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Measurements of the gasification reaction ratesigi-pressures for a low-ash pinewood char withepGQ, are
presented. A fixed-bed reactor operated at 114@K@&nd 1-10 atm was utilized to study the reactmes. Product
gas sampling and gas chromatography measuremeattéedriracking of the gasification progress andsnass data.
The mass loss data are interpreted using the vatiorend non-reactive core models. Activation egercpllision
frequency and reaction order are reported for eacllel. The experimental data show very high seftsitito
temperature. The data also show an increase @fiparent gasification rates with higher {iessures. Comparison of
computed char conversion profiles and experimedtdh are discussed in the context of mass trangamtchar
structure effects on the gasification rates. Thelifigs from this study have applications to gaatfan modeling and
design of large-scale gasification systems.
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1. Introduction

Gasification is an important thermo-chemical cosi@r process in the production of liquid fuels, iheals and power
from biomass or coal [1-3]. Gasification is thet@droxidation of a solid carbonaceous feedstoci syngas (mixture of
carbon monoxide (CO) and hydrogen,YHin presence of oxidizing agents, mainly watepara(H,O) and carbon
dioxide (CQ). Gasification reactions are endothermic in natimeéndustrial gasifiers operating on auto-therroyadle,
combustion of a small part of the input feedstodthvD, is used for establishing a high temperature enwirent to
support gasification. Gasification is a two-stepgass that involves two global reactions: 1) thaaaceous feedstock
is pyrolyzed to release volatile organic matted & the resulting char is oxidized by® and CQto produce CO and
H,. The gasification reactions are slow and energgnisive making them the process rate-determinieyy @hd the topic
of many investigations.

Gasification by CQ is relevant to operation of auto-thermal gasifiarel oxy-coal combustors operating with £O
recycling. It is also relevant to the chemical gges and metal industries where reactions betwadmigaceous
feedstock and oxidizers are conducted for chensgathesis or metal enriching. Biomass gasificatignCQ, is an
active research topic because it is a potentiaweaile energy technology that can be combined etigmical looping
technologies to develop clean power devices [4thBinext section, a brief review of recent smedlls CQ biomass
gasification investigations is presented to esshbihe scope for this work. The reader is diretterkview articles by
Balat et al. [5] and McKendry [6] for a more comipeasive discussion of past studies of biomassigasdn.

The investigation of CObiomass gasification kinetics at atmospheric pressias been recently conducted by several
researchers. Seo et al. [7] studied the, @ésification reaction of pinewood char at 750-8G0in a fixed-bed reactor
and demonstrated that mathematical modeling ofytsification reaction using appropriate reactice K@nstants can



show good agreement with experimental data. Butiarmnd Castaldi [8] performed extensive studieshef CQ
gasification reaction of various biomass at 110-880The experiments were conducted by heating desimatch of
feedstock from ambient to 98 temperature at constant heating rates in conteashost studies that have been
performed in isothermal environments. Their ressiftswed that biomass with high proportion of ligrénch as alfalfa,
had lower activation energies in contrast to matenvith higher proportion of cellulose such asdhapods. Mani et al.
[9] investigated the impact of the reaction tempamand the particle size on the §asification behavior of birch and
pinewood chars at 750-90C. Their study showed that the gasification ratmdst sensitive to the reaction temperature
and reaction rates increased with temperaturenfiadlparticles. Mitsuoka et al. [10] investigatéa timpact of ash and
alkali metals (calcium and potassium) on the,@@sification rates of a Japanese cypress at 1223-K. Gasification
of Ca/K pre-treated cypress char showed significgaareases in the reaction rates relative to theremted char. Irfan et
al. [11] investigated the gasification reactioresabf palm shells in CfD, mixtures at temperatures of up to 10@0
They observed a decrease in the activation enargyhk C-CQ reaction when ©fraction in the reactant gas was
increased from 22% to 80%. Lahijani et al. [12]astigated the influence of iron on the gasificatiates of oil palm
shell chars at 800-100. The reaction rates increased with the additiothe iron catalyst to the char. Umeki et al.
[13] investigated the effect of the ash content asid composition of nine biomass chars on the g&ification rates at
1023-1123 K. Their study showed that the char feadtates varied with char conversion due to thenging ash-to-
carbon ratio. Aho et al. [14] studied the impacaltiali metals on the CQyasification rates of pinewood char at 8a5
Peak gasification rates for the char increasedagyofs of 3-4 when the pinewood had been doped e@tbium or
manganese.

Investigations of high-pressure ¢@iomass gasification have been scarce in comparisathe number of studies
conducted at atmospheric conditions. Several s$udie high pressure gasification of coal exist araleh been
extensively reviewed by Wall et al. [15]. Relativalecent coal-C® gasification experiments at high pressure were
conducted by Roberts et al. [16-18]. However, tise of coal gasification data for biomass gasiftgatreaction
modeling is difficult due to the inherent physieaild chemical differences of the two materials. €fwe, high-pressure
gasification biomass gasification experiments sinid previous coal gasification studies are neeBernoso et al. [19]
studied the gasification of pine at 750-F@at total pressures of 1 and 10 bar with varyiiy @artial pressures. Their
investigation found the gasification reaction riée sensitive to the G@artial pressure and independent of the total
pressure. Cetin et al. [20,21] studied the imp&¢bial pressure on the gasification reactivityagbine char at 1-20 bars
and up to 906C. The char used in their experiments was prepairednditions similar to the gasification environme
Their investigation found a decrease in the appaeactivity for chars that were prepared and ggssidit high pressures.
The decrease in the apparent reactivity at theenigitessures was explained by the development ofremctive
crystalline graphitic lattice structures during fyolysis process. High total pressures showeigifecant effects on
the mass transport properties in their study.upjeand Rathmann [22] investigated the @fasification rates of wheat
straw, barley straw, willow and elephant grassQit 7 900°C at 1 — 20 bar. Their studies indicated that tptaksure
had insignificant impact on the gasification radsswell. Blackwood and Ingeme [23] conducted onthefearliest high-
pressure gasification investigations of a cocoatr avith CQ-CO mixtures up to 40 atm. Their studies showed ttha
gasification reactivity of the coconut char incre@dsignificantly with total pressure at initiallgv pressures. At higher
pressures, the reaction rate increased proporéhynatith total pressure. This observation was exgld by the
inhibiting effects of the produced CO on the gasiion reaction. The effects of pressure on thenbis feedstock and
its gasification rates are still inconclusive doetlte limited high-pressure investigations and gmeé®pportunities for
numerous experimental investigations. A summargasification studies and the kinetic parametersiftbe discussed
studies is presented in Table 1. The reader ¢sditected to the work by Butterman and Castalfif¢8 an exhaustive
list of gasification studies and kinetic parameters

This work investigates the gasification of a lowr@newood char in presence of £i@ a hot rod fixed bed reactor. Hot
gases flow over the biomass particles in a top doamfiguration and transfer heat to the particieshe reaction
temperature. The pinewood char used in the gasdita@&xperiments are prepared in a single batchatee uniform
properties and to enable study of the gasificapomcess only. Results from gasification experimeaitésothermal
reaction temperatures (1140-1260 K) at high press(t — 10 atm) are reported. Reaction rate cotsséaa calculated
from the experimental data using thB-arder volumetric [28,29] and non-reactive core][28action models. The
assumptions for the two models are analyzed throcgmparison with experimental char conversion ddtae
experimental and numerical reaction rate histodes compared and discussed in the context of teeniclal and
physical processes that are sensitive to temperata pressure.



Table 1. A summary of nth-order model kinetic red@stants for different biomass feedstock frommstadies.

Study Biomass Temperature  Particle Activation Pre-exponential
[°C] Size Energy, E., Constant, A, n
[um] (kd/mol) (s-PM
Volumetric Reaction Model

Butterman and Pine 110-980 Powdered 141 - 1
Castaldi [8]
Fermoso et al. Pine 750-900 75-106 184 6.5e8 ~0.34
[19]
Seo et al. [7] Pine 850-1050 250-300 172 5.4e7 -
Bhat et al. [24] Rice husk 750-900 10 197 - -
Ollero et al. [25] Olive 800-950 45-150 133 1.68e2 0.43

residue

Pine 224-238 2.15e7 - 4.47e7 0.48

Cetin et al. [21] Eucalyptus 785-1000 120-180 233 1.98e7 0.39

Bagasse 198 3.15e5 1
Barrio and Hustad Birch 750-950 32-45 215 3.1e6 0.38
[26]
Tancredi et al. Eucalyptus 400-1000 ~ 200 230-260 - -
[27]
De Groot and Douglas fir 220 1.96e9
Shafizadeh [28]  Cottonwood 700 -900 42-700 196 4.85e8 i

Non-reactive Core Model

Seo et al. [7] Pine 750-900 75-106 142 2.3e6 -
Fermoso et al. Pine 750-900 75-106 185 5.3e9 ~0.34
[19]
Bhat et al. [24] Rice husk 750-900 10 180 - -
*>1 atm
2. Methods

2.1 Experimental Arrangement

Figure 1 shows a schematic diagram of the reactangement. The reactor is 90 cm tall, has an idie@neter of 2 cm
and a wall thickness of 2 mm. Reactant gases #émereactor from the top and flow downwards. Thetred 30 cm of
the reactor is the heated zone, which houses the Tee reactor is designed for pressures of up3tcatin and
temperatures of up to 1300 K. The operating comitiof the reactor are remotely monitored and aatedh The
reactor can reach a temperature of 1300 K from emtiemperature within 20 minutes (average heatatg~ 50
K/min). The heat input for the reactions is proddsy surrounding electrical radiant heaters. Pressansducers enable
measurements of the reactor pressure during theriexgnts.

The bed is constructed by welding two layers ointas steel wire meshes onto which biomass feeklssodispersed.
The bed is supported on a honey-comb that fitstlfighithin the reactor and holds the bed at a fixedation. The
reactant gases flow over the bed and transfer toettie feedstock. Thermocouples measure the temuperaf the
reactant gases approximately 2 cm above the bedmemidtain the temperature to within 10 K from thet-goint.
Product gases exit through the bottom spool ancc@oéed and filtered before gas sample collect®as samples are
analyzed using a Shimadzu GC-8AIT gas chromatogf@}) for species composition.

2.2 Char Preparation

Char is prepared by inert heating of a large qtiaoti the raw pinewood sawdust in the reactor. &dblpresents the
proximate and the ultimate analyses of the rawwdwal sawdust. The reactor, filled with raw pinewasadvdust, is



heated at 3 K/minute to 1100 K at atmospheric pmess/ith a continuous flow of nitrogen, at rate(80+0.01 g/s.
Once the reactor reaches 1100 K, the heaters ruedtoff and the reactor is allowed to cool. Njea is flowing during
the cooling process at 0.15+0.01 g/s to avoid aaction of the char with atmospheric air. At thel @f the cooling
cycle, char is removed from the reactor for use gasification experiments. Energy-dispersive-spacwpic
measurements of the resultant char show greaterd® fixed carbon content by mass.
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Figure 1: Schematic of fixed bed reactor arranggm&magram components: 1. pressure regulator, 2ssure
transducer, 3. on-off valve, 4. thermocouple, ecéhvalve, 6. mass-flow controlling orifice, 7. dit-bed reactor, 8.
filter, 9. back-pressure controller, 10. flow-rateter.

Table 2: Proximate and ultimate analyses for thewood sawdust (All values presented in weight %).

Proximate Analysis

Moisture Volatile Matter Fixed Carbon Ash
7.29 77.92 15.52 <0.01
Ultimate Analysis
Carbon Hydrogen Nitrogen Oxygen Sulfur
51.20 6.05 0.16 38.35 <0.005

The char particles are sorted using a vibratoryesghaker. The char particles were closer to dhalped than spherical
and the mentioned sizes are the sieve spacing. bfodte char particles are within 1168-3350 um. étther sized
particles are discarded. A 50:50 weight percent#gehar particles within 1168-1680 and 1680-3350 ane used in
gasification experiments. The feed to a practi@ifger contains particles of a wide distributiohsizes and shapes.
Gasification rates for large particles are critiftalthe design of industrial-scale gasificatioraagements and this study
uses char with size and shape distributions tleatrenre representative of feed used by commercgifiges.

2.3 Gasification of Pinewood Char with CO»

A known mass of char is dispersed as a thin laygo the bed and loaded into the reactor for gadific. Air and
moisture in the reactor are removed by flowing fbr fifteen minutes before the start of the expenmt. The char is
heated at an average heating rate of 50 K/minuttheoexperiment temperature with a continuoysphrge. The
gasification stage begins once the reactor redatieexperiment temperature and the,@places the Nflow. Fifteen
product gas samples are collected at one-minuggviit for the first fifteen minutes of the gasificm experiment.
Fifteen product gas samples are collected at timieete separation over the next forty-five minutéshe gasification



experiment. CQis replaced by the Nlow and the heaters are turned off at sixty mésutoncluding the experiment.
CO, is removed from the reactor by purging with Bnd the reactor is left to cool down. The readtorthen
disassembled and the residual feedstock is cotleatel weighed to calculate final mass conversidie Tommon
operating parameters for the experiments are ptegen Table 3. Gasification experiments were catelh at 1140,
1160, 1200, 1240 and 1260 K at 1, 5 and 10 atnot#{ of 15 pressure-temperature combinations werestigated.

Table 3: Common operating parameters for the pinelahar gasification experiments.

Experimental Parameter Units Value

N, flow-rate for heating g/s 0.25+0.01
CQO, flow-rate for gasification g/s 0.25+0.01
Mass of char g 0.50 + 0.01
Duration of gasification min 60

2.5 Analysis of Experimental Data
The global C-CQ@reaction, shown by Equation (1), is investigatethis study. Measured values of CO concentration i
the product gas along with product gas flow-ratess ased to quantify the char conversion rates. @ase mass

conservation, the production rates for CO and ceharrelated by Equation (2) under the assumptidnsegligible
accumulation of products and a thin reaction layer.

C(charitCO, -~ O ,AH = 172.67, kd/gmol- (1)

. . .. MW,
a)co = Yoornout = _Za)char %\Avvchar (2)

The char conversior, is determined from the CO composition measuresyamid described by Equation (3).

MW, [
(rnchar =0 _( char ZMWCOJIC‘%odtj
X =1- m°“% =1- - ©)
mchar t=0 mchar =0

The volumetric and non-reactive cor&-aorder reaction models are used to interpret theeemental data. The
volumetric reaction model is presented by Equatirand assumes that the reaction is occurringomify throughout
the volume.

X =1-expEKt) (4)

The non-reactive core model, described by Equaidnassumes that the reaction initiates on thereat surface of a
particle and gradually progresses inwards.

X =1-(1-Kt) )

In both models, the apparent reaction rate corstntand the chemical reaction rate constaktare related by the
total pressure, shown as Equation (6).

K =k(P/P4)", By =1atn (6)

Equations (4)-(5) are linearized with respect maeti as shown by Seo et al. [7], to obtain the agpaeaction ratél. A
ratio of apparent reaction rates from experimerdadacted at one temperature leads to Equation 7¢n@ble



calculation of the reaction order, assuming thatdhemical kinetic rate constakt,is only a function of temperature.
The chemical kinetic ratek, are assumed to follow the Arrhenius rate law. Anitie plots are used to determine the
pre-exponential factoA, and the activation energl,, for each reaction model.

K =k(P/P)" - In(K,/K)=nIn(P,/P), T,=T, )

k= Aexp(-E, /(RT)) (8)

3. Results and Discussion

The temperature histories for the £gasification experiments are shown in Figure 2nt€n of the bed temperature to
within £ 10 K was achieved during the gasificatiexperiments, minimizing temperature-sensitive flations of the
reaction rates. Oscillations in the temperaturéohysare caused by the action of the PID heatetrobier. Figure 3
displays the reactor pressure histories duringytisgfication experiments. The spikes in the pressuarce for the 1 atm
experiments are caused by the momentary backpeesmwueloped during the product gas sample collectidnese
fluctuations occur for less than 10% of the to@siication duration and are expected to have gixdi impact on the
gasification reaction. The pressures were conttdtbewithin + 0.2 atm for the high pressure experits.

Measurements of the CO mole-fractions in the prbdas samples by a gas chromatograph are presenkégure 4.
The C-CQ reaction is temperature sensitive and the CO mtimturate is observed to increase with temperatigre
4 also shows that the CO production increases thighCQ pressure. An increase in the CO production duanto
increase in pressure may be explained by a higligrsGrface concentration due to enhanced externaind@dhal mass
transport of reactant gases. Transport of reag@ses into the particle may increase the numberaative sites that can
participate in the gasification reaction, leadinghe larger apparent reaction rates observed.prbisess is particularly
important for biomass feedstock because they cogtaater surface area from macropores in compat@sooal.

The exceptions to this observation are the 5 andtfiOexperiments at 1240 and 1260 K. There ig lidtfference in the
magnitude of the CO production between the 5 andtDexperiments at these temperatures. The dinmgjsncrease
in the CO production at higher pressures may béagqu by micropore development in the char patidliicropore
development is important to gasification reactibesause the majority of the reactive surface arahd intermediate
stages of gasification is contained within the mjgores. The diminishing effect of total pressuretmn CO production
rate at high pressures may be explained by theopice diffusion limits when micropore diffusiondsntrolled by the
Knudsen diffusion process [15,17,30], which is teeted by pressure.

Alternatively, the diminishing reaction rate withiegsure may also be explained by the accumulatioB® at the
reactive surface. Higher total pressures may impleeleliffusion of gasification products from thert@e surface to the
bulk stream. The accumulation of CO at the surfaifledisplace CQ resulting in lower surface G@oncentrations and
lower apparent reaction rates. This effect has blsen observed and explained in other experimgh&P3] and
computational [31,32] gasification studies.

The CO mole-fraction measurements are used to ledédcehar conversion histories shown in Figure balFchar
conversions were confirmed by mass measuremeritsegfost-gasification remaining feedstock usingierorbalance
scale. The final conversion values increase witis@ in pressure. Complete conversion of the feelisis achieved
within 5 minutes at 1260 K and 10 atm. Figure Soahows that an increase in the pressure from ltatB atm
produces a larger rise in the apparent gasificatid@ than an increase from 5 atm to 10 atm. Famgke, the final
conversion at 1140 K increases by 39% when pressur@sed from 1 to 5 atm, but only 21% when thespure is
raised from 5 to 10 atm. This supports our eadiscussion of the diminishing impact of pressuretioam apparent
reaction rate.



1300
1250L|W

Temperature (K)

g

2

E

g 1200}

[}

Q

£

(]

F 11501
1atm

1100

0 10

1160 K, 1200 K,

Table 4 presents the chemical kinetic rates andahetion order for the experimental data at eachperature. The
chemical kinetic rates increase with the reactempgerature. The order of the reaction with resprethhe CQ pressure
for both models is approximately 1. The order fug tolumetric model increases from ~ 1 under 1200 k 1.27 at
1200 K and greater. The order for the non-reaatime model increases monotonously with the readgomperature.
This trend shows that mass transport becomes mnapertant when the reaction temperature increaseause the
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apparent reaction rate is transitioning from kioési diffusion control.

The pre-exponential factof, and the activation energl,, were calculated from Arrhenius plots. Values AoandE,

for the gasification reaction are presented in @ahl The chemical kinetic constants from this stagsee with values
from the literature presented in Table 1. The ieacbrder may be slightly higher than most repoitethe literature,
but could result from the larger sized particlesdus this study. The diffusion boundary will béctter for larger sized
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Figure 2: Bed temperature history during the geaifon experiments. Temperatures shown in asceruohgr: 1140 K,
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Table 4: Experimental chemical reaction rates aadtion order for the gasification experiments.

Reaction Temperature

Reaction Model Variable 1140 K 1160 K 1200 K 1240 K 1260 K
k+o, 9.38e-5+ 1.90e-4 + 2.54e-4 £ 7.19e-4 £ 8.84e-4 £
Volumetric (s 9.97e-6 1.17e-5 3.34e-5 4.21e-5 5.03e-5
n 0.97 0.94 1.28 1.31 1.21
k+o, 3.10e-5+ 5.70e-5 + 7.33e-5 + 1.71le-4 1.93e-4 +
Non-reactive Core (s 2.01le-6 8.61e-6 1.73e-5 8.41e-6 2.69e-5
n 0.84 0.85 1.09 1.20 1.23

Table 5: Activation energ¥,, pre-exponential facto, and average reaction order,

Reaction Model Activation Energy, Pre-exponential n Coefficient of
E. (kJ/mol) Factor, A (s?) Determination (R%)
Volumetric 213 5.66e5 1.1 0.963
Non-Reactive Core 174 3.15e3 1.0 0.936
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Figure 4: CO mole-fraction in product gas samplessared by gas chromatograpit (L atm,®: 5 atm,A: 10 atm).
Uncertainty bars are not shown to avoid cluttercéftainty with 95% confidence = + 6%.

Char conversion histories were computed by themetuic and the non-reactive core models and arensho Figures 6
and 7 respectively. The models show reasonableecammet with the experimental data, but neither nextcthe
experimental data perfectly. The change in the egpaeaction rates due to pressure is capturethdogomputations.
The agreement between the experimental and compotegersion histories support the hypothesis thia fpressure
controls the mass transport processes of the r@agaa, but has insignificant impact on the chehreaction.

The volumetric model shows better agreement wighetkperimental data at the atmospheric conditidmsr@as the non-
reactive core model shows better agreement with pigssure data. The volumetric model does notidenthe effects
of mass diffusion due to the assumption of homogesky mixed reactants. This assumption leads thdrighan



observed reaction rates at the initial and inteliatedstages of gasification. On the other hand,nihereactive core
model assumes that the reaction is limited to thiéase. The assumption of the reaction being lichite the surface is
inaccurate, but considers internal mass transfastesce. This may be the reason that the noniveactre model
produces better agreement with the experimental atathe initial stages. Neither model producegréept agreement
with the experimental data since the discussedipdlygrocesses are not mutually exclusive. Furtloeemneither model
incorporates the effects of a changing char strectin the apparent reactivity. The char structw@uwion is better
represented by models like the random pore mo@}lgBd will be a topic of future study.
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Figure 5: Char conversion histories calculated gisire control-volume approach. Error bars repre88ft confidence
intervals.



Conversion

Pressure (atm)

] = [m]

Pressure (atm)
1 5 10
[ ] =] [m]

Pressure (atm)

Conversion

Conversion

0.0 }
0 10
Time (min) Time (min)
Pressure (atm) Pressure (atm)
1 5 10 10
Expt. = = o 5]
VOl. — = = ——ttssese
1.0+ . |
- FESTIE AL Litaiiebe
0.8+: ** P 1
§ 0.6 " 5
[ 1 @
[} . (]
> H >
£ 04 1§
O N O
0.2 1 2%
1240 K :J 1260 K
0.0 : : : : : : 0.0 } 1 1 1 f 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) Time (min)

10

30 40 50
Time (min)

Figure 6. Experimental conversion histories andmated conversion histories with the volumetric mode
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Figure 7: Experimental conversion histories and pated conversion histories with the non-reactivecoodel.

4. Conclusions

Gasification of a low-ash pinewood char with £@as investigated at 1-10 atm and 1140-1260 Kfireal-bed gasifier.
Measurements of char conversion and CO producétaswere presented for the gasification durat@memical kinetic
constants and reaction order for the char,@@sification reaction were reported for the voltnmeand non-reactive
core models. Computed char conversion histories filte mathematical models were compared with tiperxental
data. The conclusions from this study are summeréze

(&) The char-CQ reaction is temperature sensitive and the reactaia increases with temperature. The total
conversion increased from 33% to 98% when the teatpes was raised from 1140 K to 1260 K at 1 atm.

(b) The char-C@ apparent reaction rate increases with the @@ssure up to 10 atm. The impact of pressuréhen t
apparent gasification rate diminishes at highesguees; i.e. at 1140 K, the final conversion insesaby 39% and
21% when the pressure is raised from 1 atm — Saathfrom 5 atm — 10 atm respectively.

(c) The expressions for the volumetric and non-reaattowe reaction rate constants for the pinewood-C@rreaction
investigated are:
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kV:(5.66e5)£§) exp%ﬁimo‘fl s
0

Ko = (3-1%3(2

0

-174 kJ-mot
exp——m——
RT

(d) The order of the reaction with respect to the, @@ssure is approximately 1 for both reaction noded can be
attributed to the larger sized particles utilizedhis study in comparison to other works.

(e) The dorder rate models show good agreement with theréxental data. The non-reactive core model shows
better agreement with the high-pressure reactita ttian the volumetric model.

() Pressure has a significant impact on the masspoainprocesses of GQo the particle and thereby affects the
apparent gasification reactivity. There is littlidence to show that pressure has significant impadhe chemical
reactivity of the biomass char.

This study demonstrates that apparent gasificatites at low temperatures can be significantlydased by raising the
pressure. Future studies will elaborate on theeoiirmvork by investigating the char structure depaient with

conversion at various pressure-temperature conditand describe the dominant transport processedvad at the

different stages of gasification. The findings frams study have applications for modeling and giesef energy
efficient industrial gasification systems.

Notation

) = production rateg/s E, = activation energykJ/mol

Y = mass fraction R, = ideal gas constar@,314 kJ/kmol-K
m = rate of mass flowkg/s T = temperatureK

MW = molecular weightg/mol P = pressureatm

X = conversion fraction n = reaction order

m = masskg % = volumetric reaction model

t =time,s nrc = non-reactive core model

k = reaction rate constarst A = pre-exponential constarst’

K = apparent reaction rate: k = chemical (intrinsic) reaction rats’
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