18.3%, 20.1%, 20.1%, and 19.9%, respectively. The Gidaspow drag performs 
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slightly better than other drag models and was selected for later simulations.  

 
Figure 6. Comparing predicted pressure drops with experimental data using different drag 

models. 

4.4. Validation of flow hydrodynamics  

The multiphase CFD model was first validated for hydrodynamics in the VPU riser under 

different operating conditions. The arrangement of pressure sensors on the VPU riser in the 

experimental tests at NREL is shown in Figure 2a. The operating conditions and parameters used 

in the simulation are summarized in Table 1. Instantaneous contour plots of bed voidage of a typical 

case (Gs=320kg/h, Mg=30kg/h) are shown in Figure 7. We can clearly see the complex voidage 

distribution in the VPU riser. The solids volume fraction at the bottom and the top sections of the 

riser are higher than that in the middle section due to inlet and outlet effect. The solids volume 

fraction at most of the regions in the riser is below 2%, which is dilute solid flow.    
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Figure 7. Instantaneous distribution of voidage in the VPU riser for a typical case (Gs=320kg/h, 
Mg=30kg/h) 

    The predicted pressure drop PDIT 700 at different solid circulation rates and gas flow rates were 

compared with the corresponding experimental data (See Figure 8). CFD predictions match 
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experimental data well in a wide range of operating conditions. Pressure drop PDIT 700 almost 

linearly increases with the increasing of solid circulation rate and slightly decreases with the 

increasing of process gas flow rate. 

 

Figure 8. Effect of solid circulation flow rate (a) and process gas flow rate (b) on pressure drop 
PDIT 700 and comparison with experimental data. 

      Figures 9 and 10 show a more comprehensive comparison of predicted pressure drops at 

different locations with experimental data. Absolute errors are 28.7%, 17.6%, 18.3%, 15.3% and 

16.3% for the five cases (in Figure 9) at different solid circulation rates, respectively. Absolute 

errors are 21.0%, 15.3% and 7.8% for the three cases (in Figure 10) at different process gas flow 

rates, respectively. The comparison shows that the model is able to accurately simulate the 

hydrodynamics in the VPU riser over a wide range of operating conditions. 
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Figure 9. Comparison of simulated pressure drops with experimental data under different solid 
flow rates. 

 

 

Figure 10. Comparison of simulated pressure drops with experimental data under different 
process gas flow rates. 

4.5. Validation of temperature field 

    The multiphase CFD model was further validated for temperature distribution in the VPU riser. 

The gas inlet, solid inlet, and wall temperature are quite different, which involve strong heat 

transfer between phases and phases-wall. The arrangement of thermocouples in the experimental 

tests at NREL is shown in Figure 2b. The operating conditions and parameters used in the 

simulation are summarized in Table 1.  

Figure 11 shows the instantaneous gas and solid temperature distribution inside the VPU riser 
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for a typical case (Gs=320kg/h, Mg=30kg/h). The temperature difference between the gas and 

solids is small and only occurs at the inlet region near the bottom of the distributor as the inlet 

temperatures of the gas and solids are different. Along with the bed height, the gradient between 

the gas and solid phase disappears and the temperatures of both phases increase as they are heated 

by the wall and finally reach the same temperature as the wall.  
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Figure 11. Instantaneous distribution of gas and solid temperature in the VPU riser for a typical 
case (Gs=320kg/h, Mg=30kg/h). 
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    The predicted gas and solid temperature profiles along the height of the reactor (2 cm to the 

inner wall in the radial direction) were compared with the experimental data. We can see that the 

predicted temperature distribution agrees well with the experimental data. Absolute errors are 

3.6%,1.7%, 1.1%, 2.0% and 2.8% for the five cases (in Figure 12) at different solid circulation 

rates, respectively. Absolute errors are 1.0%, 2.0% and 1.6% for the three cases (in Figure 13) at 

different gas flow rates, respectively. The comparison shows that the model was also able to 

correctly predict the temperature distribution in the VPU riser in a wide range of operating 

conditions. 

Figure 12. 
Comparison of simulated temperature distribution along with the height of the reactor with 

experimental data under different solid circulation flow rates. 
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Figure 13. 
Comparison of simulated temperature distribution along with the height of the reactor with 

experimental data under different process gas flow rates. 

4.6. RTDs prediction 

      The validated CFD model was then applied for RTDs predictions. The effect of catalyst flow 

rate and process gas flow rate on the solid and gas RTDs were investigated. Figure 14 shows the 

cumulative residence time distribution (F(t) curves) of the gas and solid phases at different solid 

circulation rates. The cumulative residence time F(t) will eventually reach 1.0 when the outlet 

tracer concentration is equal to the inlet concentration. It took about 4 seconds for the process gas 

F(t) to reach steady-state, while it took about 15s for the solid F(t) to reach steady-state, indicating 

that the flow patterns of gas and solid are quite different.  

    Figure 15 shows the mean residence time and the normalized variance for the gas and solid 

phases. The mean residence time of gas almost remains unchanged with increasing solids 

circulation rate and is only about 2s. The normalized variance is about 0.3-0.4, which indicates 

that the process gas flow is close to plug flow. Solids mean residence time increases from 6s to 7s 

with the increasing of solids circulation rate. The trend is in accordance with the experimental 

studies of RTD in circulating fluidized beds by Harris et al.[43] and Smolders et al. [14]. The 
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normalized variance slightly increases from 0.4 to 0.55, indicating that the solid flow is neither 

plug flow nor well-mixed flow in the VPU riser. The normalized variance of the solid phase is 

slightly larger than that of the gas phase, which indicates slightly stronger back-mixing for the 

solid phase.     

 

Figure 14. Effect of solid circulation rate on (a) the solid cumulative residence time distribution, 
(b) process gas cumulative residence time distribution. 

 

Figure 15. Effect of solids circulation rates on (a)process gas and solid mean residence time, (b) 
process gas and solids normalized variance.(Mg=30kg/h) 

Figure 16 shows the F(t) curves for the process gas and the solid phase at different process 

gas flow rates. It can be seen that an increase of process gas flow rate reduces the time for the F(t) 

curves to reach steady-state. The mean residence time and normalized variance for different 
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process gas flow rates are shown in Figure 17. The mean residence time of the process gas 

decreases from 2.6s to 1.9s and the solids mean residence time decreases from 8.3s to 5.8s when 

the process gas flow rate increased from 24kg/h to 36kg/h. The solids mean residence time 

decreases with increasing gas velocity, which is consistent with previous experimental work in a 

CFB riser [44]. From Figure 17b, we can get a similar conclusion with the previous section that 

the flow pattern of both gas and solid in the VPU riser is neither plug flow nor well-mixed flow 

and the normalized variance of solid phase is always lower than that of the gas phase indicating 

stronger solid back-mixing. 

 

Figure 16. Effect of process gas flow rate on (a) the solids cumulative residence time 
distribution, (b) process gas cumulative residence time distribution. 

 

Figure 17. Effect of process gas flow rate on (a)process gas and solids mean residence time, (b) 
process gas and solid normalized variance. (Gs=135kg/h) 
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5. Conclusion 

An Eulerian-Eulerian two-fluid model in open-source MFiX has been employed to investigate 

the multiphase phase flow behavior, temperature field and RTD in a pilot-scale VPU riser. To 

validate the CFD model, the simulated flow hydrodynamics and temperature distribution were 

comprehensively compared with non-reacting hot flow experimental data. It is found that the CFD 

model could reproduce the experiment reasonably well and match the experimental data well in a 

wide range of operating conditions. The validated model was then applied to investigate the effect 

of solids circulation rate and process gas flow rate on the solid and gas RTDs. The results show 

that the gas and solids flow in the riser is neither plug flow or well-mixing flow; the RTD is more 

sensitive to the process gas flow rate than the solids circulation rate. In future work, the predicted 

RTD will be provided as input data for the development of the reduced-order model. In the 

meantime, the validated CFD model will be coupled with the VPU kinetics to predict the VPU 

reactor performance for a variety of operating conditions and compare with the reacting flow 

experimental data.  
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Nomenclature 

DC  = drag coefficient 

psC  = solid heat capacity, J/K 

sd  = particle diameter, m 

e = particle-particle restitution coefficient 
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g  = acceleration due to gravity, m∙s-2 

Gs = solid circulation flow rate, kg·h-1 

Mg = Process gas flow rate, kg·h-1 

p  = pressure, Pa 

sp  = particle phase pressure, Pa 

Res  = Particle Reynolds number 

t = flow time, s 

Tg = gas temperature, °C 

Ts = solid temperature, °C 

u = velocity, m∙s-1 

gU = superficial gas velocity, m·s–1 

gV = gas flow rate, slpm 

iX = species mass fraction 

Greek letters 

α  = volume fraction  

β  = drag force, kg·m-3s-1 

µ  = viscosity, Pa·s 

ρ  = density, kg·m–3 

φ  = sphericity 

Θ  = granular temperature, m2·s–2 

τ  = phase stress tensor, N·m–2 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



30 

 

Subscripts 

g  = gas phase 

s  = solid phase 

frc = friction 
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