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In this work, the capabilities of a pilot-scale reciprocating biomass conversion reactor (RBCR) are assessed
by modeling. The RBCR is a novel means to produce bio-oil by fast-pyrolysis whose core is a re-purposed
4-cycle internal combustion engine. Inert gas and a small volume-fraction of pulverized biomass are
input into the RBCR intake, and the crankshaft is cycled by an external energy source to supply the pro-
cess heat. The biomass is converted during the compression stroke, and then the bio-products are
exhausted. The cycle is: intake, compression/heating, expansion, and exhaust. A control-volume energy
balance to assess the steady-state flow of mass and energy through the RBCR is presented. The RBCR cal-
culations are quantitatively compared to experimental results from the state of the art considered to be a
lab-scale fluidized-bed reactor (FBR) found in the literature. This FBR is chosen for comparison because
the RBCR and FBR have nearly the same size/footprint and, thus, by crude assumption, similar capital
costs. Relative to the state-of-the-art (SOA), calculations predict that the RBCR will increase the biomass
throughput, decrease the mass-specific energy requirement to thermochemically convert biomass to bio-
oil, bio-char, and bio-gas by fast-pyrolysis. Moreover, calculations predict that at bench scale, the RBCR
process results in a bio-oil product with a heating value approximately 6.8 times higher than the energy
required to drive the cycle (there is a 6.8 times ‘‘return on energy investment”).

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Fast pyrolysis is a process where biomass is decomposed in an
environment without an oxidizing agent at temperatures of
approximately 500 �C for short times. Thermochemical biomass
conversion by fast pyrolysis to bio-oil, bio-char, and bio-gas is a
part of an attractive path to an alternative energy source because
of the upgrade in heating value and density [1] so that it may be
easily transported as part of a new distribution network [2,3].
Effective methods of biomass conversion to bio-oil are of interest
because bio-oil represents a deployable energy carrier with favor-
able source characteristics (e.g., in-situ production and carbon-
neutral) [4–9]. Biomass is pulverized, pyrolyzed, and the bio-
products are recovered (Fig. 1). Bio-oil can be used directly in boil-
ers (i.e., for heating or electricity), or upgraded for use as a fuel [2].

There are a number of reactor types for fast pyrolysis: entrained
flow reactor, wire mesh reactor, vacuum furnace reactor, vortex
reactor, rotating reactor, microwave reactor, fluidized-bed reactor,
and the circulating fluidized-bed reactor [10–20]. The fluidized-
bed reactor (FBR) is representative of the current state of the art.
In an FBR, primary pyrolysis reactions of the biomass lead to pyrol-
ysis vapor which can be condensed to bio-oil, which is ultimately
the desired product of the fast-pyrolysis process. Following the pri-
mary pyrolysis reactions, secondary pyrolysis reactions can occur
which adversely affect the bio-oil quality and should be avoided
[1,10,12,16,21]. The FBR requires a condenser to cool the bio-
products to quench the secondary pyrolysis reactions and con-
dense the bio-oil for collection [16]. The condenser in an FBR is
an active cooling component that leads to heat loss and system
inefficiency.

In this work, we describe a novel reactor for the conversion of
biomass that can reduce energy requirements and rapidly quench
unwanted secondary pyrolysis reactions. It is termed the ‘recipro-
cating biomass conversion reactor’ (RBCR). At its essence, the con-
version scheme is a high compression-ratio motor being cycled by
an external power source to efficiently provide process heat to bio-
mass. A model is presented for the decomposition of multi-
component biomass in an RBCR. Specifically, bagasse decomposi-
tion for the compression and expansion strokes of the RBCR is
described. Additionally, a sensitivity study is presented by fixing
all but one parameter, namely: engine speed, biomass particle
diameter, biomass feed-rate, and biomass composition.
ational
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Fig. 1. Flow chart for thermochemical conversion of biomass by fast pyrolysis. Biomass is pulverized, pyrolyzed, and the bio-oil is recovered for use in a boiler (directly for
heat or electricity), or upgraded for use as bio-diesel or aviation fuel [2]. The bio-char and bio-gas can be recycled for use as an energy source for the required energy for
pulverization and fast-pyrolysis. The approximate fractions of bio-products are taken from the literature [10]. The contribution of this paper is to predict the performance of a
novel means to thermochemically convert biomass by. fast pyrolysis.
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2. Reciprocating biomass conversion reactor (RBCR) cycle

The reciprocating biomass conversion reactor (RBCR) cycle uti-
lizes rapid heating/conversion and cooling of a small volume-
fraction of pulverized biomass suspended in a non-oxidizing gas
within a cylinder [22,23]. The process flowchart is presented as
Fig. 2. In a typical Diesel engine, the 4-stroke cycle is: intake, com-
pression, power, and exhaust; in the proposed conversion scheme,
this is replaced with: intake, compression/heating, expansion, and
exhaust. The idealized cycle for the proposed biomass conversion
scheme proceeds as follows:

1. Intake: A two-phase mixture of inert fluidizing gas (Ar, N2, or a
CO/CO2 mixture) and a small volume-fraction of pulverized bio-
mass are input into the cylinder of a high compression ratio
engine.

2. Compression/heating: An external power source (e.g., an electric
motor) turns the crankshaft driving the piston to compress and
heat the biomass/ fluidizing-gas mixture within the cylinder.
Process heat is transferred from the fluidizing gas to the bio-
mass, primarily by convection; this process heat is sufficient
to thermochemically convert the biomass to bio-products by
fast pyrolysis.

3. Expansion/cooling: The expansion stroke rapidly decreases the
temperature and pressure of the fluidizing-gas/ bio-products
mixture within the cylinder, quenching the undesirable sec-
ondary pyrolysis reactions, and condensing the bio-oil to finely
atomized droplets. A significant fraction of the energy required
to compress the system is recovered as the pressure is reduced
through expansion. The recovered energy may be used on the
compression stroke of another cylinder on the same crankshaft.

4. Exhaust: The exhaust stroke forces the fluidizing-gas/ bio-
products mixture from the cylinder. The bio-products are col-
lected, and the fluidizing gas is collected and recycled.

This cycle has the potential to reduce operating costs of thermo-
chemical conversion by reducing the required input energy to the
system and improving the quality of the bio-products by quench-
ing undesirable secondary pyrolysis reactions. The instant follow-
ing desired biomass conversion, the bio-products, and fluidizing
gas reside within the cylinder at an elevated temperature and pres-
sure. This is surplus process heat, and in contrast to the state of the
Fig. 2. Reciprocating biomass conversion reactor (RBCR) process flowchart.
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art, the surplus process heat is transferred and reused mechani-
cally through the crankshaft to another piston/cylinder during
the expansion stroke. In the following sections, we present a model
to predict the useful biomass conversion parameter space of the
RBCR.
3. Closed control-volume energy balance

Here, we analyze a closed control volume, presented as Fig. 3,
which surrounds one cylinder of the RBCR shown in Fig. 2. There
is a well-mixed and evenly distributed fluidizing gas and
biomass/bio-products mixture in this control volume; the fluidiz-
ing gas and biomass are separated in Fig. 3 only to clearly show
the direction of energy transfer. In Fig. 3, Q is the energy that is
transferred into the control volume by heat transfer, W is the
energy that is transferred out of the control volume by work, and
DHP is the change in enthalpy required to pyrolyze the biomass.
The subscripts b; g, and w represent the biomass, fluidizing gas,
and wall, respectively. Two subscripts in succession indicate ‘‘from
a to b,” e.g., Qgb is the energy transferred from the fluidizing gas to
the biomass by heat transfer. Additionally, we assume that the
pressure of the fluidizing gas and biomass are equal, Pg ¼ Pb ¼ P.

The change in internal energy for the fluidizing gas is
DUg ¼ cvgngDTg and the work term is Wgw ¼ PDVg . Here,
cvg ;ng ;DTg , and Vg are the constant-volume molar specific heat,
number of moles, change in temperature, and volume of the flu-
idizing gas, respectively. The first law for the control volume of
the fluidzing-gas is written as

DUg ¼ Qg �Wg ¼ �Qgb þ Qwg �Wgw

DUg ¼ cvgngDTg ¼ �Qgb þ Qwg � PDVg :
ð1Þ

The change in enthalpy of the biomass, DHb, includes the change in
sensible enthalpy, DHS, and the enthalpy of pyrolysis reactions, DHP ,
as DHb ¼ DHS þ DHP ¼ DUb þ DðPVbÞ. We assume that there is no
volumetric change of the biomass. The change in enthalpy due to
pyrolysis is DHP ¼ mPDhP , and the change in sensible enthalpy is
Fig. 3. Control volume for analysis of the compression and expansion strokes of the
RBCR. The red marks the control volume for the biomass, the green marks the
control volume for the fluidizing gas, and the blue marks the control volume
enclosing the cylinder for one cycle. We assume a well-mixed and evenly
distributed fluidizing gas and biomass/bio-products mixture in this control volume;
they are separated only to clearly show the direction of energy transfer.
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Table 1
Biomass composition fraction from [29].

Feedstock Cellulose Hemicellulose Lignin

Pure Cellulose 1.00 0.00 0.00
Bagasse 0.36 0.47 0.17
Oak 0.35 0.40 0.25
Olive Husk 0.22 0.33 0.45
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DHS ¼ mbcbDTb. Here mp;DhP ;mb; cb, and DTb are the pyrolyzed
mass, mass-specific enthalpy of pyrolysis, biomass mass, biomass
mass-specific heat, and change in biomass temperature, respec-
tively. The first law for the control volume for the biomass is written
as

DUb ¼ Qb �Wb ¼ Qgb þ Qwb �Wb

DUb ¼ mbcbDTb þmPDhP � VbDP ¼ Qgb þ Qwb
ð2Þ
Table 2
Indices of each component.
4. Transient RBCR Control Volume

A more detailed treatment will be presented in this section to
predict the transient response of the RBCR. Differential equations
are formulated from the application of the first law to the fluidizing
gas and the biomass/bio-products in the reactor (Eqs. (1) and (2)).
The time-rate form of Eq. (1) is

dTg

dt
¼ � _Qgb þ _Qwg � P

dVg

dt

� �
=ðcvgngÞ: ð3Þ

Inspection of Eq. (3) implies that the time-rate of change of temper-
ature is increased by cylinder volume decrease and decreased by
heat transfer to the surroundings. The dVg=dt term is prescribed
by considering the kinematic motion of the piston [24]. The evolu-
tion of bio-products are predicted by coupling the above control-
volume energy balance with a biomass decomposition mechanism.
The biomass is assumed to be a collection of independent spheres
that act as a lumped mass, mb, with specific heat cb, and a constant
volume. Individual fractions of mb are permitted to evolve as com-
puted by the first-order kinetics mechanism reviewed in Xue et al.
[25] (Fig. 4). Additionally, the rate of energy loss due to pyrolysis,
_QDh, is included in the calculations. Because the collection of inde-
pendent spheres act as a lumped mass, Eq. (2) can be rewritten to
predict the biomass temperature (Tb) change as

dTb

dt
¼ _Qgb þ _Qwb � D _HP þ Vb

dP
dt

� �
=ðmbcbÞ: ð4Þ

The dP=dt term can be related to the time rate of change of the
fluidizing-gas temperature and volume change through the differ-
entiation of the logarithm of the ideal gas law as

dP
dt

¼ P
1
Tg

dTg

dt
� 1
Vg

dVg

dt

� �
: ð5Þ

The emerging nature of the biomass pyrolysis modeling field
(reviews in [18,26–28]) presents a number of options to model
the production rates of bio-products. We choose a model which
‘‘superposes” cellulose, hemicellulose, and lignin as

mb ¼ mc þmh þml; ð6Þ
where mc;mh, and ml are the individual masses of cellulose, hemi-
cellulose, and lignin, respectively. The fractions of the biomass are
defined as a ¼ mc=mb; b ¼ mh=mb, and c ¼ ml=mb. The evolution of
these fractions are modeled simultaneously and independently.
Examples of different compositions are given in Table 1.

The mechanism to predict the decomposition of biomass closely
follows the development in references [25,29–40]. In particular,
Fig. 4. Mechanism for pyrolysis adapted from [25,29–40]. j may be cellulose C,
hemicellulose H, or .lignin, L.
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the works by Xue et al. [25,40] have resulted in a model which will
be used for this work. We use the model by Xue et al. because it is
relatively simple to implement, and was demonstrated to have rea-
sonable agreement with experimental data for fast pyrolysis in
[40]. Additionally, this model is able to handle the parallel reac-
tions of cellulose, hemicellulose, and lignin, and also considers
the competitive reactions of active biomass decomposing to tar
vapor or char and gas, and the secondary decomposition of tar
vapor to gas. The mechanism appears as Fig. 4, and pictorially
depicts how the cellulose, hemicellulose, and lignin decompose.
The indices for each component can be found in Table 2. The rates
of change for the masses are written as

_m1 ¼ �k1Cm1 ð7aÞ
_m2 ¼ �k1Hm2 ð7bÞ
_m3 ¼ �k1Lm3 ð7cÞ
_m4 ¼ k1Cm1 � k2Cm4 � k3Cm4 ð7dÞ
_m5 ¼ k1Hm2 � k2Hm5 � k3Hm5 ð7eÞ
_m6 ¼ k1Lm3 � k2Lm6 � k3Lm6 ð7fÞ
_m7 ¼ k2Cm4 þ k2Hm5 þ k2Lm6 � k4m7 ð7gÞ
_m8 ¼ ð1� YCÞk3Cm4 þ ð1� YHÞk3HmH þ ð1� YLÞk3Lm6 � C ð7hÞ
_m9 ¼ YCk3Cm4 þ YHk3HmH þ YLk3Lm6 þ C; ð7iÞ
where gamma is the rate at which char is formed in the pores in the
biomass, per Xue et al. [25,40],

C ¼ qg

qb
ð _m1 þ _m2 þ _m3 þ _m4 þ _m5 þ _m6Þ �

qg

qc

_m9: ð8Þ

The first-order kinetic rates of Arrhenius form,
ki ¼ Ai expðEi=ðRuTbÞÞ, are tabulated for each component in Table 3,
and Ru is the universal gas constant. The char formations ratios are
YC ¼ 0:35;YH ¼ 0:60, and YL ¼ 0:75, for cellulose, hemicellulose,
and lignin, respectively [25,29,30,34].

The time-rate-of-change of the enthalpy change for the conver-
sion processes in Fig. 4 is D _HP in Eq. (4). This value is calculated as

D _HP ¼ D _HDhtf þ D _HDgf þ D _HDcf ð9aÞ
D _HDhtf ¼ Dhtf ðk2Cm4 þ k2Hm5 þ k2Lm6Þ ð9bÞ
D _HDhgf ¼ Dhgf _m8 ð9cÞ
D _HDhcf ¼ Dhcf _m9 ð9dÞ
Component Index

Virgin Cellulose 1
Virgin Hemicellulose 2
Virgin Lignin 3
Active Cellulose 4
Active Hemicellulose 5
Active Lignin 6
Tar Vapor 7
Gas 8
Char 9
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Table 4
Comparison of calculated RBCR results with experimental lab-scale fluidized-bed
reactor results.

Parameter RBCR Lab FBR [21]

Cylinders 8 –
Bore 104 mm –
Stroke 106 mm –
RPM 200 –
_mFG=CG 75 kg/hr (Ar) 4.8 kg/hr (N2)
VF 74 ppm 0.46 (wt/wt)
_mb 5.3 kg/hr 2.2 kg/hr
Feedstock Bagasse Switchgrass
ein 2.1 MJ/kg 3.5 MJ/kg
g 6.8 3.5
Input particle diameter 50 lm <500 lm

Table 3
Kinetics data.

Rate Constant A (1/s) E (MJ/kmol) Reference

k1C 2.80e19 242.4 [25,30]
k2C 3.28e14 196.5 [25,30]
k3C 1.30e10 150.5 [25,30]
k1H 2.10e16 186.7 [25,29]
k2H 8.75e15 202.4 [25,29]
k3H 2.60e11 145.7 [25,29]
k1L 9.60e8 107.6 [25,29]
k2L 1.50e9 143.8 [25,29]
k3L 7.70e6 111.4 [25,29]
k4 4.25e6 108.0 [25,34]
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where Dhtf ¼ �255 kJ/kg [37], Dhgf ¼ 20 kJ/kg [37], and Dhcf ¼ 42
kJ/kg [35] are the heats of reaction for tar, gas, and tar formation
respectively. A negative sign indicates an endothermic reaction.

The combined natural/forced heat transfer coefficients are
found from correlations [41]. The convection to the walls [42]
and to the biomass [43] are assumed to be steady by non-
dimensional analysis. Mass transfer will reduce the heat transfer
coefficient to the biomass, so the high mass-transfer rate film the-
ory correction [44,45] is used as

h�

h
¼ /T

expð/TÞ � 1
: ð10Þ

Here, h� and h are the corrected and uncorrected heat transfer coef-
ficients, respectively, and /T is defined as

/T ¼ _m/ctv
Ash

: ð11Þ

Here, ctv is the specific heat of the tar vapor, and As is the surface
area of the biomass particle. The mass loss from the biomass parti-
cle that is considered to reduce the heat transfer coefficient is _m/

and may be written as

_m/ ¼ k2Cm4 þ k2Hm5 þ k2Lm6 þ ð1� YCÞk3Cm4þ
ð1� YHÞk3HmH þ ð1� YLÞk3Lm6

ð12Þ

Thermophysical properties for the fluidizing gas are calculated
using Cantera [46] with the appropriate thermodynamic data
[47] fitted to polynomials of temperature. The cylinder wall emis-
sivity (�w ¼ 0:05) is taken to be that of polished steel [48]. The bio-
mass true density is assumed to be that of cellulose: qb ¼ 1580 kg/
m3 [49]. The specific heat of the biomass (cb) is assumed to be that
of cellulose

cb ¼ cglucðAþ TbBÞ ð13Þ
where A ¼ 0:9830 J/mol-K and B ¼ 3:963e�4 J/mol-K2. The vibra-
tional contribution to the heat capacity of glucose can be written as

cgluc ¼
X
i

Ru
hmi
kTb

� �2

exp
hmi
kTb

� �
exp

hmi
kTb

� �
� 1

� ��2

ð14Þ

where R is the universal gas constant, h is Planck’s constant, k is
Boltzmann’s constant, and mi is a frequency of the ith normal vibra-
tion [50].

Eqs. (3), (4), and (7) are implicit ordinary differential equations
that are integrated in time to calculate the evolution of pressure,
biomass temperature, fluidizing gas temperature, and conversion
fractions for the compression and expansion strokes of the RBCR.
The initial conditions are:

� The biomass begins as virgin material (Fig. 4).
� The initial biomass and fluidizing gas temperatures are
Tb ¼ Tg ¼ 22 �C.
Please cite this article as: N. J. Parziale and R. Adhikari, Model and sensitivity an
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� The mass of the biomass mb and the biomass radius rb are spec-
ified for one cycle.

MATLAB [51] is used to perform the integration for the implicit
equations for the prescribed cycle period which is determined by
the engine speed; the results for the integrations presented herein
are not sensitive to the ODE solver tolerance, bringing confidence
in the calculation result.

5. Results of bagasse conversion calculations in an RBCR

In this section, we apply the model described in Section 4 to the
decomposition of bagasse in an RBCR. The core of the reactor is
assumed to be an 8-cylinder, 4-stroke, 7.3 L Diesel motor with a
compression ratio of 21.5, modeled after the ubiquitous Ford 7.3
L Powerstroke Diesel Engine. A mixture of argon and spherical bio-
mass particles 50 lm in diameter is injected into the intake of the
engine. Argon is chosen as the fluidizing gas over alternatives such
as N2 because argon has a higher ratio of specific heats and a lower
constant-volume specific heat. As a result, the increase in the tem-
perature (thermal energy) of the fluidizing gas is larger when using
argon than when using nitrogen (see Eq. (3) ), and a higher amount
of energy is then available for heat transfer to biomass for conver-
sion. The composition of the biomass is split between cellulose,
hemicellulose, and lignin to simulate bagasse decomposition
(Table 1). The thermophysical properties of the biomass are
assumed to be those of cellulose, per the discussion in Section 4.

Parameters and results for the decomposition of bagasse are
given in Table 4. Tabulated are: the number of cylinders, bore,
stroke, engine speed, mass flow of fluidizing gas _mFG, volume-
fraction of biomass VF , the input energy per unit mass of biomass
required to thermochemically convert the biomass ein, and the feed
rate of biomass _mb.

A figure of merit, termed ‘return on energy investment,’ is the
ratio of power available from bio-oil out to the power required to
operate the reactor, g, is written as

g ¼ _mbQhvYtv=bo
_Qin

; ð15Þ

where Qhv � 20 MJ/kg is the heating value of bio-oil [52], Ytv=bo is
the mass fraction of tar vapor or bio-oil for the calculations and
the experimental results, respectively. The power supplied to the
reactor is

_Qin ¼
Z
cycle

pdV=tcycle þ _mbecomminute; ð16Þ

where the pressure-volume work per-unit cycle and power
required to comminute the biomass to 50 lm are included. We con-
servatively estimate ecomminute � 1 MJ/kg by extrapolating from the
values given in Mani et al. [53].
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Experimental results from a lab-scale fluidized bed reactor (Lab
FBR) are taken from the literature [21] for the purposes of compar-
ison because the RBCR and FBR have nearly the same size/footprint
and, thus, by crude assumption, similar capital costs. For context,
the reactor volume in the RBCR consists of 8 cylinders each with
a bore of 104 mm and a stroke length of 106 mm. The FBR has a
single reactor vessel of 78 mm diameter and 520 mm length. In
addition, the FBR has four condensers each with a size of 100
mm � 200 mm. In the RBCR, the biomass and the bio-products
reside in a cylinder for 300 ms. During this period, the biomass is
pyrolyzed and the bio-products are cooled to temperatures that
cause the bio-oil to condense in the form of fine mist. For the
FBR, the residence time in the reactor is 650 ms, followed by a rel-
atively long period to cool the bio-products in the condensers.

A time-history of reactor pressure P, fluidizing gas temperature
Tg , and biomass temperature Tb for the reactor is presented as
Fig. 5 for the compression and expansion strokes of the RBCR cycle.
The maximum temperature of the biomass is over 500 �C and the
heating rate exceeds 5000 �C/s during the compression stroke;
these temperatures and heating rates are consistent with those
found in the literature for fast pyrolysis [16]. The bio-products
are rapidly cooled at over �5000 �C/s during the expansion stroke;
the rapid bio-product cooling will quench the undesirable sec-
ondary pyrolysis reactions. That is, the undesirable conversion
from tar vapor to gas/char can be quenched (see Fig. 4). For con-
text, Boateng et al. [21] report �60 �C/s cooling in a bench-scale
fluidized bed reactor with condensers packed with dry ice.

In Fig. 6, the biomass weight fraction evolution is presented per
the model formulated in Section 4. The virgin/active cellulose and
hemicellulose are degraded primarily between 0.10 and 0.20 s. The
virgin lignin is degraded completely; however, there is still active
Fig. 5. Calculation of compression (0–0.15 s) and expansion (0.15–0.30 s) strokes
for the pilot-scale experiment. Calculation of reactor pressure P (blue), fluidizing
gas temperature Tg in (green), and biomass temperature Tb (red).

Fig. 6. Calculation of compression (0–0.075 s) and expansion (0.075–0.130 s)
strokes for the pilot-scale experiment. Calculated weight fractions vs. time per the
model formulated in Section 4.
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lignin in the output of the reactor at this condition. This is uncon-
verted biomass. At the end of an expansion stroke, �70% of the bio-
mass is converted to pyrolysis vapor. Little undesirable secondary
gas and char are produced because the rapid expansion stroke
quenches all reactions within the cylinder.

The disparity between the fluidizing gas temperature (green)
and the biomass temperature (red) in Fig. 5 occurs between 0.10
and 0.20 s; the increase in biomass temperature appears to be
stunted. It is during this time that the biomass is undergoing con-
version (Fig. 6). Per the formulation in Section 4, the conversion
process impedes heating because conversion to tar vapor is
endothermic (per Eqs. (4) and (9b)) and the heat transfer coeffi-
cient is reduced by film cooling (per Eqs. (10) and (11)).
6. Results of sensitivity study

In this section, we report the results of a sensitivity study that
was performed by fixing all but one parameter, namely engine
speed, biomass particle diameter, biomass feed-rate, and biomass
composition. The parameters and initial conditions are the same
as in Section 5 and Table 4. The purpose of this exercise was to
investigate how sensitive the RBCR concept is to variations in input
conditions and to aid in defining an intelligent operating parame-
ter space.

In Fig. 7, the rotational speed is varied as all other parameters
are fixed. The figure aids in defining the operating speed for the
RBCR. Near-complete conversion is calculated to occur for rota-
tional speeds of 20–100 RPM, otherwise, there is non-converted
Fig. 7. Calculation of weight fraction as a function of engine speed. Conversion
fractions of tar vapor (r markers), gas (& markers), char (no markers, dashed), and
non-converted biomass (remaining virgin and active cellulose, hemicellulose, and
lignin – no markers).

Fig. 8. Calculation of conversion fraction as a function of particle diameter.
Conversion fractions of tar vapor (r markers), gas (& markers), char (no markers,
dashed), and non-converted biomass (remaining virgin and active cellulose,
hemicellulose, and lignin – no markers).
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Fig. 9. Calculation of conversion fraction as a function of biomass feed-rate.
Conversion fractions of tar vapor (r markers), gas (& markers), char (no markers,
dashed), and non-converted biomass (remaining virgin and active cellulose,
hemicellulose, and lignin - no markers).
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biomass within the cylinder after one cycle. The lower limit, 20
RPM, is a result of the higher fraction of input energy lost to heat
transfer to the cylinder walls; that is, the compression stroke is
highly non-adiabatic, and thus less energy is available for conver-
sion. For engine speeds higher than 100 RPM, complete conversion
cannot occur because of kinetic and heat transfer limitations. If the
goal is to maximize the conversion of biomass to bio-oil, an engine
speed of 200–500 RPM is appropriate to increase the yield of tar
vapor and maximize the throughput of the RBCR.

In Fig. 8, the biomass particle diameter is varied while all other
parameters are held fixed. Calculations indicate that conversion
decreases with increasing biomass diameter. The capability for
the RBCR to convert biomass is reduced at a particle diameter of
greater than 150 lm. Additionally, it appears that the fraction of
Fig. 10. Calculation of conversion fractions of tar vapor, gas, char, and non-
converted biomass. Mechanism shown in Fig. 4, and biomass compositions given in
Table 1.

Fig. 11. RBCR setup at the Stevens Institute of Technology. Right
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bio-gas is increased below 150 lm. The surface area available for
heat transfer scales inversely with particle diameter. This inverse
scaling overcomes the scaling of the heat transfer coefficient with
diameter. So, heat transfer to the biomass particle is calculated to
be more efficient at smaller diameters, and this is the reason for
the trends that appear in Fig. 8.

In Fig. 9, the biomass feed-rate is varied as the other parameters
are held fixed. Calculations predict that complete conversion
occurs for biomass feed-rates of less than 2 kg/hr. Decreasing the
feed-rate far below 1 kg/hr is predicted to result in large fractions
of bio-gas at the expense of tar vapor production. If the goal of the
RBCR is to maximize bio-oil yield, the operational limit for biomass
feed-rate would be 3–10 kh/hr to maximize the tar vapor yield. For
this scale of RBCR, there is significant unconverted biomass at mass
feed-rates of higher than 10 kg/hr.

In Fig. 10, the biomass composition fraction is varied. The initial
composition is superimposed per Eq. (6). Pure cellulose, bagasse,
oak, and olive husk are considered. The feedstocks are chosen
because of the increasing lignin content (see Table 1). Lignin is gen-
erally understood to make bio-oil production more difficult [1,16].
It is calculated that cellulose is completely converted. The other
feedstocks are not completely converted and the tar vapor weight
fraction is reduced.
7. Preliminary results and practical considerations

Currently, we are constructing an apparatus testbed as shown
in Fig. 11(left). With this setup, we have the proper infrastructure
in place to perform detailed performance tests of the proposed
concept. To date, we have devised a biomass injection apparatus
with sufficient metering control and performed preliminary con-
version tests using argon as the fluidizing gas and 20 lm cellulose
purchased from Sigma Aldrich as the feedstock. In Fig. 11(right),
we show the mist formed by the bio-products at the RBCR outlet
which represents the first successful conversion of biomass with
the RBCR. In the future, we plan to capture the bio-char with a
cyclone or impingement style separator followed by an electro-
static precipitator to capture the bio-oil, following the methods
found in Perry and Chilton [54,55]. We recognize that appropriate
separation of the different bio-products will be an appreciable
practical consideration moving forward.

An additional practical consideration would be the so-called
tarring of the reactor by deposition of the condensed liquid and
solid particulates on the reactor walls during long periods of oper-
ation. Our short (10 min) preliminary experiments indicate, quali-
tatively, that this is not an issue. But, we will quantify the possible
run times before reactor tarring becomes an issue, if ever. More-
over, we have strategies to treat reactor tarring should it be found
to compromise performance. If we were to notice tarring becoming
an issue, we can attempt to remove the deposits by a) running the
: Preliminary results of bio-oil mist being produced in RBCR.
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RBCR with a fuel/air mixture or, b) running steam through the
reactor.
8. Summary and conclusion

In this paper, a model is formulated for the decomposition of
multi-component biomass in a reciprocating biomass conversion
reactor (RBCR). A description of the decomposition of bagasse is
presented for the compression and expansion strokes of the RBCR.
Additionally, a sensitivity study was presented by fixing all but one
parameter, namely: engine speed, biomass particle diameter, bio-
mass feed-rate, and biomass composition.

The RBCR decomposition of bagasse calculations compare
favorably to the experimental data for a lab-scale fluidized bed
reaction. This FBR was chosen because the RBCR and FBR have
nearly the same size/footprint and, thus, by crude assumption,
similar capital costs. Calculations indicate that the efficiency and
‘return on energy investment’ is increased by greater than �50%.
The throughput also compares favorably to the FBR, as the RBCR
is able to process significantly more biomass. Such efficiency and
throughput increases would result in a decrease in the operational
costs of biomass conversion. The RBCR permits control over the
residence time within the reactor so that unwanted secondary
pyrolysis reactions will not take place. This is because immediately
following thermochemical conversion, the bio-products and flu-
idizing gas are rapidly cooled during the expansion stroke, and
the secondary pyrolysis reactions are rapidly quenched. This pro-
cess is in direct contrast to the FBR where the pyrolysis products
must be processed by condensers to quench the unwanted sec-
ondary reactions; this process requires a longer time to undergo
and there is additional heat loss.

The sensitivity study of the RBCR to input parameters indicates
that the reactor is flexible in what it is able to accomplish. Prefer-
ential bio-gas or bio-oil production may be accomplished by
adjusting the biomass feed-rate and engine speed. Engine speed
and biomass feed-rate are easily controlled relative to the calcu-
lated sensitivities.

The most significant limitation of this reactor is the sensitivity
to particle size. Calculations predict that there will be a significant
fraction of unconverted biomass for particle sizes of greater than
200 lm. This size restriction poses an operational constraint as
well as an additional overall energy input requirement to the con-
version setup; although, even with this additional energy required
for biomass pulverization, the RBCR compares favorably to the FBR.

Bagasse, oak, and olive husk were considered as candidates for
RBCR feed-stock. It appears that bagasse is a strong candidate
because of its lower lignin content. The lower lignin content is pos-
sibly more important in the RBCR because of the shorter residence
time than typically encountered in FBRs. Pure cellulose could be
used as the feed-stock for RBCR development because it is easier
to completely convert.
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