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Abstract.The palm fruit biomass is introduced into the pyrolysis reactor bed and the transport 

equations for heat, mass and momentum transfer are solved using computational fluid dynamics 

(CFD) technique.  The Eulerian-Eulerian approach is employed to model fluidizing behavior of the 

sand for an externally heated reactor prior to the introduction of the biomass.  The particle motion in 

the reactor is computed using the drag laws which depend on the local volume fraction of each 

phase.  Heat transfer from the fluidized bed to the biomass particles together with the pyrolysis 

reactions were simulated by Fluent CFD code through user-defined function (UDF).  Spontaneous 

production of pyrolysis oil, char and non-condensable gases (NCG) confirm the observation widely 

reported in literature.  The computer model can potentially be used to assess other candidate 

biomass sources also to assist design of optimized pyrolysis reactors. 

Introduction 

Biomass pyrolysis for bio-refinery has the potential to replace a substantial amount of fossil fuel 

utilization.  Thermochemical conversion of biomass (i.e., combustion, pyrolysis, or gasification) is 

receiving increasing interest as a method for production of renewable energy and fuels.  Fast 

pyrolysis is a rapid decomposition of organic matter in the absence of oxygen to produces solid 

(char), liquid (pyrolysis oil), and gas (non-condensable gases, NCG). The liquid comprises the 

largest product fraction when pyrolysis is performed at 500 °C.  Direct combustion of bio-oils as a 

substitute for heavy-fuel oil in boilers and gas turbines have been demonstrated [1] For bio-oil to be 

refined into usable transportation fuel, biorefinery (upgrading) of bio-oil to decrease its oxygen 

content is required [2].  However, for biorefinery to compete with fossil fuels, it requires a large 

economics of scale therefore posing logistical challenges for biomass cultivation, harvest and 

transportation to the biorefinery location.  Further, the design of biomass pyrolysis reactor is a 

challenge that must be addressed for any meaningful production of bio-oil for commercial 

applications.  A key feature of fast pyrolysis is the need to separate the by-product char from the 

vapours as quickly and as completely as possible as char in the vapours can significantly reduce 

yields if not efficiently removed.  

Recently, extensive research has been conducted in the renewable energy sources in an attempt to 

understand the major factors that affecting biomass fast pyrolysis.  Fluidized beds are the most 

commonly employed type of reactor for achieving fast pyrolysis of biomass for bio-oil production. 

There are a number of advantages for this choice, in particular, fast heat transfer and good 

temperature control. Fluidized beds are very complex systems, however, the design and scale up is 

mostly based on empirical relationships in a pilot plant work. Advances in computing capabilities 

and numerical methods have allowed a more fundamental treatment of fluidized bed modeling 

using computational fluid dynamics (CFD).  Most of the computational research interest has been 

focused on the simulation of the fluidized bed hydrodynamics, of multiphase flows using the 

Eulerian-Eulerian for non-reactive fluidized beds [3, 4] and chemically reactive flows with heat 

transfer. The use of CFD to improve design and performance prediction of fluidized beds has been 

extended to consider separation of char from fluidizing sand and to evaluate the role of reactor 

geometry in achieving phase separation as effectively as possible [5].  
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The scope of the present simulation is to determine the heat and momentum transport inside the 

reactor and the chemical reactions of the palm fruit biomass particle. The model combines the bed 

hydrodynamics and fast pyrolysis process in a using CFD FLUENT 12 computer code.  The model 

provides a good insight to the heat and mass transfer in fast pyrolysis, and their intricate interaction 

with reaction kinetics and phase transition phenomena. 

Process Description 

The cylindrical-shape fast pyrolysis lab scale reactor is illustrated in Figure 1 whose overall length 

and diameter are 50 cm and 7.5 cm, respectively. The reactor is filled with 180 microns sand 

particles so that the static height is 12.7 cm.  The reactor walls are electrically heated to maintain 

the reactor temperature at 500
0
 C.  Biomass particles (100 microns) are introduced into the reactor 

at 5 kg/hr.  Nitrogen flows through a perforated plate at the bottom of the reactor at a velocity of 

0.23m/s.  The reactor design specifications and operating conditions are discussed by Boateng [6] 

Computational Model 

The equations of motion for multiphase flow that describe the hydrodynamics of the fluidized bed 

are solved by the FLUENT code. The Eulerian-Eulerian equations for the conservation of mass, 

momentum and energy are solved for the continuum and dispersed phases, respectively.  The phases 

are able to interpenetrate and the sum of all the volume mass fractions in each computational cell 

sums up to one.  Besides the traditional terms of a momentum transport equation, the Eulerian-

Eulerian equations contain terms to account for interphase forces modeled through the interphase 

exchange coefficients.  Since the Eulerian multiphase model accounts separately for the momentum 

of each phase, it is able to capture most of the complex physics involved in the multiphase flow 

problems.  In Eulerian multiphase model only the pressure field variable is shared by all the phases.  

CFD models of the thermochemical processes include description of fluid flow, heat and mass 

transfer, and chemical reactions.  The computational expense is higher when using the Eulerian 

multiphase model, especially when more than 2 phases are considered. 

Conservation of mass for phase 
q

: 

For the Eulerian multiphase conservation laws, consider discrete secondary phase p  and continuum 

primary phase q , are given in equations (1) through (4).  Note that only phase q equations are 

presented since phase p  follows similar mathematical formulation. 
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where, the term on the right hand side represents mass transfer. 

Conservation of momentum for phase
q

: 

Forces acting in gas–solid fluidized beds consist of the viscous force, the solids pressure, the body 

force, the static pressure force and the inter-phase force which couples of gas and solid momentum 

equations through drag forces [10]. 
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  (Eq. 2) 

where, the terms on the left are the transient and convective terms. The terms on the right begin 

with pressure force followed by the shear force, the inter-phase force and the body forces.  

and qτ  is the thq  phase stress tensor where  

Advanced Materials Research Vol. 699 823



∑∑
=

→→

=

→

−=
n

p

qppq

n

p

pq vvKR
11

)(                 (Eq. 2b) 

Conservation of energy for phase q : 

To describe the conservation of energy in Eulerian multiphase model, a separate enthalpy equation 

can be written for each phase: 
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(Eq. 3) 

where, the last three terms are respectively heat conduction, energy transfer with heat transfer and 

energy source term and  qh  is the specific enthalpy of the thq  phase, qq
→

 is the heat flux, qS is a 

source term that includes sources of enthalpy (e.g., due to chemical reaction or radiation), pqQ  is the 

intensity of heat exchange between the thp  and thq  phases, and pqh  is the inter-phase enthalpy (e.g., 

the enthalpy of the vapor at the temperature of the droplets, in the case of evaporation) where: 

( )qppqpq TThQ −=
      (Eq. 3a)

        

Bed thermochemical reaction sub-models 

The biomass thermochemical conversion includes complex chemical and physical processes such as 

vaporization, devolatilization coupled with the bed flow hydrodynamics.  Many studies have been 

performed and many models have been built to describe the process [8] 

Devolatilization sub-models 

The devolatilization process begins when the biomass temperature reaches a critical level, in this 

case assumed 300
0
 C.  Many biomass devolatilization models have been developed and several 

reviews of these models have been made [8]. The simplified approaches define devolatilization 

rates with a single-step Arrhenius reaction schemes. The one-step global mechanisms can be shown 

as: 
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where iα  are the stoichiometric coefficients.  The reaction kinetic rate k  is expressed in single-step 

Arrhenius fashion as )/exp(.)1( RTEAk aq −−= α  and the devolatilization rate is 
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0mm →  as ∞→t  where 0m  
and pm is the initial and instantaneous mass of the biomass particle.  

The 
thq phase void fraction is denoted by qα . 

 

During the pyrolysis process, the flux of gases leaving the particle prevents the previously formed 

gases (CO, H2, CO2 and CH4) from approaching the surface of the reacting particle. To evaluate the 

seven unknown stoichiometric coefficients iα , in equation (4), the appropriate representation of 

chemical formula for biomass, char and bio-oil are required.  These were determined or calculated 

from the ultimate analysis data [9] such that the chemical formulae for palm fruit was assumed 

58.098.0 OCH .  The chemical structure for bio-oil from palm fruit was assumed to be the same, i.e.  

58.098.0 OCH .  Following the procedure in [9], the first coefficient 1α  is determined by assuming that 
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the formed char equals the fixed carbon reported in the proximate analysis of the palm fruit [10].  

From experimental data [9], the known ratios of CO/CO2 and CH4/CO provides additional 

information to solve for the six coefficients in equations (6a) through (6c). 

 

Carbon balance:  

    763211 ααααα ++++=       (Eq. 6a) 

 

 

Hydrogen balance:    

      7432 4298.098.0 αααα +++=        (Eq. 6b) 

Oxygen Balance: 

       6532 258.058.0 αααα +++=     (Eq. 6c) 

 

The coefficients iα were solved to predict the stoichiometric local composition and distribution of 

volatiles in the reactor and coupled in the CFD model by solving the transport equations 1 through 4 

in the fluidized bed using FLUENT.   

Results and discussion 

The biomass reactor geometry is illustrated in Figure 1 depicting major sections of the reactor.  The 

pyrolysis products from the reactor pass through series of cyclones (not shown) to separate the oil 

from the rest. 

 

 

Figure 1: Fast pyrolysis biomass reactor [6] 
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Figure 2: Distribution of sand in the reactor from static bed at 0 sec and expands steadily to fully expanded 

bed at 46.30 sec. 
 

 

 

Figure 3: Contours depicting the distribution of bio-oil in the reactor during the pyrolysis process.  

It is observed that pyrolysis process commences at about 46.58 and proceeds fast to near completion 

within 3 seconds during which the reactor temperature is nearly uniform and corresponding to the 

time of maximum bed expansion. 

Bio Oil Production
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Figure 4: Bio-oil concentration at reactor the exit indicates the pyrolysis takes approximately 2 

seconds to reach steady state at 50 seconds. 
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Palm Fruit Concentration
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Figure 5: Concentration of biomass (palm fruit) along the axis of the reactor height indicates that 

most of the biomass is nearly consumed by mid height of the reactor 

Conclusion 

A model for predicting the simplified biomass pyrolysis and bio-oil yields has been presented. The 

formulation is based on reactor flow hydrodynamics and overall elemental balance supplemented by 

empirical correlations of ratios of different species. Model results indicate that nearly two-thirds of 

the reactor is actively producing bio-oil consistent with the widely reported in open literature. The 

model has been previously validated [11] against published experimental data on pyrolysis product 

composition for a typical biomass feedstock. Due to the complexity of biomass thermochemical 

conversion, a true generalized model must capture all the variability that might influence the fast 

pyrolysis product outcome.  Nevertheless, the CFD technique may assist to optimize the design of 

the reactor for distributed farm scales.  However, further work may be required to validate the 

model for different reactor operating conditions in addition to variety of biomass feedstock. 

Acknowledgment: The author thanks A. A. Boateng for his collaboration in developing and 

validating the base CFD model for the biomass pyrolysis of switch grass and soy beans.  

 

Nomenclature 
A  = pre-exponential constant. 

pm
= mass of biomass particle (kg) 

pC
= heat capacity of biomass  (J/kg-K) 

∞T
= gas temperature inside gasifier (K) 

H  = sensible enthalpy (J/kg) 

h = heat transfer coefficient (W/m
2
 K) 

ε  = porosity 

pε = emissivity of biomass particle 
σ = Stefan-Boltzmann constant (W/m

2
K

4
) 

Rθ = radiation temperature (K) 

pd
= biomass particle diameter (m) 
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∞k
= thermal conductivity gas phase (W/m-K) 

eR
= Particle Reynolds number 

Pr = Prandtl number of gas phase 

mR = moisture evaporation rate (kg/ m
3
/s)  

mE = activation energy for drying (J/mol) 

R  = universal gas constant (J/mol-K) 

mT  = gas phase temperature (K) 

fgH  = biomass latent heat vaporization (J/kg) 

E  = activation energy (J) 

pT
= temperature of biomass particle (K) 
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