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Designing the Proper Handling
System for Biomass Fuel Production

Introduction. Biomass feed stock is made up of particles, tadifien very large
particles. As with any system that handles peasjdhe first step in successful
system design is material flow property characiion. The principle flow
properties to be measured begin with unconfineltl \@&ength, wall friction
angle, density and permeability. Often biomasssed as a precursor to either

the formation of a liquid fuel such as ethanolasepus fuel such as methane. In

either case, the biomass must be handled as adiidknaterial or as a particle
mass completely surrounded by liquid. Thus, bdte gas and liquid

permeability values must be measured. Becaudeedifiriique nature of these
particles, two additional flow properties should tpgantified for successful
handling: viscosity (how the material handles gl form) and spring-back
(strength as it fluctuates with pressure load eppli We will begin this

discussion by defining several flow property terms.

Unconfined yield strength as a flow property.
Unconfined yield strength is the major principle
stress that will cause material in an unconfine
state to fail in shear. It is the primary flow
property that governs the development of han
ups in process equipment. It is used to compt \)‘\
critical arching and rathole dimensions for j

given material in a hopper or bin — two essenti Free Surface '
parameters in successful handling system
design. All hang-ups in process equipment
result in the formation of a free surface. By aliéifin, the stress acting normal
to any free surface is zero. However, stress@sjaaiong the free surface may
not be zero (Figure 1). In a hang-up conditioa, taterial on a free surface is
supported by stresses that act along the freecsudad are equal to the
unconfined yield strength of the material.

Critical Arching and Rathole DimensionsThe critical conical arching
dimension is the smallest span of a conical hofperwill prevent arching

of the bulk material. It is a function of the m@#s unconfined yield

strength and storage time in the vessel. The abhiepper must have an
outlet at least this bit to prevent stable arclmiation from occurring (Figure
2). Plane flow hoppers can have hopper widths taboas wide and still
prevent stable arch formation. The critical arghtimension is also a small
function of the bin size and, hence, is usuallyoeissed with a calculation
basis which represents the approximate size ovendbin geometry. The
critical rathole dimension is the size of the latdlow (continued on page 2)

Figure 1. Typical arch in
process equipment
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At a Glance: Optimizing
Feedstock Particle Size

There is a movement in the biomass
industry to optimize particle size of
the feed stock to maximize the yield
of products that may be used as key
energy feed stocks or chemical
building blocks. Much of the work
Is focused on getting the yield rigf
However, material handling is also
very dependant on the choice of
feedstock particle size. Because of
the dominant role of the handling
segment of biomass energy
systems, the role of particle scale
properties can not be ignored.
Development to maintain property
yields must be done in tandem with
work to obtain the best flowing
material. This suggests that the
choice of miling and sizing
operations will be a key factor in
any modern biomass project.

Materials decrease in particle size
for a variety of reasons. Some
materials are brittle and fracture
(break in half) when subjected to
impact events. Some materials are
insensitive to direct fracture, but
chip off surface defects as the
particles undergo an oblique impact
and slide across the surface. Some
materials are sensitive to particle

breakage due to stress/strain events
(continued on page 5)
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critical rathole dimension is the size of the Iatgiow channel that will result in stable

rathole formation in a funnel flow bin design. Taive flow channels in a funnel flow

bin must be greater than this value to preventestathole formation. It is important to

note that ratholes cannot form in mass flow hoppdiise critical rathole dimension is a
function of the maximum stress level in the bin ,anence, depends on the maximum
diameter of the bin.

Wall Friction Angle. Bulk solids obey a columbic frictional behavior agg container
and process equipment surfaces. Wall friction eungjthe angle of slide under normal
gravity flow for a given bulk solids against a peutar wall surface finish. 1t is a
] function of the stress level applied to the walfface as well as the temperature of the
_ ) ~ bulk material and wall surface. It is measured lmating material to a given
e e aoe P el temperature, placing it in a cell on a given walmple plate, applying a normal
pressure to the bulk material, and then inclinlmgy plate until the material slides. The
angle measured from the horizontal is the walltifsit angle. It is used to determine mass flow riniel flow
behavior in bins and hoppers and is, thereforeritacal piece of data required for “right the fititne” process

design. Friction angle is also is used to detezm@locity profiles in process equipment.

Recommended Mass Flow AnglEhe friction angle is used to compute the recomnmeast flow angle for conical bins.
This mass flow angle represents the slope angieeatonical hopper measured from the vertical wilproduce flow
along the walls. Conical hoppers must be steéaer this to cause flow along the walls. It is int@ot to point out that
the recommended mass flow angles are a functitreathape of the bin. Plane flow hoppers convergee direction at
a time and also have a recommended mass flow tiraglevill produce flow along the walls. Howevelae flow mass
flow angles generally require about 10 to 12 degfieter than corresponding conical angles toesehmass flow. It is
also important to point out that mass flow doesmean plug flow. Substantial velocity gradients eaist in mass
flow bins. The recommended mass flow angle algenids on the _

solids contact stress in the bin. The stress leved given bin
depends on the position in the bin. We computeahge of pressure
expected in a given bin configuration and then theeworse case
friction angle in this stress level range to corepibie recommended
mass flow angle. It is important to note thatheommended mass °
flow angles are for flow in a conical hopper.

Bulk Density. Bulk density may seem like an intrinsically S|mpler =
property. It is the weight of the particles diwidey the combined :
volume of the particles and the interstitial vogisgrrounding the
particles. It is a function of the stress levedl atrain history of the
material. We measure it using uniaxial compressib@a loosely : : ~
packed bulk material. It is a function of the teargiure of the bulk Figure 3. Strength of wet biomass is charactedze a
material as well as moisture content and partizte gt is used, along large-cell uniaxial test cell

with the permeability characteristics of the bulltenial, to determine the limiting rates of pattde materials. It is also
used to determine the ability of a given powdesttwe entrained air. We have identified two dggtolensity values that
are useful in characterizing the behavior of tHi material. The first density is the densityta hopper outlet (FDI, feed
density index). It is the density at low solidsitzmt pressures and describes the density ledengrocess equipment it is
used to compute mass flow rates from volumetriv flates. The second density value is the averaggtd of the bulk
material within the process equipment (BDI, bingignindex). It is measured at higher solids ccinpsessures and is
used to quantify the mass of material stored withénprocess equipment.

Permeability (gas/liquid)Permeability is the superficial velocity of gasflard passing through the bulk material when
the pressure drop across the bulk material egbelsveight density of the bulk. It can be thougha® an incipient
fluidization velocity, except that it is measurexdaafunction of the stress applied to the bulk nateHowever, the value
of the permeability extrapolated to zero stregdastically equal to the incipient fluidization welty. Permeability data is
used to determine the pressure drops in packedpadtion. It is also used to determine the Igiflow rates where the
resistance to gas and fluid flow is the key lingittactor to solids flow. Together, the bulk denaihd permeability values
are required to determine limiting flow rates af thaterial through process and handling equipmg@aiatinued on page 3)
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Limiting Flow Rates.Permeability and bulk ‘o
density are used to compute the limitin
flow rates of a given material in particula
hopper geometries. Two things can lim
the flow of a bulk material through ¢
hopper subject to gravity feed atitions.
The converging nature of the hoppe
results in an increase in velocity whic!
can not cause accelerations greater tf;
gravitational accelerations. This limiting
flow rate is typically high with coarse gran-

ular and fibrous large-particle biomass materiaiSner powders (such as sawdust or wood powde® posther
potential flow rate limit. Fine materials consalid as they flow through a bin. If this consolidiatoccurs slowly,
then the gas contained in the interstitial voidshef bulk material leaves the bulk material throtigh top material
surface. As this compressed and de-aerated nhappeoaches the hopper outlet it must expandow ffom the
outlet. This expansion results in a negative gassore formation near the hopper outlet. Gamptteto rush in to
equalize this negative gauge pressure. If the gadbility is low, this process takes time. The tiggagas pressure
gradient then persists, resulting in partial suppbmaterial flowing from the outlet and creatiagery slow flow rate
through the hopper. Both the compressibility amel permeability of the bulk material are requireccompute the
value of this rate limitation. Generally, this plem occurs with fine powders, but it can also leapm granular or
fibrous material subject to adverse gas pressadiegits during processing.

i
¥

Figure 4. Fine sawdust feedstock antlit cornstover feedstock

Viscosity. Biomass slurries are difficult to handle, partasly when the solids content are so large. This is
specifically due to the fibrous nature of the paes. Biomass particle fibers typically manifegirsiicant yield
stresses during shear. If biomass fibers are sth&lslurry behaves as a homogenous material adtitmal
methods can be employed to measure the viscoussioeled the biomass slurries. However, at someigart
size the material behaves more like a bulk solih Wuid surrounding the mass. The viscosity vabfi@ biomass
slurry determines when the slurry can be treated pical non-Newtonian fluid, and when the matemust be
treated as a two-phase system with bulk solid saaed by fluid.

Spring-back.Spring-back is a property of elastic materials egldted to the change in density as the material is
placed under pressure and then relieved of thespredorces. At Material Flow Solutions, both dgnsnd
spring-back are measured using uniaxial compregsitime loosely packed bulk biomass material. 18pback is
measure by placing material in a cylindrical tesdt and applying a load. The density at this ladecorded and
then the load is slowly removed and the densityinduthe unloading process is measured. The oparasio
repeated using a series of increasing loads. iRRidtie data yields a series of density spring-tiaskes. We can
also compute the percent spring-back of a biomatsrial as the percent change in density relatithé maximum
density obtained just prior to unloading in this
procedureA spring-back value of 0% indicates that the
material density after unloading is identical toe th Future TOpiCS
maximum density obtained at the maximum stregs _ pytting you at the cutting-edge of industry
applied. A spring-back value of 100% suggests ttinat . ) o
density after spring-back would equal zero (pleaste In future editions ofiber Focus we will discuss:
that 100% spring-back is totally unrealizable andld « Milling Biomass — in depth

not happen with real materials). Most materialgeha + Feeding Biomass

spring-back of about 3% and any spring-back valt& o | . Expanded Flow Properties of Biomass mater]al

0 ) ) . : .
12% denotes a very elastic material. Biomass niadger We encourage and welcome your suggestions and

measured at MFS possess spring-back values betwge : - : -
225 and 525, ndicating that great care must berta| o 29151 [ et fo topice i yo

when handling and designing for these materials. Fiber Fooue Newsletter.

Contact: Susan at 352-379-8879

Biomass may become elastically bound in equipment
due to lack of volume change (Continued on page 4)
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at or near outletsThe arching potential for elastic biomass matandlins and hoppers is high. For this reason,
flow along process vessel walls must be allowed tf@se very elastic materials. Failure to desigocess
equipment for elastic relieve will result in costhgng-up issues. Measuring biomass spring-backsgiesign
engineers and plant managers critical data to rttekerocess work “right the first time.

Using flow properties to optimize system design.
Once the engineer has measured and reduced flew rat
data, he can create the optimal design for a system

Table I: Reduced material properties data with inde
numbers for a Biomass Material tested at 20 deg C

Technical Data Sheet for a Biomass Material at 20 deg C handle biomass material effectively. Table 1 comgai
Effective density leaving process (Feed density index FDI) example data that can be deduced from measured flov
Density Ieavin% a flro:x'a:;s:s isa;unction of the solids coDn’tactt pressulr; attthe outlel’rJ (Dotut) properties _ including optimal hopper outlets aloavf
utiet Diameter out = out = out = . e H
o5f | 08t | 10 rates of material exiting the bin.
= B:!'k[;e"s',tty _FDI(pcf) tf;;"d 122:8; BDZS-% All bulk materials have weight and some processes
ective density in process equipmen In density index . . .
Density in process equipment is a function of the maximum size of the bin (Db). Bin Operate in such a way as to induce external sg@sshe
ggnsityt/ind?( (BDI) is computed assuming a standard cylindrical bin with a 2:1 height-to- material. If the combination of process geometry,
“BinEquipment ] Dbz | Dbz ] Db | Dbz | Db material weight, and external forces can inducessts
Diameter 20ft | 40ft | 60ft | 8.0ft [ 100t greater than the yield strength in all portions tioé
szrsa;gesssllu(( g | s | 5025 | wose | eass | 7es equipment, then the material will flow. In simple
ensty =~ \pe ——— : : : geometries, this means that the hopper outlet de wi
Critical Rathole Dimension (RI) in process equipment in (ft) ht t hi d the h lonted
Critical rathole dimension is a function of the maximum size of the bin (Db). Rathole index enough 1o prevent arching an € hopper SlIopEep S
(RI)is comput.ed ass.uminc a standard cylindrical bin with a 2:1 height-to-diameter ratio. enough to induce mass flow. It is entirely possihiat a
S‘°ragfh1)'m° oL Do | s e | s | s | given geometry may not have sufficient strength to
0 213 | 308 | 216 | 527 | 641 induce hang-up over the outlet (arch) but have rtiae
1 3.98 6.39 897 | 11.60 [ 14.26 enough strength to induce stagnant formation atbeg
Critical Arching Dimension (Al) in process equipment in (ft) container walls (rathole). The method of design fo
Storage T'(;“e in (fr) D°”:=1;-° ft standard materials is to measure standard floweptiep
" 200 and then compute the stress level expected indbigrd
Limiting Flow Rates for a Biomass Material at 20 deg C to determine if the material will arch and ratholé.the

Limiting flow rate is a function of both the maximum consolidation stress and the stress material is sufficiently cohesive to rathole oves putlet,
value at the outlet. Limiting flow rates computed here are based on the maximum size

of a typical mass flow bin (Do) and the outlet sizes specified (Do). Limiting flow rate is then consider changirtge outlet to a plane flow deSig
computed assuming a standard cylindrical bin with a 2:1 height-to-diameter ratio. This will Signiﬁca_nﬂy decrease arching pr0b|em§,’ou
Limiting Flow rate n (tonfhr) for max bin will need to make the sloping walls of the hoppteep
Db= | Db= | Db= | Db= | Db= enough to induce flow at least up to the criticghole
20ft | 40ft | 60ft | 8.0ft | 10.0ft dimension. At this point, the design should beckkd
Dout=0.5 ft 1840 | 16.51 | 1567 | 1518 | 14.86 from a flow rate standpoint to assure that matemél
Dout = 0.8 172 | 3861 | 9571 | 3408 | 33.02 flow at the required flow rate. It should be pemhtout
Dout = 1.0 ft 83.49 | 66.01 | 59.51 | 56.01 | 53.79 ) :
General Comments | Limiting flow rate may be a problem if the th_at there _are dozen_s of mass flow d_eS|gnS thhmrk
process flow rate is greater than flow rates listed with any given material. Thus, there is rarely psingle
above solution.
Approximate Settlement time in 0.21 (min)

If hang-up is due to particle interlocking (oftdretcase
with biomass material), then the outlet size musab
least 6 times the particle size. For conditionerelthe
particle size distribution is wide or multi-mod#he decision ofwhich particle size to use is based on engineering
judgment. In the case where the hang-up is camgethstic constraint issues, traditional yiel@érsgth does not control
flowability. In essence, the condition in the @s& equipment is in a confined state and the sieddgth is defined for an
unconfined state. This results in a pseudo-sinehgt is due to the extra confining pressurethiicase, it is critical that
the design induce flow along the walls to prevantetease the elastic constraining condition. ificaal mass flow
design principles do not apply. Finally, exterfuaites, gas pressures, vibrations, etc. can indddigional compaction
stress or reduce major principle stress requirekintck down hang-ups. Mass flow designs are pessibthese
conditions, but the external body force terms rbashcluded in the design to assure reliable flotvout hang-ups.

10.0 ft diameter bin that is 20.0 ft tall.

Settlement time in (min) Low flooding and flushing

potential

For more information Contact: Kerry Johanson at 35203-9123
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sh particles at a given stress level &raihsin process equipment. Some patrticles recgugraficant strain to
eld and are sensitive to cutting or teaamglose tolerance moving parts pinch the matanédl disrupt the
particle fiber structure, creating smaller parsclé\ typical biomass material is subject to sdvarthese mechanisms.

It is critical to match the particle size reductimechanism experienced by a given biomass to ttieyar milling
method or set of events present in the unique meoduction facility. For example, if impact dugirprocessing
dominates the milling process flow behavior, thartiple size reduction due to impact behavior edhtical property
to measure. Using a tester that causes size i@ddicte to stress and strain behavior may giveneoas results when
applied to processes which are impact dominatédalll, you would use process steps that are eféeict optimizing
the particle breakage. If the biomass is sensibtveutting, but not fracture, then mills that indusufficient particle
strain to cut or tear particles apart should besiclemed. In this case, an impact mill would beitdéluse. However,
once the particles are cut or chipped, impact neaydeful in further reducing the particle sizetd tnilled product.
This change in behavior is due to the fact thatyri@omass materials are anisotropic and exhibiewint breakage
behaviors with the grain and against the grain.

Since particle size largely determines the sud@dsilure) of energy production
from biomass material, it stands to reason thaweuge of the type of breakags
occurring with a given material, as well as the niagle of breakage, is critical
when considering the type of system to use to peefbee biomass material fol
eventual use in fermenters and reactors. At Matétmv Solutions, we haveg
developed several tests that isolate the diffetgpes of particle break-agegss
mechanisms. These tests can be used to deterovinsdmsitive a given materiajs
may be to a prescribed breakage mechanism. Weecthipldata with population
balance models to determine the magnitude anddiypeeakage occurring with
each material. This information is needed to makesducated decision about i , -

R . . . oo, . X o p://cen.acs.org/articles/91/i32/Seeking
using a particular mill or piece of process equiptie biomasandling facilities. Biomass-Feedstocks-Compete.html
These tests will help optimize mill selection oegiict mill effectiveness if the mill
is already in place. Population balance modetsiaitientification of critical particle breakage mhanisms through
computation of breakage selection coefficients. kvthes is coupled with a structural examinatiortted biomass
particle, a powerful tool evolves which allows enbed particle breakage modeling based on partialetare and
breakage mechanism — resulting in cost-effectivetioms based on sound scientific principals.

Learning the Trade — Flow Properties Principles

Knowing and understanding key material propertsggawer to characterize bulk material flow behavid'e will
empower you quarterly as we discuss one of thestafuental flow properties and its industrial apaian.

Bulk strength is a primary flow property that governs the depsient of hang-ups in
process equipment. As defined in our lead artitlis, the major principle stress that will
cause material in an unconfined state to fail Bash Knowing the strength of your biomass
feedstock is critical to properly determine thdical arching and rathole dimensions for
optimal design of your system hoppers and/or bM& know that all hang-ups in process
equipment result in the formation of a free surfad&hough the stress acting normal to any
free surface is zero, stresses acting along tleesfitface may not be zero. When biomass
hangs up in the hopper, material on the free stiifasupported by stresses that act along
that free surface. This equals the bulk strenfjtheofeedstock material.

LE T9F SRR One obvious industrial application of knowing youaterial’s bulk strength is for the proper
Wet biomass as it shears under 9€SIN Of & new or retrofitted handling system.weleer, sometimes an engineer must work

applied stress load ina large ~ With an existing system — without the option of rfiodtion. In this instance, measurement

(12°) uniaxial test cell of the bulk strength for variously sized feedstogiions allows the engineer to choose

the optimal material based on the existing systamarpetersPlease note that, when evaluating the biomass bulk
strength, the size of the test cell must be corbfgtwith the particle size of the biomass mates@ahs to yield data
relevant to actual process parameters. For tlisore at Material Flow Solutions we use large cedigecially
designed to accommodate the large particle sibgoofiass feedstocks.



