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ABSTRACT

The objective of this work is to study heat and mass
transfer processes in a single biomass particle before its
thermal degradation (< 200 °C) under high intense
acoustic fields. For that, was developed a numerical code
for Biot number higher that one, i.e., non-isothermal
particles. The hypothesis is that an acoustic field alters
the interaction between the gas and particles, proving
drying. Acoustic fields can be obtained by using a
loudspeaker inside a reactor. The proposed model
predicts moisture mass transfer completion for different
particle sizes and oscillating frequencies. The obtained
data are relevant for plant conversion capacity and
reactor's preliminary design.
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NOMENCLATURE
Abbreviations
EES Engineering Equation Solver
Symbols
dp Particle diameter
mp Particle mass
g Local gravity
Fw Weight force
Fo Drag force
Co Drag coefficient
Pg Gas density
Ug Gas velocity
Up Particle velocity
Ur Relative velocity
Ug Gas average velocity
Og Amplitude gas velocity
Re Reynolds number
Mg Gas viscosity
Mg Gas mass flow
T Pi number
dpipe Pipe diameter

f frequency

t Time

Ap Particle acceleration

Uo Initial particle velocity

Zo Initial particle position

Z Particle position

n Number of points along radius
Ar Finite difference along radius
R Particle external radius

i i th element

r Radius

a Thermal diffusivity coefficient
T Temperature

To Initial temperature

k Thermal conductivity

Po Particle density

CPp Particle specific heat capacity
h Convective heat transfer coefficient
Ts Gas flow bulk temperature

Pr Prandtl number

Cpg Gas specific heat capacity

ke Gas thermal conductivity

Nu Nusselt number

X Moisture concentration

X¢ Gas flow bulk moisture concentration
Xo Initial moisture concentration
D Mass diffusivity coefficient
h,, Convective mass transfer coefficient
Sc Schmidt number

Sh Sherwood number

Map Dry basis mass

Po Initial density

v Volume

1. INTRODUCTION

Despite the economic downturn in 2020 the use of
renewable sources continued to grow [1]. At the same
time, the use of non-renewable sources is continuously
being diminished, due to their depletion [2].



Heat and power generation from biomass is even
more relevant nowadays due to scientific and industrial
interest regarding to diminishing availability of fossil
fuels and its relationship with environment preservation.

In Brazil, waste biomass can be used to produce
different types of fuels for heat and power generation.
Biomass conversion through pyrolysis produces liquid,
solid and gas fuel products, which are easily to burn than
the original feedstock. Solid biomass and waste are very
difficult and costly to manage which also gives impetus
to pyrolysis research [3], [4].

A relatively recent thermochemical technology
applied to this field promoted the enhancement of
biomass fuel characteristics. This technology is known as
torrefaction or mild pyrolysis.

Mild pyrolysis changes the biomass properties
resulting in a much better fuel quality for combustion
and gasification applications. In addition, it improves the
calorific value and grindability.

The proposed modeling for the temperature field in
the particle derives from the use of energy equation,
which associates time to space variation. In this
perspective, residence time is an essential analysis
variable.

Biomass residence time increases with decreasing air
flowrate and increasing biomass load, but when it
increases the biomass weight it also increases the char
yield and heat loss during devolatilization. Also, that lows
residence time can influence the percentage of
unconverted biomass during the gasification time [5],
[6]. With acoustic flows it's possible to control the
residence time to control the drying and the reactions
during the gasification process.

This paper thus presents a numerical model to
predict mass and heat transfer processes during single
biomass drying under high intensity acoustic fields.

2. MODELLING
2.1 Characterization of biomass

The computational model allows simulations of any
type of wood particles, by inserting specific properties as
input data. For many species of wood, properties such as
moisture content and specific gravity can be found in [7].

The biomass employed in this work was the Pinus
Pinaster sawdust with a density of 225 kg/m3 [8] and
moisture content of 8.6% [9], which is an extended
drying condition.

2.2 Pyrolysis reactor description

A system design is presented in Fig. 1, consisting of a
biomass feeder source and a pyrolysis reactor, with

biomass’ round particles under the influence of a speaker
induced oscillation.
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Fig. 1 Pyrolysis reactor under acoustic oscillation given
by a speaker (at the center) and storage reservoir (at
right).

3. THEORY
3.1 Hydrodynamics, mas and heat transfer

In the model, a biomass particle of diameter dp,
mass m,, and weight Fy, flowing under acoustic field,
subjected to a drag force Fp.

Weight force is given by Fy, = myg, g is the local

gravity. Drag force is given by
2

dp
7T<7> Cnglurlur
Fp = >
where Cp is the drag coefficient, taken as a function of
the Reynolds number Re, calculated by Equation 1 for a
given gas viscosity fig.

Gas density is given by p, and the relative velocity
u, between gas and particle velocities u,; and u, is
givenby u, = u; —u,.

pglurld
Re = Pa"%

Equation 1
Hg q

Gas flow through reactor at an average constant
velocity g, determined by Equation 2.

Equation 2

Gas mass flow is given by 1y, considering a
cylindrical reactor of diameter dp;pe.

Equation 3 [10] insert acoustic field oscillation
and calculate gas velocity u,. The amplitude gas velocity
Ty is constant and equals to 10 m/s, ug varies through
time t and oscillation frequency f.



uy = iy + iy sin(2mft) Equation 3
Forces balance between weight and drag results
particle’s acceleration a,, as presented at Equation 4.
Fy + Fp = mya, Equation 4
Considering an initial particle’s velocity uy and
particle’s acceleration a, in Equation 5, yields local
particle’s velocity u,,.
_ Lo d .
Up = ug + [ apdt Equation 5
Assuming an initial particle’s position z,, the
particle position z, relative to vertical axis is given by
Equation 6.
_ td .
zp = 2o + [ updt Equation 6
Temperature distribution inside the particle is
obtained after discretization applying a finite difference
method. The particle was divided in a series of control
volumes whose radial length is given by
R
Tn-1
, Wwhere n is the number of points along the radius R.
Since the domain is divided in n — 1 elements
and i € {1,..,n}, for convenience, the notations can be
adopted in terms of (r=0ori=1)and (r=
R or i = n) with no loss of generality.
Space Domain diagram can be geometrically
described by Fig. 2.
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Fig. 2 Biomass particle radial control volumes, likewise
onion layers, i € {1,..,n}.

THIBAULT et al [11] presented a spherical
discretization model for energy equation. Energy
equation with no heat generation in spherical
coordinates and one dimension is given by Equation 7.

or _ ii( Za_T) Equation 7

E_“rzar or

Thermal diffusivity coefficient a is given by
k

PpCPp

, where k, pp and cp, are the particle thermal
conductivity, density and specific heat capacity
respectively. It was assumed that k and cp, are
functions of T.Empirical correlations from [7] were used
to set these properties.

Boundary and initial value conditions are given in
Equations 7a, 7b and 7c.

(), =0

In Equation 7a set it is assumed symmetry
conditions, then

a

Equation 7a

aT = .

-k, (E)r=R = h(Tn - Tf) Equation 7b

Equation 7b set the Robin boundary condition,

where convective and conductive heat fluxes sum to
zero. Ty is the bulk temperature of gas flow.

T(r,0) =T, Equation 7c

Equation 7c set the initial condition, where all
the domain is at the initial temperature Tj,.

Prandtl, Reynolds and Nusselt number from [12]
are applied to calculate the average convective heat
transfer coefficient h. Temperature field is calculated
with the help of Equation 11.

pr = taPs
kg

Equation 8
where gas specific heat capacity is given by
cpgy-and gas thermal conductivity is given by k.
_

Nu = Equation 9
kg

Nu = 2 + 0.6Re'/?2Pr'/3  Equation 10

T=Ty+ [ 7 dt Equation 11

0 at

Drying is calculated by the moisture
concentration decrease in particle (X ). Second order
Fick’'s law equation in axisymmetric spherical
coordinates is given by Equation 12.

X 10 2ax)
=D Zar(r

s " P Equation 12



Mass diffusivity coefficient D is assumed as
function of T . Therefore, were adopted empirical
correlation from [13] to this property.

Boundary and initial value conditions are given
by Equations 12a, 12b and 12c.

(57),=0=0

Du(5), e

Equation 12b set the Robin boundary condition,
where convective and diffusive mass fluxes sum to zero.
Xy is the bulk moisture concentration of the gas flow.

Equation 12a

= f_zm(Xn - Xf) Equation 12b

X(r,0) =X, Equation 12¢
Equation 12c set the initial condition, where all
the solid domain is at the initial moisture concentration
Xo-
Schmidt, Reynolds and Sherwood number from
[12] in Equation 15 are applied to calculate the average
convective mass transfer coefficient h,y,.

Sc=-to Equation 13
PgDn
Am .
Sh=+5- Equation 14
dp
Sh =2+ 0.6Re'/25c'/3  Equation 15

Moisture concentration field is calculated by
Equation 16.

X = )(0 + J~t ox

0 Edt Equation 16

Mass variation due to drying particles is
modelled by equations 17, 18 and 19.

p .
Map, = (Tﬂ(o) v; Equation 17
dm; aX; .
2t = Mab; 5 Equation 18

m; = pov; + fot d:tli dt Equation 19

Particle mass m, at each time t is calculated
by Equation 20.

my = Yie,m; Equation 20

4, RESULTS AND DISCUSSION
4.1 Numerical solution and validation model

The derived differential equations are solved
numerically using the equation-based integral function
of the Engineering Equation Solver platform [14].

Two grid points with 10 and 100 control volumes
were employed to check system sensitivity for grid sizing.
Since the numerical results were very similar, the code
was deemed adequate for further particle drying
analysis.

The discretized method was also compared with EES
library function from an analytical solution [15] resulting
differences between numerical and analytical solution
results lower than 5.0E-4 K.

Drying of 0.1 to 10 mm particle diameter was then
simulated under pulsating flow. Fig. 5b and Fig. 5d shows
that the heat and mass transfer coefficients h and h,,
are higher than those without the oscillation, as shown
in Fig. 5a and 5c.
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Fig. 5a: Heat transfer coefficient under steady flow.
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Fig. 5b: Heat transfer coefficient under pulsating
flow.
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Fig. 6b: Oscillating gas and particle velocities as a
function of time.
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Fig. 5d: Mass transfer coefficient under pulsating
flow.

Figures 6a and 6b shows the hydrodynamics of
different particle sizes in acoustic field and in steady
flow. Terminal velocity is attained only for the 0.1 mm
particle size, in non-oscillating flow. The time to reach
terminal velocity increases as particle size increases.

experiences change due to acoustic flow, as noted in Fig.
7b and 7d, while exhibit different behavior for the
situation without oscillation frequency in figures 7a and
7c.
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Fig. 7a: Temperature field as a function of time
under steady flow.
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Fig. 6a: Steady gas and particle velocities as a
function of time.

Figure 6b shows the gas and particle velocities
under induced acoustic field. The 0.1 mm particle closely
follows the gas alternating flow. Larger particles oscillate
at much lower amplitudes and average velocities.
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Fig. 7b: Temperature field as a function of time
under pulsating flow.
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Fig. 7c: Moisture content field as a function of time
under steady flow.
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Fig. 7d: Moisture content field as a function of time
under pulsating flow.

4.2 Conclusions

The developed model provides particles’
hydrodynamic, temperature and moisture content
simulation. In such manner, it is a valuable tool to study
biomass drying.

Convective heat and mass transfer coefficients h
and h,, increases by the presence of an acoustic field.

Reduced influence on velocity profile was observed
for larger particle sizes (with diameter equal or higher
than 0.5 mm).

The model allows further studies on the behavior of
other feedstocks under the influence of acoustic field.
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