
2Proceedings of the 12th International Conference on 
Computational Fluid Dynamics in the Oil & Gas, 
Metallurgical and Process Industries

SINTEF
PROCEEDINGS

Progress in Applied CFD –
CFD2017



Editors: 
Jan Erik Olsen and Stein Tore Johansen

Progress in Applied CFD – CFD2017

Proceedings of the 12th International Conference on Computational Fluid Dynamics 

in the Oil & Gas, Metallurgical and Process Industries

SINTEF Proceedings

SINTEF Academic Press



SINTEF Proceedings no 2 
Editors: Jan Erik Olsen and Stein Tore Johansen
Progress in Applied CFD – CFD2017

Selected papers from 10th International Conference on Computational Fluid 
Dynamics in the Oil & Gas, Metal lurgical and Process Industries

Key words:
CFD, Flow, Modelling

Cover, illustration:  Arun Kamath

ISSN  2387-4295 (online)
ISBN 978-82-536-1544-8 (pdf)

© Copyright SINTEF Academic Press 2017
The material in this publication is covered by the provisions of the Norwegian Copyright 
Act. Without any special agreement with SINTEF Academic Press, any copying and  
making available of the material is only allowed to the extent that this is permitted by 
law or allowed through an agreement with Kopinor, the Reproduction Rights Organisation 
for Norway. Any use contrary to legislation or an agreement may lead to a liability for 
damages and confiscation, and may be punished by fines or imprisonment

SINTEF Academic Press
Address:  Forskningsveien 3 B
  PO Box 124 Blindern
  N-0314 OSLO
Tel:   +47 73 59 30 00
Fax:   +47 22 96 55 08

www.sintef.no/byggforsk
www.sintefbok.no

SINTEF Proceedings
SINTEF Proceedings is a serial publication for peer-reviewed conference proceedings 
on a variety of scientific topics.
The processes of peer-reviewing of papers published in SINTEF Proceedings are  
administered by the conference organizers and proceedings editors. Detailed  
procedures will vary according to custom and practice in each scientific community.



PREFACE  

This book contains all manuscripts approved by the reviewers and the organizing committee of the 

12th International Conference on Computational Fluid Dynamics  in the Oil & Gas, Metallurgical and 

Process Industries. The conference was hosted by SINTEF in Trondheim in May/June 2017 and is also 

known as CFD2017 for short. The conference series was initiated by CSIRO and Phil Schwarz in 1997. 

So far the conference has been alternating between CSIRO  in Melbourne and SINTEF  in Trondheim. 

The conferences  focuses on  the application of CFD  in  the oil and gas  industries, metal production, 

mineral processing, power generation, chemicals and other process industries. In addition pragmatic 

modelling  concepts  and  bio‐mechanical  applications  have  become  an  important  part  of  the 

conference. The papers in this book demonstrate the current progress in applied CFD.  

The conference papers undergo a review process involving two experts. Only papers accepted by the 

reviewers  are  included  in  the  proceedings.  108  contributions were  presented  at  the  conference 

together with  six  keynote presentations. A majority of  these  contributions  are presented by  their 

manuscript in this collection (a few were granted to present without an accompanying manuscript).  

The organizing committee would like to thank everyone who has helped with review of manuscripts, 

all  those who  helped  to  promote  the  conference  and  all  authors who  have  submitted  scientific 

contributions. We are also grateful for the support from the conference sponsors: ANSYS, SFI Metal 

Production and NanoSim. 

Stein Tore Johansen & Jan Erik Olsen 
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ABSTRACT 

This work was focused on a commercial-size (2MWth.) 
circle-draft biomass gasifier. In this work a three-
dimensional transient CFD (computational fluid 
dynamics) model was established to simulate the circle-
draft biomass gasifier. The MP-PIC (multiphase particle-
in-cell) method was applied to simulate multiphase 
reactive flows in the gasifier. In the MP-PIC method, the 
Navier-Stokes equation coupled with the large-eddy 
simulation (LES) was applied to describe the gas phase. 
The particulate phase was described in a Lagrangian way 
by computing the trajectories of parcels of particles 
solving Newtonian equations of motion for each parcel. 
The mass and energy transport equations were coupled 
with the momentum equation to simulate mass and energy 
transfer in the circle-draft gasifier. The heterogeneous 
solid-gas and homogeneous gas-phase reaction kinetics 
were integrated with the transport equations to simulate 
biomass drying, gasification, combustion, and other gas-
phase reactions. The simulation results were compared 
with experimental data to validate the CFD model. The 
CFD model predicted gas species distribution, reaction 
zone temperatures, and producer gas composition in the 
circle-draft biomass gasifier. 

NOMENCLATURE 

Greek Symbols  
𝛼𝛼 volume fraction 
𝜌𝜌 density 
𝜏𝜏 stress tensor 

 
Latin Symbols 
𝐴𝐴𝑝𝑝  particle surface area 
𝐶𝐶𝑑𝑑  drag model coefficient  
𝐶𝐶𝑣𝑣  specific heat capacity 
𝐶𝐶𝑝𝑝,𝑛𝑛  solid species 𝑛𝑛 conentration 
𝐷𝐷  drag function 
𝑓𝑓 particle size distribution function 
𝐹𝐹 drag force 
𝑔𝑔 standard gravity 
𝑘𝑘𝑑𝑑   solid thermal conductivity 
𝑚𝑚𝑝𝑝  particle mass  

𝑀𝑀𝑀𝑀𝑝𝑝,𝑛𝑛   molecular weight of solid species 𝑛𝑛 
𝑁𝑁𝑁𝑁  Nusselt number  
𝑁𝑁 velocity 
𝑝𝑝 pressure 
𝑃𝑃𝑠𝑠 model constant 
𝑇𝑇  temperature 
𝑉𝑉  computational cell volume 

Subscripts 
𝑐𝑐𝑝𝑝  close pack condition 
𝑔𝑔 gas phase 
𝑛𝑛  solid species 
𝑙𝑙𝑙𝑙𝑚𝑚 laminar flows 
𝑡𝑡 turbulence 

 

INTRODUCTION 

Fossil fuels are still the primary energy sources in the 
world. Since natural resources are limited, finding 
alternative energy sources becomes necessary. Biomass is 
abundantly available in the nature and can be an 
alternative to fossil fuels. Additionally, biomass is a 
renewable energy source. Utilizing bio-energy from 
biomass doesn’t increase CO2 emission, which is 
beneficial to environmental protection (Huang, Wu, Wu 
and Gao 2017). Bio-energy can be released through 
thermal chemical processes such as biomass pyrolysis, 
gasification, and combustion. Among them, biomass 
gasification is a promising technology. During the 
process, biomass is utilized to generate syngas, which can 
be further applied to generate chemicals and electricity 
(Ismail and El-Salam 2017). 
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Figure 1: A circle-draft (2MWth.) biomass gasifier 
In this work a circle-draft biomass gasifier was studied. 
As shown in Figure 1, biomass is fed at the top while air 
and steam are fed at the bottom of the gasifier. After 
biomass is fed to the gasifier, it is dried in the drying zone 
and then falls down to the pyrolysis zone where biomass 
is decomposed in to char and volatile gases. Char particles 
continue to fall down and go through the stabilization 
zone to reach the char gasification zone where char reacts 
with air and steam to generate syngas. The generated 
syngas penetrates through the solid bed and flow upwards 
through a central tube to reach the upper pyrolysis zone. 
Biomass is heated in the pyrolysis zone while the hot 
syngas is flowing through the zone. Finally, the syngas is 
extracted through 4 outlets at the side of the gasifier. 

In this work a three-dimensional CFD (computational 
fluid dynamics) model was developed to simulate the 
circle-draft biomass gasifier. In this model the MP-PIC 
(Multiphase Particle-In-Cell) method was applied to 
simulate gas-solid flows in the circle-draft biomass 
gasifier. The heterogeneous and homogeneous reaction 
kinetics were integrated with the momentum, mass, and 
energy transport equations to predict producer gas 
distribution and reactor temperature profile in the circle-
draft biomass gasifier. 

MODEL DESCRIPTION 

The MP-PIC method is an Eulerian-Lagrangian method. 
This model was built in Barracuda VR (virtual reactor). In 
the software, the Navier-Stokes equation was coupled 
with LES to simulate the gas phase. The particulate phase 
is calculated with the particle acceleration equation 
(O'Rourke and Snider 2014), based on Newton’s motion 
law for each particle parcel. The momentum transport 
equation was coupled with the mass and energy transport 
equations to simulate mass and energy transfer in the 
circle-draft biomass gasifier. The calculation of thermal 
radiation in the MP-PIC method was based on Stefan-

Boltzmann law. The finite volume method was applied to 
solve the discretized governing equations.  

Governing Equations 

The continuity and momentum equations for the gas phase 
are shown as follows: 

𝜕𝜕(𝛼𝛼𝑔𝑔𝜌𝜌𝑔𝑔)
𝜕𝜕𝜕𝜕

+ ∇ ∙ �𝛼𝛼𝑔𝑔𝜌𝜌𝑔𝑔𝑁𝑁𝑔𝑔� = 𝛿𝛿𝑚𝑚𝑝𝑝                                       (1) 

𝜕𝜕(𝛼𝛼𝑔𝑔𝜌𝜌𝑔𝑔𝑢𝑢𝑔𝑔)
𝜕𝜕𝜕𝜕

+ ∇ ∙ �𝛼𝛼𝑔𝑔𝜌𝜌𝑔𝑔𝑁𝑁𝑔𝑔𝑁𝑁𝑔𝑔� = −∇𝑝𝑝 − 𝐹𝐹 + 𝛼𝛼𝑔𝑔𝜌𝜌𝑔𝑔𝑔𝑔 + ∇ ∙ 𝜏𝜏  

                                                                                          
(2)                                                                                                  

𝜏𝜏 = 𝜇𝜇 �
𝜕𝜕𝑢𝑢𝑔𝑔,𝑖𝑖

𝜕𝜕𝑥𝑥𝑗𝑗
+

𝜕𝜕𝑢𝑢𝑔𝑔,𝑗𝑗

𝜕𝜕𝑥𝑥𝑖𝑖
� − 2

3
𝜇𝜇𝛿𝛿𝑖𝑖𝑖𝑖

𝜕𝜕𝑢𝑢𝑘𝑘
𝜕𝜕𝑥𝑥𝑘𝑘

                                     

(3) 

𝜇𝜇 = 𝜇𝜇𝑙𝑙𝑙𝑙𝑙𝑙 + 𝜇𝜇𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒                                                              
(4) 

𝜇𝜇𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒  is calculated by the sub-grid scale (SGS) model 
(Smagorinsky 1963) as shown below: 

𝜇𝜇𝜕𝜕 = 1
2
𝐶𝐶𝜌𝜌𝑔𝑔∆2��

𝜕𝜕𝑢𝑢𝑔𝑔,𝑖𝑖

𝜕𝜕𝑥𝑥𝑗𝑗
+

𝜕𝜕𝑢𝑢𝑔𝑔,𝑗𝑗

𝜕𝜕𝑥𝑥𝑖𝑖
�
2

                                        

(5) 

∆= √𝑉𝑉3                                                                        (6)   

𝐶𝐶 is a model constant of 0.01. The particle acceleration 
equation is applied to calculate the particle velocity as 
follows (O’Rourke and Snider 2010): 

𝑑𝑑𝑢𝑢𝑝𝑝
𝑑𝑑𝜕𝜕

= 𝐷𝐷𝑝𝑝�𝑁𝑁𝑔𝑔 − 𝑁𝑁𝑝𝑝� −
∇𝑝𝑝
𝜌𝜌𝑝𝑝
− ∇𝜏𝜏𝑝𝑝

𝜌𝜌𝑝𝑝𝛼𝛼𝑝𝑝
+ 𝑔𝑔 + 𝑢𝑢𝑝𝑝����−𝑢𝑢𝑝𝑝

2𝜏𝜏𝐷𝐷
           (7) 

The solid stress tensor,𝜏𝜏𝐷𝐷 , is modeled by the following 
equation: 

𝜏𝜏𝑝𝑝 = 10𝑃𝑃𝑠𝑠𝛼𝛼𝑝𝑝𝛽𝛽

𝑙𝑙𝑙𝑙𝑥𝑥�(𝛼𝛼𝑐𝑐𝑝𝑝−𝛼𝛼𝑝𝑝),𝜀𝜀�1−𝛼𝛼𝑝𝑝��
                                           (8) 

𝛼𝛼𝑐𝑐𝑝𝑝  is the close-pack volume fraction of the particulate 
phase. In this work it was set as 0.42, based on 
experimental data. The solid volume fraction, 𝛼𝛼𝑝𝑝 , is 
calculated as follows: 

𝛼𝛼𝑝𝑝 = ∭𝑓𝑓𝑙𝑙𝑝𝑝
𝜌𝜌𝑝𝑝
𝑑𝑑𝑚𝑚𝑝𝑝𝑑𝑑𝑁𝑁𝑝𝑝𝑑𝑑𝑇𝑇𝑝𝑝                                          (9) 

The interphase momentum exchange between the gas and 
particle phase is given by: 

𝐹𝐹 = ∭𝑓𝑓 �𝑚𝑚𝑝𝑝 �𝐷𝐷�𝑁𝑁𝑔𝑔 − 𝑁𝑁𝑝𝑝� −
∇𝑝𝑝
𝜌𝜌𝑝𝑝
� + 𝑁𝑁𝑝𝑝

𝑑𝑑𝑙𝑙𝑝𝑝

𝑑𝑑𝜕𝜕
� 𝑑𝑑𝑚𝑚𝑝𝑝𝑑𝑑𝑁𝑁𝑝𝑝𝑑𝑑𝑇𝑇𝑝𝑝(10) 

The drag function of 𝐷𝐷 is described as follows (Gidaspow 
1994): 
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𝐷𝐷𝑝𝑝1 = 6
8
𝐶𝐶𝑑𝑑

𝜌𝜌𝑔𝑔�𝑢𝑢𝑔𝑔−𝑢𝑢𝑝𝑝�
𝜌𝜌𝑝𝑝𝑑𝑑𝑝𝑝

                                                     (11) 

𝐶𝐶𝑑𝑑 =

⎩
⎪
⎨

⎪
⎧ 24𝛼𝛼𝑔𝑔−2.65

𝑅𝑅𝑒𝑒
,𝑅𝑅𝑅𝑅 < 0.5

24𝛼𝛼𝑔𝑔−2.65

𝑅𝑅𝑒𝑒
(1 + 0.15𝑅𝑅𝑅𝑅0.687), 0.5 ≤ 𝑅𝑅𝑅𝑅 ≤ 1000

0.44𝛼𝛼𝑔𝑔−2.65, 𝑅𝑅𝑅𝑅 > 1000

  

                                                                                      (12) 

𝐷𝐷𝑝𝑝2 = 0.5 �180𝛼𝛼𝑝𝑝
𝛼𝛼𝑔𝑔𝑅𝑅𝑒𝑒

+ 2� 2𝜌𝜌𝑔𝑔�𝑢𝑢𝑔𝑔−𝑢𝑢𝑔𝑔�
𝑑𝑑𝑝𝑝𝜌𝜌𝑝𝑝

                                 (13) 

𝐷𝐷𝑝𝑝 =

⎩
⎪
⎨

⎪
⎧ 𝐷𝐷𝑝𝑝1                      𝛼𝛼𝑝𝑝 < 0.75𝛼𝛼𝑐𝑐𝑝𝑝

�𝐷𝐷𝑝𝑝2 − 𝐷𝐷𝑝𝑝1� �
𝛼𝛼𝑝𝑝 − 0.75𝛼𝛼𝑐𝑐𝑝𝑝

0.1𝛼𝛼𝑐𝑐𝑝𝑝
� +

𝐷𝐷𝑝𝑝2                                   𝛼𝛼𝑝𝑝 > 0.85𝛼𝛼𝑐𝑐𝑝𝑝

𝐷𝐷𝑝𝑝1      0.85𝛼𝛼𝑐𝑐𝑝𝑝 ≥ 𝛼𝛼𝑝𝑝 ≥ 0.75𝛼𝛼𝑐𝑐𝑝𝑝 

                                                                                      (14) 

The mass and energy transport equations for the 
particulate phase are (Snider, Clark and O'Rourke 2011): 

𝛿𝛿𝑚𝑚𝑝𝑝 = −∭𝑓𝑓 𝑑𝑑𝑙𝑙𝑝𝑝
𝑑𝑑𝜕𝜕

𝑑𝑑𝑚𝑚𝑝𝑝𝑑𝑑𝑁𝑁𝑝𝑝𝑑𝑑𝑇𝑇𝑝𝑝                                 (15) 

𝑑𝑑𝑙𝑙𝑝𝑝
𝑑𝑑𝜕𝜕

= ∑ 𝑑𝑑𝑙𝑙𝑝𝑝,𝑛𝑛
𝑑𝑑𝜕𝜕

𝑁𝑁
𝑖𝑖=1                                                           (16) 

𝑑𝑑𝑙𝑙𝑝𝑝,𝑛𝑛
𝑑𝑑𝜕𝜕

= 𝛼𝛼𝑔𝑔𝑀𝑀𝑀𝑀𝑝𝑝,𝑛𝑛

𝜌𝜌𝑝𝑝𝛼𝛼𝑝𝑝
𝑚𝑚𝑝𝑝

𝑑𝑑𝐶𝐶𝑝𝑝,𝑛𝑛
𝑑𝑑𝜕𝜕

                                               (17) 

𝐶𝐶𝑉𝑉
𝑑𝑑𝑇𝑇𝑝𝑝
𝑑𝑑𝜕𝜕

= 1
𝑙𝑙𝑝𝑝

𝑘𝑘𝑑𝑑𝑁𝑁𝑢𝑢
𝑑𝑑𝑝𝑝

𝐴𝐴𝑝𝑝(𝑇𝑇𝑔𝑔 − 𝑇𝑇𝑝𝑝)                                     (18) 

Reaction Kinetics 

In the circle-draft gasifier, biomass is fed at the top and 
then drops into the drying zone where moisture is released 
from biomass. Dry biomass continues to fall into the 
pyrolysis zone. Volatiles are released and char is 
generated from biomass pyrolysis. Char particles pass 
through the stabilization zone and reach gasification zone. 
Char particles react with air and steam injected from the 
bottom to generate syngas. The residual char and ash fall 
down into the bottom region where are removed from the 
gasifier with an ash auger. In this model heterogeneous 
reactions including biomass drying, pyrolysis, partial 
combustion of primary char, char and CO2 reaction, char 
and steam reaction, and methane formation are included. 
The homogeneous reactions such as water gas shift 
reaction and gas oxidation reactions are also considered in 
this model.  

Heterogeneous reactions (Walker Jr, Rusinko Jr and 
Austin 1959, Yu, et al. 2011, Xu and Qiao 2012): 

Moisture in Biomass(s) → H2O(g)                      (R-1) 

r1 = 5.13 × 1010exp (−10585
Tp

)mbiomass  

Biomass → Volatiles1(CO, CO2, H2, CH4, C2H4, C2H6) +
Primary char + Tar                                            (R-2) 

r2 = 1.49 × 105exp (−1340
Tp

)mbiomass   

The reaction rate of primary pyrolysis was calculated with 
a single-step global reaction mechanism (Yu, et al. 2011)  
and the pre-exponential factor of 1.49 × 105 was selected 
to fit experimental data in this work.  

Primary Char + n1O2 → n2CO + n3CO2 + n4H2 +
n5H2O + Char                                                    (R-3) 

r3 = 8.68 × 106mprim.charTp exp (−29160
Tp

)[O2]  

The primary char generated in biomass pyrolysis was 
defined as CH1.286O0.4585 according to experimental data. 
To simplify the model, char generated in the partial 
combustion of primary char is assumed to be pure carbon. 
Tar generated in biomass pyrolysis is defined as 
CH1.331O0.6979 (Ingram, et al. 2008). The  

C + CO2 ↔ 2CO                                                (R-4) 

r4f = 1.272mcTpexp(−22645
Tp

)[CO2]  

r4r = 1.044 × 10−4mcTp2exp(−2363
Tp

− 20.92)[CO]2  

C + H2O ↔ CO + H2                                          (R-5) 

r5f = 1.088mcTp exp(−22645
Tp

)[H2O]  

r5r = 1.044 × 10−4mcTp2exp(−6319
Tp

− 17.29)[H2][CO]  

C + 2H2 → CH4                                                 (R-6) 

r6 = 1.18 × 10−5mcTexp(−17921
Tp

)[H2]  

Homogeneous reactions (Padban and Becher 2005, 
Gómez-Barea and Leckner 2010, Lu and Wang 2013): 

CO + H2O → CO2 + H2                                      (R-7) 

r7 = 2.75 exp (−10079
Tg

)[CO][H2O]  

CO + 0.5O2 → CO2                                             (R-8) 

r8 = 1.00 × 1010exp (−15155
Tg

)[CO][O2]2  

H2 + 0.5O2 → H2O                                             (R-9) 

r9 = 2.2 × 109exp (−13110
Tg

)[H2][O2]2  
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CH4 + 2O2 → CO2 + 2H2O                                (R-10) 

r10 = 2.8 × 109exp (−24417
Tg

)[CH4][O2]2  

Simulation Setup 

The CFD model was built in Barracuda Virtual Reactor® 
using the MP-PIC method to simulate a 2MWth circle-
draft biomass gasifier at Woodland Biomass Research 
Center, Woodland, California, as shown in Figure 2. The 
height of the gasifier is 10.4 meters and the diameter of 
the gasifier is 1.7 meters. 

The boundary settings of the circle-draft biomass gasifier 
are shown in Figure 3. Biomass feeding points are defined 
at the top, 4 gas outlets are set at the side, and steam & air 
injections are defined at the bottom of the gasifier.  

A central tube is built in the center of the gasifier. Note 
that the structure of the central tube is in the shape of a 
rectangular box for simplicity, instead of the original 
cylindrical-tube shape. The total volume of the structure is 
still the same as that of the original central tube, which 
ensures that the predicted flow pattern in the gasifier is not 
dramatically affected by the shape change of the central 
tube. In the software of Barracuda VR®, geometries are 
meshed by orthogonal grids. For round-shaped 
geometries, more gridlines and cells are needed to capture 
necessary geometry details. In comparison, geometries 
with straight edges require less gridlines and 
computational cells. Therefore, in this work a rectangular-
box channel is built to simplify the geometry to achieve 
better computation efficiency.    

The ultimate analysis data of biomass used in experiments 
are shown in Table 1 and the model settings of base case 
are listed in Table 2. A normal distribution with a standard 
deviation of 0.2𝑑𝑑𝑝𝑝  was applied to describe the size 
distribution of biomass particles. The thermal conductivity 
was set as 0.12 W/(mK) and the heat capacity of biomass 
was set as 1760 kJ/kgK.  

 

Figure 2: A 2MWth circle-draft biomass gasifier 

Biomass 

Gasifier Outlets

Air and Steam

Central Tube

Gasifier Outlets

 

Figure 3: Boundary settings of the circle-draft gasifier 

Table 1: Ultimate analysis of biomass feedstock 

Elements wt % 
Moisture 17.23 
C 43.16 
H 5.06 
O 33.26 
N 0.10 
Ash 1.19 

 

Table 2: Base case settings 
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Description Value 
Biomass particle diameter (mm) 5.64 
Biomass density (kg/m3) 662.85 
Initial solid packing 0.42 
Outlet pressure (atm, abs.) 1 
Biomass feeding rate (kg/h) 101.42 
Air feeding rate (kg/h) 77.44 
 

The model was solved with the control volume method. A 
computational grid with 111,537 grid was applied for the 
CFD model. A grid resolution study was implemented by 
using three computational grids with 88,750, 111,537, and 
168,175 cells. The difference of the simulation results 
between the three cases are less than 5%. Considering 
relative low computational cost and acceptable model 
accuracy, the grid with 111,537 cells was selected for the 
base case. The simulation time was set as 1000 seconds to 
reach the steady-state. The convergence criterions for 
volume, pressure, velocity, and energy were set as 10-6, 
10-7, 10-6, and 10-7. The iteration numbers were set as 10, 
2000, 50, and 100 for each transport equations, 
respectively. The size of time step is in the range of 10-3 to 
10-5 seconds and is automatically controlled by the 
Courant-Friedrichs-Lewy (CFL) scheme(Courant, 
Friedrichs and Lewy 1967) to achieve a converged 
solution. The model was computed using the GPU-
accelerated computing technology on a computer with an 
Intel® i7 CPU @3.50 GHz and a GeForce GTX TITAN 
graphics card. The 1000-s simulation took about 5 days to 
be completed.  

RESULTS 

T1

T2

T3

T4

Outlet Gas Outlet Gas 

Bottom Gas 

 

Figure 4: Temperature sensor and gas sampling locations 

Figure 4 shows the locations of temperature sensors and 
producer gas sampling points. Considering the air and 
steam inlet as the bottom surface, the temperatures of T1, 
T2, T3, and T4 were measured for char gasification and 
pyrolysis zones at the heights of 0.95, 1.44, 8.68, and 9.17 
meters. Producer gas was sampled from the bottom entry 
point of the central tube and 4 gas outlets as the bottom 

producer gas and the final producer gas output, 
respectively.  

In Figure 5, the predicted producer gas composition in the 
bottom region is compared with experimental data. It is 
observed that the gas composition prediction in the bottom 
region is consistent with experiment measurement. The 
bottom producer gas in experiments was sampled at the 
bottom surface of the central tube in the circle-draft 
gasifier. 

 

Figure 5: Comparison of bottom producer gas 

The predicted outlet gas composition is also compared 
with experimental data. As seen in Figure 6, the difference 
between the simulation results and experimental data is 
averagely less than 3%. 

 

Figure 6: Comparison of outlet producer gas 

Figure 7 demonstrates the comparison of the gasifier 
temperatures in biomass pyrolysis and char gasification 
zones. As seen in the figure, the temperature predictions 
agree well with temperature measurements.  
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Figure 7: Comparison of gasifier temperature 

Figure 8 demonstrates the transient distribution of CO 
molar fraction in the circle-draft gasifier. As shown in the 
figure, CO is generated in the bottom region due to 
gasification and then flows through the solid bed to reach 
the central tube. The gas rises through the central tube to 
the pyrolysis zone in the upper region of the gasifier, 
where more CO is generated from biomass pyrolysis. Two 
streams of CO from the bottom and upper regions merges 
and accumulates in the upper region of the gasifier. 
Meanwhile, the rest of CO generated in the bottom region 
gradually penetrates through the annular region 
surrounding the central tube and reaches the upper region. 
All of CO from the bottom and upper regions is eventually 
extracted from 4 gas outlets at the side of the gasifier. 

 

Figure 8: Transient CO distribution 

Figure 9 shows transient tar distribution in the circle-draft 
gasifier. It is observed that tar is only generated in the 
pyrolysis zone which is in the upper region of the gasifier. 
Tar gradually accumulates in the region and finally leaves 

the gasifier through the gas outlets. As predicted in the 
model, since tar is generated in the upper region and is 
extracted together with other gases from the gas outlets, 
tar concentration in the final gas output is expectedly high, 
which matches our observations in the experiment. 

 

Figure 9: Transient tar distribution 

The molar fractions of CO, H2, CO2, and Tar in the 
steady-state are shown in Figure 10. As seen in the figure, 
CO, H2, and CO2 are generated in both of char gasification 
and biomass pyrolysis zones. CO and H2 are concentrated 
in the central region, which is mainly due to producer gas 
production from water gas shift reaction. On the other 
hand, tar is only generated from the top region and is 
eventually extracted together with other gases through the 
gas outlets.   

 

Figure 10:  Steady-state producer gas composition 

The temperature distribution in the circle-draft gasifier is 
shown in Figure 11. As indicated in the figure, the central 
region in the bottom region is hot due to partial 
combustion of char and the temperature in the upper 
region is lower due to biomass gasification. 
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Figure 11: Temperature distribution of circle-draft 
biomass gasifier 

CONCLUSION 
In this paper a transient three-dimensional CFD model 
was built to simulate a circle-draft biomass gasifier. The 
MP-PIC method was used to simulate gas-particle flows 
in the gasifier. The CFD model was applied to predict 
flow pattern, producer gas distribution, and reactor 
temperature profiles in the circle-draft biomass gasifier. 
The predicted gas composition and reactor temperatures 
were compared with experimental data and good 
agreement between the simulation results and 
experimental data was achieved. 

 

ACKNOWLEDGEMENT 

The authors gratefully acknowledge the financial support 
from the California Energy Commission Grant (PIR-11-
008) through West Biofuels. Additional support was 
provided by the University of California Discovery Pilot 
Research and Training Program (Award 211974). 

REFERENCES 

Courant, R., Friedrichs, K., and Lewy, H. (1967), "On the 
Partial Difference Equations of Mathematical Physics," 
IBM Journal. 
Gidaspow, D. (1994), "Multiphase Flow and Fluidization. 
Continuum and Kinetics Theory Description," Academic 
Press, Boston. 
Gómez-Barea, A., and Leckner, B. (2010), "Modeling of 
Biomass Gasification in Fluidized Bed," Progress in 
Energy and Combustion Science, 36, 444-509. 
Huang, S., Wu, S., Wu, Y., and Gao, J. (2017), "Structure 
Characteristics and Gasification Activity of Residual 
Carbon from Updraft Fixed-Bed Biomass Gasification 

Ash," Energy Conversion and Management, 136, 108-
118. 
Ingram, L., et al. (2008), "Pyrolysis of Wood and Bark in 
an Auger Reactor: Physical Properties and Chemical 
Analysis of the Produced Bio-Oils," Energy & Fuels, 22, 
614-625. 
Ismail, T. M., and El-Salam, M. A. (2017), "Parametric 
Studies on Biomass Gasification Process on Updraft 
Gasifier High Temperature Air Gasification," Applied 
Thermal Engineering, 112, 1460-1473. 
Lu, X., and Wang, T. (2013), "Water–Gas Shift Modeling 
in Coal Gasification in an Entrained-Flow Gasifier – Part 
2: Gasification Application," Fuel, 108, 620-628. 
O'Rourke, P. J., and Snider, D. M. (2014), "A New 
Blended Acceleration Model for the Particle Contact 
Forces Induced by an Interstitial Fluid in Dense 
Particle/Fluid Flows," Powder Technology, 256, 39-51. 
O’Rourke, P. J., and Snider, D. M. (2010), "An Improved 
Collision Damping Time for Mp-Pic Calculations of 
Dense Particle Flows with Applications to Polydisperse 
Sedimenting Beds and Colliding Particle Jets," Chemical 
Engineering Science, 65, 6014-6028. 
Padban, N., and Becher, V. (2005), "Clean Hydrogen-
Rich Synthesis Gas," CHRISGAS, fuel from biomass. 
Smagorinsky, J. (1963), "General Circulation Experiments 
with the Primitive Equations," Monthly Weather Review, 
91, 99-164. 
Snider, D. M., Clark, S. M., and O'Rourke, P. J. (2011), 
"Eulerian–Lagrangian Method for Three-Dimensional 
Thermal Reacting Flow with Application to Coal 
Gasifiers," Chemical Engineering Science, 66, 1285-1295. 
Walker Jr, P. L., Rusinko Jr, F., and Austin, L. G. (1959), 
"Gas Reactions of Carbon," in Advances in Catalysis 
(Vol. Volume 11), eds. P. W. S. D.D. Eley and B. W. 
Paul, Academic Press, pp. 133-221. 
Xu, J., and Qiao, L. (2012), "Mathematical Modeling of 
Coal Gasification Processes in a Well-Stirred Reactor: 
Effects of Devolatilization and Moisture Content," Energy 
& Fuels, 26, 5759-5768. 
Yu, J., et al. (2011), "Biomass Pyrolysis in a Micro-
Fluidized Bed Reactor: Characterization and Kinetics," 
Chemical Engineering Journal, 168, 839-847. 

 

 

639




