
SIMULATION  OF  BIOMASS  GASIFICATION  IN

FLUIDIZED  BEDS  USING  COMPUTATIONAL

FLUID  DYNAMICS  APPROACH

by

Dimitrios SOFIALIDIS  and Ourania FALTSI

Original scientific paper
UDC: 532.517.4:662.636/.638–912

BIBLID: 0354–9836, 5 (2001), 2, 95–105

A model was developed for the simulation of physical and chemical
processes occurring during biomass gasification inside a fluidized bed.
The commercial CFD software ”FLUENT” was employed for the
description of turbulent fluid flow, heat transfer, species transport,
devolatilization and particle combustion and gas phase chemical
reaction. The emulsion phase of the fluidized region was modeled as a
porous region, while stationary ”free” areas were prescribed to account
for the rising gas pockets (bubbles) inside the bed. Available
experimental measurements were used for model setup and validation
of the calculations, in terms of species mass fractions and temperature
at the gasifier outlet.

Introduction

Bio mass is at tract ing in creas ing at ten tion for power gen er a tion and it is es ti -
mated that in the next de cades its share in en ergy pro duc tion will sig nif i cantly in crease
world wide. It is con sid ered a re new able en ergy source, ex tracted from a nat u ral sus tain -
able pro cess, e. g. crops, and also has a neu tral ef fect on the to tal CO2 bal ance. In the Eu -
ro pean Un ion as a whole, dur ing 1997 the en ergy pro duc tion from bio mass reached a to -
tal of 52309 Ktoe •1•, con trib ut ing to the 63.7% of the to tal re new able en ergy sources.
The tar get of the Eu ro pean Un ion for year 2010 is to dou ble the con tri bu tion of the re -
new able en ergy sources from the pres ent 6% to 12% of the to tal en ergy con sump tion.
Hence, due to the in creas ing in ter est in bio mass as a ma jor fuel source, anal o gously ap -
pre cia ble re search is un der way.

The pres ent work con cerns bio mass gasi fi ca tion in fluidized beds, in or der to
pro duce a mix ture of  ”clean”, com bus ti ble gases (e. g. CH4, H2), which may be driven to a
post-combustor for en ergy/heat pro duc tion. The whole pro cess is con fined into a
fluidized-bed type ves sel of up right cy lin dri cal shape, where air is sup plied from its bot -
tom and bio mass par ti cles are fed into the emul sion phase by a worm-screw con veyor sys -
tem. First the bio mass un der goes a dry ing pro cess, where its wa ter con tent is re moved,
then devolatilization and fi nally sur face com bus tion.
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Cer tain as sump tions were adopted dur ing the mod el ing of the gasifier, mainly
based on em pir i cal as pects of fluidized bed the ory •2•. Mea sure ments con ducted by the
Farm Struc tures Lab. of the Ag ri cul tural Uni ver sity of Ath ens •3• were used for de fin ing
a num ber of op er at ing con di tions and sim u la tion pa ram e ters, as well as for re sults val i da -
tion. The cal cu la tions ap plied the gasi fi ca tion model of •4• for the de scrip tion of the
Firing Py rol y sis (FP) and the Char Re duc tion (CR) zones. All as sump tions and mod els
were fed into the com mer cial Com pu ta tional Fluid Dy nam ics (CFD) code FLUENT5
•5•, with which the sim u la tion was per formed.

Model setup

Geometry configuration

Fig ure 1a shows the ex act (as in the ex per i ments) and mod eled ge om e try of the
gasifier, while Fig. 1b is the cor re spond ing close view of the air in let re gion. The gasifier is
a cy lin dri cal ves sel com posed of three parts: the main re ac tor (height = 0.8 m, di am e ter
= 0.3 m) where the fluidization and the ma jor ity of chem i cal re ac tion take place, an in ter -
me di ate con i cal part (height = 0.1 m, di am e ter = 0.3/0.6 m) and the free board re gion
(height = 1.2 m, di am e ter = 0.6 m).

Air is blown through a net work of hor i zon tal pipes that cross the gasifier near its
bot tom. The pipes are of 0.0254 m di am e ter and em ploy 84 holes of 0.003 m di am e ter in a
cross-formation around the pipes’ per im e ter. For mesh ing econ omy rea sons the pipes
were modeld as plane cir cu lar holes at the gasifier bot tom of 0.006 m di am e ter, each one
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Figure 1. Geometry configuration of the biomass gasifier
(a) Total view; (b) Air inlet close-up



ac count ing for the joint ef fect of the group of four holes lo cated around the feed ing pipes, 
hav ing the same area. The worm-screw con veyor sys tem, with di am e ter 0.08 m, with its
axis lo cated 0.39 m above the bot tom of the gasifier, was re placed by an in let
moon-shaped face, since the bio mass par ti cles be fore they are pushed into the emul sion
ad just to that shape un der the in flu ence of grav ity. The quad ri lat eral face ob served at the
top of the gasifier’s side wall (0.1 ´ 0.2 m) is the gases out let, through the sam pling sec -
tion, to the at mo sphere.

Biomass & air fluxes

The ex per i ments were con ducted with two types of bio mass; eu ca lyp tus and
miscanthus, their prox i mate and ul ti mate anal y sis, as well as their HHV and other prop -
er ties are given in •3•. The sim u la tions were per formed for eu ca lyp tus (wa ter con tent =
=15% mass, den sity @ 700 kg/m3), which was fed at a rate of 50 kg/h, while air was blown at
65 kg/h, pre heated at 350 °C •5•. The ex haust gases mea sure ments are shown in Ta ble 1.

Table 1. Mass fluxes of exhaust gases in kg/h

Gas H2 O2 CO CO2 CH4 N2 H2O (Ash/tar)

Mass flux 0.2093 1.4080 14.4965 22.6796 3.0418 49.9500 16.2526 (6.6248)

Gasification model

Bio mass gasi fi ca tion is de scribed by the model of •4•. First the bio mass en ters
the FP zone, where it is con verted in char and volatiles very fast. The lat ter re act with O2

and char, CO2 and H2O is pro duced and part of the volatiles is cracked into CH4. FP zone
is dom i nated by exo ther mic re ac tions. The model as sumes that no CO and H2 are pro -
duced. The over all re ac tion for eu ca lyp tus (re gard ing its com po si tion, wa ter con tent and
the in put streams of bio mass and air) is writ ten in mo lar form as:

CH O O N H O1.5931 0.9379 2 2 2+ + + ®0 3823 1 4304 0 334. . .

0 3202 0 8779 0 1167 1 4304 0 0. . . . .C+ H O+0.5439CO CH N2 2 4 2+ + + 353O2 (1)

Then, in CR zone, en do ther mic re ac tion dom i nate and the ther mal en ergy pro -
duced by the py rol y sis-com bus tion pro cess in the FP zone is trans formed into chem i cal
en ergy of com bus ti ble gas spe cies, such as H2 and CO, ac cord ing to the fol low ing ma jor
re ac tions:

C + CO2 ® 2CO (2a)
C + H2O ® H2 + CO (2b)

C + 2H2 ® CH4 (2c)
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H2O + CH4 ® CO + 3H2 (2d)

Fluidized region

Al though the com mer cial CFD code em ploys a spe cial ized model for solid-gas
flows (gran u lar multiphase model), the avail able com puter re sources for this three-di -
men sional (3D) tur bu lent flow that also in cludes chem i cal re ac tions forced the adop tion
of a more ”en gi neer ing” ap proach to model the ex is tence of the fluidized re gion. The lat -
ter was taken as an iso tro pic po rous me dium (emul sion phase), while also ”free” spher i -
cal vol umes were pre scribed, ac count ing for the pres ence of the ris ing bub bles.

The solid ma te rial used in the ex per i ments was rounded quartz sand of sphe ric -
ity, js = 0.86 •2•, and mean di am e ter, dp=250  mm and den sity =1600 kg/m3, which falls
into the Group B of Ger ald clas si fi ca tion •2•. For min i mum fluidization con di tions the
po ros ity is em=0.43. The pres sure losses in the emul sion phase are de scribed by •6• for
po rous me dia of such type, ac cord ing to:
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where  m = gas viscosity •kg/m/s•, r = gas density
•kg/m3•, Ui =   gas velocity component in the i-direction 
•m/s•, and xi = coordinates (i = 1, 2, 3 for a 3D
problem) •m•. eq.  (3) return a =  7.5412·10-11 m2 and
C2 = 1.1671·10 6 m-1, which were fed into FLUENT’s
porous   model.

The anal y sis above con cerns the emul sion phase, 
i. e. the fluidized re gion ex cept the ris ing bub bles.
The lat ter were mod eled as open spheres, ac cord ing
to an em pir i cal model of •7•. As the pres ent case falls 
within the bub bling fluidized beds, a model, based
on avail able em pir i cal re la tions [2], was de vised by
[7] in or der to cal cu late in side the fluidization re gion 
the bub ble di am e ter and ris ing ve loc ity as a func tion
of the height from the air in jec tion lo ca tion. For this
pur pose the whole fluidized re gion was di vided in 4
hor i zon tal slices, where dif fer ent di am e ter, ris ing
ve loc ity and tur bu lence lev els were pre scribed for
the bub bles. The ar range ment of the bub bles is
shown in Fig. 2, where it is ob vi ous that the bot tom
slice em ploys small bub bles, while the top one (as
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Figure 2. Bubble modeling



the ris ing bub bles co alesce) only a big one. It must be noted that the bub ble for ma tion is
a tran sient phe nom e non, which how ever was mod eled as a time-averaged equiv a lent.
The em pir i cal method does not vi o late the over all mass bal ance of the ini tial sand load
and re turns the cor rect lo cal value of the emul sion voidage, as given by the em pir i cal
re la tions of •2•. Note that al though the bub ble vol umes are fixed in space, they pos sess a
ris ing ve loc ity, which ap pears as a  mo men tum source term in the mix ture mo men tum
equa tions. The to tal height at steady op er a tion was found 0.4975 m, com pared to the
ini tial 0.32 m for nor mally packed bed con di tions.

Gas phase governing equations

Fluid (gas) tur bu lent flow is de scribed by the steady, 3D, Reynolds-averaged
form of the Navier-Stokes equa tions (con ti nu ity and mo men tum), com bined with the
stan dard k-e  model of tur bu lence •8•. In the mo men tum equa tions source terms were
pre scribed in or der to in cor po rate the flow re sis tance de scribed by eq. (3) and the in ter -
ac tion be tween the bio mass par ti cles and the gases. The en ergy equa tion is also solved for 
the gas phase, tak ing into ac count source/sinks terms due to chem i cal re ac tions in the gas, 
as well as in gas-solid phase .

Finally, trans port equa tions are solved for all gas spe cies of Ta ble 1, ac count ing for
mass sources/sinks due to gas-phase re ac tions, as well as for mass ad di tion re leased from
the bio mass par ti cles. Also, the gas-phase re ac tion (2d) was set into the code with its
co ef fi cients taken from FLU ENT’s da ta base.

Dispersed phase equations

While all pre vi ously men tioned equa tions are solved in an Eulerian ref er ence
frame, the his tory of the bio mass par ti cles is cal cu lated ac cord ing to a Langrangian one.
Their mo tion is de scribed by:
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where Ui and Up,i = particle and gas velocity respectively, t = time, gi = gravitational
acceleration,  rp = particle density, and Fi = other forces (subscript i denotes the i-
direction, hence eq. (4) can be written separately for the three co-ordinates). The first
equation is a momentum balance, while the second calculates the position of the particle
as it moves inside the main (gas) phase. FD accounts for the drag force exerted on the
particle moving at a relative velocity (Ui – Up,i) in the gas phase and is calculated by
appropriate empirical relations for spherical bodies •8•, depending on the Reynolds
number. Fi stands for the virtual mass and pressure gradient force •8•. All forces
appearing in eq. (4) enter the gas phase momentum equations as source terms with
opposite sign, enabling the coupled calculation of the dispersed-main phase interaction.
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As for the ther mal and chem i cal pro cesses oc cur ring on the dis persed phase
(bio mass), a num ber of par ti cle laws is of fered by FLUENT, which are se quen tial as the
par ti cle moves in the gas phase. In the pres ent work the drop let and com bus ti ble par ti cle
types were se lected, to sim u late the wa ter con tent evap o ra tion and devolatilization/sur -
face com bus tion, re spec tively. First, both types un dergo the in ert heat ing law, where they
are heated up (heat ex change with the hot gas phase) to a pre scribed tem per a ture (300 K
for drop lets, 400 K for com bus ti ble) be fore the next law be gins. For the drop let type the
next law is the drop let va por iza tion which is fol lowed by drop let boil ing, when the boil ing
point is reached (373.15 K). Boiling stops when all liq uid wa ter has changed phase. For
the com bus ti ble type, the sec ond law is the devolatilization, where the vol a tile mat ter of
the bio mass en ters the gas phase ac cord ing to the con stant rate ki netic model. When all
vol a tile mass is con sumed, sur face com bus tion is ini ti ated ac cord ing to an Arrhenius ex -
pres sion for the re ac tion ki net ics. If all com bus ti ble mat ter is con sumed, the par ti cles
(ash) re turn to in ert heat ing law. The ki net ics of the re ac tions (2a) to (2c) were taken
from FLU ENT’s da ta base.

Devolatilization was used to model the gas re lease de scribed by eq. (1) dur ing
the bio mass gasi fi ca tion in side the FP zone, i. e. ap pro pri ate vol a tile mat ter was pre -
scribed to be re leased in the form of CO2 and CH4. Dur ing all laws, both for drop let and
com bus ti ble type, en ergy is also con sumed/cre ated. Mass and ther mal en ergy terms en ter 
the gas phase spe cies and en ergy equa tions, re spec tively, as sources with op po site sign,
en abling the cou pling be tween the main and the dis persed phase. The var i ous prop er ties,
vari able val ues and em pir i cal con stants re quired for the im ple men ta tion of the dis persed
phase cal cu la tion are de scribed in •7•.

Nu mer i cal mesh, bound ary con di tions and
ma te rial prop er ties

The sim u la tions were per formed for steady state op er a tions, and due to geo met -
ri cal and flow sym me try only one half of the do main was cal cu lated. Figure 3 dis plays the
sur face mesh of the gasifier, as well as a close view of the vol ume mesh in side the fluidized 
re gion. In to tal, the com pu ta tional cells were 22085 (6302 hexa he dral, 15461 tet ra he dral
and 142 pyr a mids).

At bio mass and air in lets the mass flow rate was pre scribed, while at gases’ exit
at mo spheric pres sure level was as signed. At the walls their ma te ri als (steel and in su la -
tion) and cor re spond ing thick nesses and heat con duc tion co ef fi cients were pre scribed, as 
well as the am bi ent tem per a ture con di tions (25 °C).

All ma te ri als (gas spe cies, solid bio mass par ti cles) were as signed ap pro pri ate
prop er ties from stan dard ther mo dy namic ta bles. The prop er ties of the gas spe cies (den -
sity, r, vis cos ity, m, ther mal con duc tiv ity, k, spe cific heat ca pac ity, Cp) were al lowed to
vary with lo cal main phase tem per a ture and the mix ture’s ef fec tive value was cal cu lated
from its lo cal com po si tion and avail able FLUENT laws (ideal gas law for  r and
mass-weighted mix ing law for  m, k and Cp). 
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Re sults and dis cus sion

Ta ble 2 shows the mea sured and com puted ex haust gases’ com po si tion. Their
exit tem per a ture was found 1068 K, in rea son able agree ment with ex per i ment •3•
(@700–750 °C). The ma jor dis agree ment is found in the frac tions of CO and CO2. The nu -
mer i cal model over es ti mates the pro duced amount of CO and con se quently un der es ti -
mates the CO2 one.

Ta ble 2. Mea sured and computed mass frac tions of ex haust gases

Gas H2 O2 CO CO2 CH4 N2 H2O

Measured 0.001931 0.012992 0.133765 0.209273 0.028068 0.460890 0.149967

Computed 0.002078 0.012981 0.209930 0.131203 0.024324 0.460521 0.155853
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Figure 3. Surface and volume computational mesh



Fig ure 4(a) shows the main phase path lines, ini ti ated from the air in lets at the
gasifier bot tom, while Fig. 4(b) the flow field in the form of ve loc ity vec tors (at two planes
at 30° and 150° with re spect to the sym me try plane). The flow pat tern ex hib its a de gree of
dis tor tion due to the in ter change be tween emul sion (po rous me dium; high flow re sis -
tance) and the bub bles (zero flow re sis tance; free vol umes). In Fig. 4(c) the par ti cle
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Figure 4. (a) Gas phase path lines; (b) Gas phase velocity vectors; (c) Dispersed phase
droplet paths

Figure 5. Temperature contours



tracks of the drop let in jec tion (mod el ing the mois ture con tent of the bio mass sol ids) are
shown. Their tracks are ter mi nated very fast (all fluid phase is evap o rated) af ter their en -
ter ing in the gasifier, as the gas tem per a ture is con sid er ably high (Fig. 5) and the drop lets
are quickly heated up and evap o rated. The ”ran dom” shape of the drop let tra jec to ries is
due to a sta tis ti cal track ing model of FLUENT that was used to better de scribe their tur -
bu lent and sto chas tic na ture. In es sence, the par ti cles are not ex pected to fol low the same
geo met ri cal routes ev ery time they are in jected into the flow field, they rather fol low a
scat tered (around a time–mean path) route which is de ter mined by a ran dom num ber
gen er a tor de ter mined by the lo cal tur bu lence lev els.

103

Sofialidis, D., Falts, O., Simulation of Biomass Gasification in Fluidized ...

Figure 6. Mass fraction contours
(a) CO; (b) CO2 ; (c) H2O



The tem per a ture field is pre sented in Fig. 5(a) (whole view) and 5(b) (close view
of the fluidized re gion). Note that the ”empty ar eas” de note val ues out side the plot ted
range (lim ited for clar ity rea sons). Near the bio mass and air in lets the tem per a ture em -
ploys its min i mum val ues, as the gases are cooled by the colder in put fluxes. The high est
tem per a tures are de tected near the bot tom of the re ac tor, where the re ac tion rates ex -
hibit their higher val ues and the exo ther mic re ac tions are very in tense due to high O2 con -
cen tra tion. The over all field shows, ex cept near the gasifier bot tom, uni for mity in the
hor i zon tal di rec tions, while a cer tain tem per a ture vari a tion is no ticed along the gasifier’s
height. Above the fluidized re gion, tem per a ture re mains up to the exit al most con stant
(@1100 K), due to neg li gi ble re ac tion rates and ef fi cient wall in su la tion.

Finally, Fig. 6 shows the con tours of the CO, CO2 and H2O mass frac tions in the
gas mix ture (see above note for ”empty ar eas”). The higher val ues for CO are lo cated im -
me di ately above the air in lets, while for CO2, at a greater height. Both gases ac quire their
exit val ues (Ta ble 2) very quickly, be low the free board area. H2O val ues are large near the 
bio mass in let (see Fig. 4c), its pro duc tion in side the in tense re ac tion zone re sults in re -
duced con cen tra tions and ob tains its exit value im me di ately above the bio mass in let.

Con clu sions

Bio mass gasi fi ca tion pro cess is a very com plex and dif fi cult case for nu mer i cal
in ves ti ga tion, as it en tails multiphase flow, tur bu lent dy nam ics, heat trans fer, spe cies
trans port and chem i cal re ac tions. Its nu mer i cal sim u la tion with com mer cial CFD code
FLUENT en tailed sev eral as sump tions in or der to ar rive at prac ti cal mod el ing ap proach
for this com plex and de mand ing prob lem.

The nu mer i cal re sults show a sat is fac tory agree ment with ex per i men tal ev i -
dence, con sid er ing the adopted en gi neer ing sim pli fi ca tions that were made to the prob -
lem. Yet, sev eral is sues were proven to re quire fur ther elab o ra tion and re search. For in -
stance, the bio mass par ti cle tra jec to ries are by no means rep re sen ta tive of the real
sit u a tion, as the ef fect of solid-to-solid in ter ac tion (sand-to-biomass) was ig nored by the
mod el ing of emul sion phase as a po rous me dium. Also, due to data un avail abil ity, cer tain
mod el ing pa ram e ters were adopted by the cor re spond ing mea sure ments.

On the other hand the sim u la tion pro duced fast and rea son ably ac cu rate re sults
of prac ti cal use for bio mass gasi fi ca tion de sign. CFD sim u la tions are now a days easy to
per form and when suf fi ciently val i dated through ex per i men tal data be come a pow er ful
de sign and op ti mi za tion tool. When in dus trial ap pli ca tion is con cern, ac cu rate sim u la -
tion tools may be safely uti lized for scal ing up pur poses. 
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