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Gasification of Biomass in an Updraft Fixed Bed Reactor: Effect of

Viscous Models

F. J. Alarcon-Gaete and J. C. Elicer-Cortés

Departamento De Ingenieria Mecanica, Universidad De Chile, Beauchef 851, Santiago, Chile

Abstract: A numerical study to investigate the influence of viscous models in the biomass gasification in an updraft fixed
bed reactor is presented. The unsteady simulations were performed using finite volume method of ANSYS Fluent. A two-
dimensional axisymmetric transient model was used to simulate the biomass gasification process. The model is based
on the Euler-Euler multiphase formulation. The reactive gas-solid flow considers both homogeneous and heterogeneous
reactions (drying, pyrolysis, combustion and gasification). Source terms and chemical kinetics are incorporated into the
code using user-defined functions programmed in C. Results are validated with experimental data available in the
literature for gasification in a continuous reactor. Temperatures and mole fractions of CO, CO,, CH,, Tar, and H; at the
reactor exit are in good agreement with the experimental measurements. Laminar model is agreed with experimental
data for net calorific value, however, discrepancies are observed when the k—&e mixture model is used. This work
provides a methodology for studying gasification in fixed beds using a commercial CFD code which can be used in

gasifier design, analysis, and optimization.
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1. INTRODUCTION

Updraft fixed-bed gasifiers are the most widely used
in thermal applications below 10 MW. The process has
a high thermal efficiency because the gas leaves the
reactor at relatively low temperatures. The
carbonaceous particles (e.g., coal or biomass), are fed
at the top of the reactor and flow slowly to the bottom,
from where the residue is extracted. The gasifying
agent, normally air and steam, is injected through the
distributor at the bottom. In the downward motion, the
solid undergoes the drying, pyrolysis, gasification, and
combustion processes. The main product desired in the
gasification is the synthesis gas (syngas), which is a
gaseous mixture, composed mainly of carbon
monoxide, carbon dioxide and hydrogen.

Computational fluid dynamics (CFD) simulation is
an essential tool for design, analysis and optimization
in all engineering fields. This technique allows the
analysis of the data in several configurations and
scales using a lower number of experiments. The large
number of studies available in the literature proves the
analysis tool utility. Experimental studies are also
needed to establish the validity of a given
computational model. In relation to numerical
simulations of solid fuels (coal, biomass) gasification
process in entrained flow, fixed bed, fluidized bed and
spouted bed reactors, research has focused primarily
on developing computer codes based on equilibrium
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and non-equilibrium chemical models, artificial neural
networks, Euler-Lagrange model sand Euler-Euler
models [1-11].

One-dimensional (1D) mathematical models are
widely used to study the process in updraft and
downdraft reactors [12-18]. These models are based
on solving the governing equations derived from the
conservation laws (mass, momentum and energy) for
both gas and solid phases.

In recent years, two-dimensional (2D) multiphase
models based on the Euler-Euler approach or also
called two-fluid model (TFM) have been proposed [7,
19-21]. In these models, solid phase rheology is
described by equations of the kinetic theory of granular
flow (KTGF).

This paper reports a multiphase computational fluid
dynamic study of a fixed bed wood gasifier. The
simulations use the Eulerian-Eulerian framework within
the commercial CFD code FLUENT. The model
consists of several sub routines written in C, which
calculate specific aspects of the phenomenon under
study, not included in ANSYS FLUENT, such as
chemical kinetics, source terms and additional
boundary conditions.

2. GASIFICATION MECHANISM AND KINETIC
MODEL

2.1. Reaction Mechanism

2.1.1. Drying

Drying is the first process that takes place during
the heating of solid fuel, and its importance lies in the
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influence it has on the temperature fields [22]. The
drying process can be represented by the following
heterogeneous reaction:

H,0(1)— H,0(g) (R4)
2.2.2. Pyrolysis

Pyrolysis is a very complex process involving many
reactions, including heat and mass transfer that result
in a release of a mixture of organic and inorganic gases
from the surrounding particles. This release is due to
the increase in temperature of the particles. Because of
this complexity, devolatilization of carbonaceous fuels
is one of the most researched topics today [23].

During the biomass pyrolysis are released mainly:

. Light hydrocarbon and non-hydrocarbons gases,
such as CHy, C2Hg, Hy, CO, CO,, etc.

. Tar (CnH,O)). It consists of heavy organic and
inorganic molecules escaping from the solid as
gases

. Char (CH,O, (s))

The pyrolysis process can be represented by the
following heterogeneous reaction:

w - ﬁCHxOy(s)CHxOy(S) + Bco,C0z + Br,oH20 + R
+B¢,1,0,CmHn O + BcoCO + By, Hy + By, CHy (Rar)

where coefficients are determined from a mass and
energy balance [24].

2.2.3. Tar Cracking

The tars released during pyrolysis often undergo a
decomposition that produces secondary gases. The
decomposition of the tar can be modeled by means of
a one-step overall reaction.

Tar (C,,H,,07) = ¥¢0,C02 + vp,0H20
+ ¥YcoCO + yu,Hy +yep,CHy (R22)

Stoichiometric coefficients, y,, can be found in the
literature for the case of biomass [25, 26].

2.2.4. Combustion and Gasification of Char

The oxidation or combustion of char is one of the
chemical reactions that take place during the
gasification process, providing practically all the
thermal energy needed to sustain endothermic
reactions. In addition to combustion of char, the oxygen
supplied reacts with fuel species forming CO, and H,O.

The gasification reactions (Eqgs. Rs, Rsz and Ray)
release combustible gases such as H,, CO, and CHy,.
The gasification process takes place in the conditions
of air (or oxygen) deficit, thus maintaining reducing
conditions. The air/fuel ratio, together with the reaction
temperature, determines the composition of the gas. In
this way biomass is converted into synthesis gas
(syngas). The reactions considered in this study
include  CH,0,(s) — 0. CH,0,(s) — H,0, CH,0,,(s)

— €O, and CH,0,(s) — H, as shown below.

X
CH,Oy(s) + 20, — (2 —2z—y+ E)

X X
CO+(22+y—§—1)C02+EH20 (Ra1)
X
CH,0,,(s) + (1 = y)H,0 > CO+ (1 -y + E) H, (Rs)
X
CH,0,(s) + CO5 = 2CO + yH,0 + (E ~y)H; (Rea)
X
CH,0,(s) + (2 —S+ y) H, - CH, + yH,0 (Raa)

The z coefficient is determined from the ratio
CO/CO, = 2500exp(-6240/T4).

2.2.5. Homogeneous Gas Phase Reactions

Since the gas-phase syngas combustion reaction
taking place in this study is for syngas with relatively
low concentration of oxygen, a simplified reaction
mechanism for the current system has been used
based on other studies [7, 12], as shown in Egs. Ry,
R4> and R43. The main reaction of our mechanism is the
water-gas shift reaction which is a well-known step for
upgrading carbon monoxide to hydrogen in the
production of syngas.

1
H, +§0‘2 - H,0 (Ra1)
1
€O +50, = CO, (Re2)
3
CHy +- 05 = €O + 2H,0 (Ras)
CO + H,0 & CO, + H, (Raa)

2.3. Reaction Kinetics Model

The evaporation volumetric rate is given by
[12, 27, 28]:
Avexp(=E, /RT))e,p Yy I M,,, if T, <373K
R = . T,-T)+e, o(T!-T} (1)
1 6(1 CO)(ﬁIO( 0 |) ( 1 ))’ if T, 2 373K

d, H

evap
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The kinetic constants are
E, =8.79x 10" Jkmol ™ .

A = 556x10° and

The reaction rates of biomass pyrolysis and tar
cracking reaction can be written in the exponential form
of the Arrhenius equation which is valid in most solid
fuels [22, 27, 29, 30].

Ry = A eXP(_Ezl /RuTl)Clp]YW I My, (2)

Ry, = Ay exp(=Ey [ RT))eip\Yy,, | My, (3)

The values of the kinetic constants of the Egs. Ry
and Ry, reactions are presented in Table 1.

Table 1: Kinetics of the Devolatilization and Tar

6(1—cq) Po,
d 1 1’
YR T
6(1—co) p1Yi/M;
dy 1 1’
_+_
kmi k3i

ifi=1,0,

ml

R3i =
if i =2,Hy0,i =3,C04,i =4, H,
(4)

The mass transfer coefficient, k,;, is taken from [12].
The surface reaction takes the Arrhenius form as
follows:

ks = Ay eXP(_E3i /RuTl) (5)

The kinetic constants are given in Table 2.

Table 2: Kinetics of the Heterogeneous Char Reactions
(Rsi in kmol m?s™in all reactions)

g:;ilziiggs)Reactions (Rz2i in kmol m?s™? in all Reaction A Ex (J kmol™) Ref.

R 4750 2x10° [12]

Reaction Az Ez (J kmol™) Ref. Q. 1%107 1 256%10° [2]
Ra1 4.38 x 10° 1.527 x 10° [31] Ras 1x10’ 1.256x10° [12]
Rz 4.28 x 10° 1.08 x 10° [26] Ras 1x10* 1.256x10° [12]

The reaction rates for combustion and gasification
of char are obtained through the unreacted shrinking
core model, which considers two resistances: boundary
layer diffusion and intrinsic chemical kinetics [25]. The
reaction rates are given by:

i=1(02), 2(H,0), 3(COy), 4(Hy).

The reaction rates for homogeneous gas phase
reactions used in the model are given in Table 3. The
finite-rate/eddy-dissipation model is taken to control the
reaction rate. Both the Arrhenius and eddy-dissipation
reaction rate are calculated. The net reaction rate is
taken as the minimum of these two rates [32].

Table 3: Kinetics of the Homogenous Reactions (R4 in kmol m?s™, C in kmol m?in all Reactions)

Ry = Ay TS exp(—Ey | R,Ty)C5>Chy
¢ n ) Ass E4(J kmol™) Ref.
1 1 0 8.83x10" 9.976x107 [12]
Ry = Ay exp(—E42 /R, Ty )Cgocgzcz 20
¢ n 0 Asz Es2 (J kmol'™) Ref.
1 0.5 0.5 1.3x10" 1.256 % 10° [12]
Ryy = ApTE exp(—Eys / R,T, ) Clyy4Cls
¢ n ) Aus Ess (J kmol'™) Ref.
1 1 0 2.552x10™ 9.304x10° [12]
Ryy = Ay exp(=Eyy | R,Ty)CoChino
Ay Ess (J kmol'™) Ref.
1389 1.256x10° [12]
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Table 4: Main Governing Equations

Mass Conservation

Gas phase:

9(copo)

ot + V- (copoto) = Som

Solid phase:

d(c1py)

It + V- (c1prty) = Sy

Momentum conservation

Gas phase:

9(copotto)
at

+ V- (copotto @ Ug) = —coVp + V- Tp + copog + Kio(ty — ug) + Sou

Solid phases:

0(cypyuy)
ot

+ V(e @u) =—c,Vp—Vpy +V Ty + cp1g + Koo —uy) + 51,

Energy conservation

Gas phase:

5(50(;10]10) + V- (Copottohe) = CU%-&-?O: Vg =V - qo + Q10 + See
Solid phases:

—a(cl(f;lhl) + V- (cpyushy) = Cl% TV = Vg + Qo+ Sae

Species conservation

Gas phase:

9(pacaYai) .
% +V- (pacauaym') ==V caai + CaRai + Rai + Saiss

]!Ii- =- (pzrDi.m + %) VY¥ai

Where,

k = & mixture turbulence equation

d K
5 (pmk) +V- (.D'mkum) =V ((”m +;_:L) Vk) + Grem — Pm€ + iy

Hem

%(me) + V- (peuy) =V ((Um +

&
) Vg) + Z (Clsakm - ngpmf) + nsm.
O¢

P-1 radiation model [32, 33]

V-(I'VG) —0,G+4ma,l, =0
V-q,= Ua(ll‘nlb - G)

3. CFD MODELING

3.1. Flow Equations

CFD model is based on the Euler-Euler multiphase
approach using closures from the KTGF for the solid
phase. Particles in the solid phase are in enduring
contact, making the frictional stresses the dominant
mechanism for momentum transfer. The P-1 radiation
model was used in this study because it is suitable for
applications where the optical thickness is large. The

weighted sum of gray gases model (WSGGM) for the
radiative properties of the gases was applied. To take
into account bed particles, an equivalent solid phase
absorption coefficient was assumed.

Details of the computational flow equations are
shown in Table 4. A few constitutive equations and
exchange co-efficients used in the model are shown in
Table 5. The reaction kinetics equations were also
incorporated into the computational flow equations.
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Table 5: A Summary of the Constitutive Equations and Exchange Coefficients

Stress Tensor

Gas phase:

- 2
Ty = Collo (Vo + Vug) + ¢ (Ao - g-uo) V-upl

Solid phase:

Hy rr (Vu, + Vu{),

2 -
ey (Vuy + Vul) + ¢ (711 - 51“1) V-wl,

lf (%1 < Cl,min

If 1 = Cl,min

Gas-solid interphase momentum exchange coefficient [34]

Ko = PKiy + (1 —)KT,, where p = %+

tan~1(262.5[c, —0.2])
4

c1(1 = co)itg

PoCrluy — upl

Kl, =150
10 7 Codf

+1.75

dy

_ EPUQCO [y — ugl

4 d1

24
Ki = *2-65{ 1+ 0.15[cyRe, 157 }
10 o CORel( [coRe, ] )

Solid pressure [32, 35]

c1A(cy — Cl,min)nn

Py = {Clplgl +2p, (1 + 911)‘7129091,
L=

lf €1 < Cl,min
if C1 = Cl,min

Heat transfer coefficient between gas and solid phases [36]

6KoC1CoNUy
hypdi = ———

df

Nu, = (7 = 10¢o + 5¢3)(1 + 0.7Re?Prt/3) + (1.33 — 2.4¢q + 1.2¢3)Red7Pri/3

3.2. CFD Modeling Method and Parameters

An unsteady two-dimensional axisymmetric CFD
simulation was performed using the finite volume
method implemented in FLUENT. The computational
model was based on an updraft fixed bed gasifier
experimented on by Mandl et al. [12], whose

characteristics are shown in Table 6 and
Table 7.
Table 6: Updraft Fixed Bed Gasifier Model

Characteristics Based on Mandl et al. [12]

Gasifier Geometry

Column diameter (mm), D 125
Height of gasifier (mm), H 600
Bed height (mm), H, 420

A total of 6 cases were simulated, as shown in
Table 8. For all cases, a uniform mass flow inlet
boundary condition, a constant outlet pressure
condition and the same initial conditions were applied.
Inlet air composition remained constant at X,, =0.21,

Xy, =0.785 and Xy ,=0.005 and in let temperature

(gas and solid phases) at 300 K. The fluid was
assumed to obey the no-slip boundary condition on the
inner wall of the reactor. In addition, walls were
assumed adiabatic.

Table 7: Characterization of the Biomass used by Mandl

etal. [12]
Composition (wt.% dry basis)
Moisture 6.0 (wet basis)
C 48.7
H 6.2
N 0.06
Ash 04
Particle diameter (mm), d; 10.1
Net calorific value (kJ/kg wet basis.) 17060

The pressure-velocity coupling method used for the
transient simulations was the phase coupled SIMPLE.
Turbulence modeling was done with with k£ —¢& mixture
turbulence model, depending on the case. Second
order discretization was used during transient
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Table 8: Operating Parameters for the Simulation of the Gasifier for Different Reynolds Numbers (Re) and Viscous

Models
Case 1 2 3 4 5 6
Re 1200 480 2500 4030 2400 2400
Mass flow rate of gas (kg/h) 2.1 0.84 4.37 7.06 4.2 4.2
Mass flow rate of solid (kg/h) 1.25 0.5 2.6 4.2 3.5 3.5
Viscous model laminar laminar turbulent turbulent laminar turbulent
Equivalence ratio, ¢ 0.28 0.28 0.28 0.28 0.2 0.2
! Outlet
oD = 125 mm
Biomass inlet

Hpo = 420 mm

O,, Ny, HyO inlet — 4

Geometry

H = 600 mm

Axis of symmetry

Numerical grid

Figure 1: Geometry of the fixed bed reactor and numerical grid used.

simulations for pressure, momentum, turbulent kinetic
energy, turbulent dissipation rate, species (gas and
solid) and energy variables.

The computational domain is shown in Figure 1,
including boundary conditions. The meshing was
performed with ANSYS Meshing. It was structured
quadrilateral elements. A summary of the most
important mesh metrics is shown in Table 9.

Table 9: Mesh Metrics

60 X 400) were performed. Figure 2 shows the
pressure drop values. It is observed that the predicted
pressure drops are almost the same. Compared with
coarse mesh, the fine (60 X 400) and medium
(30 X 200) meshes can produce similar pressure drop

15.0

14.5

14.0

Pressure drop, Ap (Pa)

Metric Value

Number of Elements 6000
Number of Nodes 6293
Cell squish (Maximum) 8e-6
Aspect ratio (Maximum) 1.75

In order to verify that the CFD results were 0
independent of the mesh grid, cold-flow simulations
with three different mesh grids (15 X 100, 30 X 200,

5000

10000

15000

20000

Total grid number

25000

30000

Figure 2: Pressure drop at various mesh resolutions.
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profiles along the reactor. Therefore, the mesh size of
30 X 200 was selected and applied to the remaining
simulations.

4. RESULTS AND DISCUSSION

In this section, numerical results of the cases
mentioned above are presented. For all cases, the
solution is obtained when the quasi-steady state is
reached.

4.1. Comparison of Case 5 with Data of Mandl et al.

4.1.1. Temperature Distribution

The flow is almost certainly laminar in the spaces
between the particles. Figure 3(a) compares centerline
temperature distribution along the reactor axis
predicted by numerical simulations with respect to
experimental results. It is observed that the maximum
temperature which has been found is close to that

1600

(2)

T{}

A
1400 -==T7
\4 W exp. (Mandl er al.)
1200

1000

800

Temperature (K)

600

400

200 T T T T
0.0 0.1 0.2 03 0.4 0.5

X (m)

measured experimentally, around 1473 K. Moreover, in
Figure 3(b) we see the normalized centerline
temperature, showing three different slopes attributed
to three distinct zones existing within the reactor. First,
combustion zone, where the temperature of the gasifier
increases rapidly and reaches a maximum due to a
large amount of heat released by combustion (reaction
Rs1). Rss reaction occurs in a layer near the reactor
inlet. Second, a gasification zone, where the
temperature gradually descends along the height of the
reactor since the reactions Rz, Rj3s3, and R34 absorb
heat. Finally, a pyrolysis zone, where endothermic
reaction Ry; occurs, leading to a decrease in
temperature. Near the fuel inlet the lowest temperature
occurs (x/H,=1) due to heat absorption by drying
(R reaction).

Figure 4 shows the contours of gas temperature
and solid phase in the reactor. Predicted temperatures

> slope -0.95 b
\ %\p — gas phase ®)
v\ N~ ——= solid phase
: \\\ V¥ cxp. (Mandleral)
— 08 7 \\%<slopc -0.85
=1
5 v U
4 1 AN
£ 06 N
= v D
= MERNG
= NS
g 0.4 v 2
R,“
i\é slope '1’75N\\
0.2 A v \
\
Y
|
0.0 T : . : vl
0.0 02 0.4 0.6 0.8 1.0
X/'H,

Figure 3: Axial profiles of solid and gas phase temperatures; bed height constant at 0.42 m; position of grate at x = 0 m,;
case 5: (a) predicted and experimental temperatures; (b) normalized temperatures.

g7 (a) 1o
13653

12469

11286

10102

00183 gas phase
77346

655.1

53673

418.37

300 _

B 12489 (b) T

1154
gas phase

1059.1

96422

86933

7445 solid phase

679.56

584.67

489.78
o .
300

Figure 4: Contours of solid and gas phase temperatures (Temperature in Kelvin); bed height constant at 0.42 m; position of

grate at x = 0 m.; case 5: (a) gas phase; (b) solid phase.
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033 (a) CO 0.059 (b)
| |

03 0.053

0.26 0.047

0.23 0.041

0.2 0.035
Q.16 0.029
Q.13 0.023
0.098 0.018
0.066 0.012
0.033 0.0059

] 0

0.012
0.0058

CO, (c) H,

l 0.058

0.052
0.046
0.041 } ‘
0.035
0.029
0.023

0.017

0

Figure 5: Contours of predicted mole fraction of species (dry basis); case 5: (a) CO; (b) COg; (c) Ha.

agree with experimental values, especially in the zone
of combustion, pyrolysis and the thin layer of drying.
The differences observed in the gasification zone
should be due to chemical kinetics used.

4.1.2. Component Distribution

Figure 5 shows the contours of mole fraction on dry
basis of the three major chemical species in the
reactor, namely, CO, CO, and H,. The CO
concentration in the gasifier is higher because it can be
formed not only on the combustion reaction (R34), but
also in the Ry, Rsp, and Rsz reactions. The mole
fraction of CO decreases in the drying layer since the
R44 reaction. Consequently, the mole fraction of CO,
and H, increases. Tar appears as a result of pyrolysis
and its concentration is influenced by the stoichiometry

1.00e-1
10062 -\
1.00e-3 _\

P

/( ~N
1.00e-4 -
1.00e-5

1.00e-6 -

o

b

Heterogeneous reaction rates (kmol/m3 s)

o«
@

1.00e-7

|

|

|

1
I

1.00e-8 . T T T T
0.0 0.1 0.2 0.3 0.4 0.5

x (m)

Figure 6: Axial profiles of heterogeneous reaction rates; bed
height constant at 0.42m; position of grate at x=Om; case 5.

of reaction Ry¢. Heterogeneous reaction rates along the
reactor axis are shown in Figure 6. Figure 7 shows the
compositions on the dry basis of CO, CO,, CH,, Tar,
and H, to the reactor outlet and they are compared with
the experimental data. It is observed that gas
compositions are in good agreement with experimental
values.

35

Present work

Mandl ez al.
30 o

25 A

20 4

15 4

10

Mole fraction of the produced gases (% dry basis)

O T T T T T
CcO2 CO CH4 Tar H2

Figure 7: Comparison between models predictions and
experimental measurements; case 5.

4.2. Effect of Viscous Models in the Biomass
Gasification

Figure 8 shows the numerical results for the net
calorific value of producer gas during gasification for
different models viscous. The results show that in
cases where the laminar model was used, the
predicted net calorific value agrees with experimental
values. Conversely, the cases where the k—& mixture
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model was used, the gasification process tends to stop
with increasing Reynolds number. It was determined
that this behavior is due to the spatial movement of the
combustion zone in time. Accordingly, a decrease in
temperature occurs to the point of not being able to
sustain the series of endothermic reactions.

8

v
—~ [
) 6 4 7
g Pid
< e
=
=) » o]
N
> 7/
=3 7/
S 44 @
o
ho)
—
9]
=
151
Z 27
—@— laminar model :
+++O+++ k—g mixture model :
v exp. Mandleral) :
0 T —O—— 0

0 1000 2000 3000 4000 5000
Reynolds number, (Re)

Figure 8: Net Calorific Value of producer gas.

CONCLUSIONS

A 2D axisymmetric CFD model was created within
the commercial CFD code ANSYS FLUENT to simulate
biomass gasification in updraft fixed bed reactors. The
model was used to investigate the influence of viscous
model in the biomass gasification in an updraft fixed
bed reactor. Numerical results were validated with
experimental data obtained by Mandl et al.

The maximum temperature obtained by simulation
was close to that obtained experimentally by Mandl
et al. The temperatures obtained by the simulations
within the gasifier were in good agreement with
experimental measurements. The differences observed
in the gasification zone are related to chemical kinetics
used by the model.

Inspections of the 2D contours indicate that the flow
is closely one-dimensional. The results are essentially
the same as Mandl's 1D model. The extension from 1D
to 2D has added no new essential physics. However,
the developed model is easily extended to deal with 3D
geometries, which can be used in gasifier design,
analysis, and optimization.

The higher concentration obtained was CO because
it is both produced by the combustion reaction as well
as gasification reactions. Tar appears only as a product
of pyrolysis reaction and its concentration is
determined by the stoichiometry. The mole fractions of
CO, CO,, CHy, Tar, and H; at the reactor outlet were in
good agreement with the experimental measurements.

The laminar model and the k—¢& mixture model
were used. The viscous model has a significant effect
on biomass gasification. Predicted values with the
laminar model were agreed with experimental values.
In contrast, when the k—¢& mixture model was used, it
is observed that not occurs biomass gasification.

The work carried out in this study provides new
challenges for research on biomass gasification.
Further improvements in the model can be achieved by
considering a more detailed chemical kinetics for both
pyrolysis and gasification.

NOMENCLATURE
A Interfacial area, m’
C  Molar concentration, kg m™
Cc Volume fraction, m°m™
c1, min Critical value for the solid volume fraction
C1, max Maximum volume fraction for the solid phase
D  Mass diffusion coefficient, m’s™
Dn Hydraulic diameter, m
di Particle diameter, m
die Equivalent diameter, m
ey Coefficient of restitution
E Activation energy, kJ mol”
F Linear-anisotropic phase function coefficient
do Radial distribution function
Acceleration of gravity, m s
G Incident radiation, W m™
h Specific enthalpy, J kg'1

Hevap Heat of vaporization of water, 40.7x10° J kmol
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Nu

Pr

P1

Qr

Sc
Sh

S, S

Identity tensor

Radiation intensity, W sr—1

Second invariant of the deviatoric stress tensor
Diffusion flux discusion, kg m?s™’

Interphase momentum exchange coefficient, kg
3 -1
m~s

Turbulent kinetic energy, m’s”
Mass transfer coefficient, m s™
Molecular mass, kg kmol™
Nusselt number
Prandtinumber

Pressure, Pa

Solid pressure, Pa

Radiative flux density, W m™

Volumetric rate of energy transfer between
phases, W m™

Heterogeneous reaction rate, kmol m*s™
Reynolds number

Reaction rate, net rate of production of
homogeneous species, kmol m™s™

Universal gas constant, 8314 JK ™' kmol™
Schmidt number
Sherwood number

Source of a transported property per unit of
volume unit of transported property

Time, s

Temperature, K

Velocity, m s

Volume, m®

Mole fraction, kmol kmol™

Mass fraction, kg kg™’

GREEK SYMBOLS

B Stoichiometric coefficient, heat  transfer
coefficient, J m?s™ K

Y Stoichiometric coefficient

r Diffusion, m

K Thermal conductivity, W m' K"

€,  Emissivity

£ Turbulent dissipation rate, m’s®

6 Granular temperature, m?s™

A Bulk viscosity, Pa-s

u Dynamic viscosity, shear viscosity, Pa-s

u, Turbulent viscosity, Pa-s

¢ Sphericity

[0) Angle of internal friction, deg

P Density, kg m*

P Effective density, kg m™

o Stefan—Boltzmann constant, 5.670373(2‘I)><‘I0'8
Wm?2K™*

0, Scattering coefficient, m™

o, Absorption coefficient, m™

T Stress tensor, Pa

g Permeability, m”

SUBSCRIPTS

a e Energy equation, phase «

ai 'th species transport equation, phase o

am Continuity equation, phase o

o u Momentum equation, phase o

o Phase index (0=gas, 1=solid)

col  Collisional component of viscosity

fr Frictional component of viscosity

kin  Kinetic component of viscosity
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m Mixture, mass

t Turbulent

0 Gas phase

1 Solid phase

1W  Solid specie: wood
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