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Abstract

There is considerable interest in the gasificaiod subsequent conversion of coal and biomass
mixtures to synthetic liquid fuels as a means diiging the overall net life cycle G@missions
when compared to petroleum. Our laboratory has Idped a steam hydrogasification
technology which has been shown to be very efficien gasification of biomass and coal
feedstocks and mixtures. However, the pumpabilitgaal and biomass slurries in gasification
processes is a critical issue that needs to be fatlyeunderstood in order to maintain the high
efficiencies of the technology. The pumpability dependent on the slurry’s rheological
properties (e.g. shear rate, shear stress andsitigcavhich in turn are related to the slurry’s
physical properties.

In this study, wood was initially hydrotreated take a high solid content biomass paste and
then mixed in varying percentages with a coal-waterry. The effect of solid particle size of
the slurry, the initial coal and wood particle sthstribution, and the solid/water ratio on shear
rate and viscosity were determined using a rotatidmeometer. Our experimental results show
that larger particle size offers better pumpahilityhe presence of a high percentage of biomass
in solid form significantly decreased slurry pumitigh The optimum solid/water ratio has been
determined with various coal/biomass mixtures. Theults of these experiments will be
presented.
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Introduction

Interest in the development of alternative trantgimm fuels has increased considerably in
recent years as the worldwide vehicle populatiomtiooes to increase and the resources for the
production of petroleum-based fuels continue to depleted. Gasification and subsequent
conversion to synthetic liquid fuel from coal andrbass mixtures have been shown to be a
promising alternative resource for transportatioel foroduction. It can provide clean synthetic
liquid fuels while potentially reducing the overalet life cycle CQ@ emissions compared to
petroleum-based fuels or coal gasificatin

Our laboratory has developed a steam hydrogasdita&chnology which has been shown to be
very efficient for gasification of both coal andbmass feedstocks; either alone or co-mingled.
One unique feature of this technology is that iiags water to provide an internal source of



hydrogen and to control the synthesis gas ratio aweide rangé?’. This requires the formation
of a slurry with a high carbon to water ratio, kth a viscosity to allow ease of handling during
preparation, storage and transfer to the reactar Btudies have concluded that the rheological
properties of coal-water slurries, such as sheasstand viscosity, are dependent on the type of
coal, solid loading, coal particle size and sizgtriiution, temperature, and additiv&s. Other
studies have addressed biomass suspension andfftdot @& particle size on rheological
properties of cellulosic biomass slurrtés However, biomass slurry rheological studies dad i
potential as a gasification feedstock when co-neidglith coal have not been reported. This
paper presents the results of a series of expetintlkat systematically examine the rheological
properties and pumpability of various coal-wateood-water, and comingled wood-coal-water
slurries. The major factors considered are parscte, solid loading, viscosity, and a proprietary
wood pretreatment procedure for the wood for thepgse of increasing the solid water ratio.
Finally, the maximum solid content of co-mingledataood slurries that are pumpable was
evaluated.

Experimental Procedures
A. Preparation of coal and wood patrticles

Coal and wood particles were prepared from bitunmsnooal from Utah and poplar sawdust.
Each material was initially ground and then pulxed in a pulverizing grinder. The pulverized
particles were then sieved into three particle sfrges: 0-150m, 15Qum -25Qum and 250m-
500um. The particles were then dried in a vacuum owervéporization of the moisture content
at 70C. The analysis of the solid content of the coa awmod particles after the vaporization
process was determined by Thermometric Gravitadionalysis (TGA). The results of the TGA
are presented in Table 1. Finally, particles wemneeth with water to form numerous coal and
wood slurries. The solid loading for coal-waterrsks ranged from 40 wt.% to 65 wt.% by
every 5% and 5 wt.% to 12.5 wt.% by every 2.5%the wood-water slurries. Mixtures were
settled overnight for complete mixing of the pdetscand water and were then gently stirred just
before the rheological tests to avoid settlememaoficles. Harsh stirring was avoided to prevent
small air bubbles which would impact the rheolobteats.

Table 1 Solid content of the coal and wood parsitlg TGA

Coal particles Wood patrticles
Ash content (wt.%) 7.6 0.6
Moisture content (wt.%) 4.0 5.75
Volatile matter (wt.%) 36.2 72.8

B. Pretreatment of Wood slurry

A portion of the prepared wood particles within tparticle size of 15@m -25Qum were
pretreated using a proprietary method developeauylaboratory. The wood particles were
mixed with water at solid weight percentages ofn2®b6, 30 wt.%, and 40 wt.%. The mixtures
were then heated at 2B0at 100psi of hydrogen for 30 min. The process vasied out in a
sealed batch reactor; thus the difference in thid sontent before and after the pretreatment was
assumed to be negligible and was confirmed by thkamalysis of the biomass slurry after



pretreatment. The 20 wt.% pretreated biomass siuay then mixed with up to 35 wt.% of the
0-15Qum coal particles to form comingled biomass-coalewaturries.

C. Determination of the Slurry Rheological Propesti

Rheological properties of slurries were determibgdising an Anton Paar Reolab QC rotational
rheometer with temperature control. The rotatiomeometer is a coaxial-cylinder rheometer

with the center rotor rotating at a defined speetbmue. A six-blade vane spinner with 1 inch

outside diameter was utilized as the rotor. Theaomdor employing a vane spinner as the rotor is
that the vane-cup system causes much less errar tgbng large particles and has less impact
on the slurry structuré'.

Pump selection for handling slurries for industpplcations is based on rheological data that
are obtained from slurry rheology tests. The cluparameters for pump selection are shear
stress at certain shear rates, viscosity of theyslyield point, and settlement rate of the slurry
Other physical properties such as attrition andfticdon of particles inside the slurry may also
need to be considered for pump selection. The saéaand shear stress curve of coal-water and
wood-water slurry coordinates can be charactetigethe Generalized Bingham Plastic mdffel

as shown in Eqg. 1. whereis shear stress applied to the system when thar shee ofy is
maintained.ty is the yield stress of the starting slurry. K amdare empirical parameters
determined by fitting the equation with experimérdata. The correlation between shear rate
and shear stress corresponds to a power law vatmstant coefficient of K. Thus, the viscosity
of the slurry is defined as the slope of changghear rate with a change in shear stress as given
by EqQ. 2. A change in viscosity can be obtaineeitiyer shear thinning or shear thickening. In a
shear thinning flow, the viscosity decreases witlcreasing shear rate, while in a shear
thickening flow, viscosity increases with increagshear rate.

r=1,+Ky (Eq. 1)
AT

=— Eq. 2

Ay (Ea. 2)

Results and Discussion
A. Effect of shear rate on viscosity

The effect of an increase in shear rate on sluisgosity was evaluated for different particle
sizes and solid loading for both coal-water and dve@ter slurries. The relationship between
shear rate and viscosity was obtained for diffepganticle sizes for coal-water and wood-water
slurries. The results are shown in Fig. 1 and Bjgespectively. The solid loading in the coal-
water and wood slurries was fixed at 60 wt.% anaviL®o, respectively.



100 == 100 = S —————==:
—&— 0-150um —&— 0-150um H
—— 150um-250um —&— 150um-250um [|
—~ —&— 250um-500um — S —&— 250um-500um g
© 10 s ® N
L a ~
Pn) 2 1 ha
2 n e D ‘\‘v.”
o] o]
7 ALm e 3 '\l
Q2 1 2] D \
S \.‘\ﬂ. \ S ‘%
N
r
0 ‘ 0
10 100 1,000 10 100 1,000
Shear rate (1/s) Shear rate (1/s)
Fig.1 Effect of particle size in coal-water Fig.2 Effect of particle size in wood-water
slurries (solid loading 60%) slurries (solid loading 10%)

Non-Newtonian shear thinning was observed for lwaothl-water and wood-water slurries. The
viscosity of the coal-water slurries, shown in Fig.decreased rapidly with increased shear rate
up to 200% but then reduced at a slower rate beyond 20850, larger particle sizes had lower
slurry viscosity. A similar trend was observed inaod-water slurries tests as seen in Fig.2. The
viscosity of wood-water slurries decreased rapwdlh increased shear rates of up to 10Bst
decreased at a slower rate beyond 10®imilar to the coal-water slurries, the viscosity
decreased with increasing particle size. A comparisf these two figures shows that much
higher shear thinning properties were observedvood-water slurries. A possible reason may
be that water is highly hydrogen bonded with woadiples. Therefore, higher shear stress was
needed for wood-water slurries to maintain a samearsrate compared to coal-water slurries.

B. Effect of solid content

The maximum solid loading in coal-water and woodewxalurries varied for different particle

size. When the maximum solid loading was exceetthedmixture was not uniform as slurry and
particles bound together to form larger particlegble 2 shows the maximum solid loading for
coal-water and wood-water slurries.

Table 2 Maximum solid loading in wood-water andlemater slurries

Maximum wood loading in Maximum coal loading in
slurry (wt.%) slurry (wt.%)
0-15Qum 13% 65%
150um-25Qum 13.5% 66.5%
250um-50Qum 15% 68%

Experimental results for different solid loading cral-water and wood water slurries are shown
in Fig. 3 and Fig. 4, respectively.
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It can be seen from Fig. 3 that the coal-water®sichanged from a shear thinning property to a
shear thickening property as the coal-loading deaéd from 50 wt.% to 45 wt.%. The shear
thickening property of coal-water slurry was rarelyserved by other studies. S. K. Majumder
reported® that the reason for the thickening was due toethelsion-solids exhibiting dilatants
flow behavior with low solid loading range. It ilsa seen that the viscosity of coal-water slurries
increased with increasing solid loading. There was much difference between slurries with
solid loading of less than 55 wt.% for shear ratesr 1508. Similar to the coal-water slurries,
the viscosity of wood-water slurries also increas&tth increasing solid loading. However, at a
shear rate over 108sNewtonian fluid properties were observed at stwiating less than 7.5
wt.% and the viscosity increased slightly withremsing shear rate, as shown in Fig. 4.

C. Properties of pretreated wood-water and coméhgleod-coal-water slurries

The effect of shear rate on viscosity in pretreatedd-water slurry was also evaluated. Fig. 5
shows the rheology properties of pretreated bionshssies with weight percentages of 20%,
30% and 40%. Unlike the wood-water slurry beforetmgatment, the viscosity profile of
pretreated wood-water slurry dropped rapidly asashate increased from I8$o 2008, then
decreased slightly beyond 2008 he viscosity increased with increasing soliciog which is
consistent with a wood-water slurry before pretreait. The important result is that with
pretreatment there is an increase in the solidimgaof a wood-water slurry to 40% as compared
to 12.5% before pretreatment. It is believed thattteatment in the presence of hydrogen under
230C and 100 Psi help break down the cellulose and-sethilose structure of wood which
resulted in breaking the hydrogen bond betweenmbed and water. However, no analytical
experiments were performed to confirm this.
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Fig.6 shows the comparison of the viscosity ofréhsrwith increasing solid loading. It is clear
that the pretreatment process greatly helped iseré@e solid content in wood-water slurry at a
similar viscosity. At the same viscosity, the cealter slurry had the highest solid content. The
comingled coal in pretreated wood-water slurry haablid content up to 55 wt.%.
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D. Solid loading of pumpable slurries

We have found that a viscosity of less than 0.7 iPaseferred for easy pumping of slurries to
our reactor. We successfully increased the sokldlilay in the wood-water slurry by using our
pretreatment method while maintaining the viscoditye solid loading of pretreated wood-water



slurry under 0.7 Pas was less than 35%. We condnile pretreated wood-water slurry with

coal to increase its solid loading and carbon aanfEhe results of viscosity with increased solid
loading of coal-water, wood-water, pretreated we@der and comingled coal-wood water

slurries are shown in Fig. 6. It is shown that at Pas viscosity, coal-water slurry had the
highest solid loading of up to 65%, and wood-waderry before pretreatment had the lowest
solid loading of less than 12.5%. After pretreatméme solid loading in wood-water slurry of

0.7 Pas increased to nearly 35% and when comingirdcoal, the solid loading increased to

nearly 45%. Closer investigation of the water tdooa ratio of these slurries further suggested
that the comingled coal-wood water slurry provideaater to carbon ratio of 2:1. The optimized
water to carbon ratio is 3:1 when using our gaaiftm process. Thus, with pretreatment, the
rheological properties of the comingled coal-woodtev slurry are improved for use as a
feedstock for gasification. Table 3 shows the tssaf mass based water to carbon ratio of
different slurries at a viscosity of 0.7 Pas.

Table 3 Mass based water to carbon ratio of ski(fie/ Pas viscosity)

coal-water | wood-water | pretreated wood- comingled biomass-coal-
slurry slurry water slurry water slurry
Ratio 0.78 13.82 3.67 2.01

The viscosity plot of different water carbon ratiocomingled coal-wood water slurry is shown
in Fig. 7. Under an optimized water to carbon featio of 3:1 preferred in our gasification
process, slurry viscosity is less than 0.45 Paspaoides good pumpability.
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Conclusion

A rheological study of coal-water, wood-water ammnigled coal-biomass-water slurries has
been performed. Results showed non-Newtonian pliepeof slurries and shear thinning
behavior for most cases except the coal-water iskirwith a solid content below 45%.



Comparison of the viscosity of slurries under sheste of 100 § shows that thermal
pretreatment increased the solid loading of wootewand comingled coal-biomass-water
slurries for the same viscosity values. The imgoartesult is that pretreatment of the co-mingled
coal-wood slurries provided a pumpable slurry vétkolid carbon content for optimum feed to
the steam hydrogasification reactor.
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