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Bulk density of comminuted biomass significantly increased by vibration during handling and transpor-
tation, and by normal pressure during storage. Compaction characteristics affecting the bulk density of
switchgrass, wheat straw, and corn stover chopped in a knife mill at different operating conditions
and using four different classifying screens were studied. Mean loose-filled bulk densities were
67.5 + 18.4 kg/m? for switchgrass, 36.1 + 8.6 kg/m> for wheat straw, and 52.1 + 10.8 kg/m?> for corn stover.
Mean tapped bulk densities were 81.8 + 26.2 kg/m> for switchgrass, 42.8 + 11.7 kg/m> for wheat straw,
and 58.9  13.4 kg/m? for corn stover. Percentage changes in compressibility due to variation in particle
size obtained from a knife mill ranged from 64.3 to 173.6 for chopped switchgrass, 22.2-51.5 for chopped
wheat straw and 42.1-117.7 for chopped corn stover within the tested consolidation pressure range of
5-120 kPa. Pressure and volume relationship of chopped biomass during compression with application
of normal pressure can be characterized by the Walker model and Kawakita and Ludde model. Parameter
of Walker model was correlated to the compressibility with Pearson correlation coefficient greater than
0.9. Relationship between volume reduction in chopped biomass with respect to number of tappings
studied using Sone’s model indicated that infinite compressibility was highest for chopped switchgrass
followed by chopped wheat straw and corn stover. Degree of difficulty in packing measured using the
parameters of Sone’s model indicated that the chopped wheat straw particles compacted very rapidly
by tapping compared to chopped switchgrass and corn stover. These results are very useful for solving
obstacles in handling bulk biomass supply logistics issues for a biorefinery.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

biomass feedstock for fuels (Wright et al., 2006; Knauf and Moni-
ruzzaman, 2004; Sokhansanj et al., 2006).

Biomass is a sustainable source for energy production at
an industrial scale (Ibsen et al., 2000). Switchgrass (Panicum
virgatum L.) is a perennial grass with high yield potential and has
been touted as a model dedicated energy crop. It adapts to mar-
ginal sites, and tolerates water deficit and low moisture content
(Sanderson et al., 1999). Also, corn (Zea mays L.) stover, wheat (Trit-
icum aestivum L.) straw and a number of other crop residues are
abundant from the US agricultural production as candidate feed-
stock for energy production (Perlack et al., 2005). Many organiza-
tions are on the threshold of commercial-scale conversion of
lignocellulosic biomass into ethanol (Bouton, 2007). Some engi-
neering challenges often overlooked include development of har-
vesting, handling, transportation, storage, and processing of
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Bulk density has significant effect on material handling and
storage aspects in a biorefinery, and depends on material composi-
tion, particle size, shape and distribution, moisture content, spe-
cific density and applied pressure (Lam et al., 2007). Bulk density
of biomass increases during transportation, handling, and storage
which can be caused by compaction due to vibration, tapping, or
normal load (Emami and Tabil, 2008). Hence, compaction behavior
of biomass is very important for capacity sizing and supply logis-
tics (Fasina, 2006).

Mathematical models are used for understanding the compac-
tion behavior of particulate materials. In modeling, the relationship
between physical state and compression pressure is linearized and
parameters of the linear model are determined. These parameters
are then used for characterizing the materials. Another important
use of these models is to accurately predict the density of material
at different consolidation pressures (Denny, 2002).
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The model developed by Sone (1969) has performed well for bio-
materials (Peleg and Bagley, 1983) compared to other models used
for understanding the compaction behavior caused by tapping. Dur-
ing initial stages of compression with normal pressure, the particles
rearrange themselves to form a closely packed mass. At this stage,
the particles retain most of the original properties. As compaction
pressure increases, the particles are forced against each other
undergoing elastic and plastic deformations. Brittle particles may
fracture leading to mechanical interlocking that affects compaction
characteristics (Gray, 1968). Adapa et al. (2005) observed that the
linear model developed by Walker (1923) can be used for under-
standing the compression characteristics of chopped alfalfa grinds.
Emami and Tabil (2008) also studied the compaction characteristics
of chickpea flour using the models developed by Walker and used
the parameters of model for characterizing the material. Mani
et al. (2004a) studied the compaction behavior of ground swich-
grass, wheat straw, corn stover, and barley in a hammer mill for
making pellets. They studied the compression behavior of ground
biomass using the models developed by Cooper and Eaton (1962),
Heckel (1961), and Kawakita and Ludde (1971). Their results indi-
cated that the parameters of Kawakita and Ludde model correlated
well with porosity and yield strength of ground biomass. However,
no work has been carried out on the compression characteristics of
chopped biomass, which has larger particles than ground biomass.

The objectives of this research work are as follows: (a) deter-
mine the effect of particle size on the densities of biomass chopped
in a knife mill, and (b) evaluate the compaction behavior of
chopped biomass by tapping and with application of normal
pressure.

2. Compaction models investigated

Compaction characteristics of chopped biomass with applica-
tion of normal pressure was studied using the models developed
by Kawakita and Ludde (1971) and Walker (1923). Walker
(1923) proposed the following model for understanding the pres-
sure-volume relationships of calcium carbonate and tetronitro-
methylamiline and subsequently various researchers used this
model for biological materials:

V:Ct]—K]lnP (])

where V is relative volume ratio, P is applied pressure (kPa), and a;
and K; are constants. Another model widely used for understanding
the pressure-volume relationships was that developed by Kawakita
and Ludde (1971) which has the form

P 1 P
ok @

where P is applied pressure, a, and b, are constants, and C is relative
volume decrease or engineering strain given by the equation

,VO_Vp

= 3)

where Vj is the initial volume and V,, is volume measured at any gi-
ven pressure. The model developed by Sone (1969) is used for
understanding the compaction characteristics by tapping. Sone’s
model has close resemblance to the Kawakita and Ludde model,
and the pressure term in the Kawakita and Ludde model is replaced
with number of tappings. Eq. (3) can be rewritten in the form

n_ 1 n
Yo G3bs a3

(4)

where 7y, is volume reduction ratio, n is number of tappings and as
and bs are constants. The volume reduction ratio v, is calculated
using

7, = L0 5

where Vj is initial volume, and V,, is volume after n taps.

3. Methods
3.1. Chopped biomass

Switchgrass, wheat straw, and corn stover were chopped in a
knife mill (H.C. Davis Sons Mfg. Co., Inc., Bonner Springs, KS,
USA) with rotor speeds between 250 and 500 rpm, mass feed rates
from 1 to 11 kg/min, and classifying screen opening dimensions of
12.7, 19.0, 25.4 and 50.8 mm. Particle size distributions of the
chopped biomass were classified using ASABE S424.1-specified
sieves and horizontal sieving actuation (ASABE, 2006). Mass frac-
tions retained on the sieves having diagonal opening dimensions
of 1.65, 5.61, 8.98, 18.0, and 26.9 mm, and pan were used to deter-
mine the geometric mean length (X,m) and standard deviation
(Sem).

3.2. Bulk density

Loose-filled bulk density of biomaterials such as grains, pellets
and ground particles is typically determined using containers hav-
ing a capacity of 500 cm® per standard methods (Chevanan et al.
2007). The container used to determine tapped bulk density per
an ASTM standard and other standards have a capacity of only
250 cm®. However, the chopped biomass particles in this study
were large compared to these standardized container sizes and
could not be filled to obtain representative density measurements
(Chevanan et al., in press). Hence, the standard methods for deter-
mination of bulk density were not applicable in this experiment.
Loose-filled bulk density was measured using a cylindrical alumi-
num container with 149 mm diameter and 143 mm height
(~2500 cm?®). Biomass was filled in layers with approximately
10 mm thickness, and care was taken to avoid bridging of biomass
particles. Mass of biomass in the container was determined using
an electronic balance (+0.01 g accuracy). Loose-filled bulk density
in kg/m> was determined as (Chevanan et al., 2008):

Mass of the biomass

Loose — filled bulk density (p,) = Volume of the biomass "

(6)

The container with biomass was tapped on a wooden platform
50 times with an approximate amplitude of 20 mm. Reduction in
height of the top biomass surface was measured using a vernier
caliper (+0.01 mm). The settled distance was measured at a total
of nine locations. Four locations were near the inside surface of
the container wall, another four were at 50% of radius and one
measure was taken at the center of the container. The reduction
in volume of biomass was calculated as an imaginary cylindrical
volume having inside diameter of the container and height of aver-
age settled distance. Tapped bulk density was calculated as

Tapped bulk density (p;)
_ Mass of the biomass
~ Cylinder volume — settled volume reduction

(7)

Loose-filled and tapped bulk density measurements were con-
ducted with three replications.

3.3. Compaction behavior with normal pressure

A compression cell was fabricated using mild steel to study the
compression behavior of chopped biomass with application of nor-
mal pressure in a Universal Testing Machine (UTM). The compres-
sion cell consisted of a cylinder and a close fitting piston (Fig. 1).
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Fig. 1. Compression cell.

The cylinder had an internal diameter of 154.5 mm and height of
153.4 mm. The piston had an outer diameter of 152.2 mm and
stem length of 175 mm. The stem of the piston was connected to
the load cell (30 kN capacity) of UTM (MTS System Corporation,
Eden Prairie, MN, USA). The compression cell was filled with bio-
mass in layers of approximately 10 mm thickness up to the rim
of the cylinder and weight of the biomass was recorded using an
electronic balance (+0.01 g accuracy). Test works software (MTS
System Corporation, Eden Prairie, MN, USA) recorded force-dis-
placement data (10Hz frequency) at a compression rate of
1 mmy/s. Pressure, volume, and density were calculated from dis-
placement, cylinder physical dimensions and sample mass.
Compressibility of biomass (C,) with normal pressure was
determined using the following equation (Fayed and Skocir, 1997):

Vi— Vf> Phi
Chn=(—+—]%100={1-22]%100 8
( Vi ( Pyf ®

where V; is initial volume of biomass (m?), V; is final volume of bio-
mass at desired consolidating pressure (m3), Ppi 1S initial bulk den-
sity of the biomass (kg/m?), and pyy is final bulk density of the
biomass at desired consolidating pressure (kg/m?).

Volume of biomass at 0, 2.5, 5, 10, 20, 40, 60, 80, 100, and
120 kPa consolidation pressures were used to determine the
parameters of Walkers model and Kawakita and Ludde model.
The constants a; and K; of Walker model were determined as inter-
cept and slope respectively, of linear relationship between volume
ratio and In P, as per Eq. (1). Parameters a, and b, of Kawakita and
Ludde model were determined by linear regression of P/C and P
values, as per Eq. (2).

3.4. Compaction behavior with tapping

Two samples of chopped switchgrass having Xgn, of 3.30 and
14.06 mm, two samples of chopped wheat straw having Xgn, of
3.69 and 10.68 mm and two samples of chopped corn stover hav-
ing Xgm of 3.22 and 12.79 mm were selected for contrasting parti-
cle sizes for understanding the compaction behavior during
tapping. The three coarse samples were chopped using similar
operating conditions with 50.8 mm classifying screen in the knife
mill, while the three finer samples were chopped using 12.7 mm
classifying screen in knife mill with similar operating conditions.
Chopped biomass samples were filled in the previously-described
~2500 cm® - aluminum container used for determination of bulk
density. Reduction in volume was recorded for every five taps. In
the preliminary experiments we did not observe reduction in vol-
ume after 60 taps for chopped biomass. Hence the reported
tapped-density was measured after 60 taps. Measurements were
made in triplicate for all the samples.

The value of constants as and b; were determined as explained
by Peleg and Bagley (1983). Briefly, the slope and intercept values
of linear relationship between n/y, versus n were used to deter-
mine the value of constants as and b; by linear regression, per

Eq. (4).

4. Results and discussion
4.1. Bulk density

Loose-filled bulk density of chopped switchgrass was the high-
est followed by chopped corn stover and wheat straw in a knife
mill. Loose-filled bulk density of chopped switchgrass and corn sto-
ver having Xgm of 3.2 0.2 mm was 108.4% and 31.9% higher than
that of chopped wheat straw. Similarly, loose-filled bulk density of
chopped switchgrass and corn stover having Xgr, of 12.3 £ 0.5 mm
was 80.6% and 37.4% higher than that of loose-filled bulk density of
chopped wheat straw (Table 1). As particle size increased, loose-
filled bulk density decreased. Mani et al. (2004b) observed a simi-
lar trend for wheat straw, switchgrass and barley straw ground in a
hammer mill. This might be due to the fact that, as particle size in-
creases, pore spaces between particles increase leading to decrease
in bulk density.

Tapped bulk density measured after 60 tappings was highest for
chopped switchgrass followed by chopped corn stover and wheat
straw. The particle size had an inverse relationship with the in-
crease in bulk density by tapping. The increase in bulk density by
tapping of the samples with small X;, was higher than the increase
in bulk density by tapping of the samples with large Xgm, These
variations might be due to variation observed in the infinite com-
pressibility achieved during tapping, and reduced effect of particle
rearrangement due to particle size. The relationships between geo-
metric mean length and densities were expressed using third order
models (Table 2). Coefficient of determination (R?) values were
higher and more than 0.9 for chopped switchgrass and wheat
straw. But for chopped corn stover, the R?> value was less than
0.79. Chopped switchgrass and wheat straw contained particles
of fairly uniform physical characteristics. Chopped corn stover con-
tained both fibrous particles from the rind and other irregular
shaped particles from the pith and affected the particle arrange-
ment and packing during filling (Chevanan et al., in press). This
may have led to very low R? value between the geometric mean
length and bulk densities for chopped corn stover.

4.2. Compaction characteristics with normal pressure

A typical force-time curve obtained for three chopped biomass
particles during compression is shown in Fig. 2. During initial

Table 1
Loose-filled and tapped bulk densities of selected particle size distributions of
chopped biomass.

Chopped S o ® Loose-filled bulk® Tapped bulk®

biomass (mm) (mm) density (kg/m>) density (kg/m?)
Switchgrass  3.30 2.52 105.18° 135.68°
1232 254 45.264 51.634
Wheat 3.35 2.12 50.46° 62.75¢
straw 1227 252 25.06° 27.68f
Corn stover  3.26 2.37 66.56° 80.24°
1279  2.09 34.44° 38.35¢

A Xgm — geometric mean length.

B Sgm - standard deviation.

€ Mean values of loose-filled bulk density and tapped bulk density measured
after 60 taps suffixed with different letters in a column are significantly different
(LSD) at p < 0.05.
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Table 2
Relationship between geometric mean length and densities of chopped biomass.
Chopped Model Particle R?
biomass range
(mm)

Switchgrass pr=161.152-26.135 X, + 2.189 2.65-14.69 0.93
(Xgm)? — 0.065 (Xgm)?
pr=221.697-40.015 X;, + 3.454

(Xgm)? — 0.105 (Xgm)®

Wheat straw  p; = 89.030-14.078 Xy, + 1.493
(Xgm)? — 0.061 (Xgm)®
pr=108.150-20.469 Xgm +2.116
(Xgm)® — 0.083 (Xgm)®

pr=83.097-6.142 Xgm + 0.411
(Xgm)? — 0.015 (Xgm)®
pr=117.545-14.256 Xgm + 1.132
(Xgm)? — 0.035 (Xgm)®

2.65-14.69 0.93

3.17-12.27  0.90

3.17-12.27 091

Corn stover 3.22-1489 0.75

3.22-1489 0.79

p1 = Loose-filled bulk density (kg/m?>).
pr=Tapped bulk density (kg/m?).
Xgm = Geometric mean length (mm).

Switch grass
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Fig. 2. Typical force - time curve obtained for chopped switchgrass, wheat straw
and corn stover obtained with 12.7, 19.0, 25.4, and 50.8 mm classifying screens in
the knife mill during compression.

stages of compression, only rearrangement of particles takes place
and the particles retained their original properties. This is indicated
by slow and constant increase in the force during compression. The
change in slope after the initial constant period indicated that elas-
tic and plastic deformation has started (Mani et al., 2004c). The ini-
tial region of rearrangement of particles was much longer for
chopped wheat straw followed by chopped corn stover and switch-
grass (Fig. 2). As expected, chopped biomass obtained with
50.8 mm classifying screen in the knife mill needed more displace-
ment for rearrangement of particles during compression followed
by chopped biomass obtained with 25.4, 19.0, and 12.7 mm classi-
fying screens in the knife mill and in that order.

Wheat straw exhibited the greatest compressibility followed by
switchgrass and corn stover had the lowest compressibility. Maxi-

Table 3
Effect of particle size on compressibility of chopped switchgrass.

Run Knife mill  Xgm Sem ®  Compressibility (%)

A
no. zfzr:e&m) (mm)™ - (mm) Sip 20kPa 60kPa  120kPa
ST 127 265 251 18472 318 432" 502V
2 127 277 237 208 343° 452"  518W
S3 127 299 247 16372  292"W 405V 4759
sS4 127 3.00 240 19.0% 325 43.7% 505"
S5 127 317 265 1592  283%  392Y 462
s6 127 330 252 1752 305" 417" 487"
S7 127 349 269 1962  338% 453" 523"
S8 19.0 420 278 245" 399"  515° 50.1¢
S9 190 421 277 264"  418% 5371t 594"t
S10  19.0 445 250 2815V  435°9 546 60.7°°"
S11 19.0 445 258 303°° 458™9 567°  62.6"
S12 19.0 470 254 282%Y 438™9 550°° 61.2"9
S13 19.0 470 245 267"% 426 538°  60.19°
S14  19.0 477 276 299  459™ 564°%® 629"
S15  19.0 504 270 30.5°° 447"P 558°F 61.9"P
S16  19.0 521 257 275%Y  43.0°9 543%° 60.7°°"
S17  19.0 533 269 285"V  442"P 555°7 6179
S18  19.0 534 263 2959V 451" 562°9 62.3™
S19  19.0 541 266 2877V 459™ 564°° 629"
S20 19.0 555 266 27.0"" 426P9 539°  60.3°°
S21  19.0 577 265 23.7° 39.9"  51.9%  589%
S22 19.0 624 272 315™P 480™ 589" 647"
S23  19.0 629 278 27.0"W 432°9 548°° 61.27
S24 254 646 281 3237P 4947 604%™ 662K
S25 254 7.55 280 321" 486 59.4™"  653™
S26 254 763 268 3495 51781 62587 66.0™
S27 254 781 277  30.0°°¢ 482! 59.8™"  68.8fh
S28 254 832 252 356 526" 633" 6897
S29 254 839 284 3548"  534°% 642°% 69.7°°%
S30 254 850 292 324" 493 602" 66.1™
S31 254 877 263 3418 51657 6277 6850
S32 254 885 257 347%% 51757 624%7 68.087
S33 254 897 265 3257° 497 609™ 668"
S34 254 920 265 3839  552d¢  g57de  712de
S35 254 935 258 321%P 4898 599™ g6.8™
S36 254 943 264 348%7 520%" 6307 6877"
S37 254 943 271 364%% 534°% 639" 694Fh
S38 254 970 276 3448' 51287 6238k G790k
S39 254 983 278 31.03%F 4904 606™ 666"
S40 254 1140 291  38.1%F 544 6467 69.9°
S41 254 11.69 262 333"" 509"k E2.1°! 790k
S42 254 11.86 262 335"™ 51657 631" 68.9"
S43  50.8 12,12 249  39.6% 57.0¢4  67.3¢ 725
S44  50.8 1232 254 40.0 58.2° 684" 735
S45  50.8 12.38 250  39.9« 5734 67.7° 72.9¢
S46  50.8 1279 255  4463* 614>  712°  759°
S47 50.8 13.18 279 419 58.9°  68.9°  73.9
S48  50.8 1344 273 445° 616 71.1° 7592
S49 508 12.74 270 428  60.0* 702 75.1%
S50 50.8 14.06 2.64 433%®  60.0°° 684"  73.2°

A Xgm — Geometric mean length.

B Sgm - Standard deviation.

€ Mean values suffixed with different letters in a column are significantly dif-
ferent (LSD) at p < 0.05.
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mum compressibility achieved at a consolidating pressure of
120 kPa, for chopped wheat straw, switchgrass, and corn stover
particles were 81.0%, 75.9%, and 70.4%, respectively (Tables 3-5).
As the geometric mean particle length increased, compressibility
increased for all three chopped biomass particles. Increase in par-
ticle size resulted in increased pore space formed inside the bulk of
biomass resulting in increased compressibility. Geometric mean
length affected compressibility with increased effect at reduced
consolidation pressure. The percent increase in compressibility
due to increase in mean geometric particle length from 2.65 to
14.06 mm were 173.6%, 116.6%, 81.6%, and 64.3% at consolidating
pressures of 5, 20, 60, and 120 kPa, respectively, for switchgrass
(Table 3). In the same way, the percent increase in compressibility
due to increase in geometric mean particle length from 3.31 to
12.27 mm were 51.5%, 35.9%, 26.3%, and 22.2% at a consolidating
pressures of 5, 20, 60, and 120 kPa, respectively, for wheat straw
(Table 4). In the case of corn stover, the percent increase in
compressibility due to increase in geometric mean particle length
from 3.22 to 14.89 mm was 117.7%, 79.3%, 55.1%, and 42.1% at
consolidating pressures of 5, 20, 60, and 120 kPa, respectively
(Table 5).

The pressure and volume data of chopped switchgrass, wheat
straw, and corn stover collected during compressibility studies

Table 4
Effect of particle size on compressibility of chopped wheat straw.

Run  Knife mill ~ Xgn" Sgm®  Compressibility (%)

no. (s;:;e)n size (mm) (MM)  yp. 50kpa  60kPa 120 kPa
w1l 127 317 206 334° 49.6° 60.49 66.3P
w2 127 335 212 39.19° 553M° §53"P 706"
w3 127 338 207  345° 50.6° 61.49 67.2P
w4 127 350 208 37.1° 54.2° 64.4P 69.8°
W5 127 367 218  33.6° 50.3P 61.49 67.4°
W6 127 369 205 39.19° 554-° 56™P 71.0™m°
W7 190 421 215 380™ 547"  652°°  70.7"°
W8  19.0 433 216  404"™ 569-™ 668  72.0™"
W9  19.0 436 219 47.1<°  62.9¢ 72.0¢ 76.5%
W10 19.0 437 213 407%™ 5720k g7.0"™ 720"
W11 19.0 440 209 37.9™ 550"  657™P 71.1™°
W12 19.0 447 218 4129 5817 e81fFh 7310
W13  19.0 452 211 397" 564™ 665° 71.8™"
W14 19.0 461 219 399 562"  66.17° 765
W15 19.0 519 223 476°¢ 632¢ 7219 71.2'-°
W16 19.0 533 223 398 562" 662 71550
W17 254 542 227 428 60.1¢ 70.3¢ 75.4%
W18 254 630 241 386™° 558<° 6621° 720"
W19 254 6.53 229 4087k 583F  gggeh 7418
W20 254 6.67 244 39.0° 558<° g2 7165"
W21 254 6.76 225 4197  588°M  69.0°E 74.1%7
W22 254 6.86 240 403"™ 570 673" 727"
W23 254 7.06 215 409 57783 6778k 727!
W24 254 7.09 230 39.1° 554"° g58™P 71.1m°
W25 254 709 237 388-° 557%° @6.1%° 716K
W26 254 748 249  423Fh  592¢8  93°f  7443"
W27 254 777 250  427%  59.4°% 695  7458"
W28 254 791 239 3877° 562"  67.00™ 724™
W29 508 925 270 39.6™ 57.0°™ 67787 7320
W30 508 10.10 250 47.6°° 64.8° 742>  78.7<
W31 508 1025 263 5097 67.5° 76.3? 80.4%°
W32 508 1039 238 492 ° 664® 756  80.0°C
W33 508 10.65 257 48.3>¢ 65.7° 75.3%  79.93¢
W34 508 10.68 2.48  48.0°° 65.6° 7523 79.9¢
W35 50.8 1078 272 420" 596  70.2°¢ 75.5%
W36 50.8 1157 242 501  67.4° 76.7° 81.0°
W37 508 10.82 249  47.1° 64.8° 744> 790
W38 50.8 11.82 255  46.0° 6329 730  77.8%
W39 508 1227 252  47.0%  65.0° 74.7° 79.3%¢

A Xgm — Geometric mean length.

B Sgm — Standard deviation.

€ Mean values suffixed with different letters in a column are significantly dif-
ferent (LSD) at p < 0.05.

Table 5
Effect of particle size on compressibility of chopped corn stover.

Run Knife mill Xgm  Sgm®  Compressibility (%)°

no. ng:)" size.  (mm) (MM) Syp. T S0kpa 60KPa 120 kPa
1 127 322 242 2009 3437 465% 541¢
2 127 326 237 24.1°" 387Fh  508Fh 582
127 356 227 17.5 304™ 423! 50.1™
c4 190 549 250 219"  364Mk 486" 561K
c5 19.0 640 249 25298 4119f 5339 go5E
C6 254 642 259 221" 3738 5008 57.8¢f
C7 254 6.85 250 29.4° 459 579° 649"
c8 254 740 246  25.0%% 409¢f 53394 o8t
c9 254 7.52 231 22487 37581 4988i 5740
C10 254 765 231 25198 40398 524°8 597¢h
Cl1 254 773 222 2699 424% 543%  g14°°C
C12 254 7.80 227 346° 51.0° 623 6877
C13 254 7.80 233 1987 340 463Kk 542K
Cl14 254 802 210 178 31.7'™ 4428 524'™
C15 254 855 220 2019 3457 4687 548!
C16 254 856 241 240°" 391" 5248 @00
C17 254 862 239 2739 4359 5589 3,0
C18 50.8 1279 209 381 545  653*  71.2%
Cc19 508 13.86 227 2594 419%T 5459 g1.1¢
C20 508 14.03 228 236" 392°¢h 521¢8 5994
21 508 1448 218 256%7 41.99" 5469 62159
22 508 14.89 222 36.0° 526 639" 704°

A Xgm — Geometric mean length.

B Sgm - Standard deviation.

€ Mean values suffixed with different letters in a column are significantly dif-
ferent (LSD) at p < 0.05.

with different particle size distributions fitted well for Walker’s
model with R? values of more than 0.97 (Table 6-8). Values of
parameter K; had similar trends as compressibility measured
using Eq. (1). Pearson correlation coefficient observed between
parameter K; and compressibility measured at different
pressures was more than 0.9 for all three chopped biomass par-
ticles. Good correlation between parameter K; of the Walker
model and compressibility of chopped alfalfa cubes was
observed by Tabil and Sokhansanj (1997) also. As geometric
mean particle length increased, the value of parameter K; in-
creased for chopped switchgrass and wheat straw particle size
distributions. Same trend was not observed for chopped corn
stover particles.

The Kawakita and Ludde model fitted well for chopped switch-
grass, wheat straw, and corn stover with coefficient of determina-
tions greater than 0.99 for all three selected chopped biomass
particles (Table 6-8). In the Kawakita and Ludde model, the
parameter a, is a measure of initial porosity of the material and
the parameter 1/b, is a measure of yield strength of the com-
pacted material (Denny, 2002; Kawakita and Ludde, 1971). As
geometric mean particle length increased, values of the parame-
ter a, increased for all three chopped biomass particles. This
was expected, because as the geometric mean length increased,
porosity increased resulting in increased value of parameter a,
in the model. As the geometric mean length increased, yield
strength (value of 1/b,) decreased for chopped switchgrass and
wheat straw particles. But the same trend was not observed for
chopped corn stover particles. Mani et al. (2004c) also observed
that Kawakita and Ludde model fitted well for ground biomass
in a hammer mill.

4.3. Compaction characteristics with tapping

The relationship between volume reduction ratio and the num-
ber of taps is shown in Fig. 3. All three biomass materials reached
the maximum volume reduction ratio by 50 taps. The highest vol-
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Table 6
Effect of particle size of chopped switchgrass on parameters of Kawakita & Ludde
model and Walker model.

Table 7
Effect of particle size of chopped wheat straw on parameters of Kawakita & Ludde
model and Walker model.

Run Knife mill  Xgm® Sgm® Parameters of Parameters of Run Knife mill Xgm ™ Sgm®  Parameters of Parameters of
no. screen size (mm) (mm) Walker model® Kawakita & Ludde no.  screen size (mm) (mm) Walker model® Kawakita and
(mm) model© (mm) Ludde model©
a (-) K (=) a (-) 1/b, a(=) K(=) a(-) 1/by
(kPa) (kPa)
s1 127 265 251 1952 0198V 0538"* 11.8™ w1 127 3.17 206 2481° 03179 0.688" 6.6
2 127 277 237 1966t 0202 0.549"W 10.2¢ w2 127 335 212 2635P 035279 0.728™ 54h-m
S3 127 299 247 1.887%  0.184"  0.514* 13.12 w3 127 3.38 207 2516%° 03249 0.697™ 6.4%°C
sS4 127 3.00 240 1.949%  0.198"  0.540"* 11.3¢ w4 127 35 208 2638P 0353"9 0.722km 579
S5 127 3.17 265 1.837% 0.173Y  0498*  13.0° W5 127 367 218 2.569"P 0336°9 0.700™ 6.7%
6 127 330 252 1.907°  0.188%Y 0.523¥ 12.2° W6 127 369 205 2680 0362™° 0.733™ 548 ™M
S7 127 349 269 1.604"  0.213° 0.559 11.2¢ W7 19 421 215 2711"P 0368-° 0.731™ 574h
S8 19.0 420 278 20229t 0254°  0613" 9.2¢ w8 19 433 216 2.730"P 0374 0742k 52m
S9  19.0 421 277 2203°° 0259°  0.624°" 84®% w9 19 436 219 2938°F 04225 0.784°f 4.1°9
S10 19.0 445 250 2234°° 02659 0635 7.87 W10 19 437 213 2.728"P 0374 0.743"k 51km
S11 19.0 445 258 2249™" 0279 0.653°° 7.2m W11 19 44 209 2.755"° 0379 0.7367" 5.8
S12 19.0 470 254 231079 0273P° 0641°7 7.9 W12 19 447 218 28395 0396"™ 0.7547k 5.1km
S13 19.0 470 245 2288™9 0268°° 06317 8.3f% W13 19 452 211 2.743"P 0376“" 07417k 548 ™
S14  19.0 477 276 2261™9 02879 0.656° 7.4m W14 19 461 219 2669<P 0360™P 07347 52i™
S15  19.0 504 270 2.3497P 02697 0.646°T  7.4"™ W15 19 519 223 29025 04138 0783 4.0°¢
S16  19.0 521 257 2276™9 0270°° 0.637°¢ 82fh W16 19 533 223 2708"P 0369° 0.737°% 53s™
S17  19.0 533 269 231179 0288 0.646°" 7.8 W17 254 542 227 3.035%9 0441% 0.776%" 50"
S18  19.0 534 263 231479 0279°° 06509 75! W18 254 63 241 28165 0391"™ 0.7448°% 579
S19  19.0 541 266 2.375"P 0.268°° 0.658"° 7.6k W19 254 6.53 229 2974°M 04287 0.767°% 548 ™
S20 19.0 555 2.66 2.263"9 0293"P 06339t 83Fh W20 254 6.67 2.44 2.759"° 0380 " 0.740"% 55¢k
$21  19.0 577 2.65 2260™9 02669 0.621" 9.7d¢ W21 254 6.76 225 29147% 041487 0763°7 5.1k™
S22 19.0 624 272 2434 0306™° 0675™  7.0%" W22 254 6.86 24  2820%" 0.393"™ 0.7507k 54h-m
$23  19.0 629 278 2.327%P 0281°" 0.644°" 8.4 W23 254 7.06 2.15 2.793%" 0388 ™" 0.7507% 5.1k™
S24 254 6.46 281 2522™ 0.3277™ 0.690™  6.9'° W24 254 7.09 2.3  27077P 03677° 07357 55°K
S25 254 755 2.80 2.4548° 0311 0681™ 6.8 W25 254 7.09 237 2767"° 0379 0.741"% 58¢f
S26 254 7.63 268 264297 034983 0.7117"  65"P W26 254 7.48 249 29307% 0418 0.766°" 5.0"
S27 254 7.81 277 25969 0342k 0692"™ 7787 W27 25.4 7.77 2.5  29187% 041687 0.767°7 4.9™"
S28 254 832 252 264197 03537  0.716% 6.0P" W28 254 791 239 28637 0423 0815 6.1°¢
S29 254 839 284 2.730°% 0374°% 0.725°F 6.3°74 W29 50.8 925 27 2962 0402"" 07597 6.0¢
S30 254 850 292 2511F™ 0324 0689™ 6.9'° W30 50.8 101 25 29357 0496 0.807*9 4.3°
S31 254 877 263 26517 035577 0721°%  6.8"° W31 50.8 10.25 2.63 2.347*° 0.514"¢ 0823* 3.8¢
S32 254 885 257 2620%" 03437 07078F  6.3°9 W32 50.8 1039 238 3.412%° 0529 0819 4.1°4
S33 254 897 265 2.564°' 03357 0696" 69° W33 50.8 10.65 2.57 2454 0536 0.821°  4.3°°
S34 254 920 265 2.754=" 037841 0.737% 5.7% W34 50.8 10.68 248 3.137°° 0.540°° 0.820°  4.3°°
S35 254 935 258 2492F"  0320“™ 0.685'™ 6.9'° W35 50.8 10.78 272 3.120" 0458 0779¢% 530
S36 254 943 264 264397 03537 07147  64"P W36 50.8 11.57 242 3.533* 0.555° 0.830°  4.0™
S37 254 943 271 26547 03567 0.719°%  6.0°" W37 50.8 10.82 249 3.347*° 0513>9 0811%9 44°°P
S38 254 9.70 276 2.598%' 0.343"% 070657  64"P W38 50.8 11.82 255 32159 04839 0.799*°¢ 45"
S39 254 983 278 26179% 0347" 06988k  7.5™ W39 50.8 12.27 252 3.414% 0.529°° 0.815*° 4.4°
S40 254 11.40 291 26179% 034887 0.722°¢ 567 - -
S41 254 11.69 2.62 26557 03547 07087  68m° Xgm — geometric mean length.
S42 254 1186 262 27270 0371h 0719%  6.9-° ® Sgm - standard deviation.
s43 508 1212 249 28328¢ (397°¢ (749 5.4 € Mean values suffixed with different letters in a column are significantly dif-
S44 508 1232 254 2.941=C 0421*< 0761 5.5t ferent (LSD) at p<0.05; a; and k; - parameters of walker model a, and b, -
S45 508 1238 250 2.857°° 0402°¢9  0.754¢ 5.4 parameters of Kawakita and Ludde model.
S46  50.8 12.79 255 26607 0433  0.780% 46
S47 50.8 13.18 279 2.880*9 0408 0.761" 5.0
S48 50.8 1344 273 2997°® 0434°  0.780% 46°
S49 50.8 12.74 270 3.006° 0445  0.774%" 5.0
S50 50.8 1406 264 27127 0427°° 0751 46" Linear relationship between n and n/y, for chopped switchgrass,

A Xgm — geometric mean length.

B Sgm - standard deviation.

€ Mean values suffixed with different letters in a column are significantly dif-
ferent (LSD) at p<0.05; a; and k; - parameters of walker model a, and b, -
parameters of Kawakita and Ludde model.

ume reduction ratio was observed for chopped wheat straw fol-
lowed by chopped switchgrass and corn stover. Maximum volume
reduction ratios observed for finely chopped switchgrass, wheat
straw, and corn stover were 0.159, 0.165, and 0.154, respectively.
Maximum volume reduction ratios observed for coarsely chopped
switchgrass, wheat straw, and corn stover were 0.107, 0.117, and
0.098, respectively. Difference in volume reduction ratio between
coarse and finely chopped biomass particles may be due to differ-
ence in physical characteristics such as particle size, shape, particle
density, and surface roughness properties.

wheat straw and corn stover is shown in Fig. 4. Very high R? value
indicated that the chopped biomass followed Sone’s model for
describing the compaction characteristics due to tapping. In Sone’s
model, as value represents infinite compressibility by tapping, and
bs value represents the degree of difficulty of tapping (Sone, 1969).
In our experiments, as values of the fine chopped particles were
significantly higher than that of the coarse chopped biomass parti-
cles, indicating that the infinite compressibility increased for fine
chopped biomass particles. Infinite compressibility was highest
for chopped switchgrass indicated by the as values followed by
wheat straw and corn stover (Table 9). Values of bs of all the fine
chopped biomass were less than the coarse chopped biomass indi-
cating that as the particle size decreased, the samples compacted
easily leading to rapid increase in bulk density by tapping. In the
same way, the difficulty in packing/compaction by tapping of corn
stover was the highest followed by switchgrass and wheat straw
indicated by the bz values (Table 9).
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Effect of particle size of chopped corn stover on parameters of Kawakita and Ludde

model and Walker model.

Run Knife mill Xgm”® Sgm©° Parameters of Parameters of

no.  screen (mm) (mm) Walker model® Kawakita and
size (mm) Ludde model®
a; (=) K (=) a (-) 1/by
(kPa)

1 127 322 242 2107 02309  0.579%! 11.7°¢
2 127 326 237 2223°" 02557 061587  9.8fh
127 356 227 1972 0200  0.539™  12.9%
c4 19 549 25 21717 024487 05977%  10.9¢F
s 19 64 249 2344°° 02824 06409 952"
C6 254 642 259 2270%% 0265°% 061771 11.1°
C7 254 6.85 2.5 2.508°  0.322°  0.680"° 8.2!
8 254 74 246 23719 02879 0643%8 938fh
c9 254 752 231 2233%" 0258" 06117 10.8°f
C10 254 7.65 231 22884 0268t 0627°" 95"
C11 254 7.73 222 2342 0282%F 0645¢f 88h
C12 254 78 227 2653 0352° 0713 6.7}
C13 254 7.8 233  2118"  0231" 0580¢! 12,0
Cl14 254 8.02 2.1 20859  0224% 0567™ 13.5°
C15 254 8.55 22 214387 0236" 0585"  11.9°
C16 254 856 241 2278%" 0268 06257 10.0°"
C17 254 862 239 2453 0306 0.6639 8.9
C18 508 12,79 209 2.761* 0377 0.755° 6.3’
C19 508 13.86 227 23769 02929 0.648%  10.2¢%
C20 508 14.03 228  2.354¢ 0.282%7 06369" 1059%
21 508 1448 218 2450 0305 0.657< 9.8fh
22 508 14.89 222 2781*  0.380°  0.730% 6.6’

A Xgm — geometric mean length.

B Sgm - standard deviation.

€ Mean values suffixed with different letters in a column are significantly dif-
ferent (LSD) at p<0.05; a; and k; - parameters of walker model a, and b, -
parameters of Kawakita and Ludde model.
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Fig. 3. Effect of number of taps on volume reduction ratio of biomass.
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Fig. 4. Linear relationship between number of taps (n) and ratio of n/volume ratio

(M/73)-

Table 9

Coefficients of Sone’s model for switchgrass, wheat straw and corn stover.”,
Sample As By
Wheat straw (fine) 0.191° 0.090°
Wheat straw (coarse) 0.121¢ 0.128°¢
Switchgrass (fine) 0.195% 0.097¢
Switchgrass (coarse) 0.140¢ 0.161°
Corn stover (fine) 0.186¢ 0.100¢
Corn stover (coarse) 0.108f 0.1732

As and Bz - parameters of Sone’s model.
A Values suffixed with different letters in a column were significantly different.

5. Conclusions

Experiments were conducted to study the compaction charac-
teristics by tapping and by application of normal pressure affecting
the bulk density of switchgrass, wheat straw, and corn stover
chopped in a knife mill. Based on the experiments, the following
conclusions are made: Chopped switchgrass had maximum
loose-filled and tapped bulk density followed by chopped corn
stover and wheat straw. Significant differences in compressibility
were observed for the chopped biomass with different particle size
distributions obtained by different classifying screens in a knife
mill. Pressure-volume relationships of chopped biomass fitted well
for Walker model and Kawakita and Ludde model indicated by very
high coefficient of determination values. Parameter of Walker
model correlated well with the compressibility data with Pearson
correlation coefficient of greater than 0.9 for chopped switchgrass,
wheat straw, and corn stover. Compressibility achieved by tapping
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was highest for chopped switchgrass followed by chopped wheat
straw and corn stover. However, chopped wheat straw particles
settled rapidly by tapping compared to chopped switchgrass and
corn stover.
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