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Abstract—The reciprocating biomass conversion reactor the current state of the art; the FBR requires a condenser to

(RBCR) is a novel means to produce bio-oil by fast-pyrolysis cool the bio-products and quench the undesirable secondary
whose core is a re-purposed 4-cycle internal combustion englne.pym'ysis reactions4.

An inert gas and a small volume-fraction of pulverized biomass . . . . .
are input into the RBCR intake, and the crankshaft is cycled by ~ 1h€ reciprocating biomass conversion reactor (RBCR) is

an external energy source to supply the process heat. The biomassa novel scheme for thermo-chemical conversion of biomass

is converted during the compression stroke, and then the bio- to bio-products. At its essence, the conversion scheme is a

pI’OdUCt_S are E)_(hausted.The CyCIe is:.intake, Com_pl’ess_iﬂmat_ing_, hlgh Compress|0n_rat|o motor be|ng Cycled by an external
expansioricooling, and exhaust. This strategy is unique in its ,q e source to fiiciently provide process heat to biomass.

reciprocating approach and the potential benefits of the RBCR . . S .

relative to the state of the art are increased fficiency, throughput, 1€ typical Diesel cycle is intake, compression, power, and

and bio-oil quality. exhaust; in the RBCR, this is replaced with: intake, compres-
sionheating, expansigoooling, and exhaust. The idealized

[. INTRODUCTION cycle for the proposed biomass conversion scheme, as in

Thermo-chemical biomass conversion by fast pyrolysis E)'g'.l.' proc_ee_d_s as follows: A two-phase m|xt_ure of a non-
xidizing fluidizing gas (Ar, N, or a CQCO, mixture) and

bio-oil, bio-char, and bio-gas is a part of an attractive path 10 : . . : .
. . small volume-fraction of pulverized biomass are input into
an alternative energy source because of the upgrade in heafn . : . . :
. . . cylinder of a high compression-ratio engine. An external
value and densityl] so that it may be easily transported as

S on ; . . power source turns the crankshaft which drives the piston to
part of a new distribution network?]. Biomass is pulverized, compress and heat the biomdsadizing-gas mixture within
pyrolyzed, and_ the t_)io-prqducts are rec_:overed. Bio-_oi_l can lﬂ?e cylinder W, in Fig. 1). Process heat is transferred from
used directly in boilers (|.e.,_ for heating or electricity), O o fluidizing ggs 0 the biomasgy,, in Fig. 1); this process
upgraded for use as a “drop-in fge.l][ Thefe are a number heat is stficient to heat and thermo-chemically convert the
of reactor types for fast pyrolysis: entrained flow reacto

. [iiomass to bio-products by fast pyrolysis. The expansion
wire mesh reactor, vacuum furnace reactor, vortex reactO{ :
sd’oke rapidly decreases the temperature and pressure of the

rotating reactor, microwave reactor, fluidized-bed reactor, aﬂu|dizing-ga$bio-products mixture within the cylinder, and

the circulating fluidized-bed reactot][ Some of these reactors : : :
. : a fraction of the energy required to compress the system is
are complicated and require a large external energy source for

operation. The fluidized-bed reactor (FBR) is representative r(()afcovered Wou In .F'g' 1). The recovered energy may be used
on the compression stroke of another cylinder on the same

crankshaft. The exhaust stroke forces the fluidizingtas
products mixture from the cylinder.
T In this paper, an overview and results of a model are
Qbm presented for the decomposition of multi-component biomass
in a reciprocating biomass conversion reactor (RBCR).

Il. M opEL FORMULATION

Pressure

Here, we analyze the compression and expansion strokes of
the RBCR cycle with a closed, transient control volume. In
this control volume are a well-mixed and evenly distributed
fluidizing gas and biomagso-products mixture.Q is the
energy that is transferred into a control volume by heat
transfer,W is is the energy that is transferred out of a control
o 1 ldealizat ¢ RBCR ovdle: ovcl g or-clockui volume by work, andHp is the energy required to pyrolyze
i aeoiaton of FECR ok oy Proceed, couter ki biomass. The subsciptsg, ands represent the biomass,

transfer from the fluidizing gas to the biomagsm, and then isentropic fluidizing gas, and surroundings, respectively. Two subscripts
expansion of bio-products for energy recovewy,,. in succession indicate “from to b,” e.g., Qs is the energy
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TABLE |

Bromass coMPOSITION FRACTION [11] /( 7 Tar ﬁ» Gas
ky; V Vapor
Feedstock || Cellulose  Hemicellulose  Lignin Virgin _J> Active
Pure Cellulose 1.00 0.00 0.00
Bagasse 0.36 0.47 0.17 /(3_’/ Y; Char + (1-Y;)Gas
Oak 0.35 0.40 0.25
Olive Husk 0.22 0.33 0.45 Fig. 2. Mechanism for pyrolysis adapted frorl], [16]-[27]. j may be

celluloseC, hemicelluloseH, or lignin, L.

transferred from the biomass to the fluidizing gas by heat INDICIES IFA SAIEE CI(I)MPONENT
transfer.

Following [5], differential equations are formulated from Component [ Index
the application of the first law to the fluidizing gas and the Virgin Cellulose 1
biomasghio-products in the reactor. The time-rate form of the Virgin Hemicellulose || 2
first law applied to the fluidizing gas is Virgin Lignin 3

Active Cellulose 4

dr, ) ) dv, Active Hemicellulose 5
Coglg— = = Osg + Opg — PE. (1) Active Lignin 6
Tar Vapor 7

Gas 8

The biomass is assumed to be a collection of independent Char 9

spheres that act as a lumped mass. We write the time-rate form
of the first law applied to the biomass to predict the biomass

temperatureT,) change as The equations for each component in F2gare written as

drTy : : - .
Myt = —Ohg + Osb + Oan- 2 my = —kiciy (4a)
my = —kgmy (4b)
Radiation and combined natuffalrced convection are in- mg =~k mg (4c)
cluded in both heat-transfer terms in Edb.and 2. The g = kemy — keemy — kaemy (4d)
combined natur#orced heat transfer cfiecients are found -
. . ms = kypmy — kopms — kagms (4e)
from correlations §]. The convection to the walls/] and to .
the biomass§] are assumed to be steady by non-dimensional ™6 = liLms = kepLme — ksLme (4f)
analysis. Mass transfer will alter the heat transferficcient my = kocmy + kopms + koL me — kamy (49)
to the biomass, so the high mass-transfer rate film theory g = (1 - Yo)ksermy + (1 — Yiy)ksymy+ (4h)
correction is used to modify the heat transfer ficent [9], :
s fy Bl (1 - Yi)komg — T (4
my = Yckscmy + Yylaymy + Yo kspmg + T (4))

The emerging nature of the biomass pyrolysis modeling field

(reviews in [L2]-[15]) presents a number of options to modelwhere gamma is the rate at which char is formed in the pores

the production rates of bio-products. We choose a modeliwhig the biomass, per Xue et al§, [27],

“super poses” cellulose, hemicellulose, and lignin as

Pb

®3)

my = m.+my +1my

T = 293y + g + g + g + s + 1g) —

Pg .
g
0

c

(®)

The first-order kinetic rates of Arrhenius fornk; =

A; expE;/(R,Ty), are tabulated in Xue et al2f], [27]. The
= 0.35, Yy = 0.60, and

wherem,, my,, andm; are the individual masses of cellulosechar formations ratios aré

hemicellulose, and lignin, respectively. Examples dfefent y, = 0.75, for cellulose, hemicellulose, and lignin, respec-
compositions are given in Table tively [11], [16], [20], [26].

The mechanism to predict the decomposition of biomassThe heat required for the steps in Fjis accounted for as
closely follows the development in referencég][ [16]-[27]. Qar in Eq2. The energies required for each step are given in
In particular, the works by Xue et al2@], [27] have resulted [21], [23].
in a model which will be used for this work. The mechanism Thermo-physical properties for the fluidizing gas are cal-
appears as Fig2, and pictorially depicts how the celluloseculated using Cantera2@ with the appropriate thermody-
hemicellulose, and lignin decompose. The indicies for eaclamic data 29 fitted to polynomials of temperature. The
component can be found in Tablle biomass true density is assumed to be that of cellulose:



op = 1580 kg/m® [3(]. The specific heat of the biomass,) TABLE Il

is assumed to be that of cellulose given 31_][ CoMPARISON OF CALCULATED RBCRRESULTS WITH EXPERIMENTAL LAB-SCALE
The system of implicit ordinary ¢lierential equations, FLUIDIZEDTRED REACTOR RESULTS-
Egs. 1, 2, and 4, are integrated in time to calculate the Parameter || RBCR Lab FBR [34]
evolution of pressure, biomass temperature, fluidizingtgm- Cylindersrs )
perature, and conversion fractions for the compression and g 104 mm
expansion strokes of the RBCR. The initial conditions are: Stroke 106 mm
. The biomass begins as virgin material (F&). RPM 400 -
. The initial biomass and fluidizing-gas temperatures are  ryg/co 18.9 kghr (Ar) 4.8 kghr (Ny)
T, = T, = 22°C. Vi 52 ppm 0.46 (wint)
« The mass of the biomass, and the biomass radius my, 7.58 kghr 2.2 kghr
are specified for one cycle. Feedstock Bagasse Switchgrass
MATLAB [32] is used to perform the integration for the éin 1.52 MJkg 3.5 MJkg
implicit equations for prescribed cycle period, which is- de n 9.4 3.5
termined by the engine speed. The results for the integigtio Input particle diameter)] 50 um <500m

presented herein are not sensitive to the ODE solver tatefan

bringing confidence in the calculation result. . L .
available from bio-oil out to the power required to operate

I1l. CoNVERsION OF Bacasse INn A RBCR the reactory is also tabulated.
In this section, we apply the model described in Sectlon _ 1 Qv Xiw/bo ©)
to the decomposition of Bagasse in a RBCR. The core of the 1 Oin

reactor is a 4-stroke 7.3 L Diesel motor with a compressien "Rhere Qn, ~ 20 MJKg is the heating value of bio-0i3H]
tio of 21.5. A mixture of argon and spherical biomass pagticl v ishUthNe mass fr%ction of tar vga bio-oil f ’th
tv/bo por or bio-oll Tor e

50 um in diameter is injected into the intake of the enginec‘alculations and the experimental results, respectivehe
The composition of the biomass is split between cellulos P ' P

hemicellulose. and lianin to simulate bagasse decom S.t.6c>wersupplied to the reactor &,. Experimental results from
(Tabllel)u ' 'gni imu 9 POSIY Jab-scale fluidized bed reactor (Lab FBR) are taken from the

. literature B4 for the purposes of comparison.
Parameters and results for the decomposition of Bagasse, .. . S

. . ) . time-history of reactor pressurg, fluidizing-gas tem-
are given in Tablelll. Tabulated are: number of cylinders : .
bore. stroke. engine speed. mass flow of fluidizin . peratureTy, and biomass temperatuf®, for the reactor is

' » €Ng peed, 9 9as, presented as Fi@ for the compression and expansion strokes

Z?Isirgsggzc:éonuﬁgzl?(;nt?:jfﬁ:fhg‘;gaﬁlneggzviitr tl;]r;tbr{;ﬁZOf the RBCR cycle. The temperatures and heating rates are
4 . -aly ; consistent with those found in the literaturd] [for fast
en, and the feed rate of biomass,.” The ratio of power

pyrolysis. In Fig.4, the biomass weight fraction evolution

160 3 1500 1 i i
150 T 1400 —— Virgin Cellulose
%38 ' " %388 g 0.9{{ = Virgin Hemicellulose
S o = Virgin Lignin
120 ; ) “‘I 1100 8 0.8[] = = = Active Cellulose
< 110 T e 1000 o - = = Active Hemicellulose
£ 100 e 900 £ .2 0.7]1- - - Aciive Lignin /
8 90 : N 800 B % 0.6H - Tar
= 80 A 700 = © —Gas /
% 70 i’ ] ,I'_/\ 600 5 & 0.5H = Char
o 60 g / — \ 500 & p= /
g 20 S/ 400 & 9004 "
40 S/t ¥ 300 ﬁ o Y
30 A Ng200 =03 i,
201" N <1100 i
10—-‘-’ "l < "-O 0.2 AN S
Qm=sz== ===b=ual_100 TN
0 0.0250.050.075 0.1 0.125 0.1 AR
Time (sec) . —a

OO 0.025 0.05 0.075 0.1 0.125

Fig. 3. Compression (0-0.075 s) and expansion (0.075-0s)3frokes for Time (Sec)

the pilot-scale experiment. Calculation of reactor presgu(blue, dashed),

fluidizing-gas temperaturg, in (green, dashed-dot), and biomass temperaturieig. 4. Compression (0-0.075 s) and expansion (0.075-0s)3frokes for
Ty, (red, solid) for a reciprocating engine used for thermonrtical biomass the pilot-scale experiment. Calculated weight fractioestime per the model
conversion. formulated in Sectioril.



is presented per the model formulated in Sectlon The

virgin/active cellulose and hemicellulose is degraded primarily

between 0.06-0.10 s.

IV. SuMmMARrY AND CONCLUSION

In this paper, a model is formulated for the decompositi&ﬁ‘r’]
of multi-component biomass in a reciprocating biomass cops)
version reactor (RBCR). The RBCR decomposition of Bagasse

calculations compare favorably to the experimental dataafo
lab scale fluidized bed reaction. Calculations indicat¢ thea

efficiency is increased by greater than 50%. The throughput
also compares favorably to the FBR, as the RBCR is al

to process significantly more biomas3xj. Such diciency

and throughput increases would result in a decrease in the

operational costs of biomass conversion. The RBCR per

control over the residence time within the reactor so that
unwanted reactions will not take place; this quenching ocu
during the rapid expansion stroke in the RBCR. This procmss[%ll
in direct contrast to the FBR where the pyrolysis productsimu

[13] G. Varhegyi, M. J. Antal Jr., E. Jakab, and P. Szabénétic modeling

of biomass pyrolysis,"Journal of Analytical and Applied Pyrolysis
vol. 42, no. 1, pp. 73-87, 1997.
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F. Shafizadeh and A. G. W. Bradbury, “Thermal degradatibcellulose
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] F. Shafizadeh, “Introduction to pyrolysis of biomas3gurnal of Ana-
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] A. G. Liden, F. Berruti, and D. S. Scott, “A kinetic modé&r the
production of liquids from the flash pyrolysis of biomas§hemical
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